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Abstract

Surface properties play an essential role in many applications and allow the control of adhesion,
wettability, and durability, etc. Surface microtexturing is a well-established method to enhance the
surface properties of materials, including fatigue strength, corrosion resistance, anti-biofouling,
adhesion, and hydrophobicity. Standard surface microtexturing techniques, such as chemical
etching, electrical discharge, sandblasting, micro-milling, ion beam texturing, and lithography,
often involve toxic chemicals, lack controllability, require multiple steps, use of elevated
temperatures, or heavy equipment. In this thesis, we investigated the laser microtexturing process
and its application in two key areas: enhancing the adhesion strength of thermal spray coatings on
metallic surfaces and creating superhydrophobic and superhydrophilic surfaces. Laser
microtexturing allows the generation of high-quality surfaces in a single, contactless step,
addressing the limitations of traditional methods. Surfaces of materials like aluminum, steel, and
glass were laser microtextured. A full-area laser microtexturing method was developed based on
the thermomechanical rearrangement of surface features with minimal ablation.

The laser-microtextured surface was subjected to a thermal spray process, resulting in the
accumulation of metallic particles. Compared to grit-blasted samples, surfaces with a 5 pum deep
microtexture exhibited an adhesive tensile strength surpassing grit-blasted samples by over 17%,
offering improved durability, resilience, and reduced maintenance costs for metal components.
The laser microtexturing method was also used to demonstrate the fabrication of superhydrophobic
and  superhydrophilic  properties.  Furthermore, the controlled transition between
superhydrophobicity and superhydrophilicity was explored and a cost-effective laser

microtexturing technique for inducing superhydrophilicity was introduced. A thin

Vii



polydimethylsiloxane (PDMS) coating can transform the laser-microtextured surface into a
superhydrophobic state, and this thin layer can be easily removed through laser ablation, enabling
a reversible shift between superhydrophilicity and superhydrophobicity. Additionally, the
superhydrophobic surfaces created using laser ablation of PDMS achieved water contact angles
exceeding 150°, roll-off angles less than 3°, and optical transmission values of over 90% on
transparent glass surfaces.

The study of laser microtextured superhydrophilic and superhydrophobic surfaces will impact
numerous applications, including self-cleaning surfaces, corrosion protection, anti-icing coatings,

microfluidic systems, water collection, and efficient thermal management.
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CHAPTER 1: Introduction and Motivation

Surface modifications have been shown to improve the surface properties of materials. Some of
the commonly used surface microtexturing techniques are chemical etching, electrical discharge,
electrochemical machining, micro-milling, ion-beam etching, hot embossing, lithography, and
sandblasting. Micro- and nanoscale patterns created on the surfaces of metals, polymers, ceramics,
and glass materials find wide-ranging applications across various domains, including engineering,
medicine, and biology. For example, the fabrication of microtexture effectively enhances the load-
bearing capacity, wear resistance, and friction coefficient of silicon carbide mechanical seals.
Hydrodynamic lubrication in steel can also be improved by creating dimples on the surface. One
of the alternative techniques for surface microtexturing is using a laser. In comparison with other
surface microtexturing methods, laser microtexturing stands out by generating high-quality
surfaces economically through a single, contactless step. This highly scalable process eliminates
the need for hazardous chemicals and offers additional benefits such as easy automation, localized
treatment, and the facile creation of three-dimensional profiles. Laser microtexturing opens the
door to a range of functionalities, including but not limited to the enhancement of coating adhesion,
the augmentation of frictional properties, the facilitation of self-cleaning mechanisms, and the
precise control of wetting characteristics. Depending on the laser microtexturing parameters
employed, various microtexture patterns and sizes can be produced. The impact of these
microtexture patterns on surface functionalities can be described in terms of the feature geometry
and/or the underlying surface chemistry. The geometric characteristics of features exert influence
over the wetting properties of a surface by influencing the contact angle (CA) between a liquid

droplet and the material surface. Moreover, these features play a pivotal role in enhancing surface



adhesion properties as the surface microtexture effectively increases the available surface area for
coatings'?2.

Nanosecond, picosecond, and femtosecond lasers represent the three primary categories of lasers
commonly employed for surface microtexturing, and their key distinguishing feature lies in the
duration of the optical pulses they emit®.

In the case of nanosecond lasers, the process generally involves the initial absorption of light
energy, leading to localized heating at the targeted site, followed by material melting and eventual
vaporization. Nanosecond laser pulses provide ample time for the thermal wave to propagate into
the metallic substrate, resulting in the formation of a relatively thicker molten layer. This situation
generates a recoil pressure that expels substrate material in the form of liquid and vapor due to
vaporization. Despite numerous reports on surface microtexturing using nanosecond lasers, a
common challenge associated with this technique is the tendency for microtextured patterns to
acquire an oval shape in square microtexturing and suffer from distortion in other patterns due to
material melting and evaporation from the targeted surface. Nanosecond laser microtexturing is
better suited for thicker substrates due to the extended duration of laser pulses. However, it can
lead to the formation of a heat-affected zone around the microtexturing hole, which is susceptible
to oxide layer formation. This can impact the surface morphology, leading to cracking and the
formation of pores on the microtextured surface®.

In the context of picosecond laser surface microtexturing, the laser pulses initially interact with the
free electrons on the substrate surface. Following electron excitation, heat energy is transferred to
the lattice of the targeted substrate through heat conduction, and the material is removed by melting
and ablation once the lattice temperature exceeds the thermodynamic critical temperature of the

surface. Importantly, this process results in material removal within the pulse focus area, leaving



other areas of the surface unaffected. Picosecond pulse ablation is used for patterning thin films

by scanning the laser beam in a grid pattern, as depicted in the SEM image in Figure 12,

SEl 15kV WDSmm SS3 SElI  15kV WD9mm SS35 x500 50pm

Fig. 1: SEM image of (a) picosecond laser microtextured steel substrate; (b) magnified laser
microtextured hole. This figure is reprinted from Materials Today Communications, Vijay Kumar,
Rajeev Verma, Saurabh Kango, Vishal S Sharma, Recent progresses and applications in laser-
based surface texturing systems, 26 101736-101754, copyright 2020, with permission from
Elsevier.

Femtosecond lasers find widespread application in delicate and precise surface modification tasks
(Figure 2), particularly in fields such as optics, microelectronics, and various surface modification
processes. Ultra-short pulse lasers, like femtosecond lasers, are characterized by high peak power
and very short (~10° sec) pulse duration. This high peak power, along with the extremely short
time scales involved, leads to complex energy exchange processes between the laser and the
material. Consequently, surface damage, shockwave formation, and the generation of surface

debris are typical outcomes associated with femtosecond lasers®*.



2 shots 5 shots

Fig. 2: SEM images of femtosecond laser ablated structures in PMMA showing the evolution of
porosity for 1,2 and 5 shots. This figure is reprinted from the Materials Today Communications,
Vijay Kumar, Rajeev Verma, Saurabh Kango, Vishal S Sharma, Recent progresses and
applications in laser-based surface texturing systems, 26 101736-101754, copyright 2020, with
permission from Elsevier.

The research presented in this thesis addresses critical needs in materials science and surface
engineering, offering innovative solutions to longstanding challenges in various industries. The
primary focus on enhancing the adhesion strength of coatings on metallic surfaces is of paramount
importance in fields like automotive, power generation, and aerospace. The superior adhesion
strength achieved through full-area laser microtexturing has the potential to significantly enhance
the durability and resilience of metal components, ultimately reducing maintenance costs and
improving the overall performance and safety of critical machinery and structures. This innovation

meets the ever-growing demand for more reliable and long-lasting materials in industries where

safety and efficiency are top priorities.



Furthermore, the development of a rapid, cost-effective, and large-scale superhydrophobic surface
creation method has extensive implications for a wide range of applications. Industries such as
solar panel manufacturing, greenhouse construction, and the production of water-resistant glass
and plastic materials stand to benefit from the efficiency and cost-effectiveness of this approach.
The ability to apply superhydrophobic coatings to various surfaces with high throughput opens up
new possibilities for achieving water-repellent properties, which are increasingly sought after in
today's environmentally conscious and technology-driven world. Additionally, the novel method
for creating extreme superhydrophilic and reversible superhydrophobic surfaces on transparent
substrates like glass holds promise for optical devices, microfluidics, and beyond. This research
addresses the growing demand for versatile, sustainable, and high-performance surface
engineering techniques in a variety of industries.

The primary focus of this thesis is to demonstrate the potential of laser microtexturing in two key
areas: enhancing the adhesion strength of coatings on metallic surfaces and creating
superhydrophobic and superhydrophilic surfaces. While prior research has explored these fields,
this study achieved the highest adhesion strength for metallic coatings through a full-area laser
microtexturing approach. This study also introduces an innovative method for achieving
superhydrophobic surfaces through pulsed laser ablation of PDMS, notably without the
requirement of substrate microtexturing. The ablated PDMS particles form a microtextured layer
over the substrate, thus rendering the surface superhydrophobic. Further, an innovative approach
for attaining extreme superhydrophobic surfaces with contact angles exceeding 170°, along with
superhydrophilic surfaces featuring contact angles of less than 1°, and the ability to combine
superhydrophobic and superhydrophilic properties, also known as reversible wettability, is

presented.



Traditionally, laser microtexturing has primarily relied on the ablation process. However, the full-
area laser microtexturing method presented in this thesis differs significantly by predominantly
relying on the thermomechanical rearrangement of molten material with minimal ablation. The
key innovation lies in carefully selecting the laser power to induce melting while minimizing
ablation, followed by scanning the laser beam across the entire surface. This process results in the
formation of closely spaced peaks and valleys on the surface, significantly enhancing the surface
area and thereby improving the grip for thermally sprayed coating powders. The enhancement in
coating adhesion strength has substantial implications, as it can lead to increased durability,
resilience, and reduced maintenance costs for metal components. These advancements hold
promise for various industries, including automotive, power generation, and aerospace?.

In the realm of superhydrophobic surface creation, this thesis introduces a one-step method that is
rapid, acid-free, and cost-effective. This method involves pulsed laser deposition of laser-ablated
PDMS micro/nanoparticles onto a substrate, eliminating the need for surface microtexturing of the
substrate. This feature makes it ideal for large-scale applications with high throughput. Moreover,
the deposited PDMS micro/nanoparticle film is only a few micrometers thick and can be precisely
controlled. This versatile technique can be applied to a wide range of materials and has diverse
applications, including superhydrophobic coatings for solar panels, greenhouses, and water-
resistant glass or plastic applications®.

On the other hand, extreme surface superhydrophilicity with a water contact angle (WCA) of less
than 1° is achieved by creating densely packed, pillar-like micro/nanostructures on the surface.
This unique surface microtexture facilitates rapid water entry and spreading, making it
exceptionally wettable. The superhydrophilic properties remain stable over extended periods, with

no significant changes in contact angle observed for up to two months. Additionally, when a thin



layer of polydimethylsiloxane (PDMS) is applied to these superhydrophilic surfaces, they exhibit
superhydrophobic behavior, characterized by a water contact angle (WCA) of approximately 169°
and a roll-off angle (ROA) of less than 2°. This hierarchical surface microtexture, combined with
the low surface energy of PDMS, imparts superhydrophobicity to the surface. Notably, the PDMS
coating can be easily removed using laser ablation, restoring the surface to its original
superhydrophilic state. This innovative method for achieving reversible wettable surfaces offers
numerous advantages. It eliminates the need for high temperatures, hazardous chemicals, and
complex fabrication steps, making it a quick and versatile process applicable to a wide range of
materials. The contact angle achieved in this study represents one of the highest reported values
for superhydrophobicity. Moreover, this method enables the fabrication of selective micron-scale
areas with superhydrophilic and superhydrophobic properties. It also demonstrates the reversible

transition of wettability on optically transparent substrates, such as glass.



CHAPTER 2: Literature Review

This chapter serves as a comprehensive examination of the existing body of knowledge that forms
the foundation of this research thesis. Within this chapter, three key subsections provide an in-
depth exploration of critical topics related to the research objectives. In the first subsection, the
focus is on the latest advancements and research findings concerning laser-based surface
modification techniques. This section delves into various methodologies, parameters, and
outcomes associated with laser microtexturing. The second subsection discusses the current state
of the art in creating surfaces with extreme wetting properties, providing an overview of
techniques, materials, and potential applications, along with an exploration of how laser surface
microtexturing can enhance both superhydrophilic and superhydrophobic properties. Finally, the
third subsection scrutinizes the influence of laser surface microtexturing on adhesion strength,
covering relevant studies, experimental results, and their implications. Together, these subsections
provide a holistic understanding of the contextual landscape surrounding the research topics,

paving the way for the subsequent chapters' investigations and findings.
2.1 Laser microtexturing

The process of laser microtexturing involves directing a profiled laser beam onto various material
surfaces, resulting in localized and short-term thermal or photochemical effects that result in the
melting, heating, removal, or alteration of the material in a controlled fashion®. The laser pulse
energy density, pulse width, scanning speed, and laser frequency influence the shape and height
of the surface features considerably. Generally, increasing the laser fluence results in the expulsion

of more molten materials, which leads to wider grooves and increased height of the resolidified



surface microtexture, thereby increasing the surface roughness®’ Figure 3 gives an idea of

increasing surface roughness with increasing laser fluence on aluminm?’ .
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Fig. 3: Surface roughness values (Ra) of laser microtextured aluminum alloy at different laser
energy densities ’. This figure is adapted from the Journal of Manufacturing Process, Seung Jai
Won, Hong Seok Kim, Effetc of laser parameters on morphological change and surface
properties of aluminum alloy in masked laser surface texturing, Recent progresses and

applications in laser-based surface texturing systems, 48 260-269, copyright 2019, with
permission from Elsevier.

The number of laser pulses is also a significant factor that affects the surface roughness. Figure 4
shows the microtextural roughness variation of a hole region that was irradiated by a laser. The
surface roughness decreased as the number of laser pulses increased due to the planarization effect
caused by repeated laser irradiations. When the laser pulse was irradiated 5 times, the surface
roughness of the hole region was 0.15 um (48.7% lower than that of the single laser irradiation).
In addition, the surface roughness when the laser was irradiated 10 times was further reduced to
0.07 um (77% lower than that of single laser irradiation). In the case of 20 laser irradiations, the
surface roughness was 0.07 um, which was similar to the 10 laser irradiation case. After 10 laser
irradiations, no further improvement in surface roughness (obtained from the planarization effect)

was observed’.
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Fig. 4: Surface roughness (Ra) of hole region as a function of number of laser pulses on
aluminum at a constant laser energy density’. This figure is adapted from the Journal of
Manufacturing Process, Seung Jai Won, Hong Seok Kim, Effetc of laser parameters on
morphological change and surface properties of aluminum alloy in masked laser surface
texturing, 48 260-269, copyright 2019, with permission from Elsevier.

Furthermore, it's important to note that surface roughness plays a pivotal role in determining the
wettability of metallic substrate surfaces. Wettability, in turn, has a significant impact on the
corrosion resistance of these surfaces. Research on laser surface microtexturing of Ti-6Al-4V’, for
instance, has shown that the laser process enhances the surface roughness of the substrate when
compared to its as-received state. Additionally, it has been reported that as surface roughness
decreases, wettability also decreases®. This decrease in wettability results in a more hydrophobic
substrate surface, ultimately improving corrosion resistance. Hence, further analysis of the
wettability of laser microtextured surfaces would provide valuable insights into the influence of

laser surface microtexturing parameters on hydrophobicity and corrosion resistance” &°.

One of the critical factors influencing the morphology of material surfaces is the scanning speed
of the laser. Figure 5 presents the depths of the microtexture achieved at different scanning speeds,
revealing a pronounced decrease in depth as scanning speed increased. This decline in

10



microtexture depth can be attributed to the fact that the average power and repetition frequency
remained constant, resulting in consistent pulse energy. As the scanning speed increased, there
was a decrease in the number of laser pulses applied per unit length, leading to reduced material
removal due to a decrease in pulse overlap. Laser pulse overlap refers to the temporal alignment
of multiple laser pulses during a specific time interval®. Furthermore, Figure 6 also illustrates the
surface morphology at various scanning speeds, highlighting the significant impact of scanning
speed on both microtexture morphology and melt accumulation. Notably, at a scanning speed of
10 mm/s, the depth of the microtexture was the highest among the tested speeds, but the degree of
melt accumulation was the lowest. As the scanning speed continued to rise, the reduced overlap of
surface pulses resulted in a decreased material removal rate. Consequently, the shallowest
microtexture depth was observed at a scanning speed of 40 mm/s, accompanied by a significant
accumulation of melted material within the texture, which adversely affected the quality of the
processing. In summary, the optimal range for scanning speed of the laser beam, falling between
10-20 mm/s, appeared to yield the best processing quality, striking a fine balance between

microtexture depth and melt accumulation®.

The relation between the depth of microtexture and repetition rate has been indicated in Figure 6.
It can be seen that the depth of the microtexture increased with the repetition rate. Elevated laser
repetition rate can have a notable impact on material removal rates, potentially resulting in a
coarser surface finish if not adequately managed. This phenomenon arises from the higher number
of laser pulses delivered within a given timeframe, leading to increased material removal and the
formation of surface irregularities. Increased laser frequencies can also introduce greater thermal
energy into the material. This excess heat can induce material melting, recrystallization, or even

vaporization, thereby increasing the likelihood of surface roughness due to the creation of recast

11



layers, microcracks, and other surface imperfections. The extent of overlap between successive
laser pulses plays a pivotal role in this context. When laser frequency is excessively high, and
pulses substantially overlap, it can result in excessive material removal and subsequent surface
roughening. Conversely, sparse pulse distribution may lead to an uneven surface microtexture. In
essence, the influence of laser frequency on surface roughness is multifaceted, encompassing
material removal rates, heat effects, and pulse overlap considerations. Effective control and
optimization of laser frequency, in conjunction with other pertinent parameters, are essential to

achieve the desired surface quality in laser material processing applications®.
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Fig. 5: Relationship between microtexture depth and laser scanning speed on Ti-Al alloy
surface®. This figure is adapted from the IOP Conference Series: Materials Science and
Engineering, Xiaoying Xi, Yongzhi Pan, Pengcheng Wang, Xiuli Fu, Effect of laser processing
parameters on surface texture of Ti6Al4V alloy, 563 022052-022059, copyright 2019, with
permission from IOP Publishing.
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Fig. 6. Relationship between microtexture depth and repetition rate of the laser on Ti-Al alloy
surface®. This figure is adapted from the IOP Conference Series: Materials Science and
Engineering, Xiaoying Xi, Yongzhi Pan, Pengcheng Wang, Xiuli Fu, Effect of laser processing
parameters on surface texture of Ti6Al4V alloy, 563 022052-022059, copyright 2019, with
permission from 10OP Publishing.

2.2 Superhyrophilic and Superhydrophobic Surfaces

The term "superhydrophilicity" was first coined by Fujishima et al.!°. According to Drelich and
Chibowskil!, it refers to textured or structured materials with a surface roughness factor (r)
(defined in the Wenzel equation) greater than one, denoted as r > 1. On such surfaces, water spreads
completely, forming a continuous layer rather than droplets. This super-spreading water layer
allows for the easy removal of dirt and stains from the surface. The wettability of such surfaces
depends on both surface free energy and geometric structure. Specifically, superhydrophilic

surfaces are materials whose surfaces exhibit water contact angles (WCAs) lower than 5°12,

Since its introduction, numerous techniques have been developed to create superhydrophilic
surfaces by combining surface chemistry with rough structures. Due to their wide range of

applications, superhydrophilic surfaces have been fabricated on various substrate materials,
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including silicon, textiles, glass, aluminum, steel, and other metals. In the following section, we

describe the methods used to create superhydrophilic surfaces®?.

The primary objective of surface modification is to enhance surface performance by altering
various characteristics, including roughness, surface energy, surface charge, hydrophilicity,
biocompatibility, and functionality. Numerous techniques have been developed to create
superhydrophilic surfaces, such as vapor deposition, phase inversion, ultrasonic spray pyrolysis,
calcination, hydrothermal treatment, layer-by-layer assembly, sol-gel self-assembly,
electrochemical anodization, etching, electrospinning, interfacial polymerization, and solution
coating. Each fabrication method offers distinct advantages and may have limitations, depending
on the specific components used and intended applications. Nevertheless, these methods have
demonstrated the potential to significantly enhance surface properties, leading to improved

performance®?.

Plasma processing serves as an efficient method for anchoring functional graft chains onto material
or film surfaces, offering the advantage of altering only the physical and chemical properties of
the surface while preserving bulk properties. However, it requires a vacuum environment, which
can increase operational costs. Plasma treatment allows precise control of the modified layer
thickness down to the angstrom level. Various gases, including hydrogen, argon, helium, oxygen,
nitrogen, and fluorine-containing plasmas, are commonly used to modify surfaces. Plasma
treatment generates charged and neutral species, such as electrons, positive ions, negative ions,
radicals, atoms, and molecules, depending on the gas used. These methods eliminate the need for
hazardous chemicals while inducing surface modifications with minimal degradation and
roughness compared to wet chemical techniques. Additionally, the deposited film's properties can

be adjusted by manipulating the deposition rate, energy range, and surface topography. Plasma
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treatment has been extensively employed to introduce hydrophilic groups to material or film
surfaces, resulting in reduced water contact angles. For instance, superhydrophilic vertically
aligned carbon nanotube (VACNT) films grown on titania (Ti) were produced using microwave
plasma-enhanced chemical vapor deposition with Fe catalyst™®'4 The contact angle was
significantly reduced from 154° to nearly 0° by subsequent oxygen plasma treatment for 2 minutes

at 400 V and 80 mTorr!2,

Ultraviolet (UV) irradiation represents another method for generating superhydrophilic surfaces
without altering bulk properties. It involves the chemical bonding between a substrate and an active
layer. Recent studies have highlighted the role of surface topography and roughness in fine-tuning
superhydrophilicity. One approach is to create surfaces with photocatalytic particles, exemplified
by the pioneering work on titania-based superhydrophilic surfaces dating back to 19972, Building
upon this approach, metal oxide photocatalysts like TiO2, ZnO, SiO2, SO, WO3, and V-0s have
been developed to induce superhydrophilic behavior when exposed to UV light radiation.
Commonly used materials include titanium dioxide (TiO2), SiO2, ZnO, and tungsten trioxide
(WOs3). For instance, Lai et al.™® transformed a superhydrophobic TiO2 nanotube film into a
superhydrophilic film by selectively photocatalyzing the organic monolayer on the TiO2 nanotube
surface with UV light through a photomask. This resulted in a decrease in the water contact angle
from 156° to 5°. This change was attributed to altered surface composition and enhanced
wettability due to the rough TiO> nanotube structure. Similarly, Ashkarran and
Mohammadizadeh'® achieved superhydrophilicity by exposing TiOz thin films to UV illumination

for approximately 10 minutes, resulting in a near-zero contact angle.

Some of the other methods used to make superhydrophilic surfaces are etching, calcination,

hydrothermal treatment, and electrospinning*2.
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Etching is a process in which a film or foil is exposed to high-energy particle radiation, typically
metal ions directed perpendicular to the material, followed by immersion in an acid or alkaline
bath. This procedure alters surface topography and can influence surface wettability, potentially
leading to superhydrophilicity. Etching can also be employed as a preliminary step before coating
a material to ensure proper adhesion. It can yield cylindrical pores with uniform size distributions
and intricate pattern structures®?. For instance, an artificial superhydrophilic surface was created,

inspired by fish scales, to gain insights into wetting behavior'’.

Calcination is a process involving the application of heat to a substance without fusion, causing
changes in its physical or chemical constitution. The objectives of calcination typically include
removing absorbed moisture or other volatile constituents, as well as oxidizing a part or the entire
substance. This process often occurs at or above the thermal decomposition temperature or
transition temperature. Studies have shown that superhydrophilic surfaces can be produced
through calcination®?. For example, Cu,0 and CuO membranes with superhydrophilic properties
were prepared by calcinating Cu(OH)2 parent films at 130°C for 5 hours and reducing the Cu(OH)2
membrane in a hydrazine solution for 3-5 hours. The resulting membranes exhibited water contact

angles lower than 1°, indicating superhydrophilic behavior'®,

Hydrothermal treatment is a method that combines heat and water as a medium to convert various
resources into uniform products, particularly producing porous and chemically homogeneous
particles. It involves autoclaves and sealed steel cylinders capable of withstanding high
temperatures and pressures. Researchers have demonstrated that hydrothermal treatment can lead
to the formation of superhydrophilic surfaces?. For instance, in a study®®, TiO, thin films were

prepared using a hydrothermal dip-coating process, and their superhydrophilic durability was
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investigated through repetitive cycles of water soaking and drying. The TiO2 film exhibited

superhydrophilic properties, with a contact angle of less than 5° within 5 seconds.

Electrospinning, on the other hand, is a technique that produces nanofibers from a charged solution
or melt by applying a high electric field. These nanofibers possess unique properties due to their
nanoscale diameters and high aspect ratios, making them suitable for various applications.
Electrospinning has been considered effective for creating superhydrophilic surfaces®?. For
example, a-Fe2Os nanofibers were generated via electrospinning poly(vinyl alcohol)/ferrous
acetate composite nanofiber precursors and subsequent calcination. A water contact angle of 0°

was exhibited by the resulting o-Fe2O3 nanofibers?.

Laser-induced surface modifications have proven to be highly effective in creating
superhydrophilic surfaces. The wetting properties of these surfaces are significantly influenced by
laser parameters, including pulse width, scanning speed, and frequency. In a study conducted by
Lavieja et al.?%, a nanosecond laser was employed to induce superhydrophilicity on a polymer
surface by adjusting the focal point. This process resulted in the formation of minute surface ripples
due to the intense localized heating initiated by the laser. The reported contact angle achieved in
this study was just slightly below 1°. In another investigation, Pan et al.?? explored the effects of
laser-generated surface microstructures on steel surfaces and their resulting superhydrophilic
properties. By varying laser processing parameters, they successfully introduced groove-like
textures onto the surface. The measured contact angle exhibited fluctuations around 0°. However,
there is a need for further research to achieve even lower contact angles while simultaneously

improving the durability of these superhydrophilic surfaces.

The combination of a low surface free energy solid and a low interfacial contact area between

water and solid is needed to produce water-repellant or superhydrophobic surfaces. Slight tilting
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of the surface should make the water easily roll off the surface while cleaning the surface by
carrying all the contaminant particles away without leaving any residue. When considering the
methods to produce a superhydrophobic surface, two major techniques are investigated in research
and used in industry: chemical coatings and surface microtexture. Chemical coatings demonstrate
an ease of fabrication, low-cost application, and high scalability. However, chemical coatings face
durability challenges and can be application-limited. Meanwhile, surface microtexture is often
more difficult to fabricate and does not easily scale to large-area applications. The advantages of
surface microtexture include superior durability, longevity, and fine control over the resultant
wetting properties. It is worthwhile to mention that controlled and reversible conversion between
superhydrophobic and superhydrophilic wetting states can be used for targeted drug delivery,

water-harvesting, and antireflective, water-proofing, and liquid self-transportation coatings?.

To produce a superhydrophobic surface, the presence of microtexture alone is not sufficient. This
is due to the interactions between water and the surface. These interactions can be manipulated by
the presence of surface microtexture. However, the surface free energy of the material is an integral
facet of the wetting dynamics. Table 1 lists the highest reported water contact angles (CAs) for a
few surfaces with their corresponding surface free energy. It is interesting to note that certain
surfaces need to be microtextured and then coated with something with a lower surface free energy,

like poly(dimethylsiloxane) (PDMS) to make them superhydrophobic?3,
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Table 1. Surface free energy of different polymers?*. This figure is reprinted from
“Superhydrophobic Properties of Replicated Laser Microtextured Surfaces, ” Ph.D. Thesis, with
permission from the author.

Surface Surface Free Energy (mJ/m?) | CA (°)
Polytetrafluoroethylene (PTFE Teflon) 18 168
Fluorinated Ethylene Propylene (FEP Teflon) 19 160
Poly(dimethylsiloxane) (PDMS) 21 163
Polypropylene (PP) 29 160
Poly(vinylidene fluoride) (PDVF) 30 171
Polyethylene (PE) 31 173
Polystyrene (PS) 36 158

The surface free energyis the amount of excess energy at the surface of a material compared to its
bulk.. A high surface energy material interacts different with a liquid than low surface energy.
These interactions manifest primarily in the form of van der Waals forces and electrostatic
attraction?®, The surface energy formulation for solid surfaces was presented by Vanoss et al.?s

and the surface energy can be written as:
y=vt+vy’ (1)

where Y. is the apolar component due to Lifshitz-van der Waals intermolecular interactions, and
yPis due to electron-acceptor and electron-donor intermolecular interactions. The apolar
component y? , owing to electron-acceptor and electron-donor intermolecular interactions, could

be expressed as:

v =2Jyty” (2)

where y+and y-are the electron acceptor and electron donor parameters of the acid-base
component of the solid and liquid surface free energy, respectively. The interfacial free energy for

a solid—liquid system could be written as
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where subscripts S and L represent solid and liquid phases, respectively. Therefore, the Young’s

equation for the surface free energy of a solid becomes:

yLcosl = ys — ys, — Pey, (4)

where ys is the solid surface free energy, ys. is the interfacial solid-liquid free energy, y.is the
liquid surface tension, 6 is the contact angle, and Pe. is the pressure of the liquid film, which is

negligibly small and considered to be zero.

In contrast, surface tension in a liquid describes the inward force exerted by the liquid's surface
due to the uneven forces at play within the liquid itself. This phenomenon results from the interplay
between the liquid's surface tension and the surface free energy of a solid. It plays a critical role in
determining how a liquid behaves when placed on a solid surface, a phenomenon known as
wetting. More precisely, when a low surface free energy solid interacts with a high surface tension
liquid, the resulting interfacial contact area tends to be relatively small. The interfacial area plays

a major role in controlling the wetting behavior?.

As a result of this delicate balance of forces, a water droplet assumes a consistent shape when it
rests on a surface. This equilibrium contact angle (0g), also known as the static contact angle,
represents the angle formed between the solid surface and the tangent line at the point where the
droplet makes contact with the surface, as illustrated in Figure 1. The static contact angle can be
computed using Young's equation, as shown in Equation 5, where 0e denotes the static contact
angle in degrees, yLv IS the surface tension at the liquid-vapor interface in millinewtons per meter
(mN/m), yis is the interfacial tension at the liquid-solid interface in mN/m, and ysv is the surface

tension at the solid-vapor interface in mN/m?,
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A surface is classified as hydrophilic if the static contact angle (CA) of a 10 pL drop of deionized
water measures less than 90°. When the static CA is 90° or greater, the surface is considered
hydrophobic. Furthermore, if the static CA reaches 150° or higher, the surface is referred to as
superhydrophobic. Superhydrophobic surfaces are typically achieved through a combination of
materials with low surface energy and surface texture. An excellent example of a naturally
occurring superhydrophobic surface can be found on the leaves of a lotus plant. When a raindrop
lands on a lotus leaf, it tends to either bounce off upon impact or roll off the leaf's surface, carrying

away any dirt particles it encounters?,

While the contact angle (CA) is a commonly reported metric for assessing superhydrophobic
surfaces, other parameters are also essential for a comprehensive evaluation. One such parameter
is the roll-off angle (ROA), which signifies the angle at which a 10 pL droplet of deionized water,
resting on the surface, initiates motion, often referred to as the sliding angle. During surface tilt
measurements, before movement begins, the water droplet experiences some deformation, leading
to changes in static CA measurements. The droplet inclines toward the lower side of the tilted
surface, indicating the direction of subsequent sliding motion. The static CA measured on the
lower side of the tilted surface is greater than that on a flat surface and is termed the advancing
contact angle (ACA). Conversely, the static CA measured on the opposite side of the droplet from
the ACA is lower than that on a flat surface and is known as the receding contact angle (RCA).
The difference between ACA and RCA is referred to as contact angle hysteresis (CAH). Figure 7

illustrates these concepts, including the deformation of a water droplet due to surface tilt?.
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Fig. 7: The various parameters and wetting modes for a droplet of liquid on a surface: (a) Static
contact angle (0g), (b) Wenzel wetting, (c) Cassie-Baxter wetting, (d) Advancing contact angle
(02) and receding contact angle (0r), with roll-off angle (6¢) of the surface. The different surface
and interfacial tensions (mN/m) are liquid-vapor yLv, liquid-solid yis, and solid-vapor ysv?®. This
figure is reprinted from “Anti-ice and Condensation Properties of Microtextured
Superhydrophobic Surfaces, ” Ph.D. thesis, with permission from the author.

Two clear examples illustrate how surface microtexture plays a crucial role in decreasing the
wettability of a material with low surface-free energy. Yeong and Gupta?’ demonstrated that
microtexturing Fluorinated ethylene propylene (FEP) Teflon sheet increased the CA from 112° to
160°, while the ROA decreased from 45° to 4°. Similarly, Chun et al.?® demonstrated that

microtexturing polystyrene increased the CA from 103° to 158°.

Wetting properties are not limited to water alone; they extend to other liquids as well. The contact

angles (CAs) of various liquids on microtextured PDMS were measured. As anticipated, as shown
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in Table 2, liquids with surface tensions lower than that of water exhibited correspondingly lower

CAs.2,

Table 2: Contact angles and sliding angles of different liquids on textured PDMS

Sample Advancing CA (°) Receding CA (°) Sliding Angle (°)
Water (distilled) 161.3 157 4

Kerosene wets wets —

Gasoline wets wets —

Ethyl Alcohol 84.5 68.9 25

Isopropyl Alcohol wets wets —

Oil (10W30) 81.4 50 25

Naptha wets wets —

Ethylene Glycol 50% 144.2 134.3 25

Laser processing techniques offer the possibility of creating surface roughness to achieve
superhydrophobic surfaces. Ta et al.?® conducted a study where they investigated various direct
laser processing conditions and parameters for enhancing the superhydrophobic properties of
metals, successfully achieving contact angles exceeding 150°. Mulroney et al.*® employed a
different approach, microtexturing aluminum using a nanosecond laser, followed by replicating
the surface features onto polycarbonate through hot embossing. Subsequently, they thermally
cured PDMS on the microtextured polycarbonate sheet and removed it, resulting in a
superhydrophobic surface with a contact angle above 150° and an impressively low roll-off angle
(ROA) of less than 2°. In another research effort by Chakraborty et al.®, superhydrophobic surfaces
were created by depositing laser-ablated polymer micro/nano particles on ceramic and metallic
surfaces, achieving contact angles exceeding 150° without modifying the substrate's surface.
Despite the notable advancements demonstrated by these methods in attaining superhydrophobic

surfaces with elevated contact angles, there is potential for achieving even greater contact angles.
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Numerous methods are commonly employed to create superhydrophobic surfaces, including
techniques such as spin-coating, surface etching®!, vapor-liquid sol-gel®?, electroless replacement
deposition®, chemical etching, solution-immersion processes, spray coating®, and the laser
textured mold approach®337, Sy et al.®? introduced a highly efficient vapor-liquid sol-gel method
for robust superhydrophobic surfaces on polyester textiles, utilizing tetraethyl orthosilicates and
dihydroxyl-terminated polydimethylsiloxane with hydrochloric acid as a catalyst. Another method
by Su et al.*® involved depositing steel plates in a CuSO4 solution, immersing them in a V-PDMS
solution, and treating them with UV light to achieve superhydrophobic steel surfaces. Esmaeilirad
et al.®® developed physically and thermally stable superhydrophobic aluminum alloy surfaces using
chemical etching, creating micro-nano structures through treatments with HCI, CH3COOH, and
silanes, resulting in a maximum water contact angle of 165°. Similar techniques were applied by
Chu and Wu®° to achieve superhydrophobic surfaces on aluminum and copper. Xu et al.*° utilized
a solution-immersion process with ethanolic stearic acid to immerse copper foams, yielding
progressively denser clusters and increased water contact angles over time. Zhao et al.** adopted
a chemical approach involving SiO2-coated SiC nanowires immersed in an ethanol solution of
fluoro alkylsilane to create superhydrophobic surfaces. Gong et al.*? presented a spray coating
method with SiO, nanoparticles blended with PDMS, while Wu et al.*® demonstrated a process
replicating macro/nano-scale aluminum structures into PDMS to achieve superhydrophobic
surfaces. Mulroney et al.*® employed laser microtexturing on aluminum followed by replication
on polycarbonate and thermal curing of PDMS, resulting in superhydrophobic surfaces with a
contact angle above 150° and a roll-off angle below 2°. Notably, these methods, unlike laser-based
approaches, involve multiple steps, and various chemicals, including acids, and may require

extensive surface modifications.
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The concept of achieving reversible wettability transitions is intriguing and can be realized through
various external stimuli, including ultraviolet (UV) irradiation, pH fluctuations, electric fields, and
heat treatments**4°, In an investigation carried out by Zhou et al.*®, an exceptionally responsive
superhydrophobic TiO film was developed through anodic oxidation. When exposed to UV
irradiation, this film demonstrated a swift shift from superhydrophobic to superhydrophilic in just
13 minutes. However, reversing this transition, from superhydrophilic to superhydrophobic,
required a considerably longer duration of 100 hours when subjected to heating at 60°C without
UV irradiation. Wang et al.*’ introduced a method for achieving a rapid and reversible wettability
transition by creating a hierarchical micro/nanostructure on brass through alternate current (AC)
etching. The initial superhydrophilic state of the etched brass (EB) surface transformed into a
superhydrophobic state after a 1-minute modification with stearic acid. Subsequently, when the
modified EB surface was annealed at 350°C for 5 minutes, it reverted to a superhydrophilic state.
However, a notable drawback of this approach is its reliance on elevated temperatures and the use
of potentially hazardous chemicals. In another investigation by Zhu et al.*8, a superhydrophobic
coating composed of carbon nanotubes (CNTSs) and polyethylene was fabricated through a hot-
pressing process, followed by silver (Ag) deposition and surface fluorination. The surface
chemical composition and wettability of the coating were finely tuned through air-plasma
treatment and surface fluorination. These techniques offered precise control over surface
properties, enabling the reversible transition between superhydrophobicity and
superhydrophilicity. Reversible wettability transitions using plasma were also demonstrated by
Wang et al.*® and Majhy et al.>°. Nonetheless, it's worth noting that this process is relatively

complex, involving multiple steps and the utilization of various chemicals.
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In recent research, there has been a growing focus on achieving superhydrophilicity and reversible
wettability using laser-based surface modification techniques. For instance, Li et al.>* developed a
micro/nanoscale hierarchical structure with superhydrophobic properties on brass surfaces through
laser ablation and subsequent heat treatment, showcasing the ability to transition between
superhydrophobic and superhydrophilic states within a relatively short timeframe of 4 hours,
involving a series of heating and reheating cycles. Similarly, Yalishev et al.>? and Long et al.>
found that superhydrophilic metal samples created via laser microtexturing could be transformed
into superhydrophobic surfaces by subjecting them to vacuum or organic compound environments
and subsequently reversed through a 300 °C heating process. However, these methods are
somewhat time-consuming and may require specific storage conditions or elevated temperatures.
Notably, although these studies reported the attainment of superhydrophilic surfaces following
laser microtexturing, the precise quantification of superhydrophilic contact angles showed gradual
increases over several days, and the reported contact angles for superhydrophobicity remained

below 165°.
2.3 Effect of Surface Microtexturing on Adhesion

Enhancing the adhesion strength between thermally sprayed metallic coatings and substrates is
crucial for improving the performance of these coatings. The preparation of substrates before
thermal spraying typically involves two key steps: cleaning and roughening. Surface cleaning,
often involving the use of chemicals to remove contaminants and grease, is followed by a

roughening process achieved through grit blasting or laser treatment.

Laser treatment offers precise control over surface microtexturing and can be optimized by

adjusting parameters such as laser wavelength, spot size, scanning rate, pulse duration, and pulse
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frequency to enhance adhesion. However, achieving strong adhesion is critical, as low adhesion

strength can pose significant challenges for thermally sprayed coatings.

The formation of nanosecond laser-induced microtextures on surfaces can be attributed to
localized surface melting, ablation, and the generation of superheated droplets over the solid
surface. Importantly, laser pulse energy density and frequency play a significant role in
determining the shape and height of these surface features. Increasing laser fluence and frequency
leads to the expulsion of more molten material, resulting in wider grooves and increased height of
the resolidified microtextures. Fine-tuning laser parameters allows for control over microtexture
formation, which in turn influences the bonding strength of thermal spray coatings. Laser surface
microtexturing enhances the bond strength of thermally sprayed coatings by creating a
mechanically interlocked bond between the substrate and the coating. Metallic powder particles
from the thermal spray process effectively fill the pores on the laser-microtextured surface,
establishing a robust bond between the surface and the coating. The nature of this bond falls into
five categories: embedding, anchoring, holding-on, spreading, and a mixture of these styles,
depending on the material. Both mechanical and physicochemical bonds may exist, with the
bonding mechanism influenced by factors such as particle-substrate contact time, contact
temperature, and contact area upon impact. It's important to note that adhesion strength not only
depends on the contact area ratio and feature density but also varies with microtexture shape and

pattern.

Among the commonly used metals for thermal spray processes, aluminum, and its alloys are
notable for their high surface energy and resistance to corrosion, making them ideal for various

industries. Aluminum alloys are favored for their formability and high strength-to-weight ratio.
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The focus of this thesis, in part, is on laser microtexturing of the aluminum alloy Al-7075 and

Inconel steel to improve the adhesion strength of thermal spray coatings?.

Extensive research has been conducted on enhancing the adhesion strength of thermally sprayed
coatings on aluminum alloys with surface microtextures. Notable studies in this field include the
work of Wong et al.>* and Sharma et al.>>, who investigated the improvement of adhesive bonding
in aluminum alloys through surface microtexturing. In their experiments, substrates were prepared
by employing three different grit-blasting techniques, followed by the deposition of coatings using
the thermal spray process. Notably, the grit-blasted samples exhibited significantly higher
adhesion strength when compared to untextured samples. Kromer et al.>® conducted research
focused on measuring the tensile adhesion strength of NiAl powder coatings on Al 2017 substrates,
which find widespread use in aircraft structural applications. In this study, NiAl powder with a
mean particle size of 67 um was thermally sprayed onto laser-textured aluminum alloy substrates.
The adhesion test results indicated that a decrease in the density of holes on the metal surface led
to a reduction in the adhesion strength of the thermally sprayed coating. The maximum reported
adhesion strength achieved in this study was 52 MPa. Kromer et al.®’ also explored the adhesion
strength of thermal spray coatings, this time on grit-blasted and laser-microtextured aluminum
alloy surfaces. Additionally, Kromer et al.%® conducted a separate study in which aluminum 2017
alloy samples were both laser microtextured and grit-blasted and subsequently coated with NiAl
powder (Amdry 956) using thermal spray. These samples underwent microtexturing via a pulsed
laser. Kromer et al.®® also investigated the bond strength of bond coats on a laser microtextured
superalloy substrate. The maximum reported adhesive bond strength in these studies was 33 Mpa.
In a recent study by Zhang et al.®°, a nanosecond pulsed laser was employed to induce

microtextures on the surface of aluminum alloy. This laser-induced microtexture effectively
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improved the bond strength of an Al-Cu aluminum alloy coating applied via the cold-spray
process. The maximum reported bond strength achieved in this study was approximately 48 Mpa.
Nevertheless, there remains a need for further advancements in enhancing the adhesion strength
of thermal spray coatings on aluminum alloys to ensure their durability and reliable performance,

especially for extended operational periods.

Inconel 718 is another commonly used metal alloy in thermal spray processes, known for its
excellent corrosion resistance and high tensile and creep-rupture properties. It contains nickel,
chromium, and molybdenum, and the addition of niobium allows for age hardening, annealing,
and welding without spontaneous hardening during heating and cooling cycles. This alloy finds
extensive applications in various industries, including aerospace, chemical and marine
engineering, and nuclear reactors. Despite its exceptional thermal properties and corrosion
resistance, there is room for further improvement of its surface properties, particularly for
tribological applications. Laser surface treatment is a viable method for enhancing these properties,
offering advantages such as precision, short processing times, localized heating, and cost-
effectiveness. However, it’s crucial to address the challenges associated with high-temperature
thermal processing during laser treatment, as it can lead to issues like thermal erosion and surface
imperfections such as micro-cracks and cavities. Proper process optimization and selection of laser
parameters can mitigate these defects and yield high-quality end products with the desired surface

characteristics®.

Considerable research efforts have been dedicated to exploring the laser microtexturing of Inconel
alloy surfaces, with a primary focus on assessing microstructural changes and their impact on
mechanical properties. Zhu et al.’! examined the influence of processing parameters on the

microstructure of laser-solid-formed Inconel 718 superalloy, finding that the selection of laser
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power and beam diameter dictated whether fine or coarse columnar dendritic microstructures
formed in the IN718 superalloy. In a separate study, Kulka et al.®? scrutinized the microstructure
and properties of laser-treated Inconel alloy, identifying three distinct regions within the re-melted
zone. These regions included a compact borides zone rich in nickel, chromium, and iron borides
(located near the surface), a zone exhibiting an elevated percentage of Ni-Cr-Fe matrix (situated
farther from the surface), and a zone where the Ni-Cr-Fe matrix dominated (found at the layer's
end). Notably, their investigation revealed that the obtained hardness was comparable to that
achieved through diffusion boriding. Lastly, Xu et al.®® delved into the creep behavior of laser-
processed Inconel 718, unveiling significant improvements in microstructure and creep resistance
resulting from laser treatment. Enhancements in mechanical properties and the formation of an
improved microstructure due to laser treatment contribute to enhanced bonding of the thermally

sprayed micro powder.
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CHAPTER 3: Mechanism of Laser Microtexture Formation and its
Influence on Adhesion and Wetting Properties

The formation of surface features through the melting, ablation, and resolidification of materials
is directly affected by various laser parameters, including fluence, pulse width, speed, and
frequency. Higher laser frequencies result in a greater number of pulses per unit surface area,
leading to the creation of deeper surface features, increased surface area, and, consequently,
enhanced coating adhesion. The depth and density of these features can be precisely controlled by
adjusting the laser fluence and frequency, while higher laser power levels result in more material
ablation, leading to the generation of additional particles. These particles can settle and resolidify
on the surface, augmenting nanoscale roughness and further improving coating adhesion. It is
crucial to select an optimal feature height to ensure the stability of the microtexture during

atmospheric plasma spray (APS) processing, which is a widely used process to coat surfaces.

The formation mechanism of pulsed laser-induced micropillars can be attributed to the initial
development of ripple-like structures. This formation process is influenced by several factors,
including interference between incident and scattered laser light at the surface, heat-mass transfer,
and hydrodynamic and plasmonic effects. As the microstructure evolves, these ripples gradually
break down, giving rise to the formation of micropillars. The breakdown of ripples is primarily
driven by the expansion and sputtering of molten material due to the recoil pressure resulting from
the laser-material interaction. Once expelled, the molten material rapidly cools upon leaving the
laser-irradiated area. As the surface temperature drops below the vaporization point at the end of
the laser pulse, the effect of recoil pressure diminishes. Ultimately, gravitational forces and surface

tension guide the molten material back to settle on the surface?.
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In the interaction between a pulsed laser and solid metal, a portion of laser energy is reflected from
the top surface, while some is absorbed within a shallow penetration depth in the metal. Two
mechanisms govern laser energy absorption: the resonance absorption mechanism and the inverse
Bremsstrahlung (IB) absorption mechanism, with the latter dominating interactions between
nanosecond lasers and metals. Metals, rich in free electrons, absorb photon energy through the 1B
mechanism, transferred to lattices and free electrons via collisions. If absorbed electron energy
surpasses the Fermi energy, electrons can escape, forming a plasma and electromagnetic field. The
electron—photon relaxation time is much shorter than the nanosecond laser heating pulse width,

achieving heat equilibrium between electrons and lattice®.

During laser—metal interactions, electromagnetic waves are generated on the target surface. These
waves, described by Maxwell's equations, propagate through metals in the laser—metal interaction
area. Laser energy penetrates the metal surface in proportion to (1-R), where R is the reflectivity.
Absorbed energy decays within the material based on the absorption coefficient a. According to

the Beer—Lambert law, intensity (I) exponentially decays with depth (z2),
I1(z) = (1 —R)I,e** (6)

where lo is the surface intensity, a = 4znk/Ao is the absorption coefficient, k is the extinction

coefficient, and Ao is the wavelength®4,

The process of metal melting and resolidification occurs when the fluence of laser light surpasses
the melting threshold of long laser pulses (figure 8). In the interaction between nanosecond lasers
and target materials, the laser pulse duration exceeds the electron cooling rate, which is
approximately 1 ps. Excited electrons, with sufficient collision time, transfer their energy to the

lattices. The absorbed laser energy initially raises the target surface to the metal fusion point and
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subsequently to the vaporization temperature. It's noteworthy that metals require more energy for
vaporization than for melting. The material vapor emanates from the target approximately 3 to 5
ns after laser interaction, exhibiting planar expansion until 10-15 ns. Between 100 and 200 ns, the
vapor plume visibly separates from the target surface, indicating an upper limit for the maximum
evaporation time. Throughout the interaction, the primary source of energy loss is the melting and

evaporation of metal materials®.
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Fig. 8. Physical phenomena under nanosecond pulsed laser irradiation.

It's important to emphasize that across various laser microtextured and even grit-blasted surfaces,
the adhesion strength of commonly used protective metallic powders, such as Amdry 9951
(CoNiCrAlY) powder, consistently exceeds that of Amdry 995C (CoNiCrAlY) powder. This
superiority can be attributed to the significantly smaller mean particle size of Amdry 9951 powder
in comparison to Amdry 995C powder. This size difference facilitates enhanced infiltration of
molten particles into the laser-generated microtexture, resulting in increased tensile adhesive
strength. Achieving optimal coating-substrate adhesion necessitates aligning the powder size with

the surface topography to attain a superior surface-filling ratio.
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In contrast to grit-blasting, which primarily offers macroscale roughness, a fully laser
microtextured approach, where the entire substrate surface is microtextured, provides superior
control over the depth, uniformity, and precise location of the microscale features.. At the same
time, the maximum adhesion strength reported in scientific literature for thermally sprayed Amdry
9951 (CoNiCrAlY) bond coats on laser microtextured surfaces is approximately 52 MPa, on par
with measured grit-blasted samples at around 55 MPa. The utilization of the fully microtextured
laser method has generated an impressive adhesion strength of 65 MPa for bond coats on laser

microtextured samples. This represents a notable increase of approximately 17%?.

In polymers, energy absorption follows a non-linear pattern compared to metals. The ablation
process hinges on how laser beam's energy is absorbed by a material's top layer or substrate.
Ablation encompasses both vaporization and melt ejection from the focal area. When the laser
beam's energy is below the ionization potential of polymer-bound valence electrons, vaporization
doesn't occur. However, impurities or inclusions, acting as sources of free electrons, can facilitate
energy absorption through inverse bremsstrahlung when exposed to energetic photons in the laser
beam. This process breaks chemical bonds, generating heat, particularly with long laser pulses.
This energy absorption aligns with the Beer-Lambert law, where absorbed energy depends on laser

light intensity and material thickness?.

Photoionization initiates laser-induced material breakdown. Valence electrons absorb sufficient
energy from laser photons during photoionization, moving to the conduction band and generating
free electrons through multiphoton or impact ionization. Subsequent collisions of energized free
electrons lead to the emission of secondary electrons via inverse bremsstrahlung absorption,
causing an avalanche increase in free electron numbers. This cascade eventually results in material

removal through melting or vaporization, especially with infrared (IR) radiation. In contrast,
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ultraviolet (UV) radiation can ionize and decompose polymers with minimal melting, making it a

preferred option for ablation with laser surface treatment?.

Laser surface microtexturing represents an effective technique for altering the contact angle
properties of material surfaces. The contact angle, a crucial parameter for assessing surface
wettability, holds significant importance across various engineering and industrial domains.
Surfaces exhibiting hydrophilic characteristics with small contact angles are favored for
applications aiming to enhance anti-fogging and adhesive properties. Conversely, hydrophobic or
superhydrophobic surfaces, boasting contact angles exceeding 150° find utility in enhancing self-

cleaning, corrosion resistance, and bacterial repellence’.

Figure 9 illustrates the change in the contact angle of the microtextured surface in relation to laser
energy intensity on the aluminum substrate. Initially, the contact angle of the specimen prior to
laser microtexturing was 63°. Consequently, it is evident that at an intensity of 0.39 GW/cm?, the
contact angle increased by approximately 30% to reach 86.4°. This shift in contact angle aligns

with the Cassie-Baxter model, which can be expressed as follows:

cos Ocp = f1c0s6; — f; (7

where 6, is the contact angle of the reference surface, f; is the area fraction of the water-solid
surface, f, is the area fraction of the water-air surface, and 6.5 is the contact angle of the Cassie-

Baxter model’.
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Fig. 9: Variation of contact angle with laser intensity’. This figure is reprinted from the Journal
of Manufacturing Process, Seung Jai Won, Hong Seok Kim, Effetc of laser parameters on
morphological change and surface properties of aluminum alloy in masked laser surface
texturing, Recent progresses and applications in laser-based surface texturing systems, 48 260-
269, copyright 2019, with permission from Elsevier.

In accordance with eq. (8), the contact angle is determined by the ratio of f to f2. In the context of
this study, the surface irregularity increased following laser microtexturing. Consequently, it can
be inferred that the contact angle increases due to a reduction in the contact area f1 between the
surface and water, coupled with an increase in the contact area f, between air and water. The
decrease in the contact angle with higher laser intensity was associated with heightened surface
heterogeneity. As surface heterogeneity increased, it became more challenging to maintain water
droplets in the Cassie-Baxter state, causing them to flow into the surface valleys. This, in turn,
reduced the contact between water and air, resulting in a decreased contact angle. Notably, at a
laser intensity of 7.8 GW/cm?, the surface state can be explained using Wenzel's theory because
the contact angle was more hydrophilic than the contact angle of the specimen before

microtexturing. Wenzel's contact angle theory can be expressed using the following equation:

cos By, = fcos0, (8)
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where 6, is the contact angle of the flat reference surface, f is the ratio between the actual area
and the apparent area, and 6y, is the contact angle from the Wenzel model. Equation 9 illustrates
that as the value of f increases, the hydrophilic surface exhibits a heightened level of hydrophilicity.
The observed change in the contact angle in Figure 9 may also be attributed to alterations in surface

roughness. Specifically, as surface roughness increased, the contact angle tended to decrease’.

Figure 10 illustrates the variation in the contact angle resulting from repetitive laser irradiation. As
the number of laser irradiations increased, there was a tendency for the contact angle to decrease.
This is because the surface roughness increases with laser pulses. Consequently, this diminished
the contact between water and air, leading to a decrease in the contact angle, in accordance with
the Cassie-Baxter theory’.
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Fig. 10: Variation of contact angle with number of pulses’. This figure is reprinted from the
Journal of Manufacturing Process, Seung Jai Won, Hong Seok Kim, Effetc of laser parameters
on morphological change and surface properties of aluminum alloy in masked laser surface
texturing, Recent progresses and applications in laser-based surface texturing systems, 48 260-
269, copyright 2019, with permission from Elsevier.

In conclusion, the contact angle of the surface-treated specimen appears to be strongly influenced
by both surface roughness and the geometric characteristics of the pattern. For instance, Kam et

al.% demonstrated that by creating a conical surface structure using a laser, the contact angle could
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be adjusted within a wide range, from super-hydrophilic (0°) to hydrophobic (113°), depending on
the processing conditions. It is anticipated that by finely tuning the shape of micro-patterns, a
diverse range of wettable surfaces can be effectively generated. The tightly packed and evenly
distributed surface features, coupled with the addition of nanoscale roughness, have a vital role in
controlling the surface's wettability characteristics. The hierarchical surface structures created
through laser microtexturing substantially enhance surface wettability, leading to a notable
reduction in the contact angle (CA) within the Wenzel region®. On the contrary, when the surface
is coated with a low-surface energy material such as PDMS, these micro/nano hierarchical surface

structures contribute to achieving an exceptionally high degree of water repellency®”:63:°,

Factors such as nanopillar height, pillar spacing, intrinsic contact angle, and water nanodroplet
impingement velocity have a significant influence on the transition of a water droplet from the
Wenzel to the Cassie-Baxter wetting state. There exists a critical pillar height that determines
whether a water droplet on the pillared surface is in the Wenzel or Cassie-Baxter wetting state.
The free-energy barrier between the Wenzel and Cassie-Baxter states can be computed using
statistical mechanics and simulations of rain impacting the surface. This barrier varies, ranging
from a few tenths of kBT, (where kB is the Boltzmann constant, and To is the ambient temperature)
for a rough surface at the critical pillar height to nearly 8 kBTo for surfaces with pillar heights
greater than the length scale of water droplets. Importantly, the barrier for transitioning from the
Wenzel to Cassie-Baxter state is much higher than that from the Cassie-Baxter to Wenzel state,

particularly for very rough surface.

Ambrosia conducted a study that examined how the static contact angle (CA) of a water droplet
on a graphite surface is influenced by factors such as surface fraction and pillar heights’. The

study found that the static contact angle (CA) increased with increasing pillar height up to a certain
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threshold. Beyond this threshold, further increases in pillar height had diminishing effects on the
static CA. The influence of pillar height on the static CA was more pronounced when the pillars
were shorter or when they covered a smaller fraction of the surface. When the pillar surface
fraction dropped below 36%, simulations revealed that the static CA did not align with the
predictions of the Cassie-Baxter model. This discrepancy was attributed to the deformation of a

portion of the water droplet between the tops of the pillars™.
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CHAPTER 4: Laser Fabrication Method of Microtextured Surfaces
and Morphology/Composition Characterization

4.1 Introduction

This chapter offers a comprehensive exploration of the laser systems employed for conducting
various experiments within this thesis. These laser systems are instrumental in the generation of
laser-induced microtextured surfaces. An extensive overview of the various laser setups
employed, encompassing a range of laser types, each distinguished by its unique characteristics,
has been presented in this chapter. Subsequently, this chapter delves into the characterization
techniques that have been applied. These techniques serve as instrumental tools, guiding our
exploration of surface morphology and offering insights into the fine details of laser
microtextured features. Additionally, the characterization of the compositional alterations and
optical properties that manifest during the laser microtexturing process have also been addressed
in this chapter. This comprehensive comprehension of both the equipment and methodologies is
fundamental in unlocking the full potential of laser microtexturing, expanding its utility across

diverse scientific domains.
4.2 Laser Fabrication Method

For the adhesion improvement of thermally sprayed coatings on laser microtextured aluminum, a
ytterbium fiber laser (YLP-G-10, IPG Photonics) of 532 nm wavelength, 10 W average power
pulse width of 1.3 ns, pulse energy of 20.2pJ, and Gaussian beam profile was used. The
galvanometer scan head used was a SCANcube 14, SCANLAB, with a scan pattern designed in
EZCad (Beijing JCZ Technology Co. Ltd). The laser repetition rate varied from 400 kHz to 600

kHz, and a focused laser beam with a full width at a half-maximum (FWHM) size of 20 um was
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used. The laser fluence used for the experiments was 0.76 J/cm?, 0.92 J/cm?, and 0.8 J/cm?. These
values were selected considering the necessity for laser energy to be adequate for surface melting
with minimal ablation. This approach ensures that thermomechanical formation of surface features
can occur, and the determined fluence values closely align with this criterion. The laser beam scan
speed was maintained at 60 mm/s. For each laser fluence, the side-to-side overlap between the
lines was 50%. A galvanometer (SCANLAB SCANcube 14) controlled by a custom LabVIEW
program was used to perform the raster scan of the aluminum surface. This enabled us to achieve
consistent microtexture patterns on the sample. A nitrogen gas atmosphere was used during laser
microtexturing to prevent oxidation. The pressure of the gas was maintained at 5 MPa. The

different laser parameters used in the microtexturing process are shown in Table 3.

In the case of adhesion improvement of thermally sprayed coating on laser microtextured Inconel
steel, a 355 nm wavelength nanosecond pulsed laser was used to microtexture. The UV
nanosecond laser was a Coherent Matrix 355-8-50, operated at 50 kHz pulse repetition rate, 8 W
average power, and 4 ns pulse width. It is a diode-pumped solid-state, Q-switched laser. The
focused laser beam had a full-width half-maximum (FWHM) size of 25 pm. The laser fluence used
for the experiments were 1.71 J/cm?, 2.02 J/lcm?, and 2.32 J/cm?. These values were selected
considering the necessity for laser energy to be adequate for surface melting with minimal ablation.
This approach ensures that thermomechanical formation of surface features can occur, and the
determined fluence values closely align with this criterion. The laser beam scan speed was
maintained at 60 mm/s. For each of the laser fluences, the side-to-side overlap between the lines
was 50%. Two scans were done orthogonally to each other at each of the parameter settings.
Orthogonal laser scans play a pivotal role in achieving a denser surface microtexture. By

employing laser scanning in orthogonal directions, the laser beam covers a given area more
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comprehensively and uniformly. This meticulous and overlapping scanning strategy ensures that
each point on the surface receives two passes of laser treatment from different directions. As a
result, any irregularities or gaps in the microtexture are significantly minimized or eliminated,
leading to a denser and more homogenous microtexture. The precision and control offered by
orthogonal laser scans enhance the surface’s functional properties, making it particularly beneficial
in applications where a uniform and finely microtextured surface is crucial, such as in the
development of superhydrophobic or superhydrophilic surfaces, advanced coatings, or
microtextured materials used in various industries. The different laser parameters used in the

microtexturing process are shown in Table 4.

The schematic of the laser setup is shown in figure 11.

Table 3: Laser processing parameters (laser wavelength = 532 nm, scan speed = 60 mm/s, No. of
scans =1); Line #1, Line #2, and Line #3 indicate the use of different process parameters.

Table 4: Laser processing parameters for Inconel (laser wavelength = 355 nm, scan speed = 60

Pattern Index | Frequency (kHz) | Fluence (J/cm?)
Line #1 400 0.76
Line #2 400 0.92
Line #3 600 0.80

mm/s); Line A, Line B, and Line C indicate the use of different process parameters.

Pattern | Frequency | Fluence Line spacing | No. of scans
Index (kHz) (J/lcm?) (um)

Line A 50 1.71 10 2 (0° and 90°)
Line B 50 2.02 10 2 (0° and 90°)
Line C 50 2.32 10 2 (0° and 90°)

In the experiments involving the creation of superhydrophobic surfaces through laser ablation, a
355 nm wavelength nanosecond pulsed laser was used to ablate the PDMS coating made on a glass
slide. The 355 nm wavelength 20 nanoseconds pulsed width laser from Coherent Matrix 355-8-

50, operated at 50 kHz pulse repetition rate, at 8 W average power, was used in this study as shown
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in figure S1. High Dynamics PIMag linear XY stages were used for mounting the samples, and the
laser beam was scanned using the Sino-Galvo SG7210 system.

For the experiments involving superhydrophilic surfaces and integrated superhydrophilic-
superhydrophobic surfaces, a 355 nm wavelength picosecond pulsed laser from Spectra-Physics
IceFyre 355-30, operating at 1 MHz, at 30 W average power and pulse energy of 20 pJ was used.
The pulse width of the picosecond laser was 10 ps. A focused laser beam of full width at a half-
maximum (FWHM) size of 50 um was used. The laser beam was scanned using the Sino-Galvo
SG7210 system. High Dynamics PIMag linear XY stage was used for mounting the samples.

The schematic of the laser setup is shown in figure 10.
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Fig. 11: Schematic of the laser fabrication method setup

4.3 Microtexture Characterization

The surface morphology, cross-sectional characterization, and elemental analysis were done using
FEI Quanta 650 Field Emission SEM. 3D optical profile measurements were done using Olympus
LEXT OLS4000 3D Laser Microscope to understand the variation in the microtexture heights, the
peak-to-valley spacing, and the density and uniformity of the features. Chemical composition

analysis was done by XPS (PHI Versaprobe Ill). Optical transmission measurements were
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obtained_using a UV-VIS-NIR spectrophotometer (Agilent CARY 5000) with a tungsten halogen
visible and deuterium arc UV light source and a silicon photodiode receiver. The water contact
angle measurements were done using the Ramé-Hart Model 250 Goniometer. 10 pLL water droplets
were used for all measurements. Optical images of the superhydrophilic patterned surface were

taken using Hirox RH-8800 Light Microscope.

The optical characterization of the laser microtextured glass surface covered with PDMS was
performed by transmitting light across the solar spectrum range (350-2500nm) and detecting the

transmitted light using a power measurement meter (Thorlabs S302C thermal power sensor).
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CHAPTER 5: Laser Microtexturing for Adhesion Improvement

5.1 Introduction

This section explores surface microtexturing techniques aimed at enhancing coating adhesion
strength, with a focus on comparing two commonly used methods: grit blasting and laser
processing. In particular, the study involves the application of a nanosecond pulsed laser for
microtexturing Al 7075 alloy and Inconel substrates, resulting in a substantial increase in surface
area. The laser-based microtexturing process encompasses melting, ablation, and resolidification
of the entire substrate surface, yielding a distinctive morphology characterized by densely packed
pillar-like surface features. Importantly, the morphology of this microtexture can be finely tuned
by adjusting the laser processing parameters. Subsequently, the laser microtextured surface is
coated with metallic particles through a thermal spray process. The tensile adhesive strength of
these thermally sprayed metallic coatings is found to be remarkably higher, exceeding that of grit-
blasted samples by over 17%, especially when a 5 um deep microtexture is employed. Notably,
this represents the highest reported adhesion strength achieved through laser-based microtexturing
techniques for thermally sprayed bond coatings which has diverse applications in automotive,

aerospace and power generation.

5.2 Experimental Approach

The substrates used were McMaster-Carr aluminum alloy (Al 7075) and Inconel alloy (INCONEL
718) micromachined samples (diameter = 1 inch; thickness — 0.5 inches) polished down to a
roughness of less than 1 um. The chemical composition by weight of Al 7075 and INCONEL 718
was supplied by the manufacturer and is given in table 5 and table 6, respectively. The coating

powders used for the thermal spray process were Oerlikon Metco Amdry 995C (CoNiCrAlY) and
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Oerlikon Metco Amdry 9951 (Co[Ni]CrAlY)). CoNiCrAlY is usually used for bond coats’>"374,
The mean particle sizes of the powders were 90 um and 38 um, respectively. The different particle

sizes were chosen to demonstrate the effect of particle size on surface morphology.

Table 5: Al 7075 alloy composition (as obtained from the manufacturer)

Material Type | Al 7075
Al wt% 89.77
Zn wt% 54

Mg wt% 2.42

Cu wt% 1.42

Fe wt% 0.42

Cr wt% 0.21

Si wt% 0.13
Mn wt% 0.12

Table 6: INCONEL 718 alloy composition (as obtained from the manufacturer)

Material Type | INCONEL 718
Ni wt% 53

Cr wt% 18.2

Fe wt% 18.1

Mo wt% 2.8

Ti wt% 1.1

Co wt% 0.98

Ta wt% 0.85

Mn wt% 0.2

Si wt% 0.2

Some of the samples were prepared by grit-blasting method. In this procedure, we affixed the
samples securely onto a plate using double-sided tape, ensuring their stability during the abrasive
blasting process. The nozzle was systematically moved over the samples, following the specified
parameters outlined in Table 7. We executed this raster scan through a dedicated LabVIEW
program on a computer, controlling the nozzle's movement through a connected controller.
Subsequently, compressed air was applied to clear away any remaining dust from the samples.

Finally, thoroughly cleaned sample surfaces using ethanol were obtained.
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Table 7: Grit-blasting parameters

Blast Media Alumina (~50 pum particle size)
Pressure 0.28 MPa

Nozzle distance ~140 mm

Nozzle Angle 70 °

Nozzle  traverse | 1000 mm/sec

speed

Passes 2 orthogonal passes

Both the grit-blasted and laser microtextured samples underwent a metal powder coating process
using atmospheric plasma spray (APS). This procedure utilized an Oerlikon Metco F4AMB-XL
plasma gun affixed to a 6-axis robotic arm. The initial phase involved purging the grit-blasted and
laser-microtextured samples with compressed air for cleaning purposes. Subsequently, these
samples were secured onto vertical fixtures. The thermal spray gun was then activated and moved
across the substrate in a defined rectangular raster pattern. Before introducing the powder, a pre-
heat phase was initiated to raise the substrate's temperature to 100°C, and the powder feed was

allowed to stabilize for 1-2 minutes before the deposition commenced. Table 8 outlines the various

APS parameters employed throughout this study.
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Table 8: Deposition parameters for a thermal spray for Amdry 9951 and 995C powders

APS Parameters Amdry 9951 Amdry 995C
Carrier gas Argon Argon
Carrier gas flow rate (nlpm) 4.5 3.5
Powder feeding rate (g/min) 60.5 60.1
Spray distance (mm) 120 120
Number of passes 10 10
Surface speed (mm/s) 1250 1250
Plasma temperature (°C) 2922 2612
Particle velocity (m/s) 210 166

Gun current (A) 600 600
Primary gas type Argon Argon
Primary gas flow rate (nlpm) 56.8 56.9
Secondary gas type Hydrogen Hydrogen
Secondary gas flow rate (nlpm) 8.5 57
Injector standoff distance (mm) 6 6

Water flow rate (Ipm) 15.6 15.7

5.3 Characterization

The coated samples were subjected to tensile adhesion testing, where the tensile pressure required
to debond the coatings was measured. This was done following the ASTM C633 standard using
an Instron C633 mechanical analyzer. As shown in figure 12, the cylindrical sample was glued
between two cylindrical rods. The load was applied in the direction perpendicular to the interface
between the coating and the substrate. The tensile load was gradually increased until the coating
was ruptured or detached from the substrate. The glue used in the process was Polyamide-epoxy

FM 1000 Adhesive Film. The adhesion strength was calculated from the load at sample failure

divided by the coating area.
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Fig. 12: Sample assembled for tensile adhesion testing; Bond Coat — Coating layer that is attached
to the sample; Top Coat — Coating Layer that is attached to the glue®.

5.4 Results and Discussion

Figure 13 serves as a reference, displaying the surface of a flat, untextured aluminum sample. In
contrast, Figure 14 presents the surface of a sample that has undergone grit-blasting. In the grit-
blasting process, alumina particles impact the aluminum surface with considerable velocity,
resulting in plastic deformation. The extent of deformation is influenced by various factors,

including the velocity, shape, size, and hardness of the alumina particles.
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Fig. 13: SEM image of an untextured metal surface.

Fig. 14: SEM image of the surface of a grit-blasted sample
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Fig. 15: (a) SEM image of untextured aluminum surface; SEM image of laser microtextured
aluminum surface at a fluence of (b) 0.38 J/cm?, (c) 0.45 J/cm?, (d) 0.61 J/cm?, (e) 0.76 J/cm?, (f)
0.91 J/cm?. The frequency and the scanning speed were kept constant at 400 kHz and 60 mm/s,
respectively.

seen that at higher laser fluences, the ablation is much more significant than at lower ones. The
fluence at which the laser starts to mark features on the surface is between 0.38 J/cm? and 0.45

Jiem?.

Figure 16 illustrates how the surface morphology changes with varying laser repetition rates
(frequencies). When maintaining a constant fluence, lower frequencies entail significantly fewer

laser pulses striking the surface per second compared to higher frequencies.
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Fig. 16: SEM image of laser microtextured aluminum surface at (a) 20 kHz, (b) 200 kHz, (c) 300
kHz, (d) 600 kHz. The laser fluence and the scanning speed were kept constant at 0.916 J/cm? and
60 mm/s, respectively.

At higher laser frequency, consequently, there is less time for the molten surface material to cool
down, leading to higher temperatures and, consequently, increased ablation. This causes the laser
to rearrange the molten material differently at higher frequencies compared to lower ones. As
evident, the surface exhibits more pronounced ablation and roughening at higher frequencies.
Figure 17 shows the different laser surface microtextured patterns. It can be seen that pillar-like
structures have been formed on the surface with periodic grooves due to the thermomechanical
process of melting and resolidification combined with some ablation. The thermally sprayed
molten powders enter into the grooves and thus provide interlocking. The surface shown in figure
16(c) was obtained with the highest number of pulses per unit area compared to the other two

surfaces. The three laser microtextured patterns were chosen in such a way that they provide a

range of variations in feature height and spacing between the peaks. Looking at the morphology,
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some resolidified droplet formation appears to occur, which further reinforces the process of
melting, ablation, and resolidification of the material. On the other hand, the surface features
reported by Kromer et al.>®5"% consist of a series of uniform holes drilled on the aluminum surface
by laser ablation. Since the spacing between these holes was greater than 100 pum, the increase in

the surface area was much less than that obtained by the full-area microtexturing method reported

in this thesis.

) T w0
Fig. 17: (a) SEM image of laser microtextured (0.763 J/cm?, 60 mm/s, 400 kHz) aluminum sample;
(b) SEM image of laser textured (0.916 J/cm?, 60 mm/s, 400 kHz) aluminum sample; (c) SEM
image of laser microtextured (0.803 J/cm?, 60 mm/s, 600 kHz) aluminum sample

Figure 18 quantifies the micropillar height variations. The average height for the laser
microtextured features was around 5 pm, which is less than the average surface feature height of
6.5 wm for grit-blasted surfaces. There are considerable height variations on the laser
microtextured and grit-blasted samples, with maximum heights reaching up to 27 um, 28.2 um,
41.6 um, and 61.48 pum for line #1, line #2, line #3, and line #4 respectively. The average distance
between the peaks in all the laser microtextured patterns was 5 pm. Compared to this, the depth of
the laser-ablated holes on the aluminum surface reported by Kromer et al. %3%"% js 25-80 ym. Even
though a larger hole depth results in a larger increase in surface area, it takes more time and does

not necessarily imply full infiltration by the thermally sprayed coating.
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Fig. 18: Feature height variations on Aluminum substrate. Line #1 —0.763 J/cm?, 60 mm/s, 400
kHz; Line #2 — 0.916 J/cm?, 60 mm/s, 400 kHz; Line #3 — 0.803 J/cm?, 60 mm/s, 600 kHz; GB —
Grit-blasted. Sq: RMS roughness; Sz: Max peak to Max valley distance; Sa: Average roughness;
The line # denotes the different laser parameters used.

Figure 19 shows the surface morphology variation of a grit-blasted aluminum sample. It can be
observed that there is no periodicity in the features formed on the surface as the grits impact the
surface in a randomized manner. Figures 20, 21, and 22 offer a detailed surface profile analysis
for the three laser microtexture patterns shown in figure 17. The 2D map visually highlights
variations in feature height and density across the surface, while the 3D map provides a more
comprehensive visualization of feature distribution. It’s evident that Line #2 exhibits taller peaks
compared to Line #1, and Line #3 surpasses both Line #1 and Line #2 in peak height. This
discrepancy can be attributed to the fact that Line #3 received the highest number of laser pulses

per unit area, while Line #2 had a higher laser fluence than Line #1. Given that the scan speed

remained constant, both laser frequency and fluence emerged as pivotal factors governing peak
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height on the surface. These two parameters are closely interrelated in controlling the micropillar

height.

(uwm) a1eds suoneLeA JYsIOH

Fig. 19: 3D surface profile of a grit-blasted sample.
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Fig. 20: (a) 3D surface profile of Line #1; (b) 2D surface profile of Line #1; Axes scales are in

microns.
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Fig. 21: (a) 3D surface profile of Line #2; (b) 2D surface profile of Line #2; Axes scales are in
microns.
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Fig. 22: (a) 3D surface profile of Line #3; (b) 2D surface profile of Line #3; Axes scales are in
microns.

Figure 23 shows the surface of the laser microtextured Inconel. Line C had the highest average
peak height compared to line B and line C as it was microtextured with the highest fluence. The

three laser microtextured patterns for both metals were chosen in such a way that they capture a
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range of variations in feature height and spacing between the peaks. It can be seen that pillar-like
structures have been formed on the surface with periodic grooves due to the thermomechanical
process of melting and resolidification combined with some ablation. The thermally sprayed
molten powders enter into the grooves and thus provide interlocking. Looking at the morphology,
some resolidified droplet formation appears to occur, which further reinforces the process of

melting, ablation, and resolidification of the material.

(a) (b) (©)

Fig. 23: SEM image of laser microtextured Inconel surface; (a) Lina A; (b) Line B; (c) Line C;
Line A — 50 kHz, 1.71 J/cm?, Line B — 50 kHz, 2.02 J/cm?, Line C — 50 kHz, 2.32 J/cm?.

Figures 24, 25, and 26 provide a detailed surface profile for the three laser microtexture patterns
shown in figure 22. The 2D map shows the differences in height and density of the features across
the surface, while the 3D map gives a more thorough visualization of the distribution of the
features. It can also be observed that line B has higher peaks than that of line A, and line C has
higher peaks than line A and line B. This can be attributed to the fact that line C had the highest
fluence, and line B had more laser fluence than line A. Since the scan speed and frequency were

kept constant, the fluence is the main factor controlling the height of the peaks on the surface.
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Fig. 24: (a) 3D surface profile of Line A; (b) 2D surface profile of Line A
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Fig. 25: (a) 3D surface profile of Line B; (b) 2D surface profile of Line B;
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Fig. 26: (a) 3D surface profile of Line C; (b) 2D surface profile of Line C

In the case of Inconel, the average height for laser microtextured features was around 6 um, which
is less than the depth of 7.95 um for grit-blasted Inconel surfaces. The maximum heights of the
peaks for line A, line B, and line C were 35.99 um, 49.33 pum, and 55.67 pum, respectively. Grit-
blasted Inconel samples displayed a maximum height of 65.23 um. Figure 27 quantifies the

micropillar height variations.
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Fig. 27: Feature height variations on Inconel substrate. GB — Grit-blasted. Sq: RMS roughness;
Sz: Max peak to Max valley distance; Sa: Average roughness; The line # denotes the different
laser parameters used.
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Significantly higher tensile adhesive strength for laser microtextured surfaces compared to those
reported in previous laser microtexturing research studies®®>8%-57:5 were obtained. Our results are
shown in figures 28 and 29. Four samples were tested for each of the laser microtexturing and grit-
blasting methods to obtain the adhesion data and the associated error bars. The laser microtextured
patterns in our study were significantly denser and different in shape than those reported in
previous literature, as the laser was used to scan the surface area of the samples in its entirety.
Thus, it can be proven that densely packed features are beneficial in increasing bonding strength.
The average laser-formed feature height in this work was around 5 um compared to feature depths
of 80-180 um reported in previous laser studies®®®’. Hence, the throughput of the full-area laser
microtexturing method is higher, and the associated cost will be much lower. Maintaining
consistent thermal spray parameters allows for a potential elevation of the microtexture height by
a couple of microns, enhancing the possible penetration of the thermally sprayed coating.
Nevertheless, to achieve greater microtexture height, an increase in laser power or frequency is
necessary, which may lead to increased ablation. This adjustment has the potential to impact the
microtexture morphology and subsequent surface area, crucial factors for enhancing adhesion

strength.

The enhanced adhesion strength of thermally sprayed coatings, achieved through improved surface
microtexturing, opens up a diverse array of potential applications. These applications encompass
enhanced oxidation and hot corrosion resistance for components like airfoils, turbine buckets,
ceramic clearance control coatings, and exhaust manifolds, as well as systems dealing with flue
gas and fly ash. Consequently, the surface microtexturing method elucidated in this work holds
the promise of finding broad-ranging utility in enhancing adhesion strength for thermally sprayed

coatings on various metals and alloys.
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Fig. 28: Adhesion strength for grit-blasted and laser microtextured samples. Line #1 —0.763 J/cm?,
60 mm/s, 400 kHz; Line #2 — 0.916 J/cm?, 60 mm/s, 400 kHz; Line #3 — 0.803 J/cm?, 60 mm/s,
600 kHz; Line #4 — Grit-blasted. Lines #1, #2, and #3 denote the different laser parameters used.
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Fig. 29: Adhesion strength for grit-blasted and laser microtextured Inconel samples.
Figure 30 illustrates the surface coating achieved through thermal spraying on the aluminum
sample that underwent grit-blasting following the tensile adhesion test. Notably, delamination is
observable across the coating's surface in the case of the grit-blasted sample. The grit-blasted
sample exhibited both cohesive failure at the epoxy-coating interface and adhesive failure.
Conversely, the laser microtextured sample exclusively displayed adhesive failure at the epoxy-

thermal spray coating interface during the sample pull-off pressure evaluation.
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Fig. 30: SEM image of the surface of a grit-blésted sample.

The cross-sectional interface morphology of the laser microtextured aluminum samples (line #2)
and the thermally sprayed coating are shown in figures 31 and 32. The EDS spectra in figures 31
and 32 show the oxygen concentration at the sample-Amdry 995C interface and sample-9951

interface. Even though nitrogen gas was constantly blown on the samples during the laser

NS T =4 TEIETF - ™
4 2 - ¢ 2y, ' = Map Sum Spectrum
A S\ « SO s = f M;
D3 = ~ Al 689
- Amdry 995T thermal spray coating - | T 60— EI? ?‘2
E ‘ XA i e
: TR Y= J ~N - o 60
14 Y S ada s > nw ) e \ = N - Cr 54
2 ' ¢ A\ ’//‘. A ) b v AR = Zn 27
: 1 N /- . | & A = Ar 03
;‘(‘J:. \\‘ g D o e A ) 0— 01
- b 2 > P e v -
AR ) s PR B Rl
AR L 3 ¥ A b ' b’
g N 1 ey ‘ L il J;' 5:.? i % &'
\ R, \
\‘?f’ \
YA
Mox -
X Co Kal
2 Ni Kol
Aluminum substrate

Fig. 31: (a) SEM cross-section image of the interface of line #3 and Amdry 9951, (b) EDS spectra
showing the elemental composition of the interface of line #3 and Amdry 9951; Line #3 — 0.803
Jlem?, 60 mm/s, 600 kHz!.

microtexturing process to displace the oxygen in the air, the samples still showed some oxidation.

The oxidation could be further reduced by increasing the gas flow rate on the surface of the sample.

However, the samples would need to be in a vacuum to prevent oxidation entirely. Oxidation can
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also happen during the thermal spray process, depending on the thermal spray parameters and the

kind of coating powder used.
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Fig. 32: (a) SEM cross-section image of the interface of line #3 and Amdry 995C; (b) EDS spectra
showing the elemental composition of the interface of line #3 and Amdry 995C; Line #3 — 0.803
Jlcm?, 60 mm/s, 600 kHz!.

Figure 33 provides insight into the cross-sectional interface morphology, comparing the grit-
blasted sample with laser microtextured for thermally sprayed Amdry 995C particles. Notably, the
coating on the grit-blasted sample exhibits significantly less infiltration than that on the laser
microtextured surfaces. This disparity can be attributed to the absence of densely packed periodic
grooves on the surface of the grit-blasted samples. Consequently, despite the grit-blasted surface
having the maximum peak-to-valley distance, its surface features are non-periodic and more
widely spaced when compared to the laser microtextured surfaces. The average coating thickness

was determined to be approximately 275 um.
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Fig. 33: (a) SEM cross-section image of the interface of grit-blasted (GB) surface and Amdry
995C.

The cross-sectional interface morphology of the laser microtextured inconel samples and the
thermally sprayed coating (Amdry 9951) is shown in figure 34. Line C, which underwent
microtexturing with the highest fluence, exhibited the deepest and denser textures, consequently
allowing for the most substantial penetration by the thermally sprayed coating. Conversely, Line
A, microtextured with the lowest fluence, displayed shallower textures with more spacing between
the peaks, resulting in the least penetration by the thermally sprayed coating. It's worth noting that
excessive microtexture depth doesn't always directly translate to increased penetration and

improved adhesion.
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Fig. 34: SEM cross-section image of the interface of laser microtextured Inconel and thermally
sprayed Amdry 9951; (a) Line A; (b) Line B; (c) Line C. Line A — 50 kHz, 1.71 J/cm?, Line B —
50 kHz, 2.02 J/cm?, Line C — 50 kHz, 2.32 J/cm?,

The water wettability and the surface energy of the laser microtextured surfaces were investigated
using contact angle measurements. The measurements were done using a Ramé-hart Goniometer
model 250. The surface energy of the aluminum was measured to be 852.46 + 0.95 mN/m. The
untextured aluminum surface was found to be mildly hydrophilic with water contact angles (CA)
of 81°+ 6°. On the other hand, the laser microtextured aluminum surfaces were found to be highly
hydrophilic, exhibiting water contact angles of 25°+ 8°. This behavior can be explained by the fact

that the water contact angle on a flat hydrophilic surface decreases with an increase in surface area,

as expressed by Wenzel's equation®">:
cos@, = rcos@f 1)

where 6 is the contact angle of water on an ideally smooth, flat surface, @, is the contact angle of

water on a rough surface with r as the roughness parameter. (r=1 for smooth surfaces and r >1 for

rough surface)
5.5 Conclusion
In summary, the key points regarding laser microtexturing for improved adhesion are:

(i) Introduction of a novel method involving thermomechanical processes to create uniform micro

"pillar” features, significantly enhancing coating adhesion strength by increasing the surface area.
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(if) Control of micropillar height through laser power and frequency adjustments, leading to

improved adhesion compared to untextured surfaces.

(iii) Explanation of enhanced bond strength due to thermally sprayed particles filling gaps between

the microtextured pillars and the study of surface morphology for better adhesion understanding.
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CHAPTER 6. Superhydrophobic Surfaces by Laser Microtexturing

6.1 Introduction

Superhydrophobic surfaces serve crucial roles in various applications, including ice prevention,
corrosion resistance, anti-biofouling properties, and microfluidic devices. Typically,
polydimethylsiloxane (PDMS) is a commonly employed material for creating superhydrophobic
surfaces. Numerous techniques, such as spin-coating, dip-coating, spray-coating, surface etching,
and laser-textured molds’®7":"® have been utilized to achieve superhydrophobicity. However, these
methods often involve multiple steps, the use of various chemicals, or surface modifications. In
this section, a one-stepapproach for inducing superhydrophobicity is introduced. This method
involves the pulsed laser deposition of laser-ablated PDMS micro/nanoparticles and is applicable
to a range of surfaces. The technique has been successfully demonstrated on three significant
material classes: glass, PMMA, and aluminum, resulting in water contact angles exceeding 150°
and roll-off angles below 3°. Moreover, on glass or PMMA coated with laser-ablated PDMS
micro/nanoparticles, optical transmission values as high as 90% were achieved. Furthermore, this
approach can be extended to create micron-scale patterned superhydrophobic PDMS surfaces,

holding promise for applications in microfluidic microchannels and various optical devices.

6.2 Fabrication

The Polydimethylsiloxane (PDMS) SYLGARD 184 Silicon Elastomer was used for laser ablation
studies. The substrates used were microscope glass slides of Length = 3 inches, Width =1 inch,
and Thickness = 0.04 inches purchased from Amscope. The aluminum alloy (McMaster-Carr Al
7075) samples of 1-inch length, 1-inch width, and 0.07-inch thickness were polished down to a

roughness of less than 1 um. The PMMA samples of 4 mm thickness, 1-inch width, and 1-inch
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length were purchased from Ding&ng. The chemical composition of Al 7075 by weight was Al =
89.77%, Zn =5.4%, Cu = 1.42%, Mn = 0.12%, Mg = 2.42 %, Fe =0.42%, Cr =0.21%, Ti = 0.11%,

and Si = 0.13%.

The PDMS that was used in this experiment was a two-part solution mixture. Ten parts of the
polymer and 1 part of the curing agent were mixed thoroughly and placed in a vacuum desiccator
for 30 minutes to eliminate air pockets introduced during the mixing process. After eliminating
the air bubbles, the PDMS solution was carefully poured and spread onto a microscope glass slide,
as shown in figure 34a. The thickness of the PDMS layer was roughly 100-120 pm. As shown in
the figure35a, this thickness was attained by placing cover glasses of 100-120 pm thickness around
the edges of the top face of the glass slide and ensuring that the poured PDMS forms a smooth
coverage by scraping off any excess PDMS off the top using a thin blade. Keeping a relatively low
PDMS thickness makes it easier for the laser light to focus on the surface of the cured PDMS
without undergoing significant absorption or scattering in the bulk of the PDMS layer. It also
provides better control of the laser spot over the selected scan area. The poured PDMS on the glass
slide was subjected to a temperature of 100°C for 25 min. on a hot plate to partially cure the
PDMS. Two other glass slides with poured PDMS were prepared using the same process, and they
were cured for 15 and 20 minutes, respectively. This was done to study the effect of different
curing times on the laser ablation process. The thickness of the poured PDMS on these glass slides
was also maintained at 100-120 pum. The glass slides and the aluminum on which the ablated
PDMS micro/nanoparticles are to be deposited were treated with plasma (Jelight Company UVO-

Cleaner Model 18) for 10 min.
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The 355 nm wavelength laser was chosen for the ablation of the PDMS coating because the
absorption of light by PDMS is higher in the UV spectrum. The UV nanosecond pulsed laser was
used to ablate the deposited PDMS on glass, and the ablated material was transferred onto the
target substrate through the ablated PDMS fragments. The experimental setup of this experiment
is shown in figure 35b. Aluminum and glass were used as substrates. After the formation of the
ablated PDMS micro/nanoparticles coating on the substrate, the substrates were heated for an

additional 10 min. at 100°C to ensure good bonding and to fully cure the PDMS’®,

Cover glass Cover glass

Excess PDMS scraped off
[ Poured PDMS the top using a thin blade Poured PDMS

Glass slide

Glass slide

(@)

W «——————————— UV laser beam

Glassvslide

Laser transferred PDMS COTOTO0NOTOTN000
micro/nano particles

Laser ablated PDMS —— Partially cured PDMS (25 mins)

Spacer

(b)

Fig. 35: (a) Schematic representation of the cross-section view of the PDMS deposition process
on the glass; (b) Schematic representation of the pulsed laser ablated transferring process of PDMS
onto different substrates.

6.3 Characterization

A shear (abrasion) test was performed using a micro tribometer (CETR Inc., CA, USA). Figure S2
shows a schematic of the shear test setup. A tool steel blade with a dimension of 3 x 2.4 x 7 mm
was attached to a 1000 N load cell. The cell can record both normal and lateral forces. During the

shear test, the glass substrate with the laser-ablated PDMS micro/nanoparticles coating was first
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glued onto the sample stage of the micro tribometer. Then, the steel blade was brought into contact
with the substrate under a 2 N normal force Fn, which keeps the blade in good contact with the
substrate surface. The sample was moved laterally at a speed of 0.5 mm/s towards the steel blade.
Once the steel blade came in contact with the coating, a shear force (Fs) was applied to the coating.
The variation of the lateral shear force was recorded as a function of time until the coating was

completely scraped off. The nominal ultimate shear strength zvax can be defined by equation 1:

TMax= _S:Max 1)
Ant

where Fsmax is the maximum shear force during the shear test, and Ain is the interfacial contact
area of the coating. An acoustic emission (AE) signal was also collected by the AE sensor attached

to the substrate to monitor the process of scraping the coating off of the surface.

The wavelength range for the optical scan was from 200 nm to 1100 nm to ensure complete
coverage of the UV and visible spectrum and some of the near IR spectrum as well. The
measurements were done on different areas of a UV fused silica window (Thorlabs WG41010R),
poured, and partially cured PDMS on silica and PDMS micro/nanoparticles deposited silica

surface to ensure repeatability and minimize variability.

6.4 Results and Discussion

Different laser parameters were tested for the laser ablation process to determine the optimal
condition to achieve superhydrophobic surfaces. It was found that scan speeds above 200 mm/s
made the laser beam move too fast and did not ablate enough PDMS per unit area to create a
superhydrophobic surface on the substrate. Hence, the laser scan speed was chosen to be 200 mm/s.
The laser fluences were varied across a range of 1.1-2.3 J/cm? keeping the scan speed constant at
200 mm/s. Figure 36 shows the effect of varying laser fluence on the deposited PDMS
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micro/nanoparticles on the glass substrate. It was observed that at higher fluences, more PDMS
particles get ablated and deposited on the substrate. It is necessary to have a certain number of
PDMS micro/nanoparticles on the substrate to achieve superhydrophobicity. The substrate surface
starts to show superhydrophobicity above 2 J/cm?. The side-to-side line spacing and the frequency
of the laser were kept constant at 20 um, and the laser was operated at 50 kHz, respectively.
Nitrogen gas was blown on the PDMS during the laser ablation process to reduce oxidation. This
enabled multiple uses of the same PDMS material for the laser ablation process. The contact angle
of water on PDMS micro/nanoparticle deposited glass, PMMA, and aluminum substrate surfaces
were 153.8° + 1.7°, 157.3° + 2.1°, and 156.8° + 1.6° respectively, as shown in figure 37. The
corresponding roll-off angles were 4.2°, 3.1°, and 3.8°, respectively. The separation between the
PDMS-coated top glass and the substrate on which the laser-ablated PDMS micro/nanoparticles

were deposited was 1 mm.
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Fig. 36: Deposited PDMS micro/nanoparticles on glass at different UV laser fluences. The laser
beam scan speed, frequency, and the line-spacing were kept constant at 200 mm/s, 50 kHz, and 20
um, respectively. The laser energy density values used were (a) 1.12 J/cm?; (b) 1.68 J/lcm?; (c)
1.98 J/cm?; (d) 2.28 J/cm?; (e) Magnified SEM image of PDMS micro/nanoparticles coating.
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Fig. 37: The contact angle of water on PDMS micro/nanoparticles deposited film on aluminum
(left), PMMA (bottom), and glass (right) surfaces.

The water contact angle (WCA) on a plane glass slide was found to be 43.4° + 3.8°, and the WCA
on a plasma-treated glass slide was found to be 23.3° £+ 4.2°. Meanwhile, the aluminum surface
was found to be mildly hydrophilic with water contact angles of 81.4 + 5.8°, and the WCA on the
plasma-treated aluminum sample was found to be 19.3 + 3.6°. The decrease in the WCA can be
attributed to an increase in the surface free energy due to the plasma treatment’’. The plasma
treatment of glass also allows for achieving an increased bond between the PDMS and glass’®"""8,
As shown in figure 34b, there are two spacers, which are pieces of solid plastic separating the top
glass coated with PDMS and the bottom substrate. Varying the thickness of the spacer varied the
distance between the PDMS-coated top glass and the bottom substrate. This, in turn, affects the

morphology of the laser-ablated PDMS micro/nanoparticles coating and its thickness.
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Figure 38 shows the different morphologies of the PDMS micro/nanoparticles coated surface at
different spacer thicknesses. The laser fluence used was 2 J/cm?. It can be seen that at a smaller
spacer thickness, more particles are present on the surface. The sizes of the particles also vary,
ranging from a few nanometers to a few microns. The surface stopped being superhydrophobic

with a spacer thickness of more than 8 mm as the film was not continuous and very thin.

Figure 39 shows the thickness variation of the PDMS micro/nanoparticles coated surface at
different spacer thicknesses. The average coating thickness gradually decreases with an increase
in the spacer thickness. This is because, with increasing spacer thickness, a lesser number of laser-
ablated PDMS micro/nanoparticles reach the substrate. It can be seen that the laser-ablated PDMS
micro/nanoparticles deposited at a spacer thickness of 1 mm had the highest average thickness of
around 8 um, while those deposited at spacer thicknesses of 5 mm and 8 mm had average
thicknesses of around 4 um and 2 pum, respectively. The coating is non-uniform with a lot of

thickness variations, as can be seen in figures 37 (a), (b), and (c).

Fig. 38: PDMS micro/nanoparticles distribution at spacer thickness of (a) 1 mm, (b) 5 mm, and

(c) 8 mm.
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Fig. 39: SEM image of the cross-section of the laser-ablated PDMS micro/nanoparticles coating

with spacer thicknesses of (a) 1 mm, (b) 5 mm, and (c) 8 mm.

Figure 40 shows the XPS spectrum of the different PDMS samples using a monochromatic X-ray
source (1486.6 eV). Plane PDMS on glass refers to the poured and partially cured (25 min.). PDMS
on glass and then laser treated refers to the poured and cured (25 min.) PDMS on glass that has
been ablated by the laser to deposit the PDMS micro/nanoparticles on the substrate. There is no
noticeable change in the position of the peaks, which indicates that there is no significant

degradation of the PDMS™.

The atomic percentage composition of the different elements is shown in table 9. The carbon
content of all the samples under consideration was found to remain fairly constant. The silicon
content of the laser-treated PDMS on glass increased by around 5%, while the oxygen content of
both the laser-ablated PDMS micro/nanoparticles and the laser-treated PDMS on glass reduced
considerably. This can be attributed to the breaking and forming of bonds between elements due

to laser-matter interaction.
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Fig. 40: XPS spectrum showing the peaks for the different elements (C, Si, and O). Spectra are

shown only from 0 to 600 eV so that different colors can be seen easily.

Table 9: Elemental composition (at %) of the different samples of PDMS

Elemental composition (%)
Sample under consideration O1s C1ls Si2p
Plane PDMS on glass 45.2 32.3 20.5
Laser-ablated PDMS micro/nano
particles 39.7 33.2 21.4
Laser-treated PDMS on glass 33.4 33 26.6

Figure 41 displays the results of optical transmission measurements. On average, the optical
transmission of cured PDMS on fused silica is approximately 6-7% lower than that of plain fused
silica. In contrast, the optical transmission of laser-ablated PDMS micro/nanoparticle-coated fused
silica is roughly 15% lower than that of plain glass on average. Similarly, the optical transmission

of laser-ablated PDMS micro/nanoparticle-coated PMMA is about 10% lower than that of

uncoated PMMA on average.
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The reduced optical transmission observed in laser-ablated PDMS micro/nanoparticle-coated glass
is primarily attributed to light scattering caused by the PDMS particles. Specifically, coatings
deposited at shorter spacer lengths, resulting in higher PDMS micro/nanoparticle density and
greater coating thickness, exhibit lower optical transmission values compared to coatings
deposited with an 8 mm spacer thickness due to increased optical scattering. Notably, the optical
transmission values experience a significant decrease in the shorter wavelength range due to

amplified light scattering at shorter wavelengths..
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Fig. 41: Optical transmission measurements on (a) silica and (b) PMMA

The laser-ablated PDMS micro/nanoparticles coated glass was placed on top of a solar cell, and
the change in efficiency was measured. This was done to simulate a solar panel with laser-ablated
PDMS micro/nanoparticles coated glass. The solar cell gave an efficiency of 4.45% with clear
glass; meanwhile, the same solar cell gave an efficiency of 3.98% with the laser-ablated PDMS
micro/nanoparticles coated glass. One sun illumination was used for the experiment. The solar cell

used was a reference solar cell supplied by NREL with a rated efficiency of 4.49% under one sun

illumination.
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Figure 42 illustrates the shear strength of the laser-ablated PDMS micro/nanoparticle coating at
various spacer thicknesses. The shear strength exhibits only a slight variation as the spacer
thickness changes. Specifically, the shear strength achieved at a spacer thickness of 5 mm is
marginally lower than that at 1 mm, with a difference of approximately 0.56 MPa. Furthermore,
the shear strength at an 8 mm spacer thickness is slightly lower than that at 5 mm by approximately

0.32 MPa.
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Fig. 42: Nominal ultimate shear strength (zmax) at different spacer thicknesses

This minor variation in shear strength can be attributed to differences in coating thickness
associated with various spacer thicknesses. The coating deposited at a 1 mm spacer thickness
requires more force to be removed than the coating deposited at a 5 mm spacer thickness. The
reason behind this is that the coating at a 1 mm spacer thickness is thicker compared to the one at
a 5 mm spacer thickness. The same rationale can be applied to the coating at an 8 mm spacer

thickness, accounting for the observed decrease in shear strength.

The laser-ablated PDMS micro/nanoparticles deposition technique can also be used for patterned

PDMS lines on different substrates, as shown in figure 43. A laser fluence of 2 J/cm? was used
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for the laser ablation process. The spacer thickness was 1 mm. These PDMS lines are composed
of laser-ablated PDMS micro/nanoparticles that bond to the substrate and form a continuous film,

and their width and spacing can be varied.

To create PDMS line patterns on the substrate, two metal masks were employed. These masks

Fig. 43: SEM image of deposited PDMS lines on glass with a line width of 500 pum (left) and 200

pum (right).
featured finger-shaped openings with lengths of 2 mm and widths of 500 pum and 200 pm,

respectively. The separation between these openings was 1.4 mm. Consequently, the resulting
PDMS lines had widths of 500 pum and 200 pum, respectively, with an approximate spacing of 1.4
mm between the deposited lines. During the laser ablation process, these metal masks were
positioned on the glass substrate, allowing the ablated PDMS micro/nanoparticles to be deposited
through the open areas of the mask. Without the mask, the vaporized PDMS fragments generated
by the laser ablation would disperse across the entire substrate surface, failing to form distinct line

patterns.

Figure 44 demonstrates how the deposited PDMS micro/nanoparticles coating is influenced by
different curing times of the poured PDMS on glass. With shorter curing times for the poured
PDMS, the deposited PDMS lines exhibit breaks and irregularities due to uneven particle
distribution. It's apparent that a curing time of 25 minutes results in a more consistent and uniform

coating compared to curing times of 15 and 20 minutes. However, curing times exceeding 25
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minutes do not yield significant differences in the deposited PDMS lines. Prolonged curing may
even lead to decomposition without deposition. These experiments were conducted using a 1 mm

spacer thickness on glass substrates.

@ o (b)

Fig. 44: SEM images showing the effect of the curing time of the poured PDMS on the laser-
deposited PDMS micro/nanoparticles. The PDMS lines were deposited after curing the poured
PDMS on glass for (a) 15 min, (b) 20 min, and (c) 25 min.

6.5 Applications

Superhydrophobic surfaces exhibit a diverse range of properties that find practical applications in

both industrial and domestic settings. Below, we delve into some of these notable properties.

Antifogging -Preventing fog formation is vital for maintaining visibility. Superhydrophobic
surfaces exhibit a unique behavior when moisture condenses. Although fog initially forms, these
surfaces are adept at reducing fog persistence by promoting rapid evaporation, a phenomenon
observed by Chen et al.8t. The fog formed on a normal glass condensed to create a water film on
the surface in a couple of minutes, whereas the fog formed on a superhydrophobic glass
disappeared in 10 s and no water film was created thanks to the increased area. Chen et al.%
fabricated a superhydrophobic surface using silica capsule particles with an apparent static CA of
152° and an ROA of less than 8° by the dip-coating method. This highly transparent surface could

increase the evaporation rate of the fog and, therefore, cause the fog to disappear®?®, Laser ablated
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PDMS micro/nanoparticles method can be used to coat glass surfaces to form a superhydrophobic

surface with an even higher degree of transparency than the dip-coating method.

Self-cleaning -_Surfaces that exhibit non-wettability have garnered significant attention for their
remarkable ability to repel liquid droplets, preventing them from wetting the surface34. The
exceptional water repellency of superhydrophobic surfaces is particularly advantageous for self-
cleaning applications, as it facilitates the removal of dirt and contaminants when water droplets
roll over the surface. This property is especially valuable in the context of solar panels, where
transparent self-cleaning surfaces are essential. For instance, Park et al.®° developed a microshell
array made of PDMS with a static contact angle (CA) of 151° and a contact angle hysteresis (CAH)
of 19°. Utilizing laser-ablated PDMS micro/nano particles for coating solar panels maintains their
transparency without any discernible impact. This coating enables self-cleaning capabilities,
effectively repelling dirt and contaminants. Notably, the transparency achieved surpasses that of
the PDMS microshell array applied to solar panels to impart superhydrophobic properties.
Nevertheless, a drawback of this method is that dirt particles have the potential to scratch the
superhydrophobic PDMS particles, leading to their removal of the thin PDMS coating in certain

areas and consequently, a loss of the superhydrophobic property.

Anti-icing - The accumulation of ice on aircraft wings is of utmost concern for safety, as it can
lead to structural damage and disrupt aerodynamic performance®®. These consequences necessitate
the implementation of intricate anti-icing systems, resulting in increased aircraft preparation
expenses and potential flight delays or cancellations. Likewise, ice accumulation can occur along
the edges of wind turbine blades. Such ice buildup can disrupt the balance of the turbine blade,
leading to decreased power generation efficiency, higher maintenance expenditures, and the risk

of personal or property damage®’. Aircraft wings and wind turbines are challenging to access
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during operation, necessitating the integration of prevention or mitigation systems into their
design. Auxiliary heating systems are frequently integrated into the leading edge of aircraft wings
or turbine blades. Nevertheless, these systems consume energy, add complexity, and pose an
increased risk of system failure®%90.91.9293 The development of surfaces that can passively prevent
or reduce ice buildup holds the potential to alleviate many of these concerns, and research into

their fabrication is ongoing®*®.

Superhydrophobic surfaces play a crucial role in preventing ice formation as water effortlessly
rolls off, eliminating the chance for ice to develop. The application of laser-ablated PDMS
micro/nanoparticles on extensive sections of aircraft engines and turbines offers a lightweight
coating without any physical modification of the underlying surface. Due to its minimal thickness,
this coating imposes no additional weight on the aircraft. Moreover, as aircraft primarily operate

at high altitudes with fewer dirt particles, the PDMS coating is less prone to abrasion or damage.

Drag Reduction - The reduction of drag force is a significant challenge when it comes to solid

objects moving through water, such as ships or submarines. To address this issue, various
superhydrophobic coatings have been developed, drawing inspiration from the texture of shark
skin. These coatings create air pockets between their microtextured features, following the Cassie-
Baxter wetting model, which effectively reduces the contact between the solid surface and the
liquid, resulting in reduced drag®. Drag diminishment by superhydrophobic surfaces was explored
in different works, such as the study by Dong et al.?®, where they achieved the creation of a
superhydrophobic coating on the curved surface of a model ship by utilizing the electroless
deposition of gold aggregates. Since the laser ablated PDMS micro/nano particles coating has a
lot of air pockets and microtextured features, it can be very effective in reducing drag. Yet, the

relatively low durability of the coating, as evidenced by abrasion testing, could present a
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significant challenge to its robustness in underwater environments. Factors such as continuous
water brushing on a ship's body, interaction with aquatic animals and plants, among others, may
affect the coating. However, the application of laser-ablated PDMS micro/nano particles coating
can prove highly suitable for reducing drag in microfluidic devices dealing with much smaller
water volumes. The degree of drag reduction is influenced by various factors, including the
surface's wettability, Reynolds number, the size and direction of surface features, and the shear

rate?’.

Anti-corrosion - Superhydrophobic surfaces, due to their ability to shed water and possess self-

cleaning properties, generally exhibit a degree of resistance to chemical attacks in aqueous
solutions, including acids, alkaline substances, or salt solutions. However, these surfaces often
suffer from limited mechanical durability and can, depending on their material composition, be
susceptible to chemical reactivity. In cases where they sustain damage, their hydrophobic
properties may be compromised, leading to increased hydrophilicity. Therefore, enhancing the
mechanical robustness of superhydrophobic surfaces has become a critical objective in the

development of such surfaces for long-term corrosion resistance®.

Xiu et al.®® conducted research that highlighted the superior mechanical durability of a silica
surface featuring hierarchical micro and nanoscale structures compared to a nanostructured
superhydrophobic surface, as illustrated in figure 45. Following abrasion, only the nanostructures
located at the peaks of the microstructures were removed, while those at the base remained mostly
intact. This preservation of the nanostructures at the base was crucial for maintaining the surface's

superhydrophobic properties!®,
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The laser ablated PDMS micro/nano particles are susceptible to damagae and loss of
hydrophobicity in extremely harsh environments due to their relatively low mechanical durability.

Hence, their applications for corrosion protection is rather limited.

Solar - The inherent self-cleaning properties of superhydrophobic surfaces offer distinct
advantages in the context of solar power generation. Contaminants like dust, dirt, and organic
materials can obstruct sunlight, reducing its effectiveness in reaching the solar cells. Moreover,
the presence of surface water and ice can amplify surface scattering and reflectivity, further

impeding the solar panel's performance®®°. The conventional methods of removing water, ice,

and contaminants from solar panels often rely on additional systems or physical access to the cells,

(a) {‘NWVWWWWWM

0 =168.1°40.7°
A8 = ~2°

Before, RanAe

‘8= 166. 4°+1.5° SR 0=127.70245°
so=ase o P pe=>e0°

Fig. 45: (a) lllustration of water droplet on Si with two-scale structures before and after abrasion;
(b) SEM morphology, static contact angle, and contact angle hysteresis of Si with two-scale
structures before and after abrasion; (c) SEM morphology, static contact angle and contact angle
hysteresis of Si with nanostructures before and after abrasion*®. This figure is reprinted from the
Journal of Coatings Technology and Research 13, D. Zhang, L. Wang, H. Qian, Superhydrophobic
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surfaces for corrosion protection: a review of recent progresses and future directions, 11-29,
copyright 2016, with permission from Springer Nature.

which may not always be feasible in various applications. Microtextured superhydrophobic
surfaces, on the other hand, have proven to effectively eliminate these issues by preventing the
accumulation of surface water and ice, along with the removal of contaminants'®2103194 | aser-
ablated PDMS micro/nano particles present an effetcive method for coating solar panels, providing
surface roughness and superhydrophobic properties without the necessity of microtexturing the
underlying solar panel itself. Moreover, the microtexture pattern on superhydrophobic surfaces
can provide an additional advantage by serving as an anti-reflection coating!®, thereby aiding in

the capture of more solar energy.

Water Repellant Textiles - Superhydrophobic coatings are typically applied to rigid substrates, but

in applications involving textile fabrics, the substrate (fabric) is flexible. Wang et al.'°® modified
cotton substrates with n-dodecanethiol and gold micro/nanostructures to create superhydrophobic
surfaces on fabrics. These surfaces maintained a static contact angle (CA) of over 150° and
retained superhydrophobicity even after the fabrics were folded multiple times!?’. Zimmermann et
al.1® also developed superhydrophobic textile fabrics using polymethyl silsesquioxane
nanofilaments. To assess the wettability of these fabrics, a parameter called the water-shedding
angle was introduced since the normal contact angle was not suitable for evaluating
superhydrophobic textile properties. The water-shedding angle determined how effectively a water
droplet rolled off the inclined fabric surface. Wang et al.’®® created fabrics modified with a
fluorinated-decyl polyhedral oligomeric silsesquioxane and a fluorinated alkyl silane. These
fabrics exhibited self-healing superhydrophobicity, superoleophobicity, and durability against acid
exposure, ultraviolet rays, machine washing, and abrasion. Common methods for achieving

superhydrophobic textiles involve the use of chemicals, potentially compromising clothing safety
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or altering fabric quality. Laser-ablated PDMS micro/nano particles present a favorable alternative
for coating fabric with a thin layer of microstructured PDMS to achieve superhydrophobicity. The
flexibility of textiles is maintained, as the thin PDMS coating conforms to the textile's shape
without impacting its wearability. However, it's crucial to consider the polar or non-polar nature
of the fabric, which can influence the adhesion of PDMS particles to the substrate.Given the
potential applications of superhydrophobic fabrics, they must withstand scratching, abrasion, and
general wear. Specialized technical textiles are utilized in various industries, including automotive,

aerospace, filtration, construction, and medicine®*°.
6.6 Conclusions

To summarize the laser-based method for creating superhydrophobic surfaces:

(i) Deposition of pulsed laser-ablated PDMS nano/microparticles on various surfaces to generate
superhydrophobic thin films was demonstrated. Versatility is demonstrated on glass, PMMA, and

aluminum surfaces.

(if) Comprehensive examination of surface morphology and optical properties of the laser-ablated
PDMS micro/nanoparticle-deposited films, is reported. Factors like laser parameters, PDMS

curing time, and spacer distance are considered.

(iii) Proof of concept for patterned superhydrophobic PDMS surfaces using a metal mask, offering
potential applications in constructing superhydrophobic microchannels for microfluidic devices

and other uses.
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CHAPTER 7: Superhydrophilic Surfaces by Laser Microtexturing

7.1 Introduction

Laser surface microtexturing has become increasingly popular due to its low cost, scalability,
automation, and lack of use of hazardous chemicals. Laser surface microtexturing can be used to
control the wettability of various surfaces by varying surface roughness for a wide range of
applications. In recent years, the reversible transition between superhydrophobicity and
superhydrophilicity has gained significant attention due to a variety of applications, including self-
cleaning, corrosion protection, anti-icing, microfluidics, water harvesting, and thermal
management. The ability to manipulate liquid behavior facilitates processes like coalescence,
rolling, and pinning. However, the current methods of making reversible superhydrophilic-
superhydrophobic surfaces have several disadvantages, such as complex fabrication processes, use
of high temperatures and chemicals, time-consuming, and high costs. This section presents a facile
laser microtexturing method capable of inducing superhydrophilicity with a contact angle (CA) of
less than 1° on surfaces. In contrast to earlier approaches, this method employs a higher number
of scans to attain increased and uniformly distributed surface roughness, resulting in consistent

superhydrophilicity.
7.2 Fabrication

The substrates used were microscope glass slides (Length = 3 inches; Width = 1 inch; Thickness
= 0.04 inches) by Amscope, recrystallized silicon-carbide ceramic sheets (Length = 3 inches;
Width = 3 inches; Thickness = 0.125 inches), and aluminum alloy (Al 7075) samples (Length =
1 inch; Width = 1 inch; Thickness = 0.07 inches) polished down to roughness of less than 1 um.

The chemical composition by weight of Al 7075 was Zn =5.4%, Cu = 1.42%, Mn = 0.12%, Mg =
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2.42 %, Fe = 0.42%, Cr = 0.21%, Ti = 0.11%, Si = 0.13%, and Al = 89.77%. The aluminum was
purchased from McMaster-Carr. Polydimethylsiloxane (PDMS) SYLGARD 184 Silicon
Elastomer was purchased from Dow Corning and used to coat the laser microtextured glass and

aluminum samples.

The UV laser was chosen for this experiment because metals and ceramics reflect most of the laser
energy from longer wavelength lasers. Additionally, shorter pulse width lasers are good candidates
for laser microtexturing!*112, The laser fluence used for the experiments was 4.25 J/cm?. The laser
beam scan speed was maintained at 200 mm/s. For each laser fluence, the side-to-side overlap
between the lines was 50%. The selected fluence value for this experiment was intended to permit
a substantial degree of ablation. Alternative values can also be chosen, provided they remain above
the ablation threshold value. The chosen scan speed facilitates a laser pulse overlap exceeding 50%,

ensuring that the entire surface exposed to the laser undergoes ablation.
7.3 Characterization

After the laser treatment, each of the samples was inclined at an angle of 45°, and a drop of water
(10uL) was dropped on one end of the microtextured area. Then, the movement of the water was
observed as the water flowed across the length of the microtextured area. As a reference, a drop of
water (10uL) was also dropped on a smooth, untextured area of each of the samples, and the water
flow was observed. The time taken by the water to traverse/completely wet the length of the

microtextured area was observed with a camera and recorded.

The optical characterization of the laser microtextured glass surface was performed by transmitting
light across the solar spectrum range (350-2500nm) and detecting the transmitted light using a

power measurement meter (Thorlabs S302C thermal power sensor).
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7.4 Results and Discussion

Figures 46 and 47 show the variation of the surface morphology with a changing number of laser
scans. It can be seen that at a higher number of scans, the ablation is much more significant.
112

Increasing the number of scans also results in a more well-defined surface microtexture

Moreover, scanning in different directions results in a more pronounced laser effect, resulting in

increased depth and decreased spacing between the features.

Fig. 46: Laser micro/nanotextured aluminum sample at a fluence of 4.25 J/cm?. (a) One scan (0°),
(b) three scans (0°, 90°, and 45°), (c) Magnified image of the “three scans” surface showing
nanostructures.

Figure 48 shows the superhydrophilic properties induced by laser surface microtexturing. The
water contact angle (WCA) on glass and aluminum surfaces microtextured with one scan were

found to be 17.2° £ 1.8° and 21.2° £ 1°, respectively. On the other hand, glass and aluminum
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surfaces microtextured with three scans had a WCA of less than 1°. The contact angles of laser
microtextured glass and aluminum are given in table 10. The greater wetting behavior observed at

a higher number of scans can be attributed to more pronounced surface features and greater depth

of the grooves, resulting in increased penetration and spreadability of the water droplet.

Fig. 47: Laser micro/nanotextured glass sample at a fluence of 4.25 J/cm?. (a) One scan (0°), (b)
three scans (0°, 90°, and 45°), (c) Magnified image of the three scans surface showing
nanostructures.
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Fig. 48: Water drop sitting on the one scan surface of (a) glass and (b) aluminum. Water drop
sitting on the three scans surface of (c) glass and (d) aluminum.

Table 10: Contact angle of superhydrophilic laser microtextured glass and aluminum

No. of scans Material Contact Angle (CA)
1 Aluminum 21.2°+1°

3 (0°, 45° and 90°) Aluminum <1°

1 Glass 17.2°+1.8°

3 (0°, 45° and 90°) Glass <l°

Modifying the surface microtexture has a direct impact on the spreading behavior of water,
influencing the speed of water flow. It has been observed that increasing the average feature height
leads to a higher rate of water flow compared to surfaces with a lower average feature height. The
length and width of the microtextured surface that was considered for the water flow experiment
are 3 cm and 1 cm, respectively, and the measurements of the time taken to traverse/wet were done
in steps of 0.5 cm, 1 cm, 1.5 cm, 2 cm, 2.5 cm and 3 cm along the length for the surface with one
and three scans. The same measurements were taken for the untextured surfaces as well.
Thereafter, the velocities were calculated at each interval length. Compared to an untextured
surface, there is a significant increase in the velocity for both glass and aluminum. The velocity of

the water at different intervals of length for both glass and aluminum has been plotted in figure 49.
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Figure 50 shows the position of the water drop with time on a microtextured (three scans)

aluminum surface.
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Fig. 49: Velocity of water at different distances on the laser microtextured surface of (a) aluminum
and (b) glass.
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Fig. 50: Flow of water drop on microtextured (three scans) aluminum surface.

Figure 51 displays the optical profile of the laser microtextured aluminum surface obtained through
three scans. It can be observed that the maximum peak height reaches approximately 70 um, while

the average feature height measures around 55 pm.

Figure 52 displays the optical profile of the laser microtextured glass surface obtained through
three scans. It can be observed that the maximum peak height reaches approximately 60 pum, while

the average feature height measures around 50 pm.
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Fig. 51: (a) 3D surface profile of the laser microtextured aluminum three scans surface, (b) 1D
surface graph showing the surface variations of the laser microtextured aluminum three scans
surface.
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Fig. 52: (a) 3D surface profile of the laser microtextured glass three scans surface, (b) 1D surface
graph showing the surface variations of the laser microtextured glass three scans surface.
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7.5 Applications

The growing demand for functional materials with unique wetting properties has driven extensive
research into the creation of superhydrophilic materials, which have a broad range of applications.

Here, we discuss a few different applications of superhydrophilic surfaces.

Wastewater treatment - Superhydrophilic properties play a crucial role in enhancing the efficiency

of oil-water separation processes, particularly in the context of wastewater treatment. These
properties facilitate the creation of specialized membranes and materials designed to tackle the
challenges of separating oil from water effectively. When discussing the separation of free-
floating, dispersed, and dissolved oil in water filtration, superhydrophilic materials exhibit
exceptional performance!'®. For instance, in a study!'* involving a superhydrophilic and
underwater superoleophobic poly(acrylic acid)-grafted PVDF membrane, the material
demonstrated remarkable capabilities. This membrane excelled in separating oil from water
emulsions, even under low applied pressure or gravity-driven conditions. The high separation
efficiency was evident through the achievement of water purity levels exceeding 99.99% in the
filtrate after a single separation process, highlighting the effectiveness of superhydrophilic surfaces
in removing oil contaminants from water. In another study*® involving foam membranes, a similar
trend was observed. The superhydrophilic properties of these membranes enabled them to
efficiently separate heavy oil from water mixtures under gravity-driven conditions at elevated
temperatures. The method proposed in this thesis for creating superhydrophilic surfaces can be
applied to membranes to enhance oil-water separation effectiveness. This eliminates the need for
membrane grafting with acids and is also applicable to foam membranes. Additionally, the
proposed method achieves highly superhydrophilic surfaces, potentially increasing membrane

separation efficiency.
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Biomedical applications - Superhydrophilic materials have found extensive applications in

biomedical research. For instance, researchers developed superhydrophilic vertically aligned
carbon nanotube (VACNT) films designed for cell adhesion!®!1®, Rather than employing VACNT
films, the method proposed in this thesis can be utilized to render the underlying substrate
superhydrophilic, eliminating the necessity for external films. This approach also circumvents the

use of relatively fragile films, potentially offering a more robust solution.

In another study*'’, superhydrophilic and antibacterial zwitterionic polyamide thin film composite
nanofiltration membranes (ZTFCMs) were reported. These membranes exhibited excellent water
permeability and high selectivity for erythromycin (ERY) over sodium chloride (NaCl), making
them well-suited for the separation of ERY/NaCl mixtures'®, Enhancing the membranes'
superhydrophilicity has the potential to further increase water permeability, thereby augmenting

the rate of water passage through the membranes.

Pervaporation - Superhydrophilic materials have found applications in the separation of liquid
mixtures. For instance, in an investigation done by Gong et al. 1*°, a superhydrophilic nanohybrid
membrane was developed and evaluated for pervaporation performance in separating

alcohol/water mixtures.

Wang et al. % introduced superhydrophilic and acid-resistant zeolite membranes, known as Ge-
ZSM-5 membranes, which demonstrated exceptional pervaporation capabilities for dehydrating

acetic acid and ethanol solutions.

In a study done by Shan et al. *2!, a superhydrophilic water uptake membrane was employed for
the pervaporation separation of ethanol/water mixtures. Initially, the base polyelectrolyte

membrane exhibited a flux of 275 g/m? h and a permeate with 95.1% water content. However,
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following the creation of a CaCOz multilayer on the polyelectrolyte membrane surface using a 0.4
mol/L calcium source, the flux dramatically increased to 1317 g/m? h, nearly five times that of the
original membrane. Furthermore, the water content in the permeate rose from 5% to 98.8%. This
enhanced performance was attributed to the water uptake function of the superhydrophilic CaCOs3
layer, which initially concentrated the feed, facilitating the penetration of water molecules into the

permeate.

The proposed method in this thesis can enhance pervaporation membranes by imparting superior
superhydrophilicity without using additional chemicals, resulting in improved robustness and

consistent performance.

Other applications - Superhydrophilic surfaces have demonstrated impressive performance in

various applications, including self-cleaning, anti-fogging, and anti-corrosion. For instance, Huang
et. al.'?2 made TiO; films with a multiscale porous structure were investigated for their anti-fog
properties, and they showed promising results. In another study done by Wang et. al.!?3, a PVDF-
SMAVsilica hybrid surface was created through a dip-coating process, exhibiting good anti-fogging

properties.

L éonard et al. 12 introduced TiO> films containing multi-walled carbon nanotubes (MWCNTSs) for
anti-corrosion applications. The incorporation of MWCNTSs enhanced the anti-corrosive properties
of TiO,, increasing the corrosion potential (anodic displacement) and reducing the corrosion
current. In an investigation done by Sorcar et al. 12, superhydrophilic TiO; films were prepared
using a NaOH-based alkaline electrolyte for self-cleaning applications. These superhydrophilic
surfaces displayed effective self-cleaning and photocatalytic properties, facilitating the rapid

reduction of oleic acid. Additionally, Choi et al. *?® presented the synthesis of multilayered films
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composed of CHI/RHA nano silica. These films exhibited excellent anti-fogging and anti-frosting

properties, even under challenging fogging and frosting conditions.

The method proposed in this thesis simplifies fabrication, eliminates the need for chemicals or

electrolyte solutions, and reduces material usage compared to the aforementioned methods.

7.6 Conclusion

To summarize, the key points for laser microtexturing to make superhydrophilic surfaces include:

(i) Highly durable superhydrophilic surfaces with contact angles below 1° can be made by utilizing
laser microtexturing with customizable micro/nanostructures by adjusting laser parameters. Prior
research has typically employed a single laser scan to attempt to achieve superhydrophilic surfaces.
In contrast, this study conducted three scans in normal, orthogonal, and 45° orientations. This
approach imparted greater roughness and uniformity to the surface features, resulting in enhanced
superhydrophilicity. The measured contact angle consistently remained below 1°, in contrast to

contact angles reported in previous literature that, with just one scan, fluctuated to as high as 3-4°.

(if) The technique has been demonstrated on glass and aluminum but can be extended to other

materials classes.

(i) A novel method of measuring superhydrophlicity by water flow measurement has been

introduced.

99



CHAPTER 8: Integrated Superhydrophobic and Superhydrophilic
Surfaces by Laser Microtexturing

8.1 Introduction

This chapter delves into the transition of superhydrophilic surfaces to their superhydrophobic state
and, conversely, the restoration of superhydrophobic surfaces to the superhydrophilic state,
achieving reversible wettability. This unique ability to control surface properties holds significant
applications in the analysis of biological fluids and microfluidics. Unlike existing methods that
rely on chemicals, specific storage conditions, and extended durations, the technique presented in
this chapter eliminates the need for such additives and time-consuming processes. Reversibly
wettable surfaces can be achieved within minutes, and these surfaces maintain their reversibility

for extended periods, offering a more efficient and practical approach.

8.2 Fabrication

Following the laser microtexturing process on aluminum and glass, a thin layer of PDMS was
applied to the samples. The PDMS utilized in this experiment consisted of a two-part solution
mixture. Ten parts of the polymer were thoroughly mixed with one part of the curing agent to
prepare the PDMS solution. Once prepared, the solution was poured into a circular glass petri dish
measuring 90 mm X 15 mm. The dish was then placed on a hot plate heated to 115° C for 15
minutes. As a result of the heat, some of the PDMS evaporated and deposited onto the laser
microtextured samples, which were positioned with the textured side facing downwards and

resting on the edges of the petri dish. The thermal evaporation of PDMS occurs at a temperature
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of 115° C and above'?’. Figure 53 depicts a schematic representation of the experimental setup.
Following the PDMS deposition, the samples underwent laser treatment to remove the PDMS

coating, leading to a reversible transition between superhydrophobic and superhydrophilic surface

properties.
Untextured smooth back surface
Sample
PDMS vapor Laser microtextured front surface
PDMS solution

Glass petri dish
Hot plate

Fig. 53: Schematic of the PDMS deposition setup.

Figure 54 shows the superhydrophobic properties displayed by the one scan laser microtextured
glass and aluminum surfaces after PDMS was deposited on them. The glass surface exhibited a
WCA of 155.7° + 2.6°, while the aluminum surface exhibited a WCA of 156.8° £ 2.6°. The glass

and the aluminum surfaces exhibited roll-off angles (ROA) of 4.3° and 3.6°, respectively.

Figure 55 shows the superhydrophobic properties displayed by the three scans of laser
microtextured glass and aluminum surfaces after PDMS was deposited on them. The glass surface
exhibited a WCA of 166.7° + 3.4°, while the aluminum surface exhibited a WCA of 168.2° + 2.6°.

Both surfaces exhibited roll-off angles (ROA) of 2°. The results are summarized in table 11.

Table 11: Contact and roll-off angle of PDMS deposited superhydrophobic laser microtextured

glass and aluminum

No. of scans Material Contact Angle (CA) Roll-off Angle (ROA)
1 Aluminum 156.8° + 2.6° ~3.6°

3(0° 45°and 90°) | Aluminum 168.2° + 2.6° ~4.3°

1 Glass 155.7° £ 2.6° <2°

3 (0°, 45° and 90°) Glass 166.7° + 3.4° <2°
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Fig. 54: Water drop sitting on PDMS covered one scan surface of (a) glass and (b) aluminum.

() (b)

Fig. 55: Water drop sitting on PDMS covered three scans surface of (a) glass and (b) aluminum.

The laser was used to remove the PDMS coating and make the surface superhydrophilic again.
The power of the laser has to be carefully chosen so that the thin PDMS layer is ablated and
removed from the top of the surface features without affecting the substrate. The energy density

power required for this operation was found to be 1 J/cm?.

8.3 Characterization

Figures 56 and 57 present the EDS analysis result for the surface following laser microtexturing
and subsequent deposition of the PDMS coating on the laser microtextured surface, respectively.

The introduction of the PDMS coating leads to an elevation in the silicon and carbon percentages,

102



attributable to the composition of PDMS as a polymer comprised of carbon and oxygen atom

chains.
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Fig. 56: EDS analysis showing an elemental composition of laser microtextured aluminum
surface.
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Fig. 57: EDS analysis showing the elemental composition of the PDMS-coated laser microtextured
surface.

The optical transmission of the PDMS-covered laser microtextured glass was measured to be
approximately 90% throughout the wavelength range from 400 nm to 2500 nm. This transparency
was comparable to that of plain glass, which exhibited a transmission of 92% in the same
wavelength range. These findings confirm that the PDMS-covered laser microtextured glass
maintains its transparency and efficiently allows the passage of light. It is important to note that a
minor portion of the light is lost due to scattering induced by the surface features resulting from

laser microtexturing, which is not collected by the spectrometer detector.

8.4 Selective Superhydrophilicity and Superhydrophobicity

A superhydrophilic-superhydrophobic patterned surface is a cohesive system that integrates both
the characteristics of extreme water repellency and water attractiveness on a single substrate. These
surfaces possess the high-precision and high-resolution gradient wettability to finely control and

manipulate solid-liquid interactions. These surfaces find various applications, such as droplet
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microfluidics, which allows precise handling of minute reagent quantities by isolating fluids in
distinct droplets within cell arrays. Another application utilizes the wettability contrast between
superhydrophilic and superhydrophobic patterns to control the spreading of droplets, enabling
effective concentration of solutes without loss on the hydrophilic spots during surface-enhanced
Raman spectroscopy of highly diluted samples. Additionally, the wettability contrast between
superhydrophilic and superhydrophobic regions can be utilized to confine fluids to specific areas,
offering an energy-efficient means to manipulate fluids on open surfaces, making them suitable

for microfluidic devices and water harvesting!212°,

Figure 58 illustrates superhydrophilic surfaces represented as “squares” achieved by selectively
removing PDMS from a superhydrophobic PDMS-coated aluminum surface. The dimensions of
the squares shown are 500 um and 200 pm; however, the laser removal process allows for even
smaller sizes and different shapes, offering high controllability tailored to specific applications.
This level of precision sets it apart from other methods like printing and chemical modification for

creating patterned superhydrophobic-superhydrophilic surfaces.

In figure 58 (c), a magnified view of one such superhydrophilic “square” reveals a micro and
nanopillar arrangement that induces superhydrophilicty. Meanwhile, figure 59 demonstrates how
water drops of varying sizes are pinned on four selectively chosen superhydrophobic “squares”.
This property enables accommodating and containing fluids of different volumes, which is crucial

for analyzing biological fluids as described in nanoparticle arrays'?®,
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Fig. 58: Optical microscope image of superhydrophilic squares of sizes (a) 500 um and (b) 200
um surrounded by superhydrophobic surface. (¢) Magnified SEM image of the superhydrophilic
square.

Fig. 59: Water drops of different sizes sitting on superhydrophilic squares of size 200 um. The
volume of water drop is 10 pl (top right), 15 ul (bottom left), 25 pl (bottom right) and 35 pl (top
left).
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7.4 Conclusion

The key points presented in this section are as follows:

(1) Laser microtextured superhydrophilic surfaces can be coated with a low surface free energy
material like PDMS, applied through solution evaporation, to achieve contact angles exceeding

168° and a low roll-off angle of 2°.

(ii) Reversible wettability, which is transitioning between superhydrophobic and superhydrophilic
states, can be achieved by laser PDMS removal from the superhydrophobic surface. Alternate
superhydrophobic -superhydrophilic surfaces can be created using this method. Selective
wettability is suitable for corrosion protection, self-cleaning, transparent surfaces, and microfluidic

devices.
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CHAPTER 9: Conclusion and Future Work

9.1 Conclusion

In the section on laser microtexturing for adhesion improvement, the research has introduced an
innovative and highly effective method for laser microtexturing, achieved through a
thermomechanical process, leading to the creation of dense, uniform pillar-like features. The
significant increase in coating adhesion strength, resulting from a substantial enlargement in the
total surface area, is a major outcome of this study. The micro "pillar” shape, amplifying the contact
area ratio, plays a pivotal role in enhancing the adhesion strength of atmospheric plasma sprayed
metallic coatings. Furthermore, the ability to control micropillar height exceeding 40 pm has
demonstrated superior adhesion performance compared to various textured and non-textured
surfaces outlined in the literature. The explanation for the amplified bond strength lies in the
effective filling of gaps between the pillars by thermally sprayed particles. This comprehensive
analysis of the laser microtexturing process's parameters and the study of cross-sections have
contributed significantly to understanding and improving adhesion strength. As a result, the
research outcomes offer substantial promise for a wide range of applications in surface engineering

and materials science, potentially impacting coating technologies and their industrial use.

The research on laser microtexturing for creating superhydrophobic surfaces has introduced a
laser-based technique for the creation of superhydrophobic surfaces, utilizing pulsed laser-ablated
PDMS nano/microparticles deposition on diverse substrates to generate superhydrophobic thin
films. The study successfully demonstrated the achievement of superhydrophobic properties on
surfaces like glass, PMMA, and aluminum, with broader applicability across various materials. It

involved the generation of PDMS micro/nanoparticles through laser ablation of partially cured
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PDMS, providing a deep understanding of the science behind the thin film formation, considering
factors such as laser ablation parameters, PDMS curing time, and spacer distance. Furthermore,
the research uncovered the potential for creating patterned superhydrophobic PDMS surfaces using
a metal mask, paving the way for applications in fields like microfluidics. The major outcome of
this work is the development of a laser-based superhydrophobic surface creation method with
wide-reaching implications, promising advancements in liquid-repelling technologies, anti-

fouling, microfluidics, and beyond, thereby advancing scientific and technological frontiers.

Further, this thesis has put forward a laser microtexturing technique that enables the creation of
durable superhydrophilic surfaces with contact angles measuring less than 1°. This achievement is
made possible through the creation of thermal energy in the material by precise control of laser
parameters, such as the number of scans, fluence, scan overlap, and scan speed, which tailor the
shape and morphology of micro/nanostructures on the surface. Additionally, the study
demonstrates the versatility of this technique by showing how these laser-generated surface
microtexture can be easily coated with a low surface free energy material like PDMS, transforming
them into superhydrophobic surfaces with high contact angles exceeding 170° and an
exceptionally low roll-off angle of 2°. What sets this research apart is the ability to achieve
reversible wettability, as the PDMS coating can be removed by a laser, restoring the surface to its
superhydrophilic state. This breakthrough has potential for applications in corrosion protection,
self-cleaning, microfluidics, and water harvesting. Moreover, the creation of alternating
superhydrophilic and superhydrophobic surfaces offers an innovative approach with multifaceted

utility, particularly in microfluidic devices.
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9.2 Future work

Continued research into the primary and secondary effects of microtextured superhydrophobic
surfaces could reveal opportunities to improve the current designs and fabrication techniques. In
addition, future research efforts should focus on how these surfaces can affect application areas
more broadly, such as wind power generation and refrigeration. So, concurrent research should
occur in the future on the design, applications, and novel consequences of these surfaces.

In many applications, such as anti-icing surfaces or solar cells discussed earlier, the applications
are the centerpiece of the research. The addition of a microtextured surface may reduce the ice
adhesion strength on wind turbine blades, and the combination of native low surface free energy
materials and surface microtexture can prevent ice buildup. In addition, the natural anti-reflection
properties of microtextured surfaces would be useful for solar power generation applications. A
commercialization opportunity exists for cold storage applications, solar power generation, and

wind power generation.

To further advance the adhesion strength of thermally sprayed coatings through laser
microtexturing, a multifaceted scientific exploration is imperative. A comprehensive
understanding of the intricate physics underlying the laser microtexturing process, the complex
mechanics governing thermal spray adhesion, and the varied parameters affecting coatings is
crucial for optimizing adhesion strength. Further research should focus on refining the geometry
and dimensions of the micropillar structures generated via laser microtexturing, shedding light on
how thermally sprayed coatings infiltrate these structures and subsequently enhance adhesion.
Detailed investigations into the chemical and mechanical bonds formed at the interface between
thermally sprayed coatings and laser-microtextured surfaces will provide a holistic perspective on

the laser microtexturing process, thus facilitating improvements in coating adhesion. Moreover,
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the influence of oxidation induced by laser microtexturing on the interaction between surface
microtextures and thermally sprayed coatings requires meticulous analysis to gauge its impact on
adhesion. Additionally, exploring the morphology of the deposited thermal bond coat offers the
potential for establishing a more robust and enduring coating structure, elevating its durability and
reliability. These research avenues hold promise for enhancing adhesion in various industrial
applications. It is worthwhile to note that the potential for improving adhesion through laser
microtexturing extends beyond glass and aluminum and can encompass a broader spectrum of
materials. The laser microtexturing method for adhesion improvement would be applicable to
various other types of coating methods and is not limited to plasma-sprayed coatings.

To enhance the superhydrophobic surface generation process involving laser ablation of PDMS
and subsequent PDMS micro/nanoparticle deposition, several avenues for refinement and
optimization merit scientific exploration. Achieving an even thinner deposited coating represents
a key facet of improvement, as this would significantly enhance the transparency of surfaces like
glass. One viable approach to achieve this is by further increasing the spacer thickness during the
deposition process, allowing for greater control over the thickness. Moreover, a thinner coating
not only enhances transparency but also conserves materials and reduces costs. A deeper
understanding of the intricate interactions between the laser and PDMS is pivotal in gaining precise
control over the spread of ablated PDMS particles and, consequently, the entire deposition process.
Such insights into the laser-PDMS interaction can facilitate fine-tuning the thickness of the
deposited coating. Additionally, potential refinements can be made in depositing patterned
superhydrophobic lines, particularly for applications in the realm of nanofluidics. This may
involve using lasers with even smaller spot sizes and finer metal masks to achieve more intricate

and precise patterns, opening up new possibilities for advanced applications in this domain.
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Exploration into optimizing integrated superhydrophilic-superhydrophobic surfaces presents
multifaceted research opportunities to enhance their stability, consistency, and durability. A
promising avenue for advancement lies in investigating various laser scanning patterns to achieve
more robust and enduring surface features, resulting in improved superhydrophilic characteristics.
Delving deeper into the physics underlying water flow velocity and the interplay of surface forces
in response to distinct laser microtexturing parameters promises a more comprehensive
understanding. The intensity of the laser, a pivotal factor in determining microtexture height,
profoundly influences water velocity. Molecular-level interactions at the interface between the
substrate and PDMS coating, when PDMS is evaporated onto the superhydrophilic surface to
confer superhydrophobicity, warrant further exploration. Controlled manipulation of the PDMS
evaporation rate onto the superhydrophilic surface holds the potential to optimize material usage.
Additionally, expediting the removal of PDMS to revert the surface to its superhydrophilic state
can be achieved through precise control of laser speed, frequency, and spot overlap. Fine-tuning
the requisite laser power for PDMS removal represents another intriguing research avenue,
contributing to advancements in this field. It is also worth mentioning that achieving reversible
and selective wettability via laser microtexturing is not limited to glass and aluminum; it can be
applied to a diverse range of materials.

Optimizing some of the laser parameters used in the experiments could lead to reduced processing
times and increased throughput. Investigating the scalability of these techniques for large-area
applications and industrial settings is another avenue for future work. Overall, there is ample room
for further exploration and refinement in these areas, offering exciting possibilities for

advancements in surface engineering and materials science.
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Appendix A: Additional Research

This work was done in collaboration with Prof. Gary Koening (Department of Chemical

Engineering, UVA) and his students.

A.1 Lithium extraction from end-of-life cycle lithium batteries using laser
processing

Since the 1990s, lithium-ion batteries (LIBs) have dominated the rechargeable battery market,
particularly in portable electronic devices®®!3!, These batteries typically consist of a mix of
valuable metals (such as cobalt, lithium, nickel, and manganese), metal oxides, organic chemicals,
metal casings, and plastics'®>!3%, The exact composition can vary depending on the manufacturer
and type of battery. LIBs have found widespread use in mobile electronic gadgets like
smartphones, laptops, and computers and have also seen applications in military, aerospace,
navigation, electric vehicles, and medical equipment. In recent times, there has been explosive
growth in the LIB industry, with China emerging as a key player in the production, consumption,
and exportation of these batteries*3#1®, Environmental concerns and the global energy crisis have
pushed for alternative energy sources for vehicles, resulting in a surge in LIB production and
usage!38137.138.139 - Consequently, this surge will inevitably lead to a significant volume of spent
LIBs. Therefore, it is imperative to prioritize research into environmentally friendly and efficient

recycling processes for these spent batteries!40-141:142,

Presently, the primary research approaches for extracting valuable metals from spent LIBs involve
pyrometallurgy, hydrometallurgy, and biohydrometallurgy'*. Pyrometallurgy, although capable
of recovering metals, has limitations due to its high energy consumption and the emission of

harmful gases, making it less favorable for plications!**1%, On the other hand,
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biohydrometallurgy, a relatively new technology in materials recycling, has gained significant
attention and shows considerable potential. However, it is less efficient when dealing with spent
LIBs that have a high metal content!¢. Hydrometallurgy involves the use of an organic acid and a
reducing agent. Although this process is simpler than pyrometallurgy and hydrometallurgy, this

process can pose risks in terms of safety concerns or scalability**’.

In this section, the primary goal is to develop a comprehensive, cost-effective, and convenient
method for extracting Li from end-of-life cycle LCO electrodes. The process involves immersing
LCO pellets (Thickness ~ 2 mm; Diameter =4 mm) in water and disintegrating them by subjecting
them to a nanosecond UV laser while submerged in water. This treatment disperses the LCO
particles into the water. Subsequently, the UV nanosecond laser was used to treat the LCO particles
dispersed in water. This creates a localized and controlled heat to generate Li* ions from the LCO
within the aqueous solution. Additionally, the laser breaks down the LCO particles into even

smaller particles.

A.2 Generating silicon nanoparticles from recycled silicon solar cells using laser to
fabricate Li-ion battery electrodes

Silicon has emerged as a promising anode material for the next generation of Li-ion batteries, with
certain commercial applications already utilizing it. This appeal stems from its impressive
theoretical capacity of 3572 mAhg™, primarily attributed to its ability to form a Li1sSis phase at
room temperature. However, the utilization of silicon in Li-ion batteries is not without its
challenges. One significant drawback is the substantial volume expansion, which can reach up to
300% during lithiation. This expansion frequently leads to mechanical stress within the silicon
structures, causing breakage. This, in turn, results in pulverization and the loss of active material.

Even when silicon structures are reduced below this critical dimension, the substantial volume
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changes detrimentally affect the solid electrolyte interphase (SEI). The expansion upon lithiation
and contraction upon delithiation prompts the creation of a new SEI, leading to a permanent
capacity loss that cannot be rectified. Researchers have dedicated substantial efforts to addressing

these challenges, such as developing various silicon nanoparticles'#814°,

This research explores a novel and cost-effective method for producing silicon nanoparticles using
end-of-life cycle silicon. The process involves immersing silicon wafers obtained from silicon
solar cells in water and subjecting them to pulsed UV laser ablation within the water medium to
generate silicon nanoparticles. Subsequently, these nanoparticles are utilized to fabricate

electrodes, which are subjected to multiple cycles of charging and discharging.
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Superhydrophilic and Superhydrophobic surfaces with reversible
wettability using laser processing (under preparation)

Anustup Chakraborty, and Mool C. Gupta

Abstract — Laser surface microtexturing has become increasingly popular due to its low-cost,
scalability, automation, and lack of use of hazardous chemicals. Laser surface microtexturing can
be used to control the wettability of various surfaces by varying surface roughness for a wide range
of applications. In recent years, the reversible transition between superhydrophobicity and
superhydrophilicity has gained significant attention due to a variety of applications, including self-
cleaning, corrosion protection, anti-icing, microfluidics, water harvesting, and thermal
management. The ability to manipulate liquid behavior facilitates processes like coalescence,
rolling, and pinning. However, the current methods of making reversible superhydrophilic-
superhydrophobic surfaces have several disadvantages, such as complex fabrication processes, use
of high temperatures and chemicals, time-consuming, and high costs. This paper presents a facile,
low-cost laser microtexturing method capable of inducing superhydrophilicity with a contact angle
(CA) of less than 1° on surfaces. Additionally, by applying a thin polydimethylsiloxane (PDMS)
coating, the microtextured surface can be rendered superhydrophobic with a CA of 169°.
Furthermore, the thin PDMS layer can be easily removed by laser ablation, thereby restoring the
superhydrophilic behavior, thus allowing to achieve a reversible transition between
superhydrophilicity and superhydrophobicity. As an example, the reversibility is shown for
transparent surface glass and aluminum. The laser method also allows the fabrication of selective
areas having superhydrophilic and superhydrophobic properties.
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Abstract

Grit blasting and laser processing are two common methods used for surface microtexturing to enhance coating adhesion
strength. This paper reports a thermomechanical method of laser microtexturing of Al 7075 alloy using a nanosecond pulsed
laser to generate a large increase in surface area. The entire surface area of the substrate was microtextured using laser
melting, ablation, and resolidification. The laser microtextured surface morphology consisted of tightly packed pillar-like
surface features. The morphology of the microtexture was varied by controlling the laser processing parameters. The laser
microtextured surface was coated with metallic particles using a thermal spray process. The tensile adhesive strength of the
thermally sprayed metallic coating was higher by over 17% for a 5-pm deep microtexture, compared to that of grit-blasted
samples. Also, this is the highest reported adhesion strength for laser-based microtexturing methods for thermally sprayed

bond coatings.

Keywords Laser microtexturing - Thermally sprayed coating - Adhesion strength - Coatings - Laser processing

1 Introduction

Surface microtexturing has been utilized to improve the sur-
face properties of materials. Some of the widely used surface
microtexturing techniques are chemical etching, electrical
discharge, and sandblasting [1]. Among the different surface
microtexturing techniques, grit-blasting or sandblasting is a
widely used method, but it does not allow selective rough-
ening or generation of repeated patterns. Grit-blasting also
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leads to grit particle entrapment [2]. One of the alternative
techniques for surface microtexturing is using a laser. Laser
microtexturing can provide several advantages, easy automa-
tion, localized treatment, and three-dimensional profiles [3].
Surface microtexturing by laser is a low-cost and scalable
method and eliminates the use of hazardous chemicals [4].
The adhesion strength between thermally sprayed metal-
lic coating and the substrate improves when the surface is
microtextured. Preparation of the substrates before being
coated by the thermal spray process involves two steps:
cleaning and roughening. Chemicals can be used to clean
(degrease) the surface [5], while the roughening process
can be performed by grit blasting or laser [6]. An increased
coating contact area is favorable for increased adhesion
bond strength. The laser wavelength, spot size, scanning
rate, pulse duration, and pulse frequency can be optimized
for enhanced adhesion [3]. However, low adhesion strength
poses a serious problem to thermally sprayed coatings [7].
The formation of nanosecond laser-induced microtexture
can be explained by localized surface melting, ablation,
and the formation of superheated droplets around the solid
surface [8]. The laser pulse energy density and frequency
influence the shape and height of the surface features con-
siderably. Increasing laser fluence and frequency results in
the expulsion of more molten materials, which could lead
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to wider grooves and increased height of the resolidified
surface microtexture. The laser parameters can be used to
control the microtexture that influences the bonding strength
of the thermal spray coatings.

Laser surface microtexturing improves the bond strength
of thermally sprayed coatings by creating a mechanically
interlocked bond between the substrate and the coating.
Thermally sprayed metallic powder particles fill the pores on
the surface created by laser microtexturing, and this results
in a strong bond between the surface and the coating [9].
The thermally sprayed coating that is adhered to the surface
by a mechanical interlocking mechanism has been classi-
fied into five types — embedding, anchoring, holding-on,
spreading, and a mixture of several styles [10]. Depending
on the material, both mechanical and physicochemical bonds
can exist, and the bonding mechanism is influenced by par-
ticle—substrate contact time, contact temperature, and con-
tact area upon impact [11]. It should also be noted that the
adhesion strength is not only dependent on the contact area
ratio and the density of the features but also varies with the
microtexture shape and pattern [10, 12]. The thermal spray
process parameters can also be optimized to enhance the
adhesion strength as well. Adhesion strength can be signifi-
cantly increased by increasing the particle velocity and keep-
ing the particle temperature constant or by increasing the
particle temperature and keeping the particle velocity at a
fairly high constant value [13]. Other thermal spray process
parameters, like gas flow rate and spray distance may also
be optimized to get a potentially superior adhesion strength.

Among the most commonly used metals for the thermal
spray process, aluminum has high-surface energy and pro-
vides strong resistance to corrosion in aggressive environ-
ments. Aluminum alloys have had a long history of usage
in the construction, automotive, aviation, and astronautic
industries [14, 15]. It greatly benefits from the favorable
properties offered by adhesive bonding due to its excellent
formidability and the high strength-to-weight ratio [14]. So,
the focus of this study is on laser microtexturing of Al alloy
Al-7075 and the improvement of adhesion strength of ther-
mal spray coatings.

Extensive studies have been done on the adhesion
strength of thermally sprayed coatings on surface microtex-
tured aluminum alloys. A study on the improvement of adhe-
sive bonding in aluminum alloys using surface microtextur-
ing was done by Wong et al. [16] and Sharma et al. [17].
The substrates were grit-blasted using three different grit-
blasting techniques, and the coating was deposited using the
thermal spray process. Grit-blasted samples had significantly
higher adhesion strength, compared to untextured samples.
Kromer et al. [18] measured the tensile adhesion strength
of NiAl powder coating on the Al 2017 substrates, as they
are widely used in aircraft structural applications. NiAl
powder with a mean particle size of 67 um was thermally
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sprayed onto the laser-textured aluminum alloy substrates.
The adhesion test results showed that a decreasing density of
holes on the metal surface causes a reduction in the adhesion
strength of the thermally sprayed coating. The maximum
reported adhesion strength was 52 MPa. Kromer et al. [7]
also measured the adhesion strength of thermal spray coat-
ings on grit-blasted and laser-microtextured aluminum alloy.
A separate study was done by Kromer et al. [6], where laser
microtextured and grit-blasted aluminum 2017 alloy samples
were coated with NiAl powder (Amdry 956) using thermal
spray. The samples were microtextured using a pulsed laser.
Kromer et al. [6] also studied the strength of bond coats on
a laser microtextured superalloy substrate. The maximum
reported adhesive bond strength was 33 MPa. A recent study
done by Zhang et al. [19] used a nanosecond pulsed laser
to induce microtexture on the surface of aluminum alloy.
This laser microtexture improved the bond strength of the
Al-Cu aluminum alloy coating that was cold-sprayed on the
aluminum alloy. The maximum reported bond strength was
around 48 MPa. There is a need for further improvement of
the adhesion strength of thermal spray coatings on Al alloys
for long-duration operation.

In this paper, a full-area method of laser microtexturing is
reported, and a superior coating adhesion strength of bond
coats is demonstrated. The traditional laser microtexturing
method is based primarily on the ablation process. The laser
microtexturing process described in this paper is primarily
based on the thermomechanical rearrangement of the molten
material with very low ablation. The laser microtexturing is
based on selecting the laser power in such a way that it offers
melting combined with low ablation, and the laser beam
is scanned over the entire surface area. Hence, a series of
closely packed peaks and valleys are formed on the surface,
which gives the thermally sprayed coating powder more
grip due to enhanced surface area. The improvement in the
coating adhesion strength would lead to increased longevity,
robustness, and lower maintenance costs of metal parts and
has potential applications in the automobile, power genera-
tion, and aerospace industries.

2 Experiment
2.1 Material

The substrates used were McMaster-Carr aluminum alloy
(A1 7075) micromachined samples (diameter= 1 inch; thick-
ness — 0.5 inches) polished down to a roughness of less
than 1 um. The chemical composition by weight of Al 7075
is supplied by the manufacturer and is given in Table 1. The
coating powders used for the thermal spray process were
Oerlikon Metco Amdry 995C (CoNiCrAlY) and Oerlikon
Metco Amdry 9951 (Co[Ni]CrAlY)). CoNiCrAlY is usually
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Table 1 Al 7075 alloy

o - Material Type Al17075

composition (as obtained from

the manufacturer) Al wt% 89.77
Zn wt% 54
Mg wt% 242
Cu wt% 1.42
Fe wt% 0.42
Cr wt% 0.21
Si wt% 0.13
Mn wt% 0.12

used for bond coats [20-22]. The mean particle sizes of the
powders were 90 pm and 38 pm, respectively. The different
particle sizes were chosen to demonstrate the effect of par-
ticle size on surface morphology.

2.2 Laser microtexturing

A ytterbium fiber laser (YLP-G-10, IPG Photonics) of
532 nm wavelength, 10-W average power pulse width of
1.3 ns, pulse energy of 20.2 pJ, the repetition frequency of
600 kHz, and Gaussian beam profile was used in this study.
The galvanometer scan head used was a SCANcube 14,
SCANLAB, with a scan pattern designed in EZCad (Beijing
JCZ Technology Co. Ltd). The laser repetition rate varied
from 400 to 600 kHz, and a focused laser beam with a full
width at a half-maximum (FWHM) size of 20 pm was used.
The laser fluence used for the experiments was 0.76 J/cm?,
0.92 J/cm?, and 0.8 J/cm?. The laser beam scan speed was
maintained at 60 mm/s. For each laser fluence, the side-
to-side overlap between the lines was 50%. The overlap
between the laser spots along the direction of scanning was
99.25% and 99.5% at 400 kHz and 600 kHz, respectively. A
galvanometer (SCANLAB SCANcube 14) controlled by a
custom LabVIEW program was used to perform the raster
scan of the aluminum surface. This enabled us to achieve

Fig. 1 Laser experimental setup
with a galvanometer that can
control laser scanning in 2D
directions for laser processing
of aluminum substrates

Nitrogen Flow
T

Table2 Laser processing parameters (laser wavelength=532 nm,
scan speed =60 mm/s, No. of scans=1); line #1, line #2, and line #3
indicate the use of different process parameters

Pattern index Frequency (kHz) Fluence (J/cm?)
Line #1 400 0.76
Line #2 400 0.92
Line #3 600 0.80

Table 3 Grit-blasting parameters

Blast media Alumina (~50-pm particle size)

Pressure 0.28 MPa
Nozzle distance ~ 140 mm
Nozzle angle 70°
Nozzle traverse speed 1000 mm/s

Passes 2 orthogonal passes

consistent microtexture patterns on the sample. A nitrogen
gas atmosphere was used during laser microtexturing to pre-
vent oxidation. The pressure of the gas was maintained at
5 MPa. A schematic diagram of the experimental setup is
shown in Fig. 1. The different laser parameters used in the
microtexturing process are shown in Table 2.

2.3 Grit blasting

The thermal spray coating samples were prepared on grit-
blasted samples. For this process, the samples were secured
to a plate using double-sided tape to ensure they remained
stationary during abrasive blasting. The nozzle was rastered
over the samples using the nominal parameters, as shown
in Table 3. The raster scan was performed using a custom
LabVIEW program on a computer using a controller that
was connected to the nozzle. Thereafter, compressed air was

Sample
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used on the samples to remove any residual dust. Then, the
sample surface was cleaned with ethanol.

2.4 Thermal spray process

The grit-blasted and the laser microtextured samples were
coated with metal powders by atmospheric plasma spray
(APS) using an Oerlikon Metco FAMB-XL plasma gun
attached to a 6-axis robotic arm. The first step of this process
involved cleaning the grit-blasted and laser microtextured
samples with compressed air. This was followed by attach-
ing the samples to vertical fixtures. Thereafter, the thermal
spray gun was turned on and passed over the substrate in a
rectangular raster pattern. Before applying the powder, a
pre-heat was executed to elevate the substrate temperature
to 100 °C, and the powder feed was allowed to stabilize for
1-2 min before the deposition. Table 4 provides the different
APS parameters used in this study.

2.5 Coating adhesion testing and failure analysis

The coated samples were subjected to tensile adhesion
testing, where the tensile pressure required to debond
the coatings was measured. This was done following the
ASTM C633 standard using an Instron C633 mechanical
analyzer. As shown in Fig. 2, the cylindrical sample was
glued between two cylindrical rods. The load was applied
in the direction perpendicular to the interface between the
coating and the substrate. The tensile load was gradually
increased until the coating was ruptured or detached from
the substrate. The glue used in the process was Polyamide-
epoxy FM 1000 Adhesive Film. The adhesion strength was

Table 4 Deposition parameters for a thermal spray for Amdry 9951
and 995C powders

APS parameters Amdry 9951 Amdry 995C
Carrier gas Argon Argon
Carrier gas flow rate (nlpm) 4.5 3.5
Powder feeding rate (g/min) 60.5 60.1
Spray distance (mm) 120 120
Number of passes 10 10
Surface speed (mm/s) 1250 1250
Plasma temperature (°C) 2922 2612
Particle velocity (m/s) 210 166

Gun current (A) 600 600
Primary gas type Argon Argon
Primary gas flow rate (nlpm) 56.8 56.9
Secondary gas type Hydrogen Hydrogen
Secondary gas flow rate (nlpm) 8.5 57
Injector standoff distance (mm) 6 6

Water flow rate (Ipm) 15.6 15.7
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Direction of application of
tensile load/pressure

Glue

Bond Coat

Sample

Glue

Direction of application of
tensile load/pressure

Fig.2 Sample assembled for tensile adhesion testing; bond coat —
coating layer that is attached to the sample; top coat — coating layer
that is attached to the glue

calculated from the load at sample failure divided by the
coating area [23].

2.6 Surface morphology and chemical composition
characterization

The surface morphology and elemental analysis were done
using FEI Quanta 650 Field Emission SEM. 3D optical
profile measurements were done using an Olympus LEXT
OLS4000 3D Laser Microscope to understand the varia-
tion in the microtexture heights, the peak-to-valley spacing,
and the density and uniformity of the features. After the
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Fig.3 SEM image of untextured Al 7075 surface

Fig.4 SEM image of the surface of a grit-blasted sample

deposition of the coating, the cross-sectional morphology
characterization and EDS analysis were also performed
using the FEI Quanta 650 Field Emission SEM.

3 Results
3.1 Surface morphology

As a reference, Fig. 3 shows the surface of a plane untex-
tured aluminum sample, while the surface of a grit-blasted
sample is shown in Fig. 4. In grit-blasting, alumina particles
hit the aluminum surface at a very high velocity, causing
plastic deformation. The deformation is dependent on the
velocity, shape, size, and hardness of the alumina particles
[24].

Figure 5 shows the variation of the surface morphology
with changing laser fluences. It can be seen that at higher
laser fluences, the ablation is much more significant than
at lower ones. The fluence at which the laser starts to mark
features on the surface is between 0.38 J/cm? and 0.45 J/cm?.

Figure 6 shows the variation of the surface morphology
with changing laser repetition rate (frequency). Keeping
the fluence constant, the number of laser pulses hitting the
surface per second at a lower frequency is significantly less
than that at a higher frequency. This provides less time for
the molten surface material to cool down, resulting in higher
temperatures and, subsequently, more ablation. Hence, the
laser rearranges the molten material differently at higher
frequencies compared to lower ones. As can be seen, the
surface seems much more ablated and roughened at higher
frequencies.

Figure 7 shows the different laser surface microtextured
patterns. It can be seen that pillar-like structures have been
formed on the surface with periodic grooves due to the ther-
momechanical process of melting and resolidification com-
bined with some ablation. The thermally sprayed molten
powders enter into the grooves and thus provide interlock-
ing. The surface shown in Fig. 7(c) was obtained with the
highest number of pulses per unit area, compared to the
other two surfaces. The three laser microtextured patterns
were chosen in such a way that it provides a range of varia-
tions in feature height and spacing between the peaks. Look-
ing at the morphology, some resolidified droplet formation
appears to occur, which further reinforces the process of
melting, ablation, and resolidification of the material. On
the other hand, the surface features reported by Kromer et al.
[6, 7, 18] consist of a series of uniform holes drilled on
the aluminum surface by laser ablation. Since the spacing
between these holes was greater than 100 pm, the increase
in the surface area was much less than that obtained by the
full-area microtexturing method reported in this paper.

Figure 8 quantifies the micropillar height variations.
The average height for the laser microtextured features was
around 5 pm which is less than the average surface feature
height of 6.5 pm for grit-blasted surfaces. There are con-
siderable height variations on the laser microtextured and
grit-blasted samples, with maximum heights reaching up to
27 pm, 28.2 pm, 41.6 um, and 61.48 pm for line #1, line
#2, line #3, and line #4 respectively. The average distance
between the peaks in all the laser microtextured patterns was
5 pm. Compared to this, the depth of the laser-ablated holes
on the aluminum surface reported by Kromer et al. [6, 7, 18]
is 25-80 pm. Even though a larger hole depth results in a
larger increase in surface area, it takes more time and does
not always necessarily imply full infiltration by the thermally
sprayed coating.

Figure 9 shows the surface morphology variation of a
grit-blasted aluminum sample. It can be observed that there
is no periodicity in the features formed on the surface as the
grits impact the surface in a randomized manner.

Figures 10, 11, and 12 provide a detailed surface profile
for the three laser microtexture patterns shown in Fig. 7. The
2D map shows the differences in height and density of the
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Fig.5 a SEM image of untextured aluminum surface; SEM image of quency and the scanning speed were kept constant at 400 kHz and
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Fig.7 a SEM image of laser microtextured (0.763 J/cm?, 60 mm/s, and 400 kHz) aluminum sample; b SEM image of laser textured (0.916 J/
cm?, 60 mm/s, and 400 kHz) aluminum sample; ¢ SEM image of laser microtextured (0.803 J/em?, 60 mm/s, and 600 kHz) aluminum sample
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Fig.8 Feature height variations on aluminum substrate. Line #1
— 0.763 J/em?, 60 mm/s, and 400 kHz; line #2 — 0.916 J/cm?,
60 mm/s, and 400 kHz; and line #3 — 0.803 J/cmZ2, 60 mm/s, and
600 kHz; GB — grit-blasted. Sq, RMS roughness; Sz, max peak to
max valley distance; Sa, average roughness; The line # denotes the
different laser parameters used

Fig.9 3D surface profile of a
grit-blasted sample

features across the surface, while the 3D map gives a more
thorough visualization of the distribution of the features. It
can also be observed that line #2 has higher peaks than those
of line #1, and line #3 has higher peaks than those of line
#1 and line #2. This can be attributed to the fact that line
#3 had the highest number of laser pulses per unit area, and
line #2 had more laser fluence than line #1. Since the scan
speed was kept constant, the laser frequency and fluence
are the two main factors controlling the height of the peaks
on the surface. These two parameters are closely associated
with each other in controlling the height of the micropillars.

The cross-sectional interface morphology of the laser
microtextured samples (line #2) and the thermally sprayed
coating are shown in Figs. 13 and 14. The EDS spectra in
Figs. 13 and 14 show the oxygen concentration at the sample
— Amdry 995C interface and sample-9951 interface. Even
though nitrogen gas was constantly blown on the samples
during the laser microtexturing process to displace the oxy-
gen in the air, the samples still showed some oxidation. The
oxidation could be further reduced by increasing the gas
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(a)

Fig. 10 a 3D surface profile of line #1 and b 2D surface profile of line #1; axis scales are in microns
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Fig. 11 a 3D surface profile of line #2 and b 2D surface profile of line #2; axis scales are in microns

flow rate on the surface of the sample. However, the samples
would need to be in a vacuum to prevent oxidation entirely.
Oxidation can also happen during the thermal spray process,
depending on the thermal spray parameters and the kind of
coating powder used.

Figure 15 shows the cross-sectional interface morphol-
ogy of the grit-blasted sample and for thermal sprayed
Amdry 995C particles. It can be seen that the coating on

@ Springer

the grit-blasted sample has much less infiltration than that
on the laser microtextured surfaces. This is because of the
absence of dense periodic grooves on the surface of the grit-
blasted samples. Hence, even though the grit-blasted sur-
face has the maximum peak-to-valley distance, its surface
features are non-periodic and more spaced out, compared
to those of the laser microtextured surfaces. The average
thickness of the coating was found to be around 275 pm.
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Fig. 12 a 3D surface profile of line #3 and b 2D surface profile of line #3; axis scales are in microns
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Fig. 13 a SEM cross-section image of the interface of line #3 and Amdry 9951; b EDS spectra showing the elemental composition of the inter-
face of line #3 and Amdry 9951; and line #3 — 0.803 J/em?, 60 mm/s, and 600 kHz

3.2 Wettability and surface energy study

The water wettability and the surface energy of the laser
microtextured surfaces were investigated using contact
angle measurements. The measurements were done
using a Rame-hart Goniometer model 250. The surface
energy of the aluminum was measured to be 852.46 +0.95
mN/m. The untextured aluminum surface was found to
be mildly hydrophilic with water contact angles (CA)
of 81°+6°. On the other hand, the laser microtextured
aluminum surfaces were found to be highly hydrophilic,

exhibiting water contact angles of 25° + 8°. This behavior
can be explained by the fact that the water contact angle
on a flat hydrophilic surface decreases with an increase in
surface area, as expressed by Wenzel’s equation [25, 26]:

cos®, = rcos®; (D

where O, is the contact angle of water on an ideally smooth
flat surface; ©, is the contact angle of water on a rough sur-
face with r as the roughness parameter (r=1 for smooth
surfaces and r> 1 for rough surfaces).
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Fig. 14 a SEM cross-section image of the interface of line #3 and Amdry 995C; b EDS spectra showing the elemental composition of the inter-
face of line #3 and Amdry 995C; and line #3 — 0.803 J/em?, 60 mm/s, and 600 kHz

Fig. 15 SEM cross-section image of the interface of grit-blasted (GB)
surface and Amdry 995C

3.3 Failure analysis

Figure 16 shows the thermally sprayed surface coating on the
grit-blasted aluminum sample after the tensile adhesion test
has been performed. Delamination can be observed across
the surface of the coating in the case of the grit-blasted sam-
ple. The grit-blasted sample displayed cohesive failure at the
epoxy-coating interface as well as adhesive failure, while the
laser microtextured sample displayed only adhesive failure
at the epoxy-thermal spray coating interface at the sample
pull-off pressure.

3.4 Adhesion strength measurement results
We obtained significantly higher tensile adhesive strength for

laser microtextured surfaces, compared to those reported in
previous laser microtexturing research studies [6, 7, 17-19].

@ Springer

Fig. 16 Surface showing thermally sprayed coating on grit-blasted
aluminum sample after tensile adhesion measurement test has been
performed. Coating failure shows delamination of the thermally
sprayed coating on a grit-blasted aluminum sample after the adhesion
testing

Our results are shown in Fig. 17. Four samples were tested for
each of the laser microtexturing and grit-blasting methods to
obtain the adhesion data and the associated error bars. The
laser microtextured patterns in our study were significantly
denser than those reported in previous literature, as the laser
was used to scan the surface area of the samples in its entirety.
Thus, it can be proven that densely packed features are benefi-
cial in increasing bonding strength.

4 Discussion

The features on the surface that are formed by melting, abla-
tion, and resolidification of the materials are affected by the
different laser parameters like fluence, pulse width, speed,
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Fig. 17 Adhesion strength for 80
grit-blasted and laser micro-

textured samples. Line #1 70
— 0.763 J/cm?, 60 mm/s, and

400 kHz; line #2 — 0.916 J/ = 60
cm?, 60 mm/s, and 400 kHz; A&

line #3 — 0.803 J/em?, g s0
60 mm/s, and 600 kHz; and line a

#4 — grit-blasted. Lines #1, #2, = 40
and #3 denote the different laser £

parameters used < 30
é

= 20

10

0

Line #1

and frequency. The increase in laser frequency leads to an
increased number of pulses per unit of surface area. This
gives rise to deeper surface features, increased surface area,
and hence, increased adhesion of the coating. The depth and
density of the features can be controlled by changing the
fluence and frequency of the laser. Moreover, higher laser
power results in the ablation of more surface materials which
leads to the formation of more particles. These particles can
settle down and resolidify on top of the surface “pillars,”
providing nanoscale roughness which can further increase
the adhesion of the coating. Feature height needs to be cho-
sen so that the microtexture is stable under atmospheric
plasma spray (APS) processing conditions.

The mechanism behind the formation of the pulsed
laser-induced micropillars can be explained by ripple-like
structures formed during the early stages of the microstruc-
ture evolution. Interference between the incident and the
scattered laser light at the surface, heat-mass transfer, and
hydrodynamic and plasmonic effects are the possible reasons
behind the creation of the ripples. These ripples are broken
down gradually as the microstructure develops, giving rise
to the micropillars. The breaking down of the ripples can
be attributed to molten material expansion and sputtering
caused by the recoil pressure of the laser-matter interaction
[27, 28]. The expelled molten material drops cool down
drastically as soon as it leaves the laser-irradiated area. The
effect of the recoil pressure on the molten material ceases to
exist as the surface temperature drops below the vaporiza-
tion point at the end of the laser pulse. Finally, gravitational
forces and surface tension make the molten material settle
back down on the surface [10].

The influence of the laser power density on the melt
depth can be obtained by solving a one-dimensional heat
conduction problem in the liquid and solid regions of the
laser-irradiated area [29]. The penetration depth X(#) can

Lline #2 Line #3 Line #4
m 9951 m995C

be expressed as a function of the laser power density / and
irradiation time ¢ as follows [29]:

1 /3 1 /3

X(t):|:_lﬁ+<b_g+§> /2j| +[_lﬁ_<5+§> /2j| _%

2 47 2 4 16A1

)

where

3aim? [ 192(AD)*t
ay = — 52< (2) +31> 3)

256(AD:\  am?

22 2 1(18(AD?*t + 3aym?
by = — L | (288“? t+47> . (UBAD+ 3oy
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)
my = ple, (T, = Ty) +1] 5)

Here a; is the thermal diffusivity in the liquid phase;
T, is the melting point; p is the density; ¢, is the specific
heat of materials in a solid phase; A is the absorptivity of
materials; L is the latent heat of fusion; and 7, is the initial
temperature.

Furthermore, the temperature profile T (x,f) in the solid
metal region and the temperature distribution 7; (x,f) in the
liquid region is given as follows:

T,(6,0) =T, — (T, — TO){I —exp —ai %(x-xu»] },X(t) <x<o (6)

s

T 0 =T, - 2 e = x()
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+ L
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where x is the distance from the surface of the substrate;
k; is the thermal conductivity in the liquid phase; a; is the
thermal diffusivity in the solid phase; and A is the absorbed
laser power density.

The influence of the laser power density on the melt depth
can be obtained by solving a one-dimensional heat conduc-
tion problem in the liquid and solid regions of the laser-
irradiated area [29].

It should be noted that for all the laser microtextured
and even the grit-blasted surfaces, the adhesion strength
of Amdry 9951 powder is more than that of Amdry 995C
powder. This is because the mean particle size of Amdry
9951 powder is much smaller, compared to Amdry 995C
powder. This allows for increased infiltration of the molten
particles into the laser-generated microtexture, thereby pro-
viding more tensile adhesive strength, as shown in Fig. 18.
Optimizing coating-substrate adhesion requires adaptation
of the powder size to the surface topography to achieve a
superior surface filling ratio [9]. The average laser-formed
feature height in this work was around 5 pm, compared to
feature depths of 80-180 pm reported in previous laser stud-
ies [6, 7]. Hence, the throughput of the full-area laser micro-
texturing method is higher, and the associated cost will be
much lower.

Compared to grit-blasting, which only provides mac-
roscale roughness, the fully microtextured laser method
provides superior control and micro-scale roughness. The
maximum adhesion strength reported in the scientific litera-
ture for thermally sprayed Amdry 9951 (CoNiCrAlY) bond
coat to laser microtextured surface is around 52 MPa [18].
This value is comparable to that of the measured grit-blasted
samples, which is around 55 MPa. In this paper, we have
demonstrated the adhesion strength of bond coat to laser

microtextured samples of 65 MPa, which is an increase of
around 17%.

Some of the other potential applications of improved
adhesion strength thermal spray coatings include oxidation
and hot corrosion resistance of airfoils, turbine buckets,
ceramic clearance control coatings, exhaust manifolds, flue
gas, and fly ash systems. So, the method of surface mictro-
texturing presented in this paper could have a wide range
of varied applications in improving the adhesion strength
of thermally sprayed coatings on other metals and alloys.

5 Conclusion
The key points presented in this paper are as follows:

(1) This paper demonstrates a novel method for laser
microtexturing through a thermomechanical pro-
cess of creating dense, uniform pillar-like features
for the improvement of coating adhesion strength.
The entirety of the area of the surface was laser
microtextured by forming densely populated micro-
pillars, and this led to an increase of around 65% in
the total surface area. The micro “pillar’-like shape
of the microtexture significantly increases the contact
area ratio, and this led to a substantial increase in
the adhesion strength of atmospheric plasma sprayed
metallic coatings.

(i) The control of laser power and frequency allowed the
variation of micropillar height to over 40 pm. The
micropillars contributed to a substantial increase in
the atmospheric plasma sprayed coating adhesion
strength, compared to untextured, grit-blasted, and

(b)

Fig. 18 Interface showing a infiltration of Amdry 995C powder on laser microtextured surface and b infiltration of Amdry 9951 on laser micro-
textured surface. Infiltration of Amdry 9951 into the grooves is much more than that of 995C due to the smaller mean particle size

@ Springer
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other laser microtextured surfaces, as reported in the
literature.

(iii)) The increase in bond strength was measured and
explained due to thermally sprayed particles filling
the gap between the pillars. The results of the laser
microtexturing process parameter’s effect on surface
morphology are reported. The cross-section of the
thermally sprayed coating of laser microtextured
surfaces was studied to provide an understanding of
adhesion strength improvements.
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ABSTRACT: Superhydrophobic surfaces have important applica-
tions in generating anti-icing properties, preventing corrosion,
producing anti-biofouling characteristics, and microfluidic devices.
One of the most commonly used materials to make super-
hydrophobic surfaces is poly(dimethylsiloxane) (PDMS). Various
techniques, including spin-coating, dip-coating, spray coating,
surface etching, and laser-textured mold methods, have been
used to make superhydrophobic surfaces. However, all these
methods require several steps, the usage of multiple chemicals,
and/or surface modifications. In this paper, a one-step, low-cost
method to induce superhydrophobicity is described. This was done
by the pulsed laser deposition of laser-ablated PDMS micro/
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nanoparticles, and the method applies to a variety of surfaces. This technique has been demonstrated on three important classes of
material—glass, poly(methyl methacrylate) (PMMA), and aluminum. Water contact angles of greater than 150° and roll-off angles
of less than 3° were obtained. Optical transmission value of as high as 90% was obtained on glass or PMMA coated with laser-ablated
PDMS micro/nanoparticles. Furthermore, this method can also be used to make micron-scale patterned superhydrophobic PDMS
surfaces. This would have potential applications in microfluidic microchannels and other optical devices.

1. INTRODUCTION

A superhydrophobic surface is characterized by a water droplet
having a contact angle (CA) of greater than 150° a contact
angle hysteresis of less than 5°, and a roll-off angle of less than
5°." Superhydrophobic surfaces are of great interest due to
their applications in the areas of anti-icing,2 corrosion
resistance,’ anti-biofouling,4 fluid flow drag reduction,” solar
panel cleaning,’ wind blades ice protection,” batteries for
energy storage,8 textiles,” and microfluidics.*”

Some of the commonly used methods to fabricate
superhydrophobic surfaces are spin-coating, surface etching,'
vapor-liquid sol—gel,"" electroless replacement deposition,'”
chemical etching, solution-immersion process, spray coating,13
and the laser-textured mold method.'*™'® Su et al."" developed
a simple and highly efficient vapor-liquid sol—gel method of
fabricating a robust superhydrophobic surface on polyester
textiles with tetraethyl orthosilicates and dihydroxyl-terminated
poly(dimethylsiloxane) as reactants in the presence of
hydrochloric acid as catalyst. Su et al.'” also put forward a
method in which steel plates were deposited in CuSO,
solution, followed by immersion in V-poly(dimethylsiloxane)
(V-PDMS) solution. The steel plates were then treated with
ultraviolet (UV) light, thereby making the steel surface
superhydrophobic. Esmaeilirad et al.'” developed physically
and thermally stable superhydrophobic aluminum alloy
surfaces using chemical etching. Micro-nano structures were
formed on the Al alloy surface by treating it with a solution of
HCI and CH;COOH, followed by immersing the alloy in a

© 2023 American Chemical Society

WACS Publications 11259

solution of silanes to lower the surface energy. The maximum
water contact angle obtained was 165°. A similar process was
used by Chu and Wu'® to obtain superhydrophobic Al and Cu
surfaces. Xu et al.'” developed a method for creating
superhydrophobic surfaces using a solution-immersion process
in which copper foams were immersed in the ethanolic stearic
acid solution for varying periods. As the immersion time
increased, the clusters formed on the copper foams became
denser and covered more surface area. The water contact angle
(WCA) increased with immersion time, reaching 156° after 4
days, and the sliding an%le (SA) decreased to a minimum of 4°.
Similarly, Zhao et al.”® developed a chemical approach for
fabricating superhydrophobic surfaces by immersing SiO,-
coated SiC nanowires in an ethanol solution of fluoro
alkylsilane for a day. Gong et al.”' presented a spray coating
method in which SiO, nanoparticles blended with PDMS
could be sprayed onto a surface to make it superhydrophobic.
Wau et al.”* demonstrated a method in which macro/nanoscale
binary aluminum structures were replicated into PDMS to
make a superhydrophobic surface. A similar method was used
by Mulroney et al,,”* where aluminum was microtextured by a
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Figure 1. (a) Schematic representation of the cross-section view of the PDMS deposition process on the glass; (b) schematic representation of the
pulsed laser-ablated transferring process of PDMS onto different substrates.

nanosecond laser followed by replication of the surface features
on polycarbonate through hot embossing. Thereafter, PDMS
was thermally cured on the microtextured polycarbonate sheet
and pulled off, thereby yielding a superhydrophobic surface
with CA above 150° and a roll-off angle (ROA) of below 2°.
However, all the aforementioned methods of fabricating
superhydrophobic surfaces involve multiple steps, several
chemicals, including acids, and/or surface modifications.

This paper reports a one-step, fast, acid-free, lower-cost
method of producing superhydrophobic surfaces. This is done
by pulsed laser deposition of laser-ablated PDMS micro/
nanoparticles. The substrate on which the PDMS micro/
nanoparticles are deposited does not need to be textured,
which is a major advantage, and it makes this method
conducive for large-scale preparation with high throughput.
Moreover, the deposited film of PDMS micro/nanoparticles is
only a few micrometers in thickness, and the thickness can be
controlled.

This method can be applied to a wide variety of materials
and has a broad range of applications. The deposition of
ablated PDMS micro/nanoparticles has been demonstrated on
three important materials—glass, poly(methyl methacrylate)
(PMMA), and aluminum. High optical transmission values
were obtained on glass coated with PDMS using the laser-
ablated PDMS micro/nanoparticles method. Since high
transparency is required for many practical applications
involving superhydrophobic surfaces,”" this method can be
used to produce superhydrophobic surfaces on solar panels,
greenhouses, and other applications involving water-resistant
glasses or plastics. Further, micron-scale patterned PDMS can
be deposited by this method. These lines can be varied in
width and can be used to make superhydrophobic channel
walls in microfluidic devices to increase the fluid flow rate.'”"”

2. EXPERIMENTAL SECTION

2.1. Materials. The Poly(dimethylsiloxane) (PDMS) SYLGARD
184 Silicon Elastomer was used for laser ablation studies. The
substrates used were microscope glass slides of length = 3 in., width =
1 in, and thickness = 0.04 in. purchased from Amscope. The
aluminum alloy (McMaster-Carr Al 7075) samples of 1 in. length, 1
in. width, and 0.07 in. thickness were polished down to a roughness of
less than 1 ym. The PMMA samples of 4 mm thickness, 1 in. width,
and 1 in. length were purchased from Ding&ng. The chemical
composition of Al 7075 by weight was Al = 89.77%, Zn = 5.4%, Cu =

1.42%, Mn = 0.12%, Mg = 2.42%, Fe = 0.42%, Cr = 0.21%, Ti =
0.11%, and Si = 0.13%.

2.2. Sample Preparation. The PDMS that was used in this
experiment was a two-part solution mixture. Ten parts of the polymer
and 1 part of the curing agent were mixed thoroughly and placed in a
vacuum desiccator for 30 min. to eliminate air pockets introduced
during the mixing process. After eliminating the air bubbles, the
PDMS solution was carefully poured and spread onto a microscope
glass slide, as shown in Figure la. The thickness of the PDMS layer
was roughly 100—120 pm. As shown in the Figure 1la, this thickness
was attained by placing cover glasses of 100—120 pum thickness
around the edges of the top face of the glass slide and ensuring that
the poured PDMS forms a smooth coverage by scraping off any excess
PDMS off the top using a thin blade. Keeping a relatively low PDMS
thickness makes it easier for the laser light to be able to focus on the
surface of the cured PDMS without undergoing significant absorption
or scattering in the bulk of the PDMS layer. It also provides better
control of the laser spot over the selected scan area. The poured
PDMS on the glass slide was subjected to a temperature of 100 °C for
25 min on a hot plate to partially cure the PDMS. Two other glass
slides with poured PDMS were prepared using the same process, and
they were cured for 15 and 20 min., respectively. This was done to
study the effect of different curing times on the laser ablation process.
The thickness of the poured PDMS on these glass slides was also
maintained at 100—120 pm. The glass slides and the aluminum on
which the ablated PDMS micro/nanoparticles are to be deposited
were treated with plasma (Jelight Company UVO-Cleaner Model 18)
for 10 min.

2.3. Laser Ablation Procedure. A 355 nm wavelength
nanosecond pulsed laser was used to ablate the PDMS coating
made on a glass slide. The 355 nm wavelength 20 ns pulsed width
laser from Coherent Matrix 355-8-50, operated at 50 kHz pulse
repetition rate, at 8 W average power, was used in this study as shown
in Figure S1. High Dynamics PIMag linear XY stages were used for
mounting the samples, and the laser beam was scanned using the
Sino-Galvo SG7210 system.

The 355 nm wavelength laser was chosen because the absorption of
light by PDMS is higher in the UV spectrum. The UV nanosecond
pulsed laser was used to ablate the deposited PDMS on glass, and the
ablated material was transferred onto the target substrate through
evaporation of the ablated PDMS fragments. The experimental setup
of this experiment is shown in Figure 1b. Aluminum and glass were
used as substrates. After the formation of the ablated PDMS micro/
nanoparticles coating on the substrate, the substrates were heated for
an additional 10 min at 100 °C to ensure good bonding and to fully
cure the PDMS.**

2.4. Abrasion Testing Procedure. A shear (abrasion) test was
performed using a micro tribometer (CETR Inc., CA). Figure S2
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Figure 2. Deposited PDMS micro/nanoparticles on glass at different UV laser fluences. The laser beam scan speed, frequency, and the line spacing
were kept constant at 200 mm/s, 50 kHz, and 20 pm, respectively. The laser energy density values used were (a) 1.12 J/cm? (b) 1.68 J/cm?; (c)
1.98 J/cm? (d) 2.28 J/cm?; (e) magnified scanning electron microscopy (SEM) image of PDMS micro/nanoparticles coating.

shows a schematic of the shear test setup. A tool steel blade with a
dimension of 3 X 2.4 X 7 mm® was attached to a 1000 N load cell.
The cell can record both normal and lateral forces. During the shear
test, the glass substrate with the laser-ablated PDMS micro/
nanoparticles coating was first glued onto the sample stage of the
micro tribometer. Then, the steel blade was brought into contact with
the substrate under a 2 N normal force F,, which keeps the blade in
good contact with the substrate surface. The sample was moved
laterally at a speed of 0.5 mm/s toward the steel blade. Once the steel
blade came in contact with the coating, a shear force (F,) was applied
to the coating. The variation of the lateral shear force was recorded as
a function of time until the coating was completely scraped off. The
nominal ultimate shear strength 7y, can be defined by eq 1

r _ FS,max
" Aint (1)

where Fg ., is the maximum shear force during the shear test, and A,
is the interfacial contact area of the coating. An acoustic emission
(AE) signal was also collected by the AE sensor attached to the
substrate to monitor the process of scraping the coating off of the
surface.

2.5. Surface Characterization. The surface morphology analysis
of the laser-ablated PDMS micro/nanoparticles was done by using a
FEI Quanta 650 Field Emission Microscope, and chemical

composition was done by X-ray photoelectron spectroscopy (XPS)
(PHI Versaprobe III). The abrasion resistance of the surface was
determined by using the CETR micro tribometer. The water contact
angle measurements were done using the Rame-Hart Model 250
Goniometer.

2.6. Optical Characterization. Optical transmission measure-
ments were obtained using a UV—visible-near-infrared (UV—-VIS—
NIR) spectrophotometer (Agilent CARY 5000) with a tungsten
halogen visible and deuterium arc UV light source and a silicon
photodiode receiver. The wavelength range for the scan was from 200
to 1100 nm to ensure complete coverage of the UV and visible
spectrum and some of the near-infrared (IR) spectrum as well. The
measurements were done on different areas of a UV fused silica
window (Thorlabs WG41010R), poured, and partially cured PDMS
on silica and PDMS micro/nanoparticles deposited silica surface to
ensure repeatability and minimize variability.

3. RESULTS AND DISCUSSION

3.1. Laser Ablation Process Optimization. Different
laser parameters were tested for the laser ablation process to
determine the optimal condition to achieve superhydrophobic
surfaces. It was found that scan speeds above 200 mm/s made
the laser beam move too fast and did not ablate enough PDMS
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Figure 3. Contact angle of water on PDMS micro/nanoparticles deposited film on aluminum (left), PMMA (bottom), and glass (right) surfaces.

Figure 4. PDMS micro/nanoparticles distribution at spacer thickness of (a) 1 mm, (b) S mm, and (c) 8 mm.

per unit area to create a superhydrophobic surface on the
substrate. Hence, the laser scan speed was chosen to be 200
mm/s. The laser fluences were varied across a range of 1.1-2.3
J/cm?, keeping the scan speed constant at 200 mm/s. Figure 2
shows the effect of varying laser fluence on the deposited
PDMS micro/nanoparticles on the glass substrate. It was
observed that at higher fluences, more PDMS particles get
ablated and deposited on the substrate. It is necessary to have a
certain number of PDMS micro/nanoparticles on the substrate
to achieve superhydrophobicity. The substrate surface starts to
show superhydrophobicity above 2 J/cm?. The side-to-side line
spacing and the frequency of the laser were kept constant at 20
pum, and the laser was operated at 50 kHz, respectively.
Nitrogen gas was blown on the PDMS during the laser ablation
process to reduce oxidation. This enabled multiple uses of the
same PDMS material for the laser ablation process. The
contact angle of water on PDMS micro/nanoparticle-deposited
glass, PMMA, and aluminum substrate surfaces were 153.8 +
1.7, 157.3 + 2.1, and 156.8 + 1.6° respectively, as shown in

Figure 3. The corresponding roll-off angles were 4.2, 3.1, and
3.8° respectively. The separation between the PDMS-coated
top glass and the substrate on which the laser-ablated PDMS
micro/nanoparticles were deposited was 1 mm.

3.2. Plasma-Treated Glass Slides and Aluminum. The
water contact angle (WCA) on a plane glass slide was found to
be 43.4 + 3.8° and the WCA on a plasma-treated glass slide
was found to be 23.3 + 4.2°. Meanwhile, the aluminum surface
was found to be mildly hydrophilic with water contact angles
of 81.4 + 5.8°, and the WCA on the plasma-treated aluminum
sample was found to be 19.3 & 3.6°. The decrease in the WCA
can be attributed to an increase in the surface free energy due
to the plasma treatment.”® The plasma treatment of glass also
allows for achieving an increased bond between the PDMS and
glass.24_26

3.3. Variation of the PDMS Micro/Nanoparticles
Coating Thickness. As shown in Figure 1b, there are two
spacers, which are pieces of solid plastic separating the top
glass coated with PDMS and the bottom substrate. Varying the
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Figure S. SEM image of the cross-section of the laser-ablated PDMS micro/nanoparticles coating with spacer thicknesses of (a) 1 mm, (b) S mm,

and (c) 8 mm.

thickness of the spacer varied the distance between the PDMS-
coated top glass and the bottom substrate. This, in turn, affects
the morphology of the laser-ablated PDMS micro/nano-
particles coating and its thickness.

Figure 4 shows the different morphologies of the PDMS
micro/nanoparticles-coated surface at different spacer thick-
nesses. The laser fluence used was 2 J/cm? It can be seen that
at a smaller spacer thickness, more particles are present on the
surface. The sizes of the particles also vary, ranging from a few
nanometers to a few microns. The surface stopped being
superhydrophobic with a spacer thickness of more than 8 mm
as the film was not continuous and very thin.

Figure S shows the thickness variation of the PDMS micro/
nanoparticles-coated surface at different spacer thicknesses.
The average coating thickness gradually decreases with an
increase in the spacer thickness. This is because, with
increasing spacer thickness, a lesser number of laser-ablated
PDMS micro/nanoparticles reach the substrate. It can be seen
that the laser-ablated PDMS micro/nanoparticles deposited at
a spacer thickness of 1 mm had the highest average thickness of
around 8 yum, while that deposited at spacer thicknesses of S
and 8 mm had average thicknesses of around 4 and 2 um,
respectively. The coating is non-uniform with a lot of thickness
variations, as can be seen in Figure 7a—c.

3.4. Elemental Analysis of the Surface. Figure 6 shows
the XPS spectrum of the different PDMS samples using a

O 1 s —— Plane PDMS on glass
— Laser ablated PDMS
micro/nanoparticles on glass
— C1s —— Laser treated PDMS on glass
=
©
-
‘@
E
= Si2s .
£ Si2p
I T T 1 1

600 500 400 300 200 100 0
Binding Energy (eV)

Figure 6. XPS spectrum showing the peaks for the different elements
(C, Si, and O). Spectra are shown only from 0 to 600 eV so that
different colors can be seen easily.

monochromatic X-ray source (1486.6 V). Plane PDMS on
glass refers to the poured and partially cured (25 min). PDMS
on glass and then laser treated refers to the poured and cured
(25 min) PDMS on glass that has been ablated by the laser to
deposit the PDMS micro/nanoparticles on the substrate.
There is no noticeable change in the position of the peaks,

which indicates that there is no significant degradation of the
PDMS.”’

The atomic percentage composition of the different
elements is shown in Table 1. The carbon content of all the

Table 1. Elemental Composition (atom %) of the Different
Samples of PDMS

elemental composition

(atom %)
sample under consideration O 1s Cls Si 2p
plane PDMS on glass 45.2 323 20.5
laser-ablated PDMS micro/nanoparticles 39.7 332 214
laser-treated PDMS on glass 334 33 26.6

samples under consideration was found to remain fairly
constant. The silicon content of the laser-treated PDMS on
glass increased by around 5%, while the oxygen content of both
the laser-ablated PDMS micro/nanoparticles and the laser-
treated PDMS on glass reduced considerably. This can be
attributed to the breaking and forming of bonds between
elements due to laser—matter interaction.

3.5. Optical Transmission Measurement. The optical
transmission measurements are shown in Figure 7. On average,
the optical transmission value of the cured PDMS on fused
silica is less than that of plane fused silica by about 6—7%. On
the other hand, the optical transmission value of the laser-
ablated PDMS micro/nanoparticles-coated fused silica is less
than that of plane glass by around 15% on average. The optical
transmission value of the laser-ablated PDMS micro/nano-
particles-coated PMMA is less than that of uncoated PMMA
by around 10% on average. The lower transmission of the
laser-ablated PDMS micro/nanoparticles-coated glass is mainly
caused by the scattering of light by the PDMS particles. The
ablated PDMS micro/nanoparticles coating was deposited at a
spacer length of 8 mm and a laser fluence of 2 J/cm? Coatings
deposited at shorter spacer lengths have more PDMS micro/
nanoparticles on the surface and greater coating thickness;
subsequently, they will have a lesser optical transmission value
compared to the coating deposited at an 8 mm spacer length
due to increased optical scattering. The optical transmission
values reduce significantly in the shorter wavelength range due
to increased light scattering at shorter wavelengths.””

The laser-ablated PDMS micro/nanoparticles-coated glass
was placed on top of a solar cell, and the change in efficiency
was measured. This was done to simulate a solar panel with a
laser-ablated PDMS micro/nanoparticles-coated glass. The
solar cell gave an efficiency of 4.45% with clear glass;
meanwhile, the same solar cell gave an efficiency of 3.98%
with the laser-ablated PDMS micro/nanoparticles-coated glass.
One sun illumination was used for the experiment. The solar
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Figure 7. Optical transmission measurements on (a) silica and (b) PMMA.

cell used was a reference solar cell supplied by NREL with a
rated efficiency of 4.49% under 1 sun illumination.

3.6. Shear Strength of the PDMS Micro/Nanoparticles
Coating at Different Coating Thicknesses. Figure 8 shows

1mm S5mm 8mm

Coating strength at different thicknesses

Tax (MPa)
O B N W & U1 O N 00 VO

Figure 8. Nominal ultimate shear strength (7, of different coating
thicknesses.

the shear strength of the laser-ablated PDMS micro/nano-
particles coating at different spacer thicknesses. There is a
slight variation in the coating shear strength with changing
spacer thicknesses. The shear strength obtained at a spacer
thickness of 5 mm is slightly lower than that at 1 mm by
around 0.56 MPa, and the shear strength obtained at a spacer

thickness of 8 mm is slightly lower than that at 5 mm by
around 0.32 MPa. This can be attributed to the coating
thickness variations with different spacer thicknesses. The
coating deposited at 1 mm spacer thickness requires more
force to be scraped off than the coating deposited at 5 mm
spacer thickness. This is because the coating deposited at 1
mm spacer thickness is thicker than the coating deposited at §
mm spacer thickness. The same reasoning can be applied to
the coating deposited at 8 mm spacer thickness to account for
the decreased shear strength.

3.7. Patterning of PDMS Lines. The laser-ablated PDMS
micro/nanoparticles deposition technique can also be used for
patterned PDMS lines on different substrates, as shown in
Figure 9. A laser fluence of 2 J/cm® was used for the laser
ablation process. The spacer thickness was 1 mm. These
PDMS lines are composed of laser-ablated PDMS micro/
nanoparticles that bond to the substrate and form a continuous
film, and their width and spacing can be varied. This technique
can be used to coat microchannels in microfluidic devices and
make them superhydrophobic.

To make the PDMS line patterns on the substrate, two metal
masks were used. The masks had openings in the shape of
fingers. The length of these fingers was 2 mm, and the width of
these fingers was 500 and 200 ym, respectively. The separation
between the openings was 1.4 mm. Accordingly, the width of
the PDMS lines was 500 and 200 pum, respectively, and the
spacing between the deposited PDMS lines was roughly
around 1.4 mm. The metal masks were placed on the surface of

5
3
7
%
2
§
3,
£

Figure 9. SEM image of deposited PDMS lines on glass with a line width of S00 ym (left) and 200 ym (right).
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(a)

(b)

Figure 10. SEM images showing the effect of the curing time of the poured PDMS on the laser-deposited PDMS micro/nanoparticles. The PDMS
lines were deposited after curing the poured PDMS on glass for (a) 15 min, (b) 20 min, and (c) 25 min.

the glass substrates during the laser ablation process. Hence,
the ablated PDMS micro/nanoparticles were deposited
through the open areas of the mask. In the absence of the
mask, the vaporized PDMS fragments generated from the laser
ablation process would spread and settle across the entire
surface of the substrate without forming any patterns of lines.

3.8. Effect of Initial Curing Time of PDMS on the
PDMS Lines. Figure 10 shows how the ablated PDMS micro/
nanoparticles coating is affected by different curing times of the
poured PDMS on the glass. With lower curing times of the
poured PDMS, the deposited PDMS lines become “broken” in
certain places due to inhomogeneous particle distribution. It
can be seen that a curing time of 25 min leads to a more
consistent and uniform coating compared to curing times of 15
and 20 min. No significant difference in the deposited PDMS
lines was observed with curing times of more than 25 min. If it
is cured too long, it may not deposit and just decomposes. The
spacer thickness used for the deposition of the PDMS lines was
1 mm. The substrate used was glass.

4. DISCUSSION

Laser processing is used in various industrial sectors such as
aerospace, automobile, electronics, photovoltaics, biomedical,
and general manufacturing. High-power lasers are available at a
relatively lower cost. Using our laboratory laser, it took 3 s to
deposit PDMS on one square inch area. This could be reduced
significantly by using higher-power commercial lasers. So, the
method can be used for large-area preparation.

One of the factors that affect the laser-ablated PDMS micro/
nanoparticles-coating method is the curing of PDMS. The
curing condition for the pristine PDMS is roughly two days at
room temperature, 45 min at 100 °C, 20 min at 125 °C, or 10
min at 150 °C.” Uncured or semi-cured PDMS is viscous and
is liquid compared to its cured counterpart. Hence, when semi-
cured PDMS is subjected to laser irradiation, fewer particles
are ablated and ejected in comparison with cured PDMS. This
results in inconsistencies in the ablated PDMS micro/
nanoparticles coating. The superhydrophobicity of the laser-
ablated PDMS micro/nanoparticles-coated surface is due to
the hierarchical scale roughness of the surface combined with
the low surface free energy of PDMS.”"™>

The laser ablation of the PDMS occurs through thermal,
thermo-oxidative, and mechanical reactions, resulting in the
evaporation of macromolecular fragments.*>** After these
fragments are released, they come in contact with the substrate
and settle on the surface, forming a thin coating of PDMS
micro/nanoparticles. The farther the substrate from the laser-

ablated PDMS, the lesser the fragments that reach the
substrate due to the spreading of the vapor. The efficiency of
the PDMS laser ablation process depends on the amount of
absorbed light energy.”* Laser radiation absorption is described
by Bouguer—Lambert law

I(z) = Iy exp(—xz) (2)

where I—is the incident laser intensity on the surface; y—is

an absorption coefficient of PDMS at the laser wavelength; z—

is the coordinate measured into the depth of the material; n—

is the coefficient determining the absorbed energy share.
Energy absorbed in the sample layer during time ¢

t
E=S$ / 1(z)dt = Sl exp(—z2)t
0 (3)
where S—is the cross-sectional area of the laser beam on the
sample surface. The intensity lost in a layer of thickness z*

Al = I, — I(z) = I,(1 — n)exp(—yz) 4)

Using eq 3 and the PDMS absorption coeflicient value of 7.38
at 355 nm,” the energy absorbed by the PDMS layer at a
fluence of 2 J/cm? was found to be 7.41 J. The robustness/
adhesion of the laser-ablated PDMS particles to the substrate is
a critical consideration. The mechanical robustness of the laser-
ablated PDMS micro/nanoparticle coating can be improved by
modifying the uncured PDMS solution by adding epoxy or
reinforcing it with nanosilica hybrid nanofillers or both.*® The
uncured PDMS solution can also be blended with polymers
like polyurethane (PU) to enhance the mechanical properties
of the laser-ablated PDMS micro/nanoparticles coating.’”
Shear strength values of over 40 MPa* can be potentially
achieved by these improved methods. Generally, PDMS
coatings display low adhesion strength in comparison to
metals due to their non-polar nature and low surface free
energy.38'39 However, the bonding of the PDMS micro/
nanoparticle coating to the aluminum and glass surface can be
attributed to micromechanical adhesion. When the laser-
ablated PDMS micro/nanoparticles land on the substrate
surface, they fill the microvoids, rugosity, and pores on the
surface, forming mechanically interlocked bonds. Other factors,
like attractive electrostatic forces, may also enhance the
bonding,*’

The scattering of the PDMS particles on the substrate
surface could be a concern during the laser ablation process. It
can be seen in Figure 10c that there are a few scattered stray
PDMS particles in between the PDMS lines. This can be
avoided by firmly placing the metal mask on the substrate and
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minimizing the spreading of the laser-ablated PDMS macro-
molecular fragments underneath the mask.

The laser-ablated PDMS micro/nanoparticles technique
offers a versatile approach for creating superhydrophobic
surfaces, which find extensive applications in various fields such
as aerospace, defense, automotive, biomedical, engineering,
sensors, apparel,41 anti-freeze surfaces, anti-fog coating,
antibacterial surfaces,”” and more. This method allows for
the generation of patterns or localized superhydrophobic
regions, enabling the fabrication of superhydrophobic patches.
Additionally, it holds significant potential to enhance the
efficiency of fluid flow and reduce resistance in microfluidic
systems.42

5. CONCLUSIONS
The key points presented in this paper are as follows:

(i) This paper demonstrates a laser process of creating
superhydrophobic surfaces in which pulsed laser-ablated
PDMS nano/microparticles are deposited on various
surfaces producing superhydrophobic thin films. We
demonstrated the superhydrophobic properties of glass,
PMMA, and aluminum surfaces, and the method is
applicable to a variety of materials. The PDMS micro/
nanoparticles are generated by laser ablation of partially
cured PDMS followed by subsequent deposition on a
substrate, thereby making the substrate superhydropho-
bic.

(i) The surface morphology and the optical transmission
properties of the laser-ablated PDMS micro/nano-
particles deposited film were studied, and the science
behind the formation of the thin films was explained.
Various factors, such as laser ablation parameters, the
effect of the curing time of the PDMS, and spacer
distance (distance between the substrate and the initial
PDMS-coated substrate), were considered.

(iii) Furthermore, it was shown that this method could be
used to make patterned superhydrophobic PDMS by
placing a metal mask on the substrate. It can potentially
be used to make superhydrophobic microchannels in
microfluidic devices and other applications.
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Abstract

Keywords

Superhydrophobicity is a property of surfaces characterized by extreme
water repellence and it is observed in highly textured low surface energy
materials. The surface roughness can be varied widely. There are several
ways by which superhydrophobicity can be achieved on various kinds

of surfaces. Polymer surfaces have a wide range of applications and are a
good candidate for making superhydrophobic surfaces. Superhydrophobic
surfaces are well known for their self-cleaning and anti-icing properties

so that water droplets roll off the surface taking away all the external
contaminant particles that are present on the surface along with it.
Surfaces that have a static water drop contact angle of greater than 150°
and a roll-off angle of less than 10° can be termed as superhydrophobic
surfaces. The various methods for making superhydrophobic surfaces

that have been developed are templating, lithography, plasma treatment,
electrochemical deposition, layer-by-layer self-assembly, sol-gel deposition,
wet chemical reaction, hydrothermal reaction, chemical vapor deposition,
and electrospinning. Many physical and chemical methods have been used
to design and fabricate superhydrophobic surfaces. However, surfaces

are prone to damage by scratches, abrasion, or even brief contact with
fingers, and, therefore, surfaces might lose their superhydrophobicity.
Hence, improving mechanical robustness and self-replenishment of
superhydrophobic surfaces upon damage is an active area of research.
Potential applications of superhydrophobic surfaces include biomaterials,
microelectronics, microfluidics, coatings, textiles, and so on. Various
superhydrophobic surfaces have been discussed in this paper, namely
poly(dimethylsiloxane), polytetrafluoroethylene, etc., and their applications.

Surface microtexture, superhydrophobic, wetting, polymer
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14.1 Introduction
14.1.1 Background

The hydrophobicity of a smooth surface is enhanced by roughness and it modi-
fies the interaction of the surface with a liquid [1]. Superhydrophobic materials
have a lot of potential applications [2]. For durability and protection, larger-scale
sacrificial micropillars can protect fragile fine-scale surface topographies against
degradation resulting in a loss of superhydrophobic properties [3]. A great deal
of interest has been shown in the fabrication of superhydrophobic surfaces [4].
Preparation of polymeric materials with controlled surface wettability can be done
by spin-coating a silica mixture dispersed in an organic solvent mixture onto the
polymer surface [5]. The combination of a low surface free energy solid, and a
low interfacial contact area between water and solid, is needed to produce water-
repellent or superhydrophobic surfaces. Slight tilting of the surface should make
the water easily roll off the surface while cleaning the surface by carrying all the
contaminant particles away without leaving any residue [6]. In addition to the
self-cleaning characteristics, water-repellent surfaces can also prevent or reduce
corrosion [7] and may prevent the buildup of ice [8].

When considering the methods to produce a superhydrophobic surface, two
major techniques are investigated in research and used in industry: chemical coat-
ings and surface microtexture. Chemical coatings demonstrate the ease of fabrica-
tion, low-cost application, and high scalability [9, 10]. However, chemical coatings
face durability challenges [10] and can be application limited [7]. Meanwhile, sur-
face microtexture is often more difficult to fabricate [11] and does not easily scale
to large area applications [12, 13]. The advantages of surface microtexture include
superior durability [14], longevity [15], and fine control over the resultant wet-
ting properties [16, 17]. It is worthwhile to mention that controlled and reversible
conversion between superhydrophobic and superhydrophilic wetting states can
be used for targeted drug delivery, water-harvesting, and antireflective, water-
proofing, and liquid self-transportation coatings [18].

To produce a superhydrophobic surface, the presence of microtexture alone is not
sufficient. This is due to the interactions between water and the surface. These inter-
actions can be manipulated by the presence of surface microtexture [19]. However,
the surface free energy of the material is an integral aspect of the wetting dynamics.
Table 14.1 lists the highest reported water contact angles (CAs) for a few surfaces
with their corresponding surface free energy. It is interesting to note that surfaces
like polypropylene (PP) or poly(methyl methacrylate) (PMMA) need to be microtex-
tured and then coated with something with a lower surface free energy, like poly(di-
methylsiloxane) (PDMS). The reported roll-off angles (ROAs) for PTFE Teflon, FEP
Teflon, PDMS, and PS are 2°, 4°, 2° and 8° respectively [16, 17, 20-24].

The surface free energy of a solid refers to the capability of the surface to bond
with other surfaces. It can easily be realized that a high surface free energy material

IPUCD pUe SWLB L 3L 39S *[£202/2T/80] UO AR1gIT BUIUO AB11M ‘2100 W 3preiD BIUIBIIA JO AIsBAIUN AQ TU"E029YBETTT8L6/Z00T OT/I0P/W0Y S| 1M ARq 1 BUIIUO//SHNY LOIJ PaPeuMOq ‘YTUY'E0.9BETTT8L6/200T 0T

form:

5UB0 17 SUOWLLIOD SATEBID BIGEO1IGdE 341 AQ POUSAOD 38 SIPILE O 8N JOS3I 10} AIRIGITBUIIUO AB1IA UO



SUPERHYDROPHOBIC SURFACES BY MICROTEXTURING: A CRITICAL REVIEW 623

Table 14.1 Water contact angles (CAs) on different surfaces with their corresponding
surface free energy [16, 17, 20-24].

Surface Surface free energy (mJ/m? | CA (°)
Polytetrafluoroethylene (PTFE Teflon) 18 168
Fluorinated ethylene propylene (FEP Teflon) 19 160
Poly(dimethylsiloxane) (PDMS) 21 163
Polypropylene (PP) 29 160
Poly(vinylidene fluoride) (PDVE) 30 171
Polyethylene (PE) 31 173
Polystyrene (PS) 36 158

will interact with a liquid atop the surface more readily than a comparable low
surface free energy material. These interactions manifest primarily in the form of
van der Waals forces and electrostatic attraction. Conversely, the surface tension
of a liquid refers to the force directed inward from the surface of the liquid and is
caused by the imbalance of forces at the surface. Thus, the force balance between
the surface tension of the liquid and surface free energy determines the shape of
the liquid when sitting atop a solid surface, and this behavior is known as wetting.
Specifically, a low surface free energy solid and high surface tension liquid will
have a comparatively low interfacial contact area. It is the interfacial contact area
that is of particular interest when attempting to manipulate wetting [25].

Because of this force balance, a drop of water will take a consistent shape when
resting atop a surface. The equilibrium contact angle (6,) (hereafter referred to as
the static CA) is the angle measured between the solid surface and the tangent
of the curve of the droplet at the point where the droplet contacts the surface, as
depicted in Figure 14.1. The static CA can be calculated using Young's equation [26],
as seen in equation 14.1, where 6, is the static CA (degrees), v, is the surface tension
of the liquid-vapor interface (mN/m), v, is the interfacial tension of the liquid-solid
interface (mN/m), and y,, is the surface tension of the solid-vapor interface (mN/m).

cosO; = Ysv =71s) (14.1)

Yiv

A surface is said to be hydrophilic when the static CA of a 10 pL drop of deion-
ized water is less than 90°. When the static CA is 90° or greater, the surface is said
to be hydrophobic. When the static CA is 150° or greater, the surface is said to be
superhydrophobic [27]. A combination of low surface free energy materials and
surface texture can be used to make superhydrophobic surfaces. An example of a
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(@) (b)

Figure 14.1 The various parameters and wetting modes for a droplet of liquid on a surface:
(a) Static contact angle (6,), (b) Wenzel wetting, (c) Cassie-Baxter wetting, (d) Advancing
contact angle (6 ) and receding contact angle (6 ), with roll-off angle (6,) of the surface. The
different surface and interfacial tensions (mN/m) are liquid-vapor y,,, liquid-solid vy, , and
solid-vapor g, [19]. This figure is reprinted from “Anti-ice and Condensation Properties of
Microtextured Superhydrophobic Surfaces”, Ph.D. thesis, with permission from the author.

naturally occurring superhydrophobic surface is the surface of a lotus leaf. When
a raindrop falls on a lotus leaf, it may bounce off after impact or roll off the lotus
leaf dragging along dirt particles [28].

The presence of surface microtexture alters the interfacial interaction between a
liquid and a solid. When in the Wenzel wetting state [27], water penetrates between
and around surface microtexture features, as seen in Figure 14.1b. Wenzel’s equa-
tion, equation 14.2, includes a roughness factor correction (r, unitless) to calculate
the Wenzel CA (0, degrees) from the static CA.

cos 6, =1 cos 0, (14.2)

As can be seen in equation 14.2, the introduction of surface roughness will make
a hydrophobic surface more hydrophobic, while a hydrophilic surface will become
more hydrophilic.

There also exists a wetting state disparate from Wenzel wetting, in which the
liquid sits atop surface microtexture features, with air between microtexture fea-
tures. This wetting state, as seen in Figure 14.1c, is known as Cassie-Baxter wet-
ting [29]. The Cassie-Baxter equation can be simplified to the form included as
equation 14.3. In the simplified Cassie-Baxter equation, the Cassie-Baxter CA (0,
degrees) is calculated from the static CA using the same roughness factor correction
as used to calculate the Wenzel CA, but also includes a fractional contact area (f,
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unitless) correction factor. As can be seen, if f_= 1, being the Wenzel wetting state,
equation 14.3 can be simplified, resulting in equation 14.2.

cos 0., =1f cos 0. —(1-f) (14.3)

A derivation and discussion of Young’s, Wenzel’s, and Cassie-Baxter’s equa-
tions has been given by Mulroney [19], with a full derivation by Whyman,
Bormashenko, and Stein [26].

Though the CA is the most common quantity reported when discussing a super-
hydrophobic surface, there are several other quantities measured and analyzed.
The roll-off angle (ROA) is the angle of tilt from the horizontal of the surface, at
which a 10 pL drop of deionized water sitting atop the surface begins to move, as
depicted in Figure 14.1. The ROA is also often called the sliding angle (SA) because
it is at this angle when the drop of water begins sliding down the surface. During
a surface tilt measurement, and before motion begins, some deformation of the
water drop will occur, and this causes the static CA measurements to change. The
drop will lean towards the lower side of the tilted surface, and this is the direction
in which the drop will slide when the movement begins. The static CA measure-
ment taken on the side of the drop on the lower side of the tilted surface will be
greater than the static CA measured on a flat and level surface and is known as the
advancing contact angle (ACA). The static CA measurement taken on the opposite
side of the drop from the ACA measurement will be less than the static CA mea-
sured on a flat and level surface and is known as the receding contact angle (RCA).
The difference between the ACA and RCA is known as the contact angle hysteresis
(CAH). Figure 14.1 also depicts the ACA and RCA of a drop of water experiencing
deformation due to surface tilt.

Two examples demonstrate the role of surface microtexture in reducing the wet-
tability of a low surface free energy material. Yeong and Gupta demonstrated that
microtexturing a Fluorinated ethylene propylene (FEP) Teflon sheet increased the
CA from 112° to 160°; while the ROA was decreased from 45° to 4° [21]. Similarly,
Chun et al. demonstrated that microtexturing polystyrene increased the CA from
103° to 158° [17].

Liquids other than water are also of interest in analyzing wetting properties.
The CAs of a number of liquids on microtextured PDMS were measured by
Caffrey [30]. As expected and can be seen in Table 14.2, liquids with a surface ten-
sion lower than that of water demonstrated a lower CA.

Surfaces that have both superhydrophobic and superoleophobic properties are
of great interest. ZnO and SiO, nanoparticles can be used to induce these prop-
erties and also create surface roughness for maintaining robustness. The contact
angles and sliding angles were measured for the surfaces using water, ethylene
glycol, and hexadecane, as shown in Figure 14.2. The surface tensions for ethylene
glycol and hexadecane are 45 mN/m and 27.6 mN/m, respectively [31].
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Table 14.2 Contact angles and sliding angles of different liquids on textured PDMS
[30]. This figure is reprinted from “Superhydrophobic Properties of Replicated Laser
Microtextured Surfaces”, PhD Thesis, with permission from the author.

Sample Advancing CA (°) Receding CA (°) Sliding angle (°)
Water (distilled) 161.3 157 4

Kerosene wets wets -

Gasoline wets wets -

Ethyl Alcohol 84.5 68.9 25

Isopropyl Alcohol wets wets -

Oil (10W30) 814 50 25

Naphtha wets wets -

Ethylene Glycol 50% 144.2 134.3 25
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Figure 14.2 (a) WCA (water contact angle), ECA (ethylene glycol contact angle), and
HCA (hexadecane contact angle) of the coatings fabricated by four different ZnO/SiO,
nanoparticle mass ratios; (b) WSA (water sliding angle) and ESA (ethylene glycol sliding
angle) of the coatings fabricated by four different ZnO/SiO, nanoparticle mass ratios [31].
This figure is reprinted from Langmuir 35, ]. Peng, X. Zhao, W. Wang, and X. Gong, Durable
Self-cleaning Surfaces with Superhydrophobic and Highly Oleophobic Properties, 8404-
8412, copyright 2019, with permission from ACS.

14.1.2 State-of-the-Art

Advances in the study of microtextured superhydrophobic surfaces are actively
occurring in various areas. One of the most active areas is the study of modifica-
tions to microtexture geometry and the resultant changes in wetting properties.
Another very active area is the study of low ice adhesion surfaces. Related to the
study of microtexture geometry is the goal of achieving optical transparency while
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retaining superhydrophobic properties. The behavior of condensation on a micro-
textured surface and the effects of surface condensation on wetting are areas that
present many challenges and have a growing body of research.

14.1.2.1 Microtexture Geometry

Factors like the height of nanopillars, the spacing between pillars, the intrinsic
contact angle, and the impinging velocity of water nanodroplets heavily impact
the transition of the water droplet from the Wenzel to Cassie-Baxter wetting state.
There is a critical pillar height that determines whether the water drop sitting on
the pillared surface is in the Wenzel or Cassie-Baxter wetting state. The free energy
barrier between Wenzel and Cassie-Baxter states can be calculated using statistical
mechanics and a simulation of rain impacting the surface. The barrier varies from
a few tenths of k, T, (where k, is the Boltzmann constant, and T is the ambient tem-
perature) for a rough surface at the critical pillar height to near 8 kT for the sur-
face with pillar height greater than the length scale of water droplets. The barrier
for the Wenzel to Cassie-Baxter state is much greater than from the Cassie-Baxter
to Wenzel state for a very rough surface [32].

A study by Ambrosia analyzed the effects of surface fraction and the heights
of pillars on the static CA of a water droplet on a graphite surface [33]. It was
observed that the static CA increased with pillar height to a certain point, after
which the static CA was no longer affected significantly by the pillar height. The
increase in pillar height and the corresponding change in static CA were more
noticeable when the pillar height was smaller or had a smaller pillar surface frac-
tion. As the pillar surface fraction was decreased below 36%, simulations showed
that the static CA fell short of the Cassie-Baxter model predictions. The reason for
this is the sagging of part of the water droplet between the tops of the pillars [33].

14.1.2.2 Ice Adhesion

Microtextured surfaces that exhibit superhydrophobic wetting may or may not
also exhibit low ice adhesion properties. The presence of surface microtexture has
been shown to increase ice adhesion strength in some cases [34] and to decrease
ice adhesion strength in others [21]. Barthwal, and coworkers [35] were able to
reduce the ice adhesion strength of microtextured aluminum from 1200 kPa to
50 kPa using a combination of chemical etching and anodizing, plus a coating of
PDMS infused with silicone oil. There are several common techniques for measur-
ing ice adhesion strength. The two most common techniques are: pushing a probe
against ice and measuring the force required for the ice to break away from the
surface, and freezing a probe tip inside the ice, and then measuring the normal
force required to pull the ice off the surface [36].

Brassard et al. [8] noted that water might be present between microtexture fea-
tures and then join the main body of surface ice, thereby acting as an anchor for the
ice and so increasing the ice adhesion strength. This was supported by Meuler et al.
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[37] and Wang et al. [38], who each identified that water vapor inside the air pockets
of the Cassie-Baxter wetting state would condense and freeze, again acting as an
anchor for the main body of ice. It has also been suggested by Yeong and Gupta [21]
that because water expands as it freezes, the ice will penetrate between microtex-
ture features, again acting as an anchor and increasing the ice adhesion strength.

14.1.2.3 Optical Transparency

The presence of surface microtexture is known to introduce light scattering, caus-
ing a transparent smooth surface to appear opaque [11, 16, 19, 21]. However, cer-
tain microtexture pattern designs may allow light to pass through the surface.
Mulroney and Gupta [16], and separately Chun ef al. [17] investigated periodic
microtexture patterns whereby a prescribed smooth surface area was left untex-
tured, allowing light to pass through with minimal interference. Chun ef al. [17]
demonstrated the relationship between the distance between lines of microtexture
and the changes to the static CA of microtextured polystyrene substrate. Mulroney
and Gupta [16] demonstrated the same for a PDMS surface, while also analyzing
the change in ROA, the effect of the space between microtexture lines on optical
transmission percent, and the effect of the number of replication steps used to
produce the microtexture pattern. It was found that an even number of replica-
tion steps caused an inverted microtexture profile where the water was strongly
pinned to the microtextured PDMS, rather than easily rolling off the surface.

14.1.2.4 Anti-Condensation Surfaces

The presence of condensation has been shown to increase the water wettability
of the surface while also altering the wetting state of the surface. Wu and Zhang
[39] found that the presence of condensation on a surface caused the wetting state
to transition from superhydrophobic to hydrophobic. This was attributed to the
condensation droplets condensing onto the surface and then merge into the larger
drop being studied, causing the interfacial contact area between the drop and the
surface to increase. Yin et al. [40] found that the wetting state of the surface transi-
tioned from Cassie-Baxter to Wenzel due to the presence of condensation.

To manipulate the condensation behavior, Yan et al. [41] applied an AC field
across a superhydrophobic surface and demonstrated that the AC field reduced
the growth of condensation on the surface.

14.2 Fabrication of Microtextured Surfaces

14.2.1 Surface Materials

Some of the material systems considered for making superhydrophobic surfaces
are of low surface free energy such as fluorocarbons and compounds made out of
polysiloxane; organic and inorganic compounds are also used in some cases. Micro-
roughness and nano-roughness can be achieved for most surfaces. Polymers and
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minerals are also good candidates for superhydrophobic surfaces. However, they
sometimes have hydrophilic components in them. Therefore, they cannot be used
in industries like printing and packaging that require highly superhydrophobic
surfaces. Environmentally-friendly non-renewable materials are currently being
replaced with bio-based materials, derived from wood, plant fibers, and agricultural
residues [42]. Lignocellulose is one of the examples. Recent developments have been
made in the cardboard and cotton industries by producing superhydrophilic materi-
als where cellulose was used as the base material. Amongst environmentally-friendly
materials, cellulose nano-crystals and composites have been cited [42]. The surface
free energy of cellulose is lowered through a roughening process. The durability of
the applied rugose layer allows required improvements. Many recent experiments
have been done on the durability and robustness of lignin-coated cellulose nano-
crystal (L-CNC) particles. Commercial biodegradable L-CNC particles were made to
stick to the substrate and made the surface rough. The resulted coatings displayed
attributes like self-cleaning properties, water repellency, durability against sandpaper
abrasion, finger-wipe, knife scratches, water jet, UV radiation, high-temperature
exposure, and exposure to acid and alkali solutions. Similarly, in the field of textile
materials, superhydrophobic flame-retardant cotton was developed by a research
group using layer-by-layer assembly of branched polyethylenimine (bPEI), ammo-
nium polyphosphate (APP), and fluorinated polyhedral oligomeric silsesquioxanes
(B-POSS). This discovery is an important one in the field of flame-proof materials. An
effective method to use lignocellulose (LC) as base-support to fabricate superhydro-
phobic surfaces with flame retardant properties was discovered in 2018 [42]. PDMS-
stearic acid-modified kaolin-coated LC attained a water static CA of 156°. The kaolin
particles also displayed good flame-retardant properties [42].

There are many examples of both naturally occurring and artificially made
superhydrophobic surfaces. The natural surfaces include both plant and insect
surfaces. The most naturally distinguishable superhydrophobic surface is that of
the lotus leaf. Lotus leaf is extremely repellent to water and this very property
inspired scientists to do further research on superhydrophobic surfaces. The term
‘lotus effect’ is associated with superhydrophobic behavior. Various research insti-
tutions have fabricated superhydrophobic surfaces using photolithography. These
have been mainly done with the use of silicon rods and glass fibers. Water static
CAs of over 160° have been achieved on these surfaces [43].

Silicones are one of the most widely used materials for fabricating superhydro-
phobic surfaces. A major advantage of silicones is their chemical inertness, which
has led to their widespread and common use. The coating and its properties do
not seem to be significantly influenced by organic solvents. Figure 14.3 shows the
progression of static CA and sliding angles as a function of immersion time in
the polar solvents acetone and ethanol and the non-polar solvent toluene [44].
Static CA values remain virtually unchanged for all samples. Sliding angles show
a small increase in polar solvents and a small decrease in toluene. The annealed
samples are less affected than the non-annealed samples.

IPUCD pUe SWLB L 3L 39S *[£202/2T/80] UO AR1gIT BUIUO AB11M ‘2100 W 3preiD BIUIBIIA JO AIsBAIUN AQ TU"E029YBETTT8L6/Z00T OT/I0P/W0Y S| 1M ARq 1 BUIIUO//SHNY LOIJ PaPeuMOq ‘YTUY'E0.9BETTT8L6/200T 0T

form:

5UB0 17 SUOWLLIOD SATEBID BIGEO1IGdE 341 AQ POUSAOD 38 SIPILE O 8N JOS3I 10} AIRIGITBUIIUO AB1IA UO



630 PROGRESS IN ADHESION AND ADHESIVES, VOLUME 6

180 T T T T T T 180
s 2 ....... a. E QB . 0.0.0
1604 - 1 . 8 4160
g 8 8 38 388
140 - E 4140
& 1201 1 4120
k=
L7
< 1004 - 1 4100
c
<
o 801 b 1 180
]
S 607 1 160
)
40 1 140
20 - 1 420
0 T T T T T T 0
90 - 1 490
80 . 1 480
704 - 1 470
g
T 601 460
<U
D 501 150
<
2 404 Q 440
°
= 304 ‘L 430
a J
20 A — (} l 120
104 8 8 A é QS 1 Q *2 BT
ISR ~ OV S 580
0 - T vy . d T T - 0
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Immersion Time [days] Immersion Time [days]

Figure 14.3 Contact and sliding angles of annealed (left) and non-annealed (right) samples
immersed in organic solvents (O ethanol, A acetone, O toluene). The dotted lines indicate
initial values [44]. This figure is reprinted from Applied Surface Science 253, J. Zimmermann,
G. Artus, S. Seeger, Long term studies on the chemical stability of a superhydrophobic
silicone nanofilament coating, 5972-5975, copyright 2007, with permission from Elsevier.

The adhesion behavior of superhydrophobic surfaces has become an emerging
topic to researchers in various fields. Controlling the chemical compositions and
topological structures via various methods or technologies is crucial to fabricate
and modulate different adhesion properties, like low-adhesion, high-adhesion,
and anisotropic adhesion on superhydrophobic surfaces [45].

14.2.2 Methods of Fabrication of Superhydrophobic Surfaces
14.2.2.1 Plasma Treatment

Plasma treatment can be used to deposit low surface free energy materials and to
etch a surface; by etching the surface roughness is enhanced, as seen in Figure 14.4.
Plasma deposition modifies a surface with low surface free energy materials depos-
ited from fluorinated gas or hydrophobic monomers. There are different types of
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Figure 14.4 (a) SEM image of a PDMS elastomer (Sylgard 184) surface after a 6 min SF,
plasma treatment. 1.45 pm-high nano-columns are shown. (b) AFM top-view image of the
same elastomer surface after a 2 min treatment in SF, plasma (roughness rms~133 nm and
periodicity~240 nm). (c) Image of a water droplet while rolling off the plasma treated PDMS
elastomer surface after being conformally coated with a 20 nm-thick fluorocarbon (FC) film.
(d) AFM top-view image of photosensitive elastomer PS264 surface after a 2 min treatment
in SF, plasma (roughness rms~76 nm) [2, 97]. This figure is reprinted from Encyclopedia of
Polymer Science and Technology, 4th edition, M. Wolfs, T. Darmanin, and F. Guittard (Eds.),
Superhydrophobic Polymers, copyright 2013, with permission from John Wiley & Sons, Inc.

plasma treatments to make superhydrophobic polymeric surfaces: etching fluo-
rinated polymers, fluorinated gas plasma treatment, plasma polymerization, and
more complex superhydrophobic polymeric surface fabrication using plasma etch-
ing or deposition [2].

14.2.2.2 Laser Ablation

Chemical methods of microtexturing the surface of solids sometimes utilize toxic
chemicals. Hence, a great alternative is to use laser-based physical microtexturing to
achieve the desired wettability behavior. Modification of the surface can be done with
lasers of different pulse widths (nano, pico, and femtosecond laser) [46]. Fabrication
of micro/nano patterned surfaces using femtosecond laser micromachining tech-
niques are scalable, one-step processes and can be applied to virtually all kinds of
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Figure 14.5 SEM image of replicated micro/nanostructures on PDMS surfaces from ultra-
fast laser textured masters: (a) Ti (b) Si [48]. This figure is reprinted from Applied Surface
Science 266, B. K. Nayak, P. O. Caffrey, C. R. Speck, M. C. Gupta, Superhydrophobic surfaces
by replication of micro/nano-structures fabricated by ultrafast-laser-microtexturing, 27-32,
copyright 2013, with permission from Elsevier.

materials [47]. The resultant morphology and the roughness of polymer substrates
microtextured by laser ablation are dependent on the laser parameters (energy, num-
ber of pulses, etc.). Appropriate laser parameters can make hydrophobic surfaces
superhydrophobic [48]. Organic substrates that are intrinsically hydrophobic can
sometimes be laser ablated and made superhydrophobic. Poly(dimethylsiloxane)
(PDMS) and polytetrafluoroethylene (PTFE) are organic materials that are of great
interest [49]. Laser pulses causing ablation can lead to the formation of hierarchical
morphology on the PDMS. Since the laser technique is an etching method, fragments
can be detached from the substrate and redeposited and this leads to additional sur-
face roughness, as seen in Figure 14.5. A simple, cost-effective method of producing
superhydrophobic surfaces is by direct replication of micro/nano-structures onto
PDMS from a replication master. The master is usually microtextured by an ultrafast
laser. Reported water contact angles of 154° have been achieved. The contact angle
can be controlled by varying the height of the microtexture features [48]. Polymeric
materials tend to be cheaper and easier to manipulate compared to metals. Hence,
polymeric materials are a better choice for surface-engineered applications [50].
Ahigh water repellent poly(ethylene terephthalate) (PET) surface was produced
with a laser-assisted magnetron sputtering method. The laser was responsible for
the overall morphology of the polymer while the magnetron sputtering depos-
ited a thin fluorocarbon layer quasi-simultaneously. Superhydrophobic properties
(static CA 160.8° and CAH of 10.2°) were obtained and this can be attributed to
the synergetic effects of laser ablation of PET and the fluorocarbon deposition [2].

14.2.2.3 Chemical Etching

A surface roughening methodology by chemical etching was developed for the
fabrication of superhydrophobic surfaces on three crystalline metals, namely,
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aluminum, copper, and zinc [51]. The key to the etching technique was the uti-
lization of a dislocation etchant that preferentially dissolves the dislocation sites
within the grains. The surfaces, once hydrophobized with fluoroalkylsilane, exhib-
ited superhydrophobic properties with water contact angles of larger than 150°.
Furthermore, they showed roll-off angles of less than 10° for 8-pL water drops.
Aluminum samples were etched by immersing in Beck’s dislocation etchant in
a polyethylene bottle at a temperature of 14°C. The etchant was a 40 mL mixture
of 37 wt % HCl, 12.5 mL of H,0, and 2.5 mL of 40 wt% HF. The etching time was
varied from 5 s to 15 s. Copper samples were washed with 13 wt % HNO, for
15 min. Then, they were etched with Livingston’s dislocation etchant in a closed
glass bottle at ambient temperature. The etchant was made by mixing 0.06 mL of
7 wt % HCl, 0.02 mL of CH,COOH, and 53.92 mL of H,O. The etching time was
varied from 8 h to 24 h. Zn samples were etched with 50 mL of 4.0 mol L™ HCI
solution in a glass beaker at room temperature. The etching time was varied from
30 s to 40 s. After etching, all the specimens were ultrasonically rinsed with water
and dried at 80°C in air. At room temperature, a 3-fold molar excess of water was
added to a methanol solution of fluoroalkylsilane (tridecafluorooctyltriethoxysi-
lane, C;F .H,Si(OCH,CH,),. The etched metallic specimens were immersed in the
hydrolyzed silane solution for 1 h at room temperature. Then, they were heat-
treated at 130 °C for 1 h [51]. The results of the wetting analysis of the various
materials and etching parameters are presented in Table 14.3.

Table 14.3 Water contact angle data for the etched surfaces after fluorination for various
etching times [51]. This figure is reprinted from Langmuir 21, B. Qian, Z. Shen, Fabrication
of Superhydrophobic Surfaces by Dislocation-Selective Chemical Etching on Aluminum,
Copper, and Zinc Substrates, 9007-9009, copyright 2005, with permission from ACS.

Sample Equilibrium | Advancing Receding Contact angle
contact contact contact hysteresis

Metal | Etching time angle (deg) angle (deg) angle (deg) (deg)

Al 5s 124 133 107 26

Al 10s 148 154 137 17

Al 15s 156 158 153 5

Cu 8h 138 143 119 24

Cu 16 h 146 154 133 21

Cu 24h 153 155 145 10

Zn 30s 137 143 116 27

Zn 60s 152 154 141 13

Zn 90s 155 156 149 7
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14.3 Properties of Microtextured Surfaces

Superhydrophobic surfaces have a wide range of properties that are useful for
industrial and household applications. Some of the properties are discussed below.

14.3.1 Antifogging

Fog is commonly formed when vapor condenses because of a change in tem-
perature, humidity, or convection. The presence of fog on a surface could scatter
light, reducing the optical properties of transparent surfaces. Thus, antifogging
is crucial for the surfaces utilized in windshields, safety glasses, eyeglasses,
etc. When the contact angle is below 40 degrees, moisture is condensed into
a thin film, and no fog is visible on the surface. However, a large number of
small condensed water droplets are also formed on the surface. On the other
hand, when moisture condenses, fog is developed on superhydrophobic sur-
faces. Interestingly, the superhydrophobic surfaces reduce the fog formation by
increasing the evaporation rate, as per Chen ef al. [52]. The fog formed on a nor-
mal glass condensed to create a water film on the surface in a couple of minutes,
whereas the fog formed on a superhydrophobic glass disappeared in 10 s and no
water film was created thanks to the increased area. Chen et al. [52] fabricated a
superhydrophobic surface using silica capsule particles with an apparent static
CA of 152° and a ROA of less than 8° by the dip-coating method. This highly
transparent surface could increase the evaporation rate of the fog and therefore
caused the fog to disappear [53].

14.3.2 Amntibacterial

Antibacterial properties are fundamental in biosensors, mechanical and marine
hardware, and for the prevention of microorganisms that contaminate implants
used for surgeries. In an attempt to solve this issue, antibacterial coatings that
diminish the bacterial attachment to the surface are utilized. In this regard, one
of the investigators [54] created silver nanoparticles on cotton filaments and then
adjusted these particles using hexadecyltrimethoxysilane to induce superhydro-
phobicity. The sample’s antibacterial activity is shown in Figure 14.6. The results
showed that the typical cotton showed no antibacterial action, though the silver
doped cotton surfaces killed all the microscopic organisms beneath and around
them. This shows a noticeable inhibition zone with an average of 8.78 mm around
the samples [54].

14.3.3 Antireflection

Antireflection is vital in optical devices like solar cells, light-emitting diodes, and
laser optics. A high transmission rate is required for reducing light reflection.
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Figure 14.6 Antibacterial activity of (a) normal cotton (the upper two) and Ag NP modified
cotton (the lower two) textiles. Normal cotton samples did not show any antibacterial
activity. The silver modified cotton textiles placed on the bacteria-inoculated surfaces killed
all the bacteria under and around them and a distinct inhibition zone with an average width
of 8.78 mm around the cotton samples was observed. (b) normal cotton (the upper two) and
hydrophobized Ag NP modified cotton (the lower two) textiles. After hydrophobization,
the average width of the inhibition zone of the silver modified samples was reduced
to 6.84 mm. This may be attributed to the prohibition of the diffusion of Ag+ from the
silver particles by hydrophobization [54]. Reprinted with permission from IntechOpen,
M. Khodaei, X. Chen and H. Li, Superhydrophobic surfaces - fabrications to practical
applications, in: Superhydrophobic Surfaces — Introduction and Applications, 1-11, (2020).

According to the effective medium theory, if 100% transmission is required, the
microstructure height, i, must satisfy the following condition:

h= A (14.4)

A X1,

where 1 is the propagating wavelength, n, is the refractive index of air, and n, is
the refractive index of the optical surface. Alternatively, to make the surface anti-
reflective, roughness is required. Surfaces with considerable roughness exhibit
antireflection properties. Metal-assisted (Au, Pt, or Pt/Pd) etching is employed
to create superhydrophobic nanostructures on silicon surfaces. This sort of etch-
ing process is employed for producing low reflective surfaces. If the nanostruc-
tures are formed appropriately, the reflectivity of these surfaces may be reduced
to almost zero. Due to low reflection, the surface can absorb most of the incident
light, being a desired property of high-efficiency solar cells [53].
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14.3.4 Self-Cleaning

Non-wettable surfaces attract a lot of attention due to their ability to repel liquid
drops and remain unwetted [55]. The extreme repellence of water by superhydro-
phobic surfaces helps in washing away the dirt when the water drops roll over
the surfaces. This is particularly useful in solar panels where a transparent self-
cleaning surface is needed. Park et al. [56] fabricated a microshell array of PDMS.
The layer had a static CA of 151° and the CAH was 19° [53].

14.3.5 Effect of Temperature on Surface Properties

The variation of superhydrophobicity with temperature is a very interesting phe-
nomenon. For example, Al, Cu, and Ti show hydrophilic properties just after laser
ablation processing. But, after they are treated in the oven, they show increased static
CA values, as shown in Figure 14.7 [57]. Maximum and minimum static CAs are
indicated by the error bars. The error bars indicate the maximum and minimum static
CAs and sliding angles (SAs) for each of five different samples of Al, Cu, and Ti.
Different kinds of heat treatments at different temperatures affect differently
the wettability of the samples in different ways. As the heat treatment temperature
is increased, the wettability transition time for Al and Ti decreased. The wettabil-
ity transition time for Cu was only reduced when the temperature was increased
from 100 °C to 150°C. Subsequently, at a higher temperature (200°C), Cu showed
a longer wettability transition time compared to the wettability observed at 150 °C.
Among the heat treatment temperatures discussed, Al and Ti showed fast wetta-
bility transition times (90 min and 30min, respectively) at 200 °C. Cu showed a
wettability transition of 120min at 150 °C. Apart from showing static CAs greater
than 150 °, Al, Cu, and Ti surfaces showed high adhesion to water (petal effect). As
heat treatment time was prolonged, the superhydrophobic surfaces changed from
petal effect to lotus effect. This transition is marked by the appearance of low SAs
(SA<10°) with a tilting speed of 1.6°s™. In the case of all metals except Cu, when
the heat treatment temperature was increased, the sliding angle appeared after a
shorter time and became smaller with a gradual increment of time. In addition,
changing the petal effect to the lotus effect required different times for each metal.
As an example, the SA for Al appeared after 6h with heat treatment at 200 °C and
after 12h with heat treatment at 150 °C. In the case of Ti, the SA appeared after 2h
with heat treatment at 200°C and after 12h with heat treatment at 150°C. In the
case of Cu, the SA appeared after 12h with heat treatment at 150 °C and 200 °C. The
SA at 150 °C was smaller than that at 200 °C. With prolonged heat treatment time,
the SA value for each material decreased. A low SA might indicate a high-quality
superhydrophobic surface that demonstrates the lotus effect. Al and Cu samples
treated at 100°C did not show SAs within 24 h even though the static CA was
greater than 150°. Hence, heat treatment time should be increased to change the
superhydrophobic surface from the petal effect to the lotus effect on Al and Cu
samples treated at 100°C. This is also affirmed by the results from Al, Cu, and Ti
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Figure 14.7 Contact angles and sliding angles of Al, Cu, and Ti samples measured at
various times after heat treatment (100, 150, and 200 °C) [57]. This figure is reprinted from
Advanced Engineering Materials 20, Chi-Vinh Ngo, Doo-Man Chun, Effect of Heat Treatment
Temperature on the Wettability Transition from Hydrophilic to Superhydrophobic on Laser-
Ablated Metallic Surfaces, 1701086, copyright 2018, with permission from Wiley-VCH.
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samples treated at 150 °C and 200°C and Ti samples treated at 100 °C. Treating the
Cu samples at 200°C with longer treatment times reduced superhydrophobicity
(decrease in static CA and increase in SA) [57].

A study has been done on the superhydrophobicity of polyurethane/organo-
clay nanocomposites as they go through a cycle of temperature at high and low
humidity, as shown in Figure 14.8. The initial temperature of the experiment was
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Figure 14.8 (a) Water contact angle measurements for a complete temperature cycle at
high relative humidity (over 85%); (b) Water contact angle measurements for a complete
temperature cycle at low relative humidity (less than 10%) [58]. This figure is reprinted from
Nanotech TechConnect Briefs 1, Y. Yeong, A. Steele, I. Bayer, G. DeCombarieu, C. Lakeman,
E. Loth, Impact of Temperature and Humidity on Superhydrophobicity of Polyurethane/
Organoclay Nanocomposites, 383-386, copyright 2011, with permission from TechConnect.
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20°C and the direction of the temperature cycle is shown by arrows. The satu-
rated air condenses at lower temperatures on the nanocomposites. This results in
a decrease in static CA and an increase in the wettability of the surface. The level
of condensation depends on the humidity in the air. The ROA was lower (around
3°) during the first half of the temperature cycle and gradually increased to
around 8 ° during the second half of the cycle [58]. Nanostructured surfaces that
were coated with hydrophobic diamond-like carbon (DLC) maintained super-
hydrophobicity with a static CA greater than 150° for annealing temperatures
between 25 and 300°C. The DLC was deposited via plasma polymerization of
hexamethyldisiloxane (HMDSO). It has been noted that nanostructured surfaces
that have an aspect ratio higher than 5.2 may maintain superhydrophobicity at
very high annealing temperatures (~350°C). But, the hydrophobicity on surfaces
with lower aspect ratio nanostructures gradually degraded at temperatures
higher than 350°C. All superhydrophobic surfaces became superhydrophilic
after annealing at temperatures higher than 500°C, irrespective of the aspect
ratio [59].

14.4 Applications
14.4.1 Anti-Icing

Each year ice storms adversely impact electrical transmission lines, communica-
tion frameworks, aviation infrastructure, roads, etc. In an attempt to decrease this
kind of harm, distinctive strategies have been created, such as local warming by
chemical means, which have a few restrictions in viable applications. However,
superhydrophobic surfaces can be used to reduce ice adhesion strength, as noted
in Section 14.1.2. Further, because water on a superhydrophobic surface does not
spend a significant amount of time on the surface before rolling off, the water is
removed before solidifying into ice.

The accumulation of ice on the wings of aircraft is a critical safety concern,
the presence of which can lead to structural damage and loss of aerodynamic
properties [60]. These effects lead to the use of complex anti-icing systems, addi-
tional preparation costs for aircraft, and the delay or cancellation of some flights.
Similarly, ice may accumulate on the edges of wind turbine blades. This ice can
cause an imbalance of the turbine blade, reducing power generation efficiency,
increasing maintenances costs, and can cause personal or property damage [61,
62]. Both aircraft wings and wind turbines are difficult to access during use, and so
prevention or remediation systems must be incorporated into the design. Auxiliary
heating systems are often incorporated into the leading edge of the aircraft wing
or turbine blade; however, these consume energy, introduce complexity, and cre-
ate additional risk of system failure [63-67]. The implementation of a surface that
passively prevents or reduces ice buildup would mitigate many of these concerns,
and the fabrication for these surfaces is being investigated [68, 69].
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14.4.2 Drag Reduction

Drag force is one of the main problems facing a solid moving in water like a ship or a
submarine. Several superhydrophobic coatings have been fabricated, inspired from
shark skin, to minimize drag. The presence of air pockets between microtexture
features, as described in the Cassie-Baxter wetting model, can diminish the contact
between solid and liquid so that the drag will be lessened [54]. Drag diminishment
by superhydrophobic surfaces was explored in different works such as the study
by Dong and co-workers [70], where they created a superhydrophobic coating on
the curved surface of a model ship by electroless deposition of gold aggregates. The
average velocities of the model ship before and after the coating were measured in
a sink with a size of 6 m x 0.6 m x 0.3 m. To calculate the average velocity, two iden-
tical iron wires were set across the sink and they were connected to the model ship
by nylon wires, as shown in Figure 14.9a. The model ship was powered through an
open circuit and the moving velocity of the ship was tuned by connecting a series
resistance in the circuit. The value of the resistance ranged from 0.1 to 1.3 Ohm,
corresponding to different sailing velocities. The velocity difference between the

(a) (b) 0.65
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Orthotic device 0.60 hydrophobic coating
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3 0.40
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Figure 14.9 (a) Illustration of the device for the drag-reducing test; (b) velocity of the model
ships with and without a superhydrophobic coating versus the values of the resistance
in the circuit powering the ship; (c) snapshots at the beginning and (d) at the end of the
drag-reducing test [54, 70]. Reprinted with permission from IntechOpen , M. Khodaei,
X. Chen and H. Li, Superhydrophobic surfaces - fabrications to practical applications, in:
Superhydrophobic Surfaces — Introduction and Applications, 1-11, (2020).
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model ships with and without a superhydrophobic coating increased with increas-
ing resistance in the circuit, indicating an increase in the drag-reducing effects, as
shown in Figure 14.9b. The superhydrophobic model ship displayed a surprising
drag decrease of 38.5%. On the uncoated surface, the drag occurs between solid and
water, but on the superhydrophobic surface, the drag occurred between solid and
water in some locations and between air and water in others, known as the plas-
tron effect, which resulted in a greatly reduced overall drag of the ship. Entrapped
air in surface asperities causes drag reduction of superhydrophobic surfaces. Drag
reduction is affected by the wettability of the surface, Reynolds number, direction
and size of features on the surface, and shear rate [71].

14.4.3 Anti-Corrosion

Due to the shedding of water and self-cleaning properties, all superhydrophobic
surfaces are to a certain extent capable of withstanding chemical attacks in aque-
ous acid, i.e., alkaline, or salt solutions. However, these surfaces often exhibit low
mechanical durability and can, depending on the material composition, be chem-
ically reactive [72]. When damaged, the surfaces may become more hydrophilic.
To this end, improving mechanical robustness has become one of the key issues in
the development of superhydrophobic surfaces with long-lasting corrosion resis-
tance. Xiu et al. [73] demonstrated that the superhydrophobicity of a silica surface
with micro and nanoscale hierarchical structures withstood mechanical abrasion
better than a nanostructured superhydrophobic surface, as seen in Figure 14.10.
After abrasion, only the nanostructures on the peaks of the microstructures were
removed. The nanostructures at the bottom were largely preserved, which was
critical for retaining the surface superhydrophobicity [74].

14.4.4 Solar Cells

The self-cleaning nature of superhydrophobic surfaces is advantageous to solar
power generation. The presence of contaminants, such as dust, dirt, or other
organics, prevents sunlight from reaching the solar cells. Also, the presence of sur-
face water and ice increases the reflectivity of the surface [63, 75]. Chemical or
mechanical removal of water, ice, and contaminants requires auxiliary systems or
physical access to the solar cells, which may not be possible in every application.
Microtextured superhydrophobic surfaces have been demonstrated to remove
these contaminants and prevent the accumulation of surface water and ice [76-78].
Furthermore, the microtexture pattern may introduce a secondary benefit as an
anti-reflection coating [79], thereby aiding in the capture of more solar energy.

14.4.5 Water-Repellent Textiles

Superhydrophobic coatings are most often applied on rigid substrates. But, in
applications like textile fabrics, the substrate (fabric) is not rigid. In the work of
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Figure 14.10 (a) Illustration of water droplet on Si with two-scale structures before and
after abrasion; (b) SEM morphology, static contact angle (8), and contact angle hysteresis
(AB) of Si with two-scale structures before and after abrasion; (c) SEM morphology, static
contact angle and contact angle hysteresis of Si with nanostructures before and after
abrasion [74]. This figure is reprinted from the Journal of Coatings Technology and Research
13, D. Zhang, L. Wang, H. Qian, Superhydrophobic surfaces for corrosion protection: a
review of recent progresses and future directions, 11-29, copyright 2016, with permission
from Springer Nature.

Wang et al. [80], superhydrophobic surfaces were created by modifying cotton sub-
strates with n-dodecanethiol and gold micro/nanostructures. All surfaces showed
an apparent static CA greater than 150° and retained the superhydrophobicity
after folding the surfaces several times [42]. Superhydrophobic textile fabrics were
prepared by Zimmermann et al. [44], with polymethylsilsesquioxane nanofila-
ments. Since the normal contact angle is unsuitable for superhydrophobic textile
properties, a parameter, named the water-shedding angle, was used for determin-
ing the wettability of the fabrics. When a water drop is allowed to fall onto the
inclined substrate, the drop completely rolls-off the surface. The authors called
this minimum angle the water-shedding angle. Wang et al. [81] prepared fabrics
modified with a fluorinated-decyl polyhedral oligomeric silsesquioxane and a
fluorinated alkyl silane. The prepared fabric showed both self-healable super-
hydrophobicity, superoleophobicity, and exhibited durability to acids, ultraviolet
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rays, machine wash, and abrasion resistance. Due to the anticipated applications
of superhydrophobic fabrics, durability against scratching, abrasion, and general
wear is necessary. Highly specialized technical textiles are used in automotive and
aerospace industries, filtration, construction, medicine, etc. Elementary grafting
processes or thin-layer deposition can be used to induce chemical modifications of
the fiber surface that affect (super-)repellent behavior with regard to water or oils,
coating or fiber-matrix adhesion, surface conductivity in the context of antistatic
behavior, and proteins and cell adsorption and adhesion, which influence biofilm
growth [82].

14.5 Future Outlook

Continued research into the primary and secondary effects of microtextured super-
hydrophobic surfaces reveals opportunities to improve the current designs and
fabrication techniques. In addition, research efforts focus on how these surfaces
can affect application areas more broadly, such as wind power generation and
refrigeration. Further, new and novel consequences of the behavior of water on
these surfaces are being discovered. And so, concurrent research occurs today on
design, applications, and novel consequences of these surfaces.

Plasma treatment and laser ablation suffer from scalability concerns [16, 22, 83],
while chemical etching suffers from application and materials limitations [8, 84].
Meanwhile, the use of nanoparticles shows promise in overcoming these limita-
tions. The coating of metallic nanoparticles shows potential for increased durabil-
ity [67], simple fabrication techniques [85], and large area coverage [86]. Without
these achievements, the viability is in doubt for these surfaces in corrosive [87] or
extreme temperature [8, 60] environments.

In many applications, such as anti-icing surfaces or solar cells discussed earlier
in Sections 14.4.1 and 14.4.4, respectively, the applications are the centerpiece of
the research. The addition of a microtextured surface may reduce the ice adhesion
strength on a wind turbine [88], and the combination of native low surface free
energy materials and surface microtexture can prevent ice buildup [7]. In addition,
the natural anti-reflection properties of microtextured surfaces [29, 89] couples
well with solar power generation applications [90, 91]. However, opaque materials
are not viable in solar power generation applications [16, 63, 69, 75]. Nevertheless,
a commercialization opportunity exists for cold storage applications, solar power
generation, and wind power generation.

Novel consequences of microtextured superhydrophobic surfaces involve
the kinetics of condensation coalescence into a droplet [92, 93]. From this, new
research areas such as the possibility of manipulating wetting properties [94, 95]
and condensation behavior [41, 96], are being pursued. It is interesting to note
that fully-controllable wetting properties can also be induced on the surface of
synthetic materials, such as PDMS, by using plasma treatment under appropriate
conditions in SF, gas [97].
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