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Hydrophobicity and coating adhesion are critical surface properties in electrochemical applications,
where stainless steel electrodes are often used as structural substrates. Conventional stainless steel
surfaces are naturally hydrophilic due to their exidyer, which limits their suitability without
additional modification. Laser surface texturing has emerged as a potential method to improve these
properties by creating controlled mie@nd nanostructures.

The aim of this thesis was to examine whethEd@W nanosecond fibre laser can be applied to generate
hydrophobic surface features and enhance the adhesion of cobalt hydroxide coatings on stainless steel.
The experimental design focused on two texture geomélimesand grid patterngproduced atwo

fluence levels (35 JJmmz2 and 141 J/mm?2), allowing systematic evaluation of the effects of processing
parameters.

The stainless steel specimens were characterised using a combination of macro iscagimgg
electron microscopwnalysis, 3D surface tography and areal roughness measurements. Functional
performance was assessed through static contact angle measuremenith aape adhesion tests.
Cobalt hydroxide coatings were deposited to investigate coating distribution and interfacial stability on
both lasettreated and untreated reference surfaces.

Results demonstrated that laser texturing significantly altered surface morphology and wettability. The
untreated reference surface was hydrophilic, with a contact angle of 82°, wherete#dsdrsiaces
achieved contact angles up to 135° (grid pattern, 35 JJmmz2). Line patterns produced anisotropic wetting,
with orientationdependent differences up to 32 %, while grid patterns resulted in isotropic wetting.
However dter coating deposition, hydrophigity was strongly diminished or entirely lost, with the G2
surface showing superhydrophilicity. Roughness analyses confirmed that grid textures produced the
most pronounced featureSa(up to 16.4 umSzup to 124 um), but excessive remelting at highearfce

reduced their effectiveness. Adhesion testing revealed that line textures premitsttedcoating

stability (grades 23), while grid textures performed poorly, with G2 showing complete detachment
(grade 0). SEM analyses further indicated that itdlyaroxide deposition was less effective on laser
treated surfaces, likely due to oxide formation during processing, whereas the untreated reference
surface showed more homogeneous and continuous coating coverage.

Future work should focus on optimisiragker parameters to balance beneficial roughness with controlled
oxide formation, as well as exploring combined surface treatments or alternative deposition strategies
to achieve both strong hydrophobicity and reliable coating adhesion. These findings pwiinsight

into how laseiinduced surface structures can be tailored for functional stainless steel electrodes, but
also highlight the limitations of cobalt hydroxide deposition on teesdured substrates.

Key words: laser surface texturingranosecond fibre lasegainless steelhydrophobicity surface
roughnessoontact anglecoating adhesigroobalt hydroxide depositigmurface morphologyelectrode
modification
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Nomenclature

Abbreviation
AFM
AM
CVvD
EAS
EDS
ePTFE
ETD
FCC

FE
FE-SEM
FEG
FIB-SEM
GDL
HER
LaSAT
LIPSS
NRR
OER
PDMS
PEM
PFTEOS
PMMA
PTFE
SE/BSE
SEM
STEM
T1

T3
UV-Vis
XPS

Symbol

Unit

mn?

Explanation

Atomic force microscopy

Additive manufacturing

Chemical vapor deposition

Electrochemical ammonia synthesis

Energy dispersive Xay spectroscopy

Expanded polytetrafluoroethylene
EverhartThornley detector

Facecerterer cubic

Faradaic efficiency

Field-emission scanning electron microscope
Field emission gun

Focused ion beam scanning electron microscopy
Gas diffusion layer

Hydrogen evolution reaction

Laser shocladhesion test

Laserinduced periodic surface structures
Nitrogen reduction reaction

Oxygen evolution reaction

Microfabricatedsilicon polymer, polydimethylsiloxane
Polymer exchange membrane

Modifiedepoxy coang with fluorinated silanes
Poly(methyl methacrylate)

Fluoridated polymer, polytetrafluoroethylene
Secondary electrons and backscattered electrons
Scanning electron microscopy

Scanning transmission electron

High-angle backscattered electron detector
Secondary electron detector

Ultraviolet-visible spectroscopy

X-ray photoelectronmectroscopy

Explanation
Tilting angle

Laserbeam crossection area
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Droplet radius
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Fraction of the wet solid contact angle
Gravitational acceleration
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Arithmetic average roughness (linear)
Mean peakto-valley height (linear)
Arithmetic average roughness (areal)
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1 Introduction

The urgent need to reduce greenhouse gas emissions and decouple chemical production from
fossil resources has intensified the search for more suswialédrnatives. Among emerging
solutions, Poweto-X technologies offes a promising route by enabling the conversion of
renewable electricity into chemical energy carriers such as hyd¢oggrammonig. ( ) and
synthetic fuelsin general, Poweto-X refers to processes that convert electrical energy into
storable and transportable chemical formkese approaches are central to future carbon
neutral energy systems and rely on advances in electrochemical procesq tle$®in[3]

One keystepof Powerto-X is ( production through water electrolyse process that uses
electricity to split water int¢ and oxygen(/ ). This process involveslydrogenEvolution
Reaction (HER) an®xygenEvolution Reaction (OER), whose efficien@an belimited by
sluggish reaction kinetics and overpotentials, making the design of active, stable, and
conductive electrode materials crucial for overall performaffje Water electrolysis
performance is critically dependent on the elm® and catalyst materials, whose surface
characteristics influence reaction kinstioverpotentialsand the efficiency of HER at the
cathode and OER at the ang8k [6]. Accordingly, the design of efficient, selective, and stable

electrode surfaces remains a major focus in electrochemical enging¢ék;ipgj.

Within this framework,ElectrochemicalAmmoniaSynthesis (EAS) represents one possible
Powerto-X pathway and has emerged as teptial alternative to the traditional HabBiosch
processeAS enables ( production under ambient conditions using water and nitrogen

as feedstocks, powered by renewable electrifiyWWhile attractive in principle, this method

is still limited by low Faradaic efficiencfFE), poor selectivity for  reduction compared to

the competing HERi' which is thermodynamically and kinetically more favourabland
instability of catalyst materiald9]. Addressing these limitatien not only requires
improvements in catalyst activity and stability but also careful optimization of the reaction
interface. For this reason, precise control over the electrode sudad@articularly its ability

to manage multiphase contact betwees, dgiguid, and solid phasescts asa key factor in

enabling efficient and selectivgl synthesis[10]

Among the surface properties that govern these interfacial dynamics, wettability is one of the
factors that may influence gdmjuidi solid interactions and thereby affect theerallefficiency

of EAS[11]. In this thesis, wettingefers tothe interfacial interaction between a liquid and a



solid surface, reflecting how easily liquid spread beads up on the surface. Ithe surface
property that encompass both hydrophilic behaviours, where water spreads and wets the
surface, and hydrophobic behaviour, where water minimizes contact by forming droplets with
high contact angles. Surface wettability influences mass transport, interfacial reaction rates,
bublde adhesion and access to catalytic sifsgfaces with hydrophobic charadstics for
instance, can modulate the local idapiid interface in ways that potentially enhance the
Nitrogen ReductionReaction (NRR)i the cathodic halfeaction in EAS tht converts to

. (7 while suppressing competing reacti¢h$], [12], [13]

Surface modification techniques are requjrexcontroland tailor such surface characteristics
Traditional methods, such as chemical etching or mechanical abrasion, often suffer from limited
control, chemical waste and poor reproducibifity], [15], [16] In contrast, lasebased
surface functionalization offers a highly controllable, clean and scalable solution for modifying
surfacemorphology and chemistr{17] In thisthesis laser surface functionalization refers to

the useof laser irradiation to induce localized physical and chemical changes on soirface
material thereby modifying its interaction with surrounding media. More specifically, laser
surfacetexturing involves the creation of micraand nanostructures that inéince surface
energy, topography and wettabilif{t8], [19] The key advantage of laser processing lies in its
nortcontact nature and ability to fabricate fine features in a programmable and reproducible

manner, withouany chemical aditives[20].

Beyond the technical motivation, there is also growing economic and scientific interest in this
field. According to recent market studies, the global demand for advanced secfataogies,
including lasetbased techniques, is expected to grow in the coming y2afdditionally, a

rising number of academic publications focusing on lasduced wettability and surface
functionalization shows that this research area is rapidly expanding andaligeiled with

current scientific prioritiegas illustrated irFigurel).
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In contrast, searchi ndtecmsd &ydhomisobilcadero,
propertieso, and fiLaser sur f aciebgduhblicatiobsipernal i z
year . Notabl vy, combduwnaédomy dfi 0 glko Mikwmcatey 6 AN

ammonia synthesiso or AHydrophobicityo AND
resulted in only 02 annuapublicationsThis indicates that while both laser surface engineering
andEAS are independently active research areas, thigirsectionespecially in the context of
hydrophobicsurfacetexturingfor electrode applicationsemainsstill largely unexplored.

This thesis investigates whether such laser surface structuring can be used to tune the wettability
of electrode material®r EAS. A 100 W pulsed nanosecond fibre laser is used to generate
controlled surface textures @16L stainlesssteelsubstratesStainless stealbaschosen as the
substrate due to its mechanical strength, corrosion resistance, and relevance in electrochemical
device integration.The study examines how differetdser surface texturingeometries
influence surface hydrophobicity, and whether theseasarfeatures affect the adhesion of

coating layers, which may be applied in further electrode functionalization.

Through this work, the feasibility of lasarduced electrode surface modificatiapplications

is evaluated. The following research questiaresaddressed:

1. Can ananosecond fibre laser be usedrtgrove hydrophobic properties stainless

steelsurfaces?

2. How do different surfaceexturinggeometries affect the hydrophobicity of seface

of stainless steatlectrode8

3. Canlaser surfae texturingimprove the adhesion of catalytic coatingstainless

steelelectrodes?

By answering these questions, this thesis aims to contribute to the development of scalable and
sustainable electrode surface engineering strategies fegeegtation kectrochemical energy

technologies.

This thesis was executed as part of project
Reactors Realized with Additive Manufacturing (Gr¢eM) 06 whi ch iis funded
Council of Fi nl an didggdedisioronomber®65516)oThis peojedt staftedn d
1.1.2025, and it will end 31.12.2026. Project partners are Research Group oinitdtnirgy

for Urban Miningof School of Engineering Science at Lappeemnlaaitéi University of



Technology LUT and ResedrdGroup of Digital Manufacturing and Surface Engineering

(DMS) of Mechanical Engineering in Faculty of Technology at University of Turku. The

GreeR AM project aims to develop a decentraliz
process using electrosyn#ie powered by renewable energy, replacing the enatggsive
HaberBosch met hod. lts purpose is to support
enabl i ng-bapeddedilizerd\ahid energy carriers, fostering innovationsa#itiency,

andclean energy access.



2 Surface functionali ty

2.1 Overview of surface functionali ty

Surface functionality is an emergent property of surface, based on materials surface structure
and chemistry{22], [23]. This property enables different physical, chemical, biological or
optical response in specific environmeffd], [25], [26], [27]} Functionality can appear as
passiveor as activepropertyby giving a respond to external stimuli8]. Passive surface
functionality implies to a surface where the functionality is always present, the propiexgy b
independent of any external stimulus or changes in environmental conditions, and it is based
on stable surface structure @hemistry. Passive surface functionalities are used, for example,

in motor bearing, where hard coating and surface structdoeesriction and weaof the part

Active functionality implies to a surface property which can change or activate dare to
external stimulus, such as light, heat, electricity, magnetic field or chemical environment. This
active response is based on; &ample, changes in material phases or ionic respfite.
These types of staces with active functional properties are often called smart materials and
can be used imariousapplications, on@xamplebeing smart glass, where the glass material
responses to UV lighHB0], [31]. Table1 showsthe commonsurface functionalities, their key
properties and example applicatipnpempiled from32], [33], [34],[35], [36], [37], [38], [39]



Table 1 Common surface functionalities, their key properties and applications [32], [33], [34], [35], [36],

[37], [38], [39].

Surface functionality Key properties Applications Reference
Water-repellent Hydrophaobicity, Self-cleaning surfaces, [32]
properties hydrophilicity anti-fogging surfaces
Friction and wear Reduced coefficient of Machinery parts, [33]
control friction, enhanced wear medical implants
resistance, surface
hardness
Optical functionalities Anti-reflectivity, Solar panels, air and [34]
photocatalytic surface, water purification
wavelength-selective
absorption
Conductive properties Electrical conductivity, Conductive polymers, [35]
thermal conductivity insulators
Biological functionalities | Antimicrobial activity, bio- | Surgical instruments, [36]
inertness, cell adhesion implants, biosensors
control
Adhesion properties Tunable surface energy, Coating adhesion, [37]
enhanced bonding, anti- adhesives, release
adhesive (non-stick) liners, non-stick
behavior cookware
Other liquid-repellent Oleophobicity, Anti-smudge coatings, [38]
properties lipophobicity, chemical protective screens, fluid
resistance to oils and barriers
organic solvents
Stimuli-responsive Changes in properties Smart windows, [39]
surfaces under external stimuli sensors, actuators,
(light, heat, tunable optical devices
electric/magnetic field)

As shown in Table 1, different surface functionalities are based on specific physical and
chemical properties, such as hydrophobicity, electrical conductivity, wear durability or
biological activity. These funicinal properties allow the application of surfaces in sefined
applications, such as medical implants, optical systems or mechanical comp@#nf&5]
Controlled implementation of these functionalities, for example, through miana
nanostructures, surface chemistry oteligent material responseacts asa key factor in

optimising material performance across industries.

Surface functionalitiesan be explained through four main factqf9 chemical composition,
(2) surface roughnes$3) topographical structureand (4) external stimulusesponsiveness
All four factorsare closely linked to the micrand nanoscajeandto some extent, with its
macroscale features, such as overall surface waviness, geometric form,-ecédeg®ughness
variations[25], [40]



The atomielevel composition of a surface directly influences its surface gnergeractions

with surrounding substances, physical respgnaad electrochemical activityFunctional
groups, such axCHs, i OH, T NH>, 8 CHOandi COOH, play a key role in determining surface
wettability, adhesion, and biocompatibilithema t e r iility to pesformib a living system
without triggering toxic, allergic, or harmful immune responddd)] Chemical surface energy
governs how the surface interacts with liquids and biological molecules, affecting phenomena
such as spreading, adsorption, and protein binding. Additionally, reactive species, such as
radicals, cai€modulate biological responses and are closely associated with miteuieéd
toxicity [42]. Chemical coatings, including silanes and oxide layers, are used to tailor surface
properties, particularly to enhance water repellende onprove coating adhesid7], [43].

Ding et al.(2020)[37] demonstrated that the application of a silane couplgemnenhanced

the adhesion between asphalt and acidic granite aggregates by modifying the surface chemistry
and forming a stable interfacial layer, thereby improving bothvater repellence and bonding

performance.

Microscopic roughness of a surfaces a impact on the behaviour of liquids and patrticles
interacting with the surfacas well as on the optical and mechanical properties of the surface.
High surface roughness can promote hydrophobicity, provided that the liquid cannot penetrate
into the surface asperities, as described by the Q#&=mer model[41]. This model
demonstrates the relation of contact angle)(on a rough surface to the equilibrium contact
angle(—) (the angle at the solitiquidi vapor boundary when a droplet is at rest, reflecting the
balance of interfacial tensions between the phases) smootlsurface and the fraction of the

liquidi solid contact anglef), asbelowEquationl shows.

AT-©0 p Qp AI-O (1)
This model shows that increased surface porositi the value of being low,caugsa larger
apparent contact angle, contributingstgpehydrophobic behaviouA classic example is the
superhydrophobicity of the lotus leaf, whidausedfrom a hierarchical microstructure
composed of shor@ndwide surface pillarg§44]. Furthermore, controlled surface roughness
plays an important role irribological performance, as regular texture patterns can be

engineered to optimize friction behaviour, lubricant retention, and load distribution in
mechanical systenjd5], [46], [47]

The geometric structure of a surface, including micaod nanostructures, hierarchical

architectures, and high aspect ratio features, can be engineered to elicit physical relsponses.



particular, lgh aspect ratio structurdsave been stwn to reduce the degradation of biological
components such as von Willebrand fagtoglycoprotein in the blood essential for the process
of clot formation) underscoring the critical role of surface topography in modulating
bifunctionality.[48] The modelling and fabrication of multiscale surface textures enable precise
control over friction behaviour and lubricant dynamics in mechanically demanding or dynamic
applications. A welknown example is the asof pyramidal surface textures in solar panels,
which minimize light reflection and thereby enhance optical absorption efficigtgjy.

In addtion to singlelayered modifications, surface functionalities can also emerge from multi
layered architectures or from materials that exhibit responsiveness to external $tlitiuli.
multilayer systems, each layer is tailored to fulfil a specific relech as mechanical
reinforcement, chemical interfacing, or active functional behavjdg}.Furthermorestimuli-
responsive coatings, whiclor examplereactto light, temperature, or electric fieldsan
provide adaptive performance and dynamic tunability, as exemplified in technologies such as

smart windows and sensing interfa¢@s].

Functional surfaces can be fabricated using methods su€heasical Vapor Deposition

(CVD) (a hightemperature process in which gaseous precursors react to form a thin solid film
directly on a substratdp0], sotgel processindga wetchemical method for producing high
purity ceramics or glasses by transforming a liquid precursor into a solid network through
hydrolysis and condensation, followed by drying and heat treatfsdhgnd photolithography

(a technique that uses UV light, a photomask, and a photoresist to @mmitrometrescale
patterns on substrates through steps such as spin coating, exposure, and devdkment)
These techniques enable control over surface energy liawd the creation of microand
nanostructures that influence properties like wettabjatyurface propertgescribinghow a

liquid interacts with a solid surfacgg3], adhesiora surface property describing the tendency

of dissimilar materials or surfaces to stick to each of{bdi) or corrosion resistan@material
property that defines its ability to resist degradation caused by chemical reactions with the
surroundingenvironment)[55]. Plasma etchin@a microfabrication technique where reactive
ionized gas (plasma) is directed onto a surface to remove material fronilrttsn[56] can
generate hierarchical textures on metals or polymers, enhancing their functional behaviour.
Functional surface structures can also be produced aditive manufacturingAM), known

also as industrid@D printing, wheethe surface geometry is intentiolyalesigned intadigital

model. By adjusting parameters such as texture height, spacing, and orientation, it is possible

to achieve surface functionalitiesich as wataepellenceor guided fluid flow directly during
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the printing procesg57] Figure2 shows AM surfaces with functionaticropatterning58],
[59], [60].

(b)

(c)

@ Hydrophilic
B Hydrophobic

Nanoparticles self-
assemble to 3D
structures

Figure 2 Examples of micropatterned AM surfaces for wettability control: (a) multi-jet printed shark skin
structures, shown as membrane, pattern layout, and individual denticle; (b) inkjet-printed hydrophilic
polydopamine squares on a hydrophobic substrate; and (c) patterned photonic crystals on a hydrophobic
silicon wafer with hydrophilic micropatterns created by inkjet printing. Reproduced from [58], [59], [60]
which are under an open access Creative Common CC BY licence.

As shown inFigure2, panel (a) presentsi@M microstructure surface inspired by biological
textures, where precise controltbkefeature orientation and density enables the replication of
complex natural designs for applications such as drag reduction and wear resistance. Panel (b)
demonstratethe hydrophilid hydrophobic contrast patterns that regulate droplet spreading and
positioning, offering potential use in microfluidic devices and-tetechip systems. Panel (c)
shows inkjetprinted nanoparticle assemblies that -sefanize into threeimensional
structures, illustrating how additive manufacturing can be combined with namosatdrial

control to create multifunctional surfaces fase inoptical, biomedical, and arfbuling
applications[58], [59], [60]

2.2 Hydrophobic surfaces

Hydrophobicity of surfaces the ability of surface to repel watewhich is a key functional
feature in different rtaral and technical systems. This phenomenon is emergedaftogh

contact angle in the interface of liquid and solid materials, when water does not spread to the
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surface, but creates a rounded drgmstillustrated irfFigure3. Hydrophobicity is influenced

by both the chemical properties of the surface and the physical structures of the surface,
especiallyproperties such amughness, porosity and topograpBgveal theories have been
developed to model this functional phenomenon, the most impbeagthe models of Young,
Wenzel and CassiBaxter. These theorems describe the relation between liquid and surface,
taking into account the physical antlustural influencing factorssuch as surface energy of
interfaces and surface roughnefk3], [61], [62] Hydrophobicity can be also induced by
chemical and external factors, such as light and thermal impact, which can influence the wetting

properties of the surface.

Wettability of a surface can be evaluated by measuring the contact angle between the interfac

of a droplet of liquid and a solid plares illustrated irFigure3 [63].

¥re =liguid — gas
surface tension

- a ’
4 N ’

/LIQuID A,

lll Il:
GAS | DPOPLET g = contact___s,* |
.| angle 2 ¥Yse = solid — gas
\ i’ surface tension

¥s1. = solid - liquid
SOLID surface tension

Figure 3 Contact angle between the interface of a liquid droplet and a solid plane. Reproduced from [63]
which is under an open access Creative Common CC BY licence.

As shownabovein Figure3, a liquid droplet rests on a solid surface while being surrounded by
a gas phase. The contact anghe i6 formed at the point where the three pkdbgquid, gas,

and solid meet. The image illustrates the interfacial tensions acting at this point:
represerning the surface tension between the liquid and [gasbetween the solid and liquid,
and/  between the solid arghs.[63]

The value of contact angle determines the wettalofitg solid surface Themagnitude of the

angle is determined by the balance between adhesive and cohesive forces acting between the
surface and the liquid: the smaller the angle, the better the liquid wets the J@4HcEa5]

Angles below 90° indicate good wettability, that is, a hydrophilic surface where the liquid
spreads widely. Angles above 90°, on the other hand, indipata wettability, where the

liquid forms a compact droplet and the surface is consideségidrophobic. If the contact
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angle exceeds 150°, the surface is classified as superhydraoghdhis case, the liquid barely
touches the surface and the droplet easily rolls off.ofip@site of superhydrophobic behaviour
is with a superhydrophilic surface, where the contact angle is less than 10°, often approaching

0°. On such surfaces, water spreads rapidly and evenly due to very strong adhesivid 2jrces.

Youngo0s &@b)shdwn ia Bquatidn Zescribes the relationship betwehle contact
angle and a surface tension of droplets on ideal, smooth and homogenic. surface

Al-6 —— (2)

where—i s t he contact angll ¢ lndl Yaeusorigce snergiesodfe | an
the solidgas, solidiquid and liquidgas interface$61]. This model was later modified by
Gibbs to take into account the volumetric dependence of the contactastgieation 3 shows

Al —— —- ()
wheret is the line tension anadis the droplet radiuf66].

The Wenzel model (1936) accounts for the fact that solid surfaces are typically not ideally
smooth, but exhibit surface roughness that influemetng behavioyras shown in Equation
4.

Ai-© 1AT-© (4)
wherer is roughness coefficientAccording tothe theory of Wenzel, surface roughness

enhances the inherent wetting tendency of a material: hydrophilic surfaces show improved

spreading of water, whereas hydrophobic surfaces exhibit increased resistance to[@2}ting

ThepreviouslyreferredCassieBaxter model (1944) describes ttedation ofthe contact angle
on a rough surface to the equilibrium contact afggeEquation ). This model also describes
situation, where liquid does not fill themevenness of the surface, but pditatsby air on top
of microstructures This model is based on the distribution of the interfaessshown in

Equation 5.

AT-©6 ™AT-6 1 (5)
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where™Qis the proportion of the solids under the liquid &ds the air proportion. Whei@
"Q p, the equation described above reduces to the form of Equafidnslequation shows,

that the microstructures and porosity of the surfae@sincrease the contact angle3]

In orderfor the surfaceto behydrophobic, the surface nest have appropriat®pography,
porosity and oftem hieratic structuremeaning that the surface features must be dimensionally
and spatially optimized to support watepellence by minimizing contact with water and
maximise air trappinglhese structures combine micemd nanoscale features that reduce the
contact area between the liquid and the solid, allowing air to remain trapped beneath droplets
and thereby promotg a CassieBaxter wetting statg67], [68] Previousstudies have shown

that combining microand nanostructures into hierarchical entities can improve both the degree
of water repellent and mechanical stabi[®@]. In such structures, water does not penetrate
into the pores but instead rests on air pockets, which is referred to as thé Ezadsiestate.

By reducing the solidiquid contact area, th state enables the droplet to maintain a high
contact angle, resulting in superhydrophobic behavi¢i®] Long et al. (2016)[70]
systematically investigated the stability of the Cad3&xterstate orstructured copper surfaces

and found that although many surfaces display high contact angles and low sliding angles under
ambient conditionsThese properties deteriorate under condensation or external pressure if the
surface lacks sufficient nanoscalette®. Their results indicate that hierarchical micaad
nanostructures, especially those with densely packed nanoscale features, enhance the stability
of the CassiEBaxter state even under low temperatures and during droplet evaporation,
preventing trarisons to the metastable. This structural stability facilitates robust water
repellence, critical for applications such as -@itig and sustained dropwise condensation.
Moreover, their evaporation experiments demonstrated that only surfaces with dense
hierarchical features could sustain spherical droplet geometry under increasing Laplace
pressure, indicating persistent low adhesion and stable CRBagterstate. Similar conclusions

were drawn by Yoon et al. (201#9], who emphasized that natural and artificial surfaces with
dual micre and nanoscale roughness consistently yield superhydrophobic behaviour by
trapping air beneath droplethiereby reducing solidiquid contact. Their review reinforced

the idea that both topography and surface chemistry must be engineered in concert to achieve
reliable norwetting behaviourThe principle is illustrated ifrigure4, where scanning electron
microscopy (SEM) imageshow the hierarchical morphology of a natural lotus leaf alongside

an artificially fabricated PDMS surfack&9]
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Figure 4 SEM images showing superhydrophobic surface morphology: (ai c) a natural lotus leaf, and
(di f) an artificial PDMS-based surface with similar wetting behaviour. Image sourced from [69] which is
under an open access Creative Common CC BY licence.

As seen irFigure4, the artificial structure, created via a estep replication process using an
underbakedyunderexposed photoresist ohah, exhibting a broccolilike micro/nanotexture.
This randomly distributed surface architecture closely mimics the natural lotus leaf and

enables high water contact angles (>160°), confirming its superhydrophobic f&8jire.

Surface hydrophobicity is dependent on contact angle hystergsiddfined as the difference

between an advancing) and a recedingontact angle<), as shown in Equation[&1].
0o — — (6)

This difference indicates how strongly the liquid adheres to the suffa2g.[73] Low
hysteresis allows the droplet to roll off easily, enabling-clelaning, whereas high hysteresis

causes the dropled remain pinned.74], [75]
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Figure5 illustrates theconcept of contact angle hysteresis on a tilted surfdoe advancing
angle ) appears at the droplet front as it spreads, while the receding -angéppears at the
rear as it detaches. Their difference represents hysteresis, while the tilieq g indicates

the minimum inclination needed for the droplet to mgvé]

S

_ O = receding contact \
BIEE 8, = advancing }contact

angle

///.

@ = tilting angle

Figure 5 Advancing and receding contact angle between the interface of a liquid droplet and a solid
plane, and the effect of hysteresis due to tilted plane. Reproduced from [76] which is under an open
access Creative Common CC BY licence.

As shown inFigureb5, atilted plane can be used to measure advancing and receding contact
angles. By tilting the plane, gravitation gradually increases and the droplet starts tir8lide.

Values of each angle can be calculated using gravitatiored fis shown in EquatiofT).
OBl — Ai-©0 Al-© 7

wherg is the width of the contact area of the drogfes a geometric factomis the mass of

the droplet andy is the gravitational acceleratiof¥.7], [78] He et al. (2004])79] conducted

direct measurements on microfabricateticon polymer, plydimethylsiloxan (PDMS),
surfacesand found that Cassie droplétgoplets that sits on roughrsegeaks with air pockets

and rolls easily off the surfac&xhibited lower hysteresis compared to Werth@lplets (
droplets that penetrate grooves of roughness and sticks strongly to the s@paodjcally,

the advancing contact angle for a Cassie ldtopas 152153°, and the receding angle was
132°, causinga hysteresis of about 20°. In contrast, Wenzel dtepb@ the same surface
showed advancing angles of 1423°, but the receding angle continuously decreased with
volume reduction, indicating no stable value and thus very high hysteresis. These results

confirm that the wetting state strongly affects hystisrand that Cassie dropletssting on air
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pockets are more desirable in selfeaning or dropletransport applications due to their
enhanced mobility{.79]

The hydrophobic behaviour @f surface is influenced by a set of structural parameters that
determine how water interacts with the surface botlicatht and dynamicallyy80]. One key

factor being surface roughness, which can be measyrdtblfarithmetic average roughness)
describing the linear average roughness of the surfaceRa(mdean pealto-valley height)
describing the linear average height difference between the largest peak and the deepest valley
[81], [82]. In the study by Kubiak et al. (201193], the influence of surface roughness on
wettability was systematically evaluated using six different mate(iBlsduminium alloy,(2)

titanium alloy,(3) steel alloy,(4) copper alloy(5) ceramic, and6) poly(methyl methacrylate)
(PMMA). The surface roughness was controlled by polishing samples with abrasives of varying
grit sizes,causingRavaluesr angi ng from 0. 15 Om to 7.74 Om.
were measured 20 seconds after droplet deposition to cHpgpreaststaticwetting behaviour.

Results showed that the relationship between surface roughness and contact angle was not linear
but materialdependent and often namonotonic. As illustrated ifrigure 6, each material

exhibited a characteristic tren@3]

Contact Angle (t=20s) Contact Angle (t=20s)
100 (b) 100

O
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Figure 6 Appar ent c 0 na) raeadureda2 getoads &ftdr droplet deposition as a function of
linear average surface roughness (Ra). (a) Results for aluminium, titanium, and steel alloys. (b) Results
for copper alloy, ceramic, and PMMA surfaces. Image sourced from [83] which is under an open access
Creative Common CC BY licence.

As seen irFigure6, titanium and steel alloys showeatreasing contact angles with increasing
roughness, whereas copper alloy and ceramic surfaces exhibited a minimum contact angle at

intermediate roughness values. In the case of ceramic, contact angles as low as 20° were
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observed aRav al ues o flicatind ent@nced spreading. PMMA surfaces showed a
more gradual change, with contact angles increasitigroughness. These trends suggest that
while increased surface roughness can promote air entrapment and enhance hydrophobicity, it
may also lead toncreased wetting depending on the surface chemistry and morphology. The
authorsalsoemphasized that roughness alone cannot predict wetting behaviour reliably; rather,
it must be evaluated in conjunction with surface material properties and topographical
complexity.[83]

Another parametenaving an effect on surface hydrophobicig/pore geometry and order. If

the pores are regularly arranged, for example in a micropillar structure, they can produce a
mecharcally stable Cassidaxter state where water cannot fill the poteg insteadremains

above them. In contrast, occasional or irregular porosity can lead to unstable wetting behaviour
and triggera contact angle hysteresis phenomenam which droplet prpagation and
withdrawal occur at different angle3he influence of pore geometry and ordering on
hydrophobicity has been confirmed both computationally and experimené&]y[84], [85]
Bushuev (2025)68] used molecular dynamics simulations to study hierarchical Mengerespong
nanoparticles and observed that particles with isolated micropdrdsn(gd) exhibited more

stable norwetting behaviour and higher intrusion pressures compared to those with
interconnected mesoporesi {® nm). Irregular connectivity promoted prematuretera
infiltration and weakenel bonding networks, leading to transitions away from the Cassie
Baxter state. In contrast, more symmetric and closed pore networks enhanced air entrapment
and supported stable droplet suspension. Supporting these findingayddami and Fadeev
(2011)[86] fabricated structured alumina surfaces with either hexagonally ordered (~100 nm)
or randomly distributed pores and evaluated their wetting properties after silanjzbhgéaorcal

surface modification process wheoeganosilane molecules are covalently attached to the
surface to create functional propertieSurfaces with regular pore arrangements exhibited
higher contact angles (up to 162°) and lower contact angle hysteresdsdisordered surfaces
showed reduced angles (~145°) and increased droplet pinning. These results demonstrate that
pore symmetry and spatial order enhance both the static and dynamic aspects of surface

hydrophobicity by stabilising the Cassigaxter rgime and minimising wetting transitions.

Although surface structure plays an important role in hydrophobicity, the chemical composition
of the surface must also be considef@d]. The free surface energy of the surface and the
functional groups attached to it determimaw strongly water interacts with solid matter. A

surface with low free energy does not provide enough thermodynamic energy for water
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molecules to spreadausinga high contact angle and hydrophobic[88], [89] Chang et al.
(2022)[90] demonstrated thdty modifying epoxy coatings with fluorinated silanes (PFTEQOS)
reduced the surface free enerfysolid and increasethe contact angl®f water droplefrom
107.2° to 114.4° on flat surfaceédn rough nanocomposite surfaces, tbatact angle further
increased from 143.6° (Zn4D5) to 148.2° (ZnF4Q@:5) and from 150.2° (Zn40:9) to 153.4°
(ZnF401:9) after fluorinationThe corresponding 3D surface topographies of Zhi&80Zn40

1:9, ZnF401:5, and ZnF441:9 coatings are shown Kigure7. [90]
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Figure 7 Three-dimensional surface profiles and average surface roughness (Sa) of the fabricated
nanocomposite coatings. Image sourced from [90] which is under an open access Creative Common
CC BY licence.

Figure7 shows he 3D surface topographies of Zr#i®, Zn401:9, ZnF401:5, and ZnB0-1:9
coatingsand measured surface roughness vdl@@s The Savalues confirnthat fluorination
with PFTEOS did not alter the micro/nanostructural features, as surfaces with identical ZnO
nanoparticle concentrations and size ratios exhibit comparable roughness. The incézase in
from the 1:5 tohe 1:9 ratio reflects the higher proportion of larger ZnO particles, indicating
that surface topography is primarily dictatéd nanofiller characteristics rather than the
chemical modification.Since the surface topography remained nearly unchanede
increases were attributed directlyttee chemical composition. The introduction o#& and

#& groups lowered the surface energy, stabilizing Céaggle wetting and decreasing
contact angle hysteresdown to 3.39° in the mostydrophobic coating (ZnF40:9). These
findings confirm that lowering surface energy via functional group modification is a key

mechanism for enhancing hydrophobicif90] In technical applications, suclhere low-
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energy surfaces are implemented, for example, by fluoridated polymers such as PTFE
(polytetrafluoroethylene), or by the use siflanebasedcoatings that form hydrophobic
structuresFor example, these materials incléde (methyl group)#& (trifluoromethyl) and

3 B( (trimethylsiloxane) groups, which are known for their ability twéo surface energy

and thus increase water repelldBt], [92]

External stimuli can affect or even actively regulate the hydrophobic nature of the surface. For
example, in the electrowetting phenomef@am external electric field dynamically redogthe

contact angleenabling controlled movement of the liquid inard@channels. Similar responses

can also be achieved by light (optowetting) or heat (thermoresponsive coatings), where the
surface reacts to changes in environmental conditions and changes titg) vpebperty
accordingly.[93] Zhu et al. (2024) demonstrated that surface wettability can be dynamically
controlled using aterahestizr e quency el ectric field. When a
applied to a surface coated with a swimoscale water layer, the contact angle dropped from
51.7° to 0°, indicating a switch from hydral to superhydrophilic. This reversible transition

was frequencygpecific and driven by disruption of tife bonding network, showing that

wettability canbe tunedalsowithout changing surface chemistry or struct(@é]
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3 Laser surface functionalization

3.1 Overview of laser surface functionalization

Laser surface functionalization is a technigigsedfor the controlled modification of material
surfaces by using laser energy to create physical or chemical chatgessabfmicro- and
nanoscaleg95]. This approach enables the geat®n of functional properties with high
precision and reproducibilitj96]. For instancelaser surface texturingan enhance optical
characteristics, such as argflective properties or light trappir(gonfinement of light within

a material by repeated internal reflections, which increases its absorptinet) are useful in
photovoltaics(technology were light is converted into electricisfd sensor desigf97].
Surfaces modified with laser techniques can also be tailored to influence friction and wear,
making themmore suitable for tribological applications where durability and reduced
mechanical losses are requif@8], [99]. Lasertreatmentcan alter the chemical reactivity of
surfaces, igher by exposing reactive sites or by enabling selective coating adhesion, which is
important for material integration and the deposition of protective layj€g], [101}
Functionalization may further be used to adjust thermal and electrical conductivities or to
modify surfacedriven fluid flow behaviouf102], [103]

Lasersurface functionalizatiors causedrom physical and chemitateractions between laser
energy and the materif®5]. One of the key mechanisms is the formation of mientd
nanostructures as a result of local melting, ablation and rapid recrystalligbdidjy Such
surface structures including wells, grooves, and regular ridgésan influence the optical,
tribological,and biological properties of the matefia05], [106] Laser treatment also changes

the chemical composition of the surface, for example through oxidation or other reactions that
occur with air, shielding gas ather additives. These chemical modifications enaltitee
adjustment of surface energy, corrosion resistance, and biocompat®dipyd temperature
variations may induce phase transformations and refine the microstructure, enhancing
properties such as surface hardness and fatigue str&h@jthUltra-short pulses can be used

to creae lasefinduced periodic surface structures (LIPSS), which influence, among other
things, the scattering of light, the orientation of cells, or the wetting behavide sdirfaces

[97]. In addition, residual stresses and localized hardening may form under laser irradiation,
improving wear resistand89]. Laser processing further enables selective removal or melting
of material with high precision, making it possible to fabricate rtajter or hybrid structures

and with minimal material consumptiga08]. Because it is a necontact method, laser
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processing is particularly well suited for the clean and accurate modification of delicate or

geometrically complex surfacgs6].

Laser surface structuring can be achieved in two primary ,vdgpending orboth the pulse
characteristics such as pulse width and frequericgnd scanning method. When using longer
pulses and daser beamwith small diameter at the focal painindividual grooves or
microchannels are formed, with a depth ranging from several nanometres to micrometres
directly as the beam ablates material along the scanning path. This creates defined patterns
based on the movement of the beam, as showigure8a [104][92]. When using ultrashort
pulses, such as femtosecond pulses, LIPSS can form on the surface during $racesgas

shown in Figure 8b [105]. These selorganized nanoscale ripples are typically oriented
perpendicular to the laser polarization and arise from the interference between the incident
beam and surface ekeomagnetic waved he formation of LIPSS is influenced by parameters
such as laser wavelength, fluence, number of pulses, and polarization dirfjo8uch
structures enhance surface functionality, including wettability, adhesion, and optical behaviour
[97], [109]
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Figure 8 Laser surface structuring methods: (a) Long pulsed scanning method and (b) LIPSS method
with ultrashort pulses. Images sourced from [97], [109] which are under an open access Creative
Common CC BY licence.

Figure8 presentshetwo laserbase approaches to surfacectaring[97], [109]. In Figure8a,
long-pulse laser irradiation is used to ablate material @amdproduce weHdefined
microstructures, such as dimples or grooves, with dimensions ranging from tens to hundreds of
micrometres depending on the beam diameter. These features are generated by scanning the

laser beam across the surface, either throluigimovement of the beam itself or by introducing
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arelative motion between the lasgrstemand the substrafd10], [111] Figure8b illustrates

the formation of LIPSS using ultishort pulsed laser radiation, for example femtosecond pulsed
lasersystem Herematerial removal does not occur in the conventional semstead, periodic
nanostructures are safganized due to interference between the incoming laser wave and
surfacescattered waves. These ripples are oriented perpendicular to the piolanzéhe laser

and are highly sensitive to processing parameters such as laser fluence, pulse number, and
wavelength[97], [109]

Laser surface texturingas been shown to improve the tribological performance of mechanical
components by reducingpe friction and wear through the introduati of micredimples on
contact surfaces, whictan be useds hydrodynamic bearings or lubricant reservoirs under
various lubrication regime®8], [99]. Etsion (2004)]99] reportedboth theoretical modelling

and experimental validation te#ser surface texturingpplied to melsanical seals, piston rings,

and thrust bearingsn case ofmechanical seals, laserxtured surfaces with hemispherical
dimples D100pum diameter,D10um depth, 20% area densitgchieveda friction torque
reduction of up to 65 % at low unit loads congzhio nortextured referenceRartiallytextured

seals provided an even greater effect, reducing friction by more than 90% at 12 bar sealed
pressureMore recentlyLin et al. (2025]112] investigated the effect ¢diser surface texturing

on the wear resistance of lastadded WCNi composite coating®\ picosecond lasatevice
producing a laser beam withwavelength of 1064 nm, an average power of 2a8tanning

speed of 200 mm/s, and a pulse frequency of 100nkdtzused for laser texturin@ircular pit
textureswere appliedo coatings containing 20 wt% WC (WC20) andmpared with both
untextured coatings and coatings with higher WC content (60).wigure 9 shows
representative images of the textured surfaces, highlighting the uniform pit geometry produced

by the picosecond laser processifid.2]
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Figure 9 (a) Optical microscopy image of laser textured surface. (b) 3D image and corresponding centre
section profile of laser textured surface. Image sourced from [112] which is under an open access
Creative Common CC BY licence.

Figure 9 shows thetextured WGNi composite surfaces, where the optical micrograph
illustrates the regular distribution of circular pits, and the 3D profilometry image confirms an
average pit diameter of ~100 um and a depth of ~22 um. The darker peripheral zones visible
araund the pits reflect localized thermal effects during laser processing. The tribological tests
demonstrated that wear resistance was enhanced by surface texturing. In particular, the textured
WC20 coatings (WC2QT) showed a 29.24 % reduction in averagetion coefficient and a

53.56 % reduction in wear rate compared to untextured WC20 coatings. This improvement is
attributed to the function of the micpts as reservoirs for wear debris and lubricants, which
mitigated abrasive and adhesive wear whilppsuting hydrodynamic lubrication under wet
sliding conditions. Microstructural analysis further indicated that the-ladaced texture
preserved the overall phase composition but promoted grain refinement and localized hardening
in the binder phase, esgally near pit edges, where microhardness values exceedéd® 500

As a result, the wear tracks of textured coatings were shallower and smoother, with improved
lubricant retention and reduced crack propagation, confirming the protective effectasfeie |

generated microstructurg412]

Several studies have demonstrated that laser processing caheadlectrical conductivityof

a surfacethrough controlled texturing and chemical modificatj{@d3]. Stolz and Poprawe
(1999)[113], investigated this effect on ceramic substrates, specifitally and AIN, by
generating conductive micttoaces with#/ and excimer laser irradiationl / wasmodified

using continuous wavet/ laser radation (wavelength of 10.6 pnwith scanning velocity
between 10 and 30@m min !, and laser powsfrom 25 W to 1 kWIn contrast, excimer laser
radiation at 248 nm was employed for AIN, with an effective pulse number ranging from 1 to
140 and fluences bete e n 1 . 5 aThedprogesseducedine résistivity ol 1 /  from
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values exceeding O T c mqt o ap pr o xm,coaesppiding tdan Bnprqvement of
14 orders of magnitudd his modification was achieved through carbonization and crystalline
transformations in ethanol environment, forming offstoichiometric phases (sych b/ )

and introducing amorphous carbdfigure 10 shows resistance per length as a function of
process velocity fof 1 /  samples of different purities, showing that higher velocities were
generally associated with lower resistarj@4.3]
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Figure 10 Electrical resistance per unit length as a function of processing velocity for various ! I /
grades. Image sourced from [113] which are under an open access Creative Common CC BY licence.

As shown inFigure10, at scanning e | oci ti es of ©O40 mm/ min the
nearly constant across &ll / purities. When the velocity exceeds 50 mm/min, the resistance
increases sharply, most notably for the 99.9% sinteted . In comparison, sluregast and
lower-purity sintered materials retaalower resistance over a wider velocity range, indicating

a greater tolerance to high scanning velocities without conductivity loss. For AIN, laser
modification decreased resistivity to values of3® 0 mqgq c¢ m, d euse nuchbeng o n
This improvement was associated with grain boundary alterations that enhanced conductivity
without complete metallization of the surface. The changes were attributed to microstructural
rearrangements and the possible formation -oicN secodary phases, confirming that laser

irradiation can selectively adjust the electrical behaviour of dielectric cerdaii&s.

Laser processing can alse applied to enhance the electromagnetic shielding effectiveness of
materials. Electromagnetic shielding refers to the ability of a material to block or attenuate
external electromagnetic fields, including radio waves and static electric Tielaskova eal.

(2018) [114], investigated this effect by treating electrically conductive hybrid fabrics
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composed oftainless stedibres with a#/ laser device. Tik laser system operated at a
wavelength of 10.6 um, a power of 100 W, andegfrency of 5 kHz. The study demonstrated

that laser patterning increased the shielding effectiveness measured at 1.5 GHz from
approximately 10 dB to more than 40 dB. This improvement was attributed torldseed
carbonization and localized conductivéghancement, achieved without the need for additional
coatingsFor detailed control of the surface modification, the grayscale method was applied, in
which pixel intensity in the input image determines the delivered laser energy: darker regions
receive hgher doses, enabling precise and localized struct[irirf). While high laser intensity

led to brittleness and changes in mechanical performance in some patterns, optimization within
the 2035 % grayscale range maintained the integrity of the fabric while improving both
shielding capability and visual appearance. These results demonstrate that laser structuring
provides a promising strategy for tailoring the electromagnetic performance=alblél
electronic textiles[114]

Laserinduced surface functionalization has been shown to influenceri $lmigtture
interactions, particularly in relation to hydrodynamic cavitation. Cavitation refers to the
formation, growth, and colfse of vapor bubbles in a liquid flow, often occurring when local
pressures drop below the vapor pressure of the liquicsl Pet kov ek Hg17] al
investigated this phenomenon by fabricating five distinct microstructural topographies
(dimpled, velvet, oxidized, waved, and grooved) on stairdtess cylinders using a nanosecond
fibre laser. Tis laser operated at a wavelength of 1060 nm with pulse durations between 10 ns
and 28 ns, repetition frequencies ranging from 90 kHz to 90Q&htzaverage powers between

3.7 W and 19 W. Scanning speeds varied between 300 mm/s and 540 mm/s, with line spacings
from 0.9 um to 130 um depending on the pattern. The results demonstrated that laser texturing
delayed the onset of cavitation and redudsdintensity compared to polished reference
surfaces, especially during the early stages of cavitation development. Among the tested
textures, dimpled and velvet surfaces produced the smallest cavitation extent and lowest
pressure oscillations, indicatingpat welldesigned microfeatures can mitigate cavitation
induced erosion and noise. In contrast, the grooved surface, with the highest roug§hness (
value of 18.3 um), promoted the most intense cavitation activity and the longest cavitation
lengths, confiming that high roughness enhances vapor bubble generation. Frequency analysis
of pressure fluctuations further supported these findings by showing thatinkiseed
texturing altered both the shedding frequency and amplitude of cavitation cloigisuftiome

indicate that surface texturing affects cavitation not only through roughness or wettability, but
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also via the interplay of microgeometry, material response, and flow dynamics. The results
highlight the potential of laser texturing as a functl@adion strategy: it can suppress
cavitation where it is harmful, such as in turbines and pumps, or enhance it in applications

where bubble activity is beneficial, such as water purification and emulsificHtior].

The functionalization o$tainless steeurfaces through the formation of LIPS@s explored

by Saqib et al. (2023)118], focusing particularly on corrosion resistance and biocompatibility.

Using a picosecond laser system withvelangths of 1064 nm and 532 nm, the researchers
fabricated distinct nanopatterns on AlSI 3dt@inless steelincluding linear LIPSS formed

parallel to the laser polarization (L1064 and L532) and crosshatched groove patterns (LGV).
These nanostructuresfféred in both spatial period and morphology: L1064 patterns exhibit

wider, less densely packed ripples, L532 produces finer;fhégjuency ripples with smaller

feature spacing, and LGV combines two orthogonal sets of grooves to creatékegagture
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Figure 11 Corrosion performance of LIPSS-treated surfaces: (a) potentiodynamic polarization curves,
(b) comparison of corrosion rates in bar chart form. Reproduced from [118] which is under an open
access Creative Common CC BY licence.

The potentiodynamic polarizati curves irFigurella show that L532 exhibited the most noble
corrosion potentialmeaning it shifted toward more positive values, which indicates a higher
resistance to the initiation of corrosjamd the lowest current density in the passive region,
demonstrating superior passivation. The LGV surface also performed well, with currents higher
than L532 but clearly reduced compared to the untreated refgflebjceBy contrast, L1064
provided only a moderate improvement, with current densities higher than L532 but still lower

than LO. The quantitative comparisonRimgure 11b confirmed these trends: the L532 surface
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achieved the lowest corrosion rate (0.09 mm/year), nearly 50 times lower than the untreated
reference. LGV followed closely, while L1064 achieved only partial reduction. The enhanced
corrosion resistance wasrditted to laseinduced microstructural changes, including grain
refinement and oxide modification, as well as physical entrapment of air within the
nanostructures, which served as barriers against corrosive ion peneBaticympatibility

tests with hman umbilical cord mesenchymal stem cells were also performed. All textured
surfaces were shown to support cell adhesion and proliferation, but the L1064 surface promoted
superior alignment and confluence of cells along the linear nanogrooves. Thesgsfindin
indicate that LIPSS can be tailored not only to enhance corrosion resistance but also to guide
cellular behaviour, making them highly relevant for biomedical applications such as stents
where both durability and biocompatibility are critiddl18]

In addition to creating surface textures, lasecpssing can also impart functional properties

by modifying the surface chemistry amaterial. Laseinduced surface functionalization was
explored not only for controlling wettability but also for engineering functional flow channels

on flat glass sdiaces in a study done by Aono et al. (2016) [@8]emical surface treatment

with terminal functional groups #& or # () was combined with localized infrared

laser irradiation. By this approach, invisible, Aemtured flow channels were createdheut
physical engraving. &/ marking laser with a wavelength of 9.3 um, a power of 20 W, and

a scanning speed of 2000 mm/s was used in the experiments. The laser modified channels
preserved both the transparency and the surface integrity of the glassified by SEM and
ultravioletvisible (UVi vis) spectroscopy. The concept of ge#fnsportation flow channels was
introduced, where droplets were driven autonomously along the surface due to a gradient in
wettability. This behaviour was achieved by woling the decomposition of terminal
functional groups through tailored laser parameters. As the surface locally transitioned from
hydrophobic to hydrophilic, a contact angle gradient was generated, and the resulting hysteresis
was sufficient to inducddid motion without external actuation. These results demonstrate that
laserinduced functionalization can be used to manipulate fluid dynamics on glass surfaces
through chemical composition control, offering potential for applications in microfluidies, la

ona-chip systems, and passive liquid transport technoloffié8]
3.2 Laser-induced hydrophobicity

Hydrophobic functionality can benducedto solid surfaces through laser irradiation,

particularly by employing pulsed lasers withira-short pulses, such damtosecondulsed
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laser devicesThis laserbased method enables ¢hformation of controlled microand
nanostructured topographies that alter the wetting characteristics of the msuefaale
Following laserirradiation, surface morphology becomes hierarchically textured, consisting of
conical spikes, grooves, or dited features, which trap air beneath water droplets and reduce
the effective contact area between the solid and the liquid phase. This geometric configuration
facilitates the transition from a Wenzgpe wetting state, where the droplet fully penetrates
the surface texture, to a Casfaxter state, where the droplet partially rests on air packsts

a result, the contact andbetween the water droplet and substrate suifezeases and may,

in certain cases, exceed 150°, at which point the surfadassifeed as superhydrophobic.
[119], [120], [121]

The degree of hydrophobicity achieved by laser texturing is governed by several interdependent
processing parameters,ciading laser fluence, pulse duration, scanning speed, and hatch
spacing. By adjusting the laser fluence, the extent of material ablation and surface modification
can be controlled with high precision. Moderate to high fluences enable the formation-of well
defined microcavities and hierarchical textures, which contribute to air entrapment beneath
liquid droplets and support stable CasBiaxter wetting state§121] Use of lower fluences
causesshallower suidice features or incomplete pattern development, leading to reduced
contact angles and less stable wetting behaviour. The transition from superhydrophilic to
hydrophobic behaviour is tirrgependent and driven by pesiadiation surface chemistry
evolution, notably the gradual adsorption of airborne hydrocarbons and reduction in surface
free energy[122] Immediately after texturing, surfaces typically exhibit hydrophilic states with
contact angles below 10°, which can spontaneously evolie stable hydrophobic or
superhydrophobic surfaces over the course of days or weeks under ambient coftitigns.

This timedependent wetting transition has been experimentally verified by Dongre €€4l) (2
[123]. Surfaces wer@repared bysing ananosecond laser texturingstéinless sted16 using

a fibre laser operating atwavelength of 1064 nm, a pulse duration of 200 ns, a repetition rate
of 30 kHz, a scanning speed of 100 mm/s, and a fluence of approximately 2.5 J/cm2. Contact
angle as a function of time (days) was measured in aodezview the timalependence of

surface wetting, as shown kigurel2. [123]
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Figure 12 Time (days) as a function of contact angle. Image sourced from [123] which is under an open
access Creative Common CC BY licence

As shown inFigure 12, the measured contact angl@s evaluate@s a function of time. The
scatterplot shows how thertact angle increased from below 90° to a maximum of 153° within

40 days, after which no further changes were recaafted 20 daysindicating stabilization of

the surface state. The plotted data are complemented by optical microscopy images of sessile
droplets at different time points, clearly illustrating the gradual transition from complete wetting

to strong water repellence. SEM analylses confirmedthat thesurface modificationsre
consistent with partial oxidation and the formation of nanostructured particulate layers. The
increase in contact angle was attributed to a combined effect of oxide crystallization and
adsorption of airborne contaminants, both of which reduce the surfexgg/eand promote nen

wetting behaviour{123]

Coatingswith low surface energysuch as fluorinated silanes or plasdegposited#& layers,
canbe applied onto lasdreatedsurfaces osubstrateto accelerate and stabilize the wettability
transitiors. These coatings reduce surface energy while conformally preserving the underlying
topography[120], [122] The combination of lasegenerated microand nanostructures with
such coatings has been shown to increase contact angles and decrease hysteresis, thereby
enhancing droplet mobility and reducitite pinning effects. Surfaces with hierarchical dual
scale roughness have demonstrated higher resiliandgnamic wetting conditions, such as
droplet impact or ice nucleatidiprocess where molecules of liquid water start to form into
clusters) [120], [122] In antticing applications, lasetextured and fluorinated aluminium
surfaces have exhibited extendedefiag delay timefl22]. Rico et al.(2019)[122] observed

that CassieBaxter surfaces delayed freezing for longer times coegpdo Wenzetype

geometries with similar roughne&sheir findings highlighted that surface morphology and air



30

entrapment play a more decisive role than roughness amplitude alone in suppressing

heterogeneous nucleation.

The durability and functional longgy of laserinduced hydrophobicity have been
systematically investigated. Surfaces fabricated with dense and uniform nanostructures have
demonstrated improved resistance to mechanical abrasion, chemical attack, and thermal
cycling. In particularstainless steesurfaces textured with a nanosecond pulsed fibre laser and
subsequently coated with a thin sildmesed hydrophobic layer were shown to maintain
hydrophobicity even after prolonged exposure to saline environments, confirming potential for
maritimeand industrial application§l20] Rafieazad et al. (201§120] havereported that the

laser textured surfaces exhibited contact angles up to 145°, indicating the formation of water
repellent surface features. However, electrochemical testing in a 3.5 wt.% NaCl solution
revealed a decrease in corrosion resistance compared to univeatettly silanecoated
references. The corrosion current density of the laser textured and coated surface was 8.51

10 A/ cm], which was higher xlh0an tA/adm]o)f arr
silanecoated reference (2.441 0 Al cm] ) . These fi-mdhgeshgs i n
microstructures, while effective in achieving hydrophobicity, did not maintain air entrapment
under full immersion, which increased the effective contact area with the electrolyte. Although
wettability remained unchanged after corrosion testing, the structural design alone was
insufficient to provide corrosion protection in aqueous environments. Effective mitigation of
immersiorinduced corrosion requires the development of stable superhydropjeainnetries

with hierarchical roughness, capable of sustaining the G&ssiger wetting state and

preventing electrolyte infiltration into surface reces§Ez0]

Stainless steedurfacedreated with femtosecond pulsed ladewriceshave show long-term
stability of contact angles when the nuerone density and aspect ratio were optimized,
highlighting the importance of precise control over texture dimensions and unif¢irhéy
Kam et al. (2012)119] havedemonstratedhat by tailoring the scanning spe@®0 to 2400
mm s?1) and fluence(from 0.253 to 1.014) cm?) during femtosecond laser processing
(wavelength of 1043 nmdf AISI 316L stainless steesurface micro-cone structures with

differentmicro-cone densitieand geometescould be fabricatecas shown ifrigure13.
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Figure 13 SEM images of the 316L stainless steel surface following processing with (a) N =8, (b) N =
40, and (c) N = 300 scanned layers. The textures were generated using laser pulses at a fluence of
approximately 1.014 J cm@ (8 €J at focus) with a repetition rate of 1000 kHz and a scanning speed of
600 mm s@d. Image sourced from [119] which is under an open access Creative Common CC BY licence.

Figurel3presents SEM images of surfaces fabricated undesfhigpu ence condi ti ons
J/icm?) at varying numbers of scanned layers: (a) N = 8, (b) N =40, and (c) N = 300. At low N,

the cones a& shorter and more widely spaced, while increasing N produces taller structures

with higher aspect ratios and more uniform distribution. These variations in geometry directly
influenced wettability, with contact angles ranging from superhydrophilic (dfydoophobic

(~113°) without chemical treatment, and up to ~150° after silane coating. The images highlight

how controlled adjustment of scanning parameters allows precise tuning ofoni aensity

and aspect ratio, enabling tailored wetting behaviowstainless steedurfaces[119]

The geometry and configuration of laseduced surface textures have been shown to influence
the wetting behaviour of metallic surfaces, since different texturing strategies generate distinct
microstructural and chemical modifications that directly afecface wettability[124]. In a
systematic studyyang et al. (2016)125] havefabricatedhree types afexturegline, grid and

spot) on pure titanium surfagassinga nanosecond pulsed lasgrstemwith a wavelength of

1064 nm, a pulse width of s and an output power of 1.2.Whe distance between lines and
spots varied from 50 to 100 pmmmediately after processing, all surfaces displayed
superhydrophilic behaviour with contact angles below 90°, which was attributed to increased
surface energgand oxide formation. Over time, contact angles increased as surface chemistry
evolved. After stabilization, the surfadestured with line patterachieved the highest contact
angle of 157.2°, followed by grid (153°) and spot (132.5°) patterns. Thetimansas linked

to the combined effects of hierarchical roughness and gradual accumulation of carbonaceous
species. Surface roughness analysis confirmed that line and grid textures produceRaigher
values value of 6.7 um), particularly wherspacingwas minimized (5060 um), thereby
enhancing air pocket formation beneath droplets. Spot patterns, in contrast, showed the lowest
roughnessRavalue of 0.2 um) and correspondingly weaker hydrophobicity. Morphological

observations further revealed thatdgiextures produced the most complex topography due to



32

overlapping laser passes, whereas spot textures generated isolated features with limited
interconnectionX-ray photoelectronpectroscopy (XPS) measurements showed an increase in
surface carbon contefrom 48.6% (untreated) to 60.7% (line), 58.7% (grid), and 52.0% (spot),
demonstrating that both surface morphology and chemical composition contributed to enhanced
water repellence. These results confirm that texture type and spatial density crigtaihgide

the wetting state. In particular, continuous and intersecting patterns such as lines and grids
support stable CasgiBaxter wetting by increasing roughness and enabling air trapping.
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4 Functional properties of electrodes needed in electrochemical

ammonia synthesis

Ammonia synthesis is the process by whichand( are formed inta ( , usually under
catalytically controlled conditiorfd 26]. Industrially, this is traditionally acenplished through

the HabeiBosch process, which requires high temperature-68@0°C) and pressure (2D
MPa), and high energy based on fossil fugl&7], [128] The method contributes to
approximately 8 % of global carbon emissions, making it a critical target for sustainable
technological refornil29].

In recent years, particular interest has been attracted by-talesd green ammonia, in which
the . ( is prodwed by using( , which has been produced with renewable energy. This
approach supports climate goals as it can reduce the carbon footprint of the syAthasis
result, research is oriented towards electrochemical synthesis methods in Whiclan be
produced directly from water and air atnbient conditionsThese methods offer a promising
alternative to energyintensive HabeBosch process, with energyefficient and

environmentally sustainable( production[130]

EAS is based on the principle of driving NRR at the cathode using electrons and protons
generated from water oxidation at the anode. As illustratEdyure14[131], water molecules

are split at the anode into protons (H ) and
¢(/°9meg t( TAS8 (7)

As shown inFigure 14 the protons migrate thrgh the electrolyte, while the electrons flow
through an external Ci r c ui dasrdaats withhttee sup@iedh o d e .

protons and electrons to produce NH , accord

o A O .(. (8)

This electrochemical route drlas decentralized( production under ambient conditions and
offers a promising, sustainable alternative to the conventional Headseh procesd132],
[133]
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Figure 14 Schematic of EAS. Reproduced from [131] which is under an open access Creative Common
CC BY licence.

As illustrated inFigure 14, the EAS system consists of several components, among which the
electrodes play a centradle [131]. The anode and cathod®t only facilitate the respective
oxidation and reduction reactions but also directly influence the overall reaction efficiency,
selectivity, and stability. Therefore, the development of advanced electrode materials and the
careful selection of their sl@ice properties are criticéth improving the performance of the
process. Optimized electrode design can enhance reaction kinetics, proradsorption and

activation, and reduce competing side reactions suetc&s[8], [134]

The properties of electrode materials in EAS are decisive for determining the overall
performance and efficiency of the systgi85]. Electrodes must exhibit high selectivity for the
NRR to suppress competing side reactions, particularly HER, which often dominates in agueous
electrolyte4136], [137] Good electrical conductivity is also required to ensure efficient charge
transfer between thexternal circuit and catalytic sites. Another critical factor is strong catalytic
activity toward N activation, which is frequently the ralieniting step due to the inertness of

t he NI N t[138]. pd addrebsdhis dhallenge, electrodes should provide a large surface
area to increase the exposure of active sites and enhance mass t{ag§pottongterm
chemical and structural stability in the electrolytic environment is equally important to prevent
degradation or leaching during operatid40], [141] A wide range of material classes has
been investigated to meet these requirements, including-beted catalysts (e.g., Fe, Mo, or
Ru), composites that combine complementary functionalities, polymers with tunable chemical
properties, and biobased materials that provide environmentally sustainable alteftédfyes
[143]. The integration of these material properties is central to the design of efficeént an

scalable electrodes for EAS.
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4.1 Hydrophobic surface

Surface processing of electrodssch asurface texturing, enables the tailoring of functional
properties that directly influence electrochemical performdi¢e By modifying surface
microstructure and chemistry, it is possible to enhance catalyitrdyaelectrical conductivity,

and wettability[144], [145] One such functional property is hydrophobicityhich can be
deliberatéy introduced to improve interfacial behaviour during electrochemical reactions
[146].

Hydrophobic surface modification of electrodes, particularly the cathode, has been identified
as a promising strategy to improve the efficiency, selectivity, and durability of EAS systems
[147], [148] Sincethe NRR occurs at the cathode, wherecompetes with protong () and
electrons A ) for access to catalytic sitd$49], a hydrophobic sfimce plays a key role.
Hydrophobcity helpsto maintain gasaccessible pathways by limiting water intrusion, which

is essential for efficient transport to the electrod&50]. Restricting water accumulation at

the surface, hydrophobicity suppresses HEf,competing side reaction that reduces

yield. As a result, hydrophobic cathodes improve NRR selectivity, increase the Faradaic
efficiency (FE), defined as the fraction of charge used for the desired reaction, and contribute
to electrode stability under electrochemical operating conditifitsl], [152], [153] On
hydrophilic electrodes, the electrolyte wets the surface readily, leading to a continuous washing
effect that enhances proton availability but simultaneously intensifies competition from HER.
By contrast, hydrophobic surfaces limit direct electrolyte contact, which reduces proton
flooding and increases | ocal N avaigl aNoH | it
selectivity. However, if the hydrophobicity becomes excessive, ionic contact with the
electrolyte may be restricted, resulting in diminished conductivity and reduced overall current
density.[154]

Effective NRR at the cathode requiteelancing the delivery of and protons to active sites
while suppressing HERL55]. Hydrophobic surfacesupport this bylimiting liquid water
penetration into the catalyst or gas diffusion layer (GDL), thereby preserving gas pathways and
promoting stable threghase boundary formatioBxpanded polytetrafluoroethylene (ePTFE)
menbranes are used as hydrophobic GDLs, as they combine high gas permeability with strong
water repellenc§l56]. Goldman etl. (2024)[156], demonstrated thahcorporating ePTFE

into a zeregap # / electrolyser stable operationis maintained with high Faradaic

performance. The cell achieved voltages of 2.5 V BBdbove 90% fo# products at 200
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mA c¢cm | . This highlights how hydrophobic GDL
transport, and ensure loigrm stability. Such benefits amransferable to EAS systems, where

efficient gas diffusion and interface stability are critical for high performgitH.

Hydrophobicity has also been shown to enhance mass transport under pressurized conditions
[157]. Controlled wettability allows higher current densities without sacrifitihegselectivity

[158]. Vediyappan et al. (2024) 58], havedemonstrate how the integration of a hydrophobic

gas difusion layer (hydrophobi&DL) in a pressurized polymer exchange membrane (PEM)
waterelectrolysermass transport characteristen® enhancednder elevated water pressure.
HydrophobieGDL prevens water from penetrating into the carbon paper, thus maintaining
effective separation between gas and liquid phases at the electrode surface. This structural
configuration enabkeefficient gas evolution and minimigemembrane dehydration. The results

have shownthat increasing water pressure from 0.1 to 0.4 MRd te a consistent rise in
current density, from 64 to 117 mA cm | at 2
vol tage of 1. 6 Vip waiemavdilabibaty and gedugeinmpassarangport
limitations. These findings support the argument that hydrophobicity, particularly under
pressurized conditions, facilitates enhanced mass transport by preventing electrolyte flooding
and improving reactant access at the catalyst interfaceebthemabling higher operating
current densities without compromising efficiency or selectiviityis is especially relevant in
high-rate electrolysis setupsyith water electrolysis done with high current densityere

excessive water accumulation woulth@rwise lead to performance degradafitso], [160]

In addition to improving transport and selectiyititydrophobic layers can extend the
operational lifetime of electrodgd56]. By reducing continuous exposure étectrolyte,
hydrophobic surfaces protect catalytic materials and support structures during prolonged
operation Hydrophobic layers act as a protective barrier against electiolyteed damag

while maintaining gas access, which slows down degradation and extends electrode/catalyst
lifetime. [162], [163] The study done by Khorsand et al. (20[§3] provides support for the
protective role of hydrophobic surfaces in enhancing dueability of electrodes in
electrochemical environmentsCarbonbased gas diffusion electrodes modified with
hydrophobic agents, specifically polytetrafluoroethylene (PTRE)e investigatednd their
performancewas evaluatedduring longterm electrolys. The resultshave shown that
hydrophobic PTFHreated electrodes exhibit structural integiityprovementand operational
stability compared ttheuntreated samples. Over extended operation, the untreated electrodes

suffer from electrolyte flooding, ¢talyst layer delamination, and performance degradation. The
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hydrophobic layer act as a physical barrier that minimized prolonged exposure to aqueous
electrolytes. Theresults indicate that hydrophobic treatment not only enhances initial
electrochemical performance but also prolong the functional lifetoheelectrode by
maintaining stable gabquid interfaces andy protecting the underlying catalytic structure

from chemical and mecha&al deterioration.

Hydrophobic surface functionalities at the cathode represent an effective strategy for improving
EAS efficiency and electrode lifetimeBy supporting efficient gas diffusion, stabilizing
electrochemical interfaces, anprotecting against degradation, hydrophobic electrodes
contribute to the development of higlerformance and sustainable systdiiwl], [150], [163]

These advancesupportobjectivesin green. ( production,by prouding possible solutions

for material and component selection, whadditionally help to reduce energy consumption

and carbon emissions of the process.
4.2 Coating properties and adhesion

Electrode surfaces must exhibit catalytic functionality in EAS to enafficient NRR while
maintaining stability during continuous operatid64]. Unlike inert conductive substrates,
functional electrodes require surface characteristics that actively prddiRRe suppress
competing reactions, and support leiegm durability. These properties are often introduced

by applying catalytically active coatings tailored to enhance electrocatalytic efficiency,
selectivity toward ( , and resistance to degradation liec&rolyte environmentgl65]. When

the substrate lacks inherent catalytic activity or stability, the coating provides theargces
functional properties, while the substrate mainly serves as a conductive and structural support
[166]. Nevertheless, substrate features such as surface topograpityastructure introduced

during fabrication or surface treatment can still influence electrode performance by affecting

mass transport, adhesion or local reaction environnieég.

Most important requirementsr catalytic coatings ati@ high electrocatalytic efficiency, strong
selectivity toward ( formation, and stability under electrochemical conditid@s], [169],

[170]. However, another significant aspect is mechanical duralufitthe electrode, wbh
dependson the structural and electronic design of the catalyst, including the distribution of
active sites and favourable metal combinations that facilitate charge transfer and accelerate
reaction kineticd171], [172] Wang et al. Z024) [173] haveused RuMo alloy nanoflower

structures with a faeeentred cubic (fcc) phase. Nanoflower structures resemble flower
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morphology in microscopic scdl&74]. The resulthiaveshown that the nanostructures enhanc
nitrateto-ammonia conversion, achieving higk of 95.2 % and durability due to favourable
electron rdistribution and an optimized-lsand center, which improve electroactivity and
electron transfer of the electrode surface. Guo et al. (Z0Z%) havefabricated catalysts
composed of copper nanowires encapsulated in ZIF67 (CUNW@ZIF67) structures. These
structures demonstrate enhanced catalytic performanceF&ithf 93.7 % and high energy
efficiency of over 30 %, due to their optimized morphology andesyistic electron
interactions. Equally important is the ability of the catalyst to selectively direct the reaction
pathway toward ( , minimizing the formation of undesired 4pyoducts. Yan et al. (2024)

[176] haveshown that a catalyst made of phosphedaped copper clusters combined with
cobalt hydroxide nanosheet® (# @ 1/ (  achieved this by managing both steps

(/ OL/ AT A Ol ( ofthe nitrateto-ammonia conversion. Thghosphorus doping
improved the electronic properties of the catalyst, helping to keep the nitrite intermediate on
the surface long enough for it to be fully converted fo . This design resulted in a hidit

of 97.04 % and reduced the formation of unwdnbyproducts. The electrocatalytic coatings
also need to remain chemically and structurally stable under the electrochemical conditions
[177]. Materials like Cu/PTS, CoW/CF, and titanium hydride have been shown to maintain high
activity and stability over extended use. These materials could be therefore used as electrode
coaing materials in practical applications when designing a system(forsynthesis[172],

[176], [178]

Caatingsneed toremain structurally stable and firmly bonded to the subssatiaceduring
operation[179]. Weakly bonded or structurally unstaldeatings are prone to delamination
(separation of a layered material into individual layedsssolution(material dissolves into a
solvent to form a homogeneous solutiowy restructuring under harsh electrochemical
conditions, leading to a loss of sty and reduced electrode lifetini@80], [181], [182]
Coatingsactsas a potective barrier for substrate material, preventing for example corrosion in
. ( environment[183]. Effective surface preparation before coating deposition improves

adhesion and is therefore a critical step in electrode manufacfL8sp

A key mechanism that govertise coating adhesion is mechanical interlocking, which relies
on the interaiion between the coating and the microscopic irregularities of the substrate
surface. Featuréssuch as ridges, valleys, pores, and miomnanescale roughnessallow

the coating material to penetrate and anchor physically into the substrate togold/@HI his

improves wetting of the coating onto the surface and establishes physical anchoring points that



39

resist shear forces and delaminatié&s a result, the effective bonding area is increased and
local stress concentrations are reduced, leading to enhanced adhesion strength, durability, and
coating stability.[186] This is particularly important for electrocatalytic systems operating
under continuous cycling and in harsh chemical environments, where strong interfacial bonding

ensures longerm performance and rability [140], [141]

Surface texturing with laser systerhas emerged aseaeffective approach for enhancing

coating adhesion and stability through both physical and chemical surface modification.
Controlled laser irradiation produces micend nanostructures that enlarge the surface area

and promote mechanical interlocking oéttoating[187] These textured surfaces reduce local

stress concentrations and improve the mechanical anchoring of the catalytic layer, thereby
minimizing the risk of delamirteon under cyclic loading or thermal expansj@88]. The study

by Kromer et al. (2015)189] has shown thatlaser surface texturingiproves coating adhesion

by creating micradimpled patterns that enhance mechanical interloclingulsed fibre laser

with a wavelength of 1064 nm, a pulse duration of 100 ns and repetition rate from 20 to 100

Hz, was used tdaser surface texturingrocess In tensile adhesion tests, lagerated
aluminium substrates reached adhesion streng
for grit-blasted references. Itaser shock adhesiontests (LaSAT), the textured surfaces
withstood laser pulseenergiesp t o 2.5 J, whereas untreated s
increased adhesion was attributed to mubrople arrays that improved mechanical
interlocking and enlarged the bonding area, confirming the effectivenelssenf surface

texturingin improving coating durabilit.

In EAS, electrodes are continuously exposed to pressurized electrolytes, reactive intermediates,
and potential cycling. Under such conditions, the combination of catalytic coatings and laser
pretreatment is highly valuable. Thidrategy enhances both catalytic performance and
mechanical robustness, ensuring kiaegn stability. Applying laser treatment before catalyst
deposition therefore represents a key enabling step for advanced electrode materials in

sustainable (  production
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5 Aim and purpose of experimental part

The aim of the experimental part is to investigate teser surface texturingan be used to
fabricate hydrophobic surface structuresstainless steedubstrate The primary objective is

to understand how micr@and nanoscale surface features generated by laser processing affect
the surface wettability, topography and coating behaviour. These aspects are essential for
tailoring surface propertig®r applications where control over water repellence and surface

interactions is critical.

The experimental part of the thesis is divided into three main stages, as illustiféitpdéis.

Each stage includes specific characterization steps that support the final analysis.

Topography-, SEM- and contact angle -measurements

Pre-treatment ] - Laser surface texturing

Topography-, SEM- and contact angle -measurements

Coating ] - CoOH —coating deposition

Topography-, SEM- and contact angle -measurements

Adhesion testing

. - Tape adhesion tests
and result analysis

Figure 15 Steps of experiments for this thesis.

In the first part (se€igurel15), laser surface texturing as a {reatment is applied to stainless

steel surfaces using selected parameter sets. Surface characterization is then performed,
including topographic profiingSEM and contact angle measurements. These techniques
provide a comprehensive understanding of the resulting surface textures and wettability before

coating.

The second part of the experiments (Segirel5) involves applying th€oOH-coating to the
laser textured surfaces. After coating, the same set of surface analyses is repeated to evaluate
how the coating interacts with the underlying textures and whether amgeshaccur in

wettability or morphology.



41

In the final stage, adhesion testing is conducted on the coated surfaces, as $figue irb.

The goal is to assess whatHaser texturing improvethe coating adhesion and to identify
which surface features contribute most effectively to mechanical interlockinggresults are

then analysed in the context of the earlier surface characterizations to establish carelation
between structure, wetting behaviour and adhesion strength.

An importantpart of the study is the comparison of different surface patterns, which are
fabricated with differenfaser surface texturingarameters. These patterns differ in their
geometry, spacing and line structure, and are designed to investigate how the characteristics of
surface texture influence the ability to induce hydrophobic behaviour.|a3sinduced
texturesnclude both lineand gridpatterns enabling evaluation of how directional features and
intersecting topographies affdajuidi solid surfacenteraction. The work aims to determine
which types oBurfacetexturesnost effectively promotewater repellence, both on baretal

surfaces anwvhen coated

In addition to lasemduced hydrophobicity, the study also examines how a coating applied to
the lasertextured surfaces interacts with the underlying patterns. This incassessing (1)
whether the coating modifies or preserves the wetting behaviaurface and (2) how well

the coating adheres to different textured structures. The influence of surface roughness, feature
size, and pattern uniformity on coating performas@soexplored. The relationship between
surface morphology and coating adhesion is analysed to evaluate whether laser texturing can
enhance the durability, consistency, the functional performance of the coating under

conditions where surface wetthtyi plays a critical role.
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6 Experimental setup

6.1 Material

The material used in the experimental work is AISI 316L austenitic stainless steel, supplied by
Acerinox Europa. This material was chosen due to its chemical stability, corrosion resistance,
and mechaical integrity, which are desirable properties for electrodes useégs. Its low

carbon content and alloying element&uch as chromium, nickel and molybdeniugontribute

to its resistance against localized corrosion in electrolytic environmentse Tharacteristics
make it a practical substrate for surface modification studies, where the objective is to tailor the
electrode surface to improve wettability, chemical compatibility,tre electrochemical

performance[190]

The stainlesssteel was gppliedas5.0 mm thick sheets with a 2B surface finish according to
the EN 100882 material standardThe chemical composition of the steel, as confirmed by
spectrometric analysis, is presented @ble2. The three main alloying elements besides iron
are chromium (8.5 %), nickel (10.0%), and molybdenunB(00%), with iron being in balance,
all of which contribute to the corrosion resistance and stalafitpnaterial The low carbon

content (0.018%) helps prevent sensitization during welding or heat expodilgé]

Table 2 Nominal chemical composition-% of 316L stainless steel.

Elements | C Cr Mn Mo N Ni P S Si
316L 0.018 16.5 1.34 2.10 0.043 10.0 0.031 0.008 0.472

Mechanical properties of the material were determined by the supplier and are shi@ablein

3. Theoffsetyield strength Rp.2) was measured as 836 MPa the proof strengthRpr.0) as
378.49 MPaand the ultimate tensile strengRnf) as 598.01 MPa. The elongation breath

50 mm @quge(A50 was 55.50%6 and with 5 mm gaugeAb) was 56.6%, indicating good
ductility, and theRockwell hardness was measured as 84 HB. These values confirm that the
material has sufficient mechanical strength while retaining formability, which istedédan

experimental processes involving surface structuring and mechanical testing.

Table 3 Mechanical properties determined by the supplier of the 316L stainless steel.

Rm (MPa) Rpoz (MPa) | Rpro(MPa) | A50 (%) A5 (%) HRB
598 339 379 55.5 56.6 84.0
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The material was delivered in accordance with the EN 1@08t&ndard and underwent a
solution annealing heat treatment between 1050 0 OandAc@ling with airAll values were
verified by a thirdparty laboratory in accordance withO 17025 methodology.

6.2 Hardware

Nanosecond pulsed fibre laser

The laser system used in this thesis for surface texturing is the IPG YLPN nanosecond pulsed
fibre laser which has aintegrated 2D scanner head. The laser operates within a wavelength
range of1055 1075 nm, with a typicahverage@vavelength of 1064 nm, and delivers a
maximum average power of 100 W. The focal distance is 283 mm from the lens, resulting in a

beam diameter of approximately 60 um at the focal point.

The processing area is enclosed by a metal shieldiradl sinesto ensure working safetys

shown inseeFigurel6. Although the system operates under standard indoor air conditions, the
combination of ambient air and localized heating from laser pulses can cause unwanted surface
oxidation. Argon gas was introduced into the work ategprevent oxidatiorduring laser
processing at a flow rate 002 min, serving as a protectiand inertatmosphere. The complete

experimental setup fdaser surface texturinig shown inFigure16.

Figure 16 Laser system and setup used in experimental part.

As shown inFigure 16, the laser setup contgsof the scanner head (1) mounted above the

working area and connected to the laser system. The laser output (2) is directed vertically
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through the scanner optics onto the sample surfacair blade (3) blows room air across the
optical pathdeflecting fumes and particlés prevent contamination or thermal damage to the
optics A web camera (4) is used to monitor the process in real Tilme working areas on
tops of aradjustable platform (S)hich can behenraised or lowered to alignéhsample with
the focal plane of the laser.

Figurel7 shows a closep image othelaser system used in the study.

Figure 17 Closeup of the laser setup used in the experiments.

A closeup view is shown irFigure 17, where the workpiece (6) is positioned within the gas
barrier (7). The gabarrier helps to retain the protective atmosphere over the treated surface
during processing. Argon gas is introduced via the argon outlet (8), flowing steadily over the
workpiece to minimize oxidation during lagerocessingThe laser beam (9) is visibie the
centre of the treated area. While it appears as a [ftigge is ébroad spot in the image due to

rapid scanning and exposyréhe actual focused beam diameter is approximately 60 pum.

Laser fluence refers to the amount of laser endadiyered per unit area, expressed in joules
per square centimetre ¢d?) or joules per squarenillimetre (JJmm2) (Sl unit). It is a key
parameter governing the extent of material interaction, such as melting, ablation, or surface
modification.[192] For the laser system used in this study, fluence can be calculated using

Equation(8).
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O Ea (8)

whereP is the laser pulse powdris the pulse length anllis the beam crossection area.

Microscopy imading system

The optical microscopy system used in this thesis for surface inspection and imaging was the
Motic AE2000MET inverted metallurgical microscope, showrrigure 18. This microscope
is designed for examining polished cregstions and bulky metallic samples that @o large

for conventional upright microscopes. It enables detailed analysis for applications such as

material characterization, quality control, and failure analysis.

Figure 18 Optical microscope used in the experimental part.

As shown inFigurel8, the setup consists of the inverted metallurgical microscope (1) equipped
with a trinocular head, providing magnifications from 5x to 100xigha camera (2) mounted

on the trinocular port transfers live images to the connected computer for botmeeal
observation and image capture. The computer (3) is used for image analysis and documentation
of thesavedmicrographs. For additional flebility, the system includes a maeirnaging unit

(4) with interchangeable magnification heads, such as a 1x lens, allcapnhge of wider fiele

of-view images to complement the higtagnification optical analysis.

Coating system

Coating deposition in this thesis was carried out using a CEM Discover 2.0 Microwave
Synthesizer. The system is designed for controlled chemical reactions and thin film depositions

under microwave irradiation. It combines a singiede 300 rhmicrowave cavity witha 900
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W magnetron, enabling rapid and uniform volumetric heating of liquid and-slofide

samples.

The instrument is equipped with Activent technology, which provides automated pressure
management by releasing gaseouspitmducts during processing, theyepreventing vessel
failures and ensuring safe higihessure operationh& emperature is monitored lapatented
iWave sensor, a necontact infrared sensor capable of measuring sample temperature directly
through glass or Teflon vessels, ensuringuaate and reproducible heating without fragile
thermocouples.

Figure19 shows the coating deposition system used in the study.

Figure 19 Coating deposition system used in the experimental part.

As shown inFigure 19, the main system components include the automatic sampler (1) for
handling multiple vessels, reaction vessels (2) where coating deposition takes place, the
attenuator port (3) for coupling orowave energy into the cavity, and the Activent pressure
device (4) for controlled venting. The integrated togcteen interface enables programming

of coating cycles and monitoring of reaction progress in real time.

3D surface measurement system

Surfa@ topography measurements in this thesis were performed using a Bruker Alicona

InfiniteFocus G6 optical 3D surface measurement sy¢seefrigure20). The device opates
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based on nowontact, optical, thredimensional metrology, using Advanced Focus Variation
(Smart Flash 2.0) and Vertical Focus Probing technologies. This enablese$adjition
imaging and accurate characterization of both rough and polished surfagardless of

reflectivity.

The system is capable of acquiring up to 4.6 million measurement points per scan, with a
positioning volume of 20& 200 x 100 mm, tilt range froni 15° to +90°, and compatibility

with objects wei ghilmgunting. Intthis thesss, tHe gystémwag useds p e ¢
to evaluate the surface structure of latetturedstainless steesurfacesby capturing 3D
topography and analysingreal surface roughnegsarametersSa (arithmetical average
roughnessandSz(mean peako-valley height)

The analysis of the 3D point cloud data was carried out using MetMakoratory
Measurement Module, version 10.0.2, which allowed for precise extraction of surface
roughness metrics as well as 2D profile sections from the measured data. This enabled
comparison between different surfadexturing strategies and supporteduantitative

assessment of the effects of laser texturing.

Figure20 shows the surface measurement system used in the study.

Figure 20 Bruker Alicona InfiniteFocus G6 optical 3D surface measurement system.
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As shown inFigure20, the Alicona measurement system includes the sample holdehgirg

the specimen is fixed during scanning. The motorized platform (2) enables precise X, Y, and Z
positioning of thesurface ofsample to align the measurement area accurately. The objective
lenses (3) mounted on a rotating turret offer magnificatidiong ranging from % to 10,
allowing both widefield and highresolution imaging of surface features.

Scanning electron microscope

SEM analysis in this thesis was performed using a Thermo Scientific Apreo ®rfieddion

scanning electron microscope {SEM), equipped with multiple advanced imaging and
analysis capabilitied he system features a Schottky field emission gun (FEGiretesource,
providing high beam stability and resolution
30 kV and beam currents from 1 pA to 400 nA.
vacuum operation (LovVac: 18 0 0 P a FO) iandhts ddmpauwd lens system enables

variable imaging modes, including electrostatic, figlek magnetic, and magnetic immersion

lens configurations.

The Apreo Snicroscopes equipped with a wide range of detectors, including thréensiand
in-column secondary elémon and backscatter electroH/BSEH detectors, an Everhart
Thornley detector, lowacuum SE, and lersounted BSE detectors, as well as retractable
scanning transmission electr¢8TEM) and cathodoluminescence detectors. For elemental
analysis, the sysim includes an Oxford Instruments Ultim Max 100 EDS spectrometer, with a
100 mm]-codtetl keindore enabling rapid live chemical imaging, particle analysis, and
element mapping from beryllium (Be) to californium (Cf). The microscope uses AZtec 6.1
software, which includes advanced modules for automated -&aege mapping, image
registration, and feature classificatidrhe imaging chamber is monitored with an integrated
IR camera and navigation tools for precise sample positioRB¢GEM system used ithis

study is presented iRigure21.
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Figure 21 Thermo Scientific Apreo S FE-SEM.

As shown inFigure 21, the microscope includes the electron column (1), which houses the
Schottky FEG source and beam optics. The sample chamber (2) is cewmiraliydl and
provides access to the mudtkis stage and internal detectors. The system is equipped with
multiple detectors (3), including those used for secondary electron, backscattered electron, and
X-ray signal collection. The inset image shows the saimpider (4) used to mount teainless

steelspecimens during imaging aedergydispersive Xray spectroscopyfEDS) analysis.
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Contact angle measuring system

Contact angle measurements in this study were performed using the Attension Theta optical
tensianeter, a precision instrument for characterizing surface wettability and surface free

energy The measurement system used in this study is presentédune 13.

Figure 22 Attension Theta optical tensiometer.

The system employahigh-resolution drop shape analysis by capturing-piddile images of

liquid droplets on solid surfaces. A monochromatic cold LED light source (1) ensures consistent
illumination while minimizing sample eporation, and a higresolution digital camera
combined with precision optics (2) providesaccurate image capture of the droplet contour.
The instrument is equipped with a motorized sample stage (3) for precise alignment and
positioning, and a syringaechanism (4) for dispensing controlled volumes of test liquids onto

the sample surface.

Measurement is based on fitting the droplet profile to a theoretical shape model, accounting for
the effects of surface tension, gravity, and liquid densitym@asurements and analyses were
performed using the OneAttension software, which supports automated droplet detection,

baseline adjustment, and contact angle fitting.
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Adhesion measurement setup

Adhesion measurements test were done in this thesis astagdardized tape test set up.
Measurement setup is presentedrigure23.

Figure 23 Adhesion testing set ups, including a) exacto knife used in surface scoring, and b) tape
piece layer on top of coated surfaces.

Figure23 shows the adhesion measurements setup used in the study. Theosstsied of a
precision exacto knife (a) for scoring the coating layer and a pressuséive adhesive tape
(b) to evaluatethe coating detachment from the ladektured stainless steel specimens.
Together, these components provadeardware configutgon for assessing coating adhesion
according to established grading scales.
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7 Experimental procedure

7.1 Pre-treatment

The objective of the preatment stage was to evaluate the suitability of various laser
parameters for generating mieandsub microscalsurface textures capable of modifying the
surface wettability ofstainless steelSurface texturing was carried tousing a nanosecond
pulsedfibre laser system, operated under ambient atmospheric conditiongrgidn-gas as
additional shielding gaduring laser processinghe majority oflaser processed surfacesre
stored in ambient air for a period 20 daysprior tothecharacterizatioand coatingto account

for realistic handling and testing conditiorishis storage was intended to simulate practical
exposurerelated aging effects such as mild oxidation or airborne contamination. In addition,
freshly texturd surfaces were included in the inspection to enable a preliminary comparison
between aged and fresh surfaces, providimgsight into posibletime-dependent changes in
hydrophobic behaviour While the potential impact of atmospheric exposure was not
guantitatively analysedin this study, itwas acknowledged as an important factor for future

research.

A matrix of 30 discrete parameter combinationsravdesigned for exploring the wide

parameter spac&he parameters varied in laser poweri A®W), pulse width (1 n§ 100 ns),

pulse frequency (2A.00 kHz), scanning speed (13@D00 mm/s), fill pitch (0.020.5 mm),

and number of repetitionsi(Z). Each combi nat i or2 wam s@uydfrie ds &
t he substr atxéarray oftessuifacesThgcompiete matri@n preliminary tests

is provided in Appendix 1.

Surface wettability was preliminarily evaluated using a qualitative droplet inspection method.
Water droplets were gently dispsed on theentreof eacHasertextured arfaceusing a pipette

to avoid impacdriven spreading. The droplet profiles wéneninspected visually from a low

angle to estimate contact angle and symmetry. This approach enabled rapid screening of all 30
surfaces and was justified by the exploratory nature of this pHagere24 illustrates typical

results of this inspection, showing droplets resting on differeatiuted surfaces. Qualitative

differences in droplet shape, including contact angle, were used as indicators of hydrophobicity.
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Figure 24 Prelimany testing of hydrophobicity for laser textured surfaces.

Figure 24 shows two water droplets resting on differently textured surface areiasnidge
was captured from a low angle to emphasize differences in droplet simapeontact angle.
The droplet on top of the surfag@umbered agighi appears more flattened compared to the
othe droplet on topof the surfacdnumbered a&3), indicating a lower contact angle and thus
lower hydrophobicity. In contrast, the dropl@n top of the surface )3naintains a more
spherical shape, suggesting a higher degree of veggellenceThe distinct surface finishes in
the numbered squares affect the spreadind wettingbehaviour of the surfacelhese
gualitative observations spprt the initial selection of processing parameters for further

analysis.

Figure25 shows aschematic illustration of the two laser scanning strategies used inttis st

line pattern § and grid patternh).

a) Line pattern b) Grid pattern

4 Fill pitch

Figure 25 Laser surface texturing patterns: a) line and b) grid pattern.

As seen inFigure 25, for theline pattern, laser scanning is performed unidirectionally with

parallel scan lines separated by a constant fill pitch, resulting in a series of evenlylagaiced
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tracks. In the gd pattern, the same area is scanned tviiit in the horizontal and then in the
vertical direction producing a crosshatched texture where features overlap in two orthogonal
directions. The fill pitch, indicated by the blue arrow, defines the spaetmgebn adjacent scan

lines and directly influences the density and resolution of the textured surface. These scanning
strategies were employed to investigate the effettagfattern geometry on surface topography

and wettability.

Four parameter combinatis, two with line patterns and two with grid patterns, were selected
based on preliminary visual droplet inspection and structural assessment by optical microscopy.
These surfaces displayed hydrophobic behaviour in the initial tests and were theresere cho

to allowthedirect comparison between line and grid geometries. The selection also considered
the surface uniformity and structural integrifyhe final laser parameters used in this study are
presented imable4.

Table 4 Laser parameters for laser texuring of surfaces.

Pattern | Power | Pulse Frequency | Scanning | Fill pitch Repetition | Fluence
(W) duration | (kHz) speed (mm) times (3/mm?)
(ns) (mm/s)
L1 Line 10.0 100 20.0 1500 0.02 7 35.0
L2 Line 40.0 100 100 2000 0.10 5 141
G1 Grid 10.0 100 20.0 1500 0.02 7 35.0
G2 Grid 40.0 100 100 2000 0.10 5 141

As shown inTable4, surfaces L1 and L2 represent the surfaces processed with line pattern and
surfaces G1 and G2 with grid pattern. The L1 and G1 surfaces were processed using laser
parameters of power 10 W, Isa duration 100 ns, pulse frequency 20 kHz, scanning speed
1500 mm/s, fill pitch 0.02 mm and repetition timesFar the L2 and G2 surfaces, the
parameters wengower 40 W, pulse duration 100 ns, pulse frequency 100 kHz, scanning speed
2000 mm/s, fill pitch 0.1 mm and repetition tinfed-luence for surfaces L1, L2, G1 and G2

was calculated usingquation ). Example calculation of fluence is in Appendix 2.

Thestainless steaVvas cut to plates of 18 x 45 mm totfiecoating and measurements systems.
Each plate was processed to have surfaces L1, L2, G1 anth&@rocessing area for these

surfaces was 10 x 18 mras showrin Figure26.
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10 mm

L1 L2 G1 G2

V

Laser textured surfaces

18 mm

Figure 26 Laser processing areas for laser texturing of the surfaces.

As shown inFigure26, the laser textured zones were positioned sequentially along the SS plate,
with each surface (L1, L2, G1, and G2) occupying an area of 10 x 18 mm. This arrangement
enableda direct comparisomf surfaces with line pattern (L1, L2) and with grid pattern (G1,

G2) regions under identical material and processing conditions. The grey area represents an

unprocessed section on the right side of the plate.

All laser textureglates had identical surige structuresand werepreparedon the same day
ensuring thatll measurements could be repeated on comparable samples to obtain reliable
averages, and that the tirdependency of hydrophobicity was consistémtoughoutall
surfaces Surfaces werthe cleaned using compressed air immediately after laser processing, in
order to remove dust and other derbAsfter laser processing, thpates were exposed ambient

air in room temperature and humidity 8@ days, to induce hydrophobicityhis exposue

period was chosen based on literafd23], where comparable time frames have been reported
as sufficient for wettabilityransition, while a longer period was not feasible due to the time
constraints of this thesisThese plates with laser textured surfasese used for further
analyses, including topography, SEM characterization, and adhesion tEstimglates were

left untreated to act as reference surfaces for measurements and analysis.
7.2 Coating

Cobal{Il) hydroxide (CoOH) coatings were deposited on stainless steel substrates using a CEM
Discover 2.0 microwave reactor. Prior to deposition stamless steedpecimas were cleaned

in an ultrasonic bath, first in acetone for 10 min and then in absolute ethanol for 10 min, to
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removeanyorganic contaminants amdensure good coating adhesion. The deposition solution
consisted of 50 mL of deionized water containing6lgd of cobalt nitrate hexahydrate
#1./ to( /)and0.15 g of urea. The coated samples were prepared under microwave
assisted hydrothermal conditions at 90 °C with a power setting of 150 W for 12 h. After the
reaction, the specimens were rinsed with methato remove residual precursors and

subsequently dried at 70 °C overnight to stabilize the coatings.
7.3 3D topography

Topographic features of the lagektured surfaces were analysed using optical feaustion
microscopy, which enables quantitativeeladimensional surface reconstruction by capturing
height data from changes in optical focusis technique issuitable for characterizing
microscale surface textures, as it provides both caloded height maps and numerical line
profiles with a vertical resolution of N

Figure 27 shows an example image dhe measurement results provided from optical 3D
topography measurements.

SO AMAARmARANA TN A \ |
A VA TR TR B T R T TRV R

m aspect ratio: 1:8.22

Figure 27 Colour-coded image of surface topography and numerical line profile from optical 3D
measurements system used in this thesis.
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As shown irFigure27, the colourcoded map represents the measured surface height vesjatio
where different colours correspond to different elevation levels. The accompanying line profile
illustrates the crossectional height data along a selected path. This example demonstrates the
type of threedimensional surface information obtained wittie optical focusariation

microscope, combining both qualitative visualisatiath quantitative numerical data.

The arithmeticalaverageroughnesgSg and mean peako-valley height(S2 values were
measured for each textursdrface (L1, L2, G1 ahG2) and nontreated reference surface,

characterize surface roughness on a quantitative scale.

Prior to analysinghe lasertreated arfaces a reference profile was measuredagrontreated
316L stainless steedurface to provide a baseline fmymparison. Due to the visually smooth
and isotropic nature of theontreatedreference surface, only a single crasstional profile
was extracted in a random direction. This profile served to cotlfiesurface flatness arttie
low roughness, offering point of contrast for the highly structured lasxtured regions.

Line pattern analysis

Detailed surface profile analysis was conducted for tinlasestreated using line patte bl
and L2) Thethree different measured line profiles for surfacesuted with line pattern are

shown inFigure28.

Figure 28 Topographic map of laser textured surface with line pattern. Red profile lines represent: (1)
along the laser tracks, (2) between the laser tracks, and (3) across laser tracks.
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As shown inFigure28, threered-dotted profile linesepresent the profilassed to characterize

the periodic structuref the surfaces

- Profile 17 Along laser tracks: This profile follows the crest lines ofiundual laser
tracks, allowingthe assessment of surface morphology along the irradiated zones. It
reveals the uniformity of track peaks and highlights variations in melt flow or pulse

overlap along the scan direction.

- Profile 27 Between laser tracks: Rtisned in the troughs separating adjacent tracks,
this profile captures the valley structure between scan lines. It is useful for evaluating
the fill pitch regularity and the depth consistency of the unirradiated or minimally

affected regions.

- Profile 37 Across laser tracks: This cressctional profile intersects multiple laser
tracks perpendicularly, providing a comprehensive view of the surface modulation
caused by texturing. It reflects the combined height variation across peaks and valleys

and offersaninsight into the periodicity and symmetry of the overall pattern.

These profiles are essential for determining whether the surface exhibits consistent texture
geometry, which is critical for surface functionalities such as directional wetting orrapisot
adhesion. Uniformity of crest spacing and trough depth directly influence how surface features

interact with water droplets or coatings.

Grid pattern analysis

A detailed surface profile analysis was also performed folaer textured surfaces Wwigjrid
pattern(G1 and G2), which were produced using bidirectional laser scanning to generate
intersecting structure§igure29 presents twaneasured line profiles of surfaces textured with

a grid pattern.
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Figure 29 Topographic map of laser textured surface with grid pattern. Red profile lines represent: (1)
on top of laser tracks and (2) between laser tracks.

The tomgraphic image of a gritextured surface is shown kigure 29, with two red-dotted

profile lines used to characterize the resulting-thraensional priodic pattern:

- Profile 11 Along laser tracks: This line follows the path of the laser scanning direction,
traversing the topography formed along each track. It captures the periodicity and height

variation introduced by repeated pulses along a singlensag direction.

- Profile 21 Between laser tracks: Oriented perpendicularly to Profile 1, this line runs
between adjacent laser tracks, enabling assessmém tohick spacing, valley depth,

and consistency across the orthogonal scan direction.

These préiles help to confirm the fidelity of the grid pattern, ensuring that the structure is
formed symmetrically and with consistent energy distribution. The ability to extract height
variation in multiple orientations allovanin-depth evaluation of patteryrametry, which is
essential when assessing isotropic properties such as omnidirectional hydrophobicity or

uniform surface adhesion.
7.4 SEM

SEM was used to characterize the surface morphologyasiless steedurfacesafter laser
treatment. The imaging was performed usingharmo Scientific Apreo S FEEM, under
high-vacuum conditions, utilizing the OptiPlan mode to optimize image quality and depth of
field during imaging. SEM was chosen due to its ability to provide detaile@lidation of
surface structures at both mieamd nanoscales, which is essential for evaluating the effects of

surface modification.
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To obtain comprehensive surface information, eacfase (norreated reference, L1, L2, G1
and G2 surfaceyas imaged usinthreedifferent detectors: ETD, T1 and T3. These detectors
differ in their detection angles and the type of electrtimst they collect, enabling

complementary contrast modes and visualization of various surface properties.

- ETD (EverhartThornley detector) collects lovangle backscattered electrons, which
are highly sensitive to surface topographgages captured with ETD detector were
used in this thesit visualize the topography(overall texture, step heights and fine
morphological dails) of the surface.

- T1 collects higkangle backscattered electrons, which are primarily used for generating
atomic number contrast {€ontrast).Images captured with the T1 detector were used
to qualitatively assess compositional variations on the ceirfparticularly in areas
where surface treatments or contamination may have caused local differences in

elemental composition.

- T3 detector is a secondary electron detector that collects electrons at a relatively high
takeoff angle, enhancing the visili}i of inclined surfaces and complex
microstructures. In this study, T3 was used to capture detailed images la¢he
textured surfaces, allowing subtle topographical features and edge contrasts to be

observed with improved clarity.

All images were acqued using a consistemiccelerating voltage of 2 k¥ndwith a beam
current of 25 pAto minimize surface charging and ensure high surface sensitivity.
Magnifications ranged from 58Q0 1500, allowing both general and detailed visualization of
thesurface feature§.he representative regions were selected away from eafghe platego

avoid mechanical or mounting artifac&cale bars were added to the obtained images using
Fiji ImageJ sétware to provideanaccurate spatial reference for the observed surface features.
This enablesa quantitative comparison of texture dimensions and ensures that structural
characteristicgvhich can be reliably interpreted and reported in the anakxeigxample image

of laser textured surfaaaptured with SEMleviceused in this thesigsshownFigure30.
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Figure 30 Image of laser textured surface captured with SEM.

As Figure 30 shows, SEMprovides highresolution images of the laser textured surfaces,
enablingaclear visualization of both the overall texture pattern and finer surface details. These
representative images illustrate the type of data acquired for subsequent morphological

assessment.

Micrographs were analysed qualitatively to assess the eftdécwurface treatments on
morphology, including changes in roughness, feature shape and uniformity. The use of multiple
detectors enabled a more complete interpretation of the surface characteristics by combining

topographical and compositional contragormation.
7.5 Contact angle measurements

Surface wettability was evaluated by measuring the static contact angle of water droplets using
an Attension Theta optical tensiometer (Biolin Scientific), equipped with arbggiution
camera and monochromatic cdldED illumination. Measurements were conducted under

ambient laboratory conditions using quartz doubilled water agest liquid. A droplet

vol umelwat Gs®&d in all measur ement $/stoetisuepense

asmath and reproducible drop formation.
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Each measurement followed a standardized procedure illustrafegline 31.

Figure 31 lllustration of contact angle measurement procedure.

As shown inFigure31, adroplet was first formed at the tip of the vertically aligned dispensing
syringe(a), brought into contact with the surface (b), and released with minimal impact (c). The
droplet profile was recorded immediately after release to avoid errors caused by evaporation or
spreading dynamics. For eadlrfaice four droplets were meased at separate locations to
account for local surface variabilitfhe average of these measurements thvascalculated

and used as the representative value for subsequent analysis of surface wettability.

Contact angles were determined using the Yoluaglace fitting method in Analyse mode
within the OneAttension software. The software automatically detected the droplet baseline and

fitted the drop contour using the Yourngplace equation, calculating the left and right contact

angles, which were then enaged for each droplets shown irFigure 32.

Figure 32 Droplet baseline (green line) and fitted contact angles measured with Attension Theta optical
tensiometer.
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As shown inFigure 32, the measurement system used in this thesis for contact angle
determination provides a clear profile of the droplet, with the left and right contact angles
automatically calculated and displayed. This ensa@msistent and reproducible evaluation

of surface wettability across all tested samples.

The mean of three droplets was reported as the representative contact angle ddatee s
These values were used to classify surface wettability: contact angles below 90° were
considered hydrophilic, whereasghes above 90° indicated hydrophobic behaviour. Contact
angles exceeding 150° were interpreted as superhydrophobic.

For specimensvith surfacedasertextured withline patterns (L1 and L2), anisotropic wetting
behaviour was expected due to the directibnaf the textured features. To capture this effect,
contact angles were measured from two orthogonal viewing directions relative to the pattern

orientationas shown irFigure33.

L1P, L2P

L1H, L2H

Figure 33 Schematics of contact angle measurements of surfaces laser textured with line patterns (L1
and L2) from two different directions: L1-H and L2-H horizontal to the laser track direction, and L1-P and
L2-P perpendicular to the laser track direction.

As shown inFigure33, measurements marked &% (L1-P, L2-P) were taken with the camera
perpendicular to the lindirection, and those marked &$"(L1-H, L2-H) were takerorizontal
to the line direction. This approach allowadassessment of directional differences in droplet

shape and contact angle caused by the anisotropic surface morphology.
7.6 Adhesion testing

The alhesion strength of the coatings was evaluated using the standardizeclittage test

according to 1ISO 2409:2020. In this method, the coating surface is scored with a series of
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perpendicular cuts to form a cresatch pattern, penetrating throuie coating layer into the
substrate. The cuts were made at 1.5 mm intervals with a precision blade to ensure uniform
depth and spacing across all surfaces. The procedure is illustrateiguia 34, which
schematically shows the sequence of ctagsh scoring, application of adhesive tape, and
subsequent evaluation of coatidgtachment.

cross-hatch cuts adhesive tape areas of detached

coatings
/ VI

coating =
=

\

X,
.

4

metal surface

Figure 34 Schematic illustration of the cross-cut tape adhesion test procedure, showing cross-hatch
scoring, application of adhesive tape, and evaluation of coating detachment. Image sourced from [193]
which are under an open access Creative Common CC BY licence.

Figure 34 shows a schematic illustration of the crass tape test procedure. In thiest step,

the coating is scored into a crdsstch grid. In the second step, a pressamesitive adhesive

tape is applied firmly over the scored area. Finally, the tape is removed in a controlled motion,
and any detached coating fragments remain @swithin the crossatched region. This
schematic highlights the principle of the method, where poor adhesion results in larger areas of

detached coating, whereas strong adhesion leaves the coating intact.

Following the schematic, the same procedure wpbeaapto the studied samples. After scoring

of the surfaces with exacto knife, a presssegsitive adhesive tape (Gorilla Tape Crystal Clear)
was firmly applied to the crodsatch area and then removed in a single smooth motion at a
consistent angle angheed to reduce variabilitfter the tape removal, the tape surfascese

examinedwith optical microscopat 1x magnification to assess coating detachment.

The adhesion quality was evaluated using a custom grading method developed specifically for
this work. The method involved visually estimatitigg proportion of coating detached from
the crosshatched areas after the tape test, as showigure35. Each sirfacewas assessed by
determining the percentage of coating loss within the grid squares, providing a direct indication

of the coatingsubstrate adham strength: the greater the detachment, the weaker the adhesion.
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100 % = grade 0 80 % =grade 1 60 % = grade 2

40 % = grade 3 20 % = grade 4 0% =grade5

Figure 35 Reference chart for estimating coating removal percentage in the cross-cut tape test, used for
determining adhesion.

Figure 35 presents the reference chart used for this evaluation. The grading scale ranged from
grade O to grade 5, corresponding to 100 % to O % coating detachment, respectively.
Intermediate graderepresented 80 % (grade 1), 60 % (grade 2), 40 % (grade 3), and 20 %

(grade 4) removal. This tailored visual system allowed consistent and quantitative comparison
of adhesion performance across the tested surfaces.
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8 Results and discussion

8.1 Pre-treatment

The laser surface texturing experinmsats a prareatmeny, wereconducted on atainless steel
specimes divided into four distinct areas, labelled L1, L2, G1, and G2. The corresponding
laser processing parameters for each area are listabla4, andphotograph othe textured
surfacess shown inFigure36. The parameter sets were selectased on preliminary testing,

as described in Sectiahl, to enable comparison betwettye differentlaser texturingpattern
types (line and grid) and energy inp(flsence of35J/mm?2 and 141 J/mm?)

L1 L2 Gl . (32

Figure 36 Photograph of laser textured surfaces L1 (line pattern, fluence 35 J/mm?), L2 (line pattern,
fluence 141 J/mm?), G1 (grid pattern, fluence 35 J/mm?), and G2 (grid pattern, fluence 141 J/mm?).

Figure 36 presents a photograph of the lapercessedtainless steedpecimen, showing the

four processed surface arelisear patternd.1 andL2, and grid pattern&1 and G2Visually,
contrasts in colour and texture can beesbed between the surfaces, reflecting variations in
surface morphology and oxidatiarausedfrom the processing conditions. The L1 and G1
surfaces, both processed at a lower fluen@sadfmmz, appear darker than L2 and G2, which
were processed at a hggtfluence of 141 J/mm?2. This difference in appearance may be related
to changes in oxide layer thickness and surface roughness induced by the different energy
inputs, as well as differences in heat accumulation due to the combination of scanning speed
and repetition times. The linpatterned surfaces (L1, L2) exhibit distinct unidirectional
features, whereas the gidtterned surfaces (G1, G2) show intersecting structures that produce

a more complex visual texture. The sharper boundary lines betweeerddj@eas indicate
precise control of the laser processing, with minimal-aéfatted zones extending beyond the
intended regions. These observations can also be seen in macro image taken with 1x

magnification inFigure37.
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Figure 37 Macro image with 1x magnification of surfaces a) L1 (line pattern, fluence 35 JJmm?), b) L2
(line pattern, fluence 141 J/mm?), c) G1 (grid pattern, fluence 35 J/mm?), d) G2 (grid pattern, fluence
141 J/mm?), and e) non-treated reference surface.

Figure37 shows X magnification macramages of the lasd¢exturedsurfaced.1, L2, G1 and

G2 (a'd) and thenontreated reference surface (&L surface(a) was processed with line
pattern and laser fluence 86 J/mn¥, L2 (b) line pattern and laser fluence of 1#mnt, G1

(c) has been processed wijthd pattern and laser fluence 8 J/mn?, G2 (d)grid pattern and

laser fluence of 141 J/minin L1 surface(a), vertical laser tracks are visible, with a diagonal
waviness across the patteas indicated by the arrows Figure 37. This diagonalvaviness
effectof the surfacenay be related to the lower pulse frequency (20 kHz), which increases the
spacing between pulses and can accentuate snsalignments or scanning system vibrations.
Additionally, the observed waviness could be influenced by the underlying surface topography

of the substrate or by thermal distortion during processimghe L2 surface (b), the arrows
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highlight horizontal lines corresponding to the laser scanning direction. The surface exhibits
nontuniformity, with darker lines in certain regions, which may result from local variations in
heat accumulation or oxide formation during laser processiig surface shows nen
uniformity, with darker lines in certain areas, possibly due to local variationseat

accumulation or oxide laydormed during laser processing

In G1 surface(c), the grid pattern iwisible, but the surface appean®n-homogengy,
suggesting variations in the lageraterial interaction across theocessea@rea. GZurface(d)

exhibits auniform and weldefined grid structure, indicating stable process conditions and
consistent substrate response dutasgr surface texturing henontreated reference surface

(e) shows only the originalirfaceof thestainless steaubstrate, with no periodic or directional
featuresas shown irFigure37. Furthermorel 1 (a) and G2 (djurfacesappear more uniform
compared to L2 and Gdurfaceswhich could be related not only to differences in the initial
substrate surface homogeneity but also to the number of passes and energy distribution
associated with their respective pattern typéscroimages with higher magnificatiqdx) for

correspondingurfaces are presentedrigure38.
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Figure 38 Macro image with 5x magnification of surfaces a) L1 (line pattern, fluence 35 JJmm?), b) L2
(line pattern, fluence 141 J/mm?), ¢) G1 (grid pattern, fluence 35 J/mm?), d) G2 (grid pattern, fluence
141 J/mm?), and e) non-treated reference surface.

Figure 38 presents 5x magnification macimages of the laseextured surfacekl, L2, G1

and G2(aid) and the noitreated reference surface (e), providing a closer view of the laser
textured features observedrigure37. L1 surfacga) was processed with line pattern and laser
fluence of35 J/mn¥, L2 (b) line pattern and laser fluence of 141 JAn@1 (c) has been
processedvith grid pattern and laser fluence 8 J/mn¥, G2 (d)grid pattern and laser fluence

of 141 J/mn. In L1 surface(a), distinct vertical lines corresponding to individual laser scanning
tracks are visible. The uniformity of the spaciagsuggests consistent beam positioning,
although variations in brightness along the tracks may indicate fluctuations in energgydelive

or local surface reflectivity. L8urface(b) displays predominantly horizontal lines following
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the laser scanning direction; however, these lines appear less defined thaaiifaté which

could be related to the higher scanning speed and flueadgeleading to a smoother melt layer

and reduced visual contrast between adjacent trédick&1 surface(c), the grid pattern is
pronounced, with bright, regularly spaced nodes at track intersec®sasen ifkigure38. The
appearance suggestdocalized material modification or oxide formation at the overlap points,
where the laser beam passes twice.sG2ace(d) also shows a grid pattern but with more
uniform krightness across the surface, consistent with stable processing at higher fluence and
scanning speed. The ntreated reference surface (e) exhibits the inherent random roughness
of thestainless steedubstrate, with no directional or periodic structyessent.

8.2 Coating

Photograph ofdser textured surfaces L1, L2, G1 andi&&hown inFigure39.

2 Gl G2

Figure 39 Photograph of laser textured and coated surfaces L1 (line pattern, fluence 35 J/mm?), L2 (line
pattern, fluence 141 J/mm?), G1 (grid pattern, fluence 35 J/mm?), and G2 (grid pattern, fluence 141
J/mm?).

Figure39 presents a photograph of the coated stainless steel specimen, showing the four laser
textured surface areas: L1 and &@rfaces laser textutewith line patternand G1 and G2
surfaces with grid patterd\fter coating, the visual contrasts between the areas remain evident,
although the overall appearance is more uniform compared to the uncoated specimen. The
darker tone of L1 and G4urfaces both processed at a lower fluence of 35 J/mmz2, is still
distinguishable from the lighter appearance of L2 angd@faceswhich were processed at a
higher fluence of 141 J/mm¥his difference may be linked to the mechanical interlocking of

the coating layer with the underlying oxide thickness and surface roughness. This can also be
explained based on the reflectanand transmittance characteristics of the lpsecessed
regions, as the higher fluence tends to produce smoother and more reflective surfaces with
thinner oxide layers, resulting in a lighter visual appearance. Conversely, lower fluence settings

promoteincreased surface oxidation and roughness, which enhance light absorption and reduce



71

reflectivity, leading to a darker tondhe linepatternedsurfaces(L1, L2) retain their
characteristic unidirectional streaks, while the gradternedsurfaceqG1, G2) display more
complex intersecting textures. The boundariesveeh the coated sections remain sharp,
indicating that the deposition process produced a conformal and homogeneous layer without
spreading beyond the intended areas. These features confirm that the coating has adhered
uniformly across the textured surfaceshile preserving the distinct morphological
characteristics generated by the laser device.

Figure40presents 1x magnification madroages of the coated laser texdisurfaces L1, L2,
G1 and G2, and coated ntneated reference surface.

Figure 40 Macro image with 1x magnification of coated surfaces a) L1 (line pattern, fluence 35 J/mm?),
b) L2 (line pattern, fluence 141 J/mm?), ¢) G1 (grid pattern, fluence 35 J/mm?), d) G2 (grid pattern,
fluence 141 J/mm?), and e) non-treated reference surface.
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Figure40shows 1x magnification macro images of tdoated surfaces L1, L2, G1 and G2 (a

d) and the coated nedreated reference surface (e). L1 surface (a), processed with line pattern
and fluence of 35 J/mm?, displays visible unidirectional tracks that remain distinguishable after
coating. The periodicityf the lasetinduced grooves is preserved, although the coating layer
gives the surface a more uniform and slightly smoother appearance compared to the uncoated
condition. In L2 surface (b), produced with line pattern and fluence of 141 J/mm?2, horizontal
features are observed, but the surface appears darker and less uniform than L1 surface. This
may be related to increased local oxidation or differencéfseinoating wetting behaviour on

the smoother but less topographically pronounced texture of L2ceur@l surface (c),
processed with grid pattern at lower fluence (35 J/mm?), shows intersecting structures
characteristic of the orthogonal scanning strategy, but the coated layer appears to highlight
smallscale irregularities and local variations in eefivity, suggesting slight heterogeneity in
coating deposition. In contrast, G2 surface (d), produced at higher fluence (141 J/mm?2), exhibits
a more uniform grid pattern after coating, with wedifined intersecting nodes and consistent
tonal contrast aoss the area. The coating seems to have spread homogeneously, preserving the
hierarchical features introduced by the laser texturikgmarked inFigure40with arrows, all

laser textured surfaces (L1, L2, G1 and G2) show light spots distributed across the surface.
These features can be attributed to local variations in coating thickness, reflectivity, or surface
oxidation, which are enhanced by the underlying micoastiral roughness introduced during

laser texturing. Their presence suggests heterogeneity in the coating deposition, although the
overall pattern geometry and periodicity remain clearly preserUid. coated notreated
reference surface (e) shows theositin stainless steel base without periodic features, with only
fine-scale stochastic roughness visible. Compared to the laser textured surfaces (L1, L2, G1 and
G2), the coating layer on ndreated reference surface appears more evenly distributed but
lacks the structural features that contribute to functional roughness. Macro images with higher

magnification (5x) for corresponding surfaces are presentemjure4l.
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Figure 41 Macro image with 5x magnification of coated surfaces a) L1 (line pattern, fluence 35 J/mm?),
b) L2 (line pattern, fluence 141 J/mm?), c) G1 (grid pattern, fluence 35 J/mm?), d) G2 (grid pattern,
fluence 141 J/mm?), and e) non-treated reference surface.

Figure41 shows 5x magnification macro images of the coated surfaces L1, L2, G1 and G2 (a
d) and the coated nareatedreference surface (e). L1 surface (a), processed with line pattern
and fluence of 35 J/mmz, exhibits welkfined parallel grooves that remain clearly visible
through the coating. The periodicity of the line tracks is preserved, though the coating layer
smoothens some of the sharper edges, giving the surface a slightly more uniform visual texture

compared to the uncoated state.

L2 surface (b), produced at higher fluence (141 J'mm2), displays continuous horizontal lines
along the scanning direction. The suoé appears darker and more homogeneous than L1, with
fewer smallscale irregularities visible. This may be related to stronger remelting during laser

texturing, which produced smoother initial features, as well as to more uniform coating
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deposition on théatter texture G1 surface (c), processed with a grid pattern at lower fluence
(35 J/mm?2), shows a pronounced array of bright circular spots corresponding to the laser pulse
overlaps. The coating highlights these intersecting nodes, which appear etsvesfieints

across the pattern, suggesting that the thin coating layer conforms closely to the underlying
topography. In contrast, G2 surface (d), textured with a grid pattern at higher fluence (141
J/mm2), reveals a more uniform distribution of the gmtérsections. The brighter nodes appear
more rounded and less irregular than in sbiface consistent with increased remelting and
smoothing effects of the higher energy infAg.indicated by the arrows Figure41, the grid
patterned coated surfaces (G1 and G2) display localized regions where the coating appears less
uniform, with areas of brighter contrast suggesting variations in layer thickness or reflectivity.
These inhomogeneities may arise from small diffeesrin laseinduced surface roughness at

the ridge intersections, which influence the spreading and adhesion of the deposited coating.
The coated notreated reference surface (e) presents agraged, stochastic texture without
periodic features, wherthe coating forms a homogeneous but-sioanctured layer. Compared

to the textured surfaces, the absence of directional cfigeigatterns results in a visually more

random surface morphology.
8.3 3D topography

Pre-treatment

3D surface topography measorents and imaging were conducted for laser textures surfaces
L1, L2, G1 and G2, and nereated reference surface. Coloured topography images of these

surfaces are presentedRigures 4247.

The3D topography imageith angled viewon nonttreated reference surface asudface G1 is

presented ifrigure42.
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Figure 42 3D topography image of a) the non-treated reference surface and b) laser textured G1 surface,
processed with grid pattern and laser fluence of 35 J/mm? surface.

As seen irFigure42, the 3D surface topography of the Aimeated reference surface (a) exhibits

a fine, stochastic roughness pattern characteristic of the untreated stainless steel substrate, with
no evidence operiodic or directional features. In contrast, the G1 surface (b), processed with

a grid pattern at a fluence of 35 JJmm2, reveals periodic microstructures witdefietd

height variations across the patterned area. The inset provides a magnifiezbwiming the
uniformity and regular arrangement of the laseluced features. Comparable 3D topography
maps of the other textured surfaces (L1, L2, and G2) are presented in Appendix 3, where top
view representations are shown to enable detailed dmaiuaf height variations across the

entire surface.
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Surface topography image of ntneated reference surface is presdrnnFigure43.
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Figure 43 Topography image of the non-treated reference surface.

Figure 43 shows the 3D surface topography of timtreated reference surface. The colour

scale representhe surface height variations in micrometres, with blue tones indicating lower
areas and red/yellow tones representing higher peaks. The surface exhibits a relatively fine,
stochastic roughness pattern characteristic of the origiaglless steedubstratewith height
variations ranging approximately froriO pum to+18 um. No periodic or directional features

are present, confirming the absence of prior surface texturing. The irregular distribution of
peaks and valleys reflects the manufacturing and firgshincesses of the base material, which

serve as the baseline condition for evaluating the effectasef surface texturingThis
reference surface will be used as a comparative benchmark for assessing changes in roughness
parameters Sa, S2 and morphtogical characteristics introduced by the different laser

processing conditions.
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The sirface topography image of laser textured L1 surface is preserfggline44.

—

Figure 44 Topography image of the L1 surface processed with line pattern and laser fluence of 35 J/mm?.

Figure44 shows the 3D surface topography of thesutface processed with a line pattern at

a fluence of35J/mm?2 and a frequency of 20 kHz. The topography reveals a distinct series of
parallel ridgs and grooves aligned with the scanning direction, with height variations ranging
from approximately-70 um in the deepest valley® +30 um at the highest peakEhese
variations originate from the periodic energy input and thermal accumulation during successive
laser passes. The higherage correspond to areas where local melting arsblidification

have occurred due to overlapping pulses, while the deeper valleys represent regions of more
efficient ablation where material removal was domin@ihe regularity of the pattern indicates
stable beam positioning and consistent overlap letwadjacent tracks, although minor
periodic modulations along the ridges may be associated with the pulse spacing dictated by the
low repetition frequency. The alternating high and low regions result from material ablation
and localized meltirigsolidification, forming welldefined track boundaries. Compared to the
norttreated reference surfageen inFigure43), L1 showsanincrease in both pedk-valley

height andstructural periodicity, features that are expected to influence wettability and surface

functionality.
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The sirface topography image of laser textured L2 surface is preserfggline45.
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Figure 45 Topography image of the L2 surface processed with line pattern and laser fluence of 141
JimmZ,

Figure45 shows the 3D surface topography of thesi2face processed with a line pattern at

a fluence of 141 J/mmz and a frequency of 100 kHz. The surface displays evenly spaced parallel
ridges and groovedigned with the scanning direction, with height variations ranging from
approximatelyf 15 um to +15 pm. Compared to (s seen ifrigure44), the amplitude of the
suface features is smaller, indicating shallower structurfings difference is likely explained

by the higher repetition frequency (100 kHz) compared to surface L1 (20 kHz), which reduces
pulse spacing. In addition, the higher scanning speed further fgemmaterial removal and
increased surface remeltinthe ridges exhibit a continuous and uniform profile with minimal
irregularities, producing evesurfacetexture. While the periodicity remains weléfined, the
reduced peako-valley, may limit the ality of surface L2o trap air pockets compared to the

deeper structures observed in L1, potentially affecting#usedvettability characteristics.
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The sirface topography image of laser textured G1 surface is preserfiignire46.

Figure 46 Topography image of the G1 surface processed with grid pattern and laser fluence of 35
JimmZ,

Figure46 shows the 3D surface topography of thedatface processed with a grid patteah

a fluence of35 J/mmz and a frequency of 20 kHz. The surface features a periodic array of
intersecting ridges forming a distinct orthogonal goattern with pronounced nodes at the
intersection points. These nodes correspond to areas whéssdghbeam passes twiceeach
repetition timescausing arincreacedocal ablation depth and thermal modification. Height
variations range from approximately0 um in the deepest valleys +80 um at the highest
peaks, making this surface one of thesmtopographically pronounced among the tested
patterns. The periodicity is consistent in both scanning directions, although variations in node
shape and depth suggest minor fluctuations in energy delivery or beam overlap. The lower
frequency(20 kHz)usedfor this pattern increases pulse spacing, potentially contributing to the
more distinct separation between features and the deeper valleys compared to higher frequency
(100 kHz)settings. This pronounced hierarchical topography is expected to stronggniod
wettability by facilitating air entrapment between nodes and ridges, promoting iGasdier

type behaviour.
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Surface topography image of laser textured G1 surface is preseirigdrne4?.
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Figure 47 Topography image of the G2 surface processed with grid pattern and laser fluence of 141
JimmZ,

Figure47 shows the 3D surface topography of thesa&ace processed with a grid pattern at

a higher fluence of 141 J/mmz2 and a frequency of 100 kHz. The surface exhibits a regular array
of squareshaped nodes formed at the intersections efditthogonal scanning tracks, with
uniform height and spacing across the entire measuddcearea. Height variations range

from approximatelyi 70 um in the deepest valleys to +30 um at the highest peaks, similar to
Gl(as seen ifrigure46), but with smoother transitions between features. The increased fluence
combined withahigher repetition frequenagausesnore complete remelting at the intersection
points, producing roundeand more uniform node edges compared to the sharper features seen
in G1. The reduced variability in peak and valley heights suggests a more stable energy delivery
and improved homogeneity of the substrate surface during processing. This consistent
topogmaphy is expected to yield predictable wetting behaviour, with regular air pocket formation

at the grid intersections supporting stable Cagsgter wetting states.

Line profile extractions, were performed for the lasatured surfaces L1, L2, G1, and ,G3
well as for the noitreated reference surfac€he ilustrated profiles of these surfaces are

presented in Figuret3-52.
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The Ine profiles along laser trackssidrfaces pattern L1 and L&ser textureavith line pattern

and nontreated refeznce surface are presentedrigure48.

Height z (um)

-10
0 0.1 0.2 0.3 0.4 0.5 0.6

Length | (mm)

—— Non-treated reference surface L1 (line pattern, fluence 35 J/mmz2)

——L2 (line pattern, fluence 141 J/mm2)

Figure 48 Line profiles along laser tracks of non-treated reference surface, and laser textured surfaces
L1 and L2.

Figure48shows profile measurements of Ameated reference surface (black profile) and laser
textured surfaces L1 (Miet profile) and L2 (red profile)The L1 surface was processed with
line pattern and laser fluence38J/mnt, andtheL2 surface with line pattern and laser fluence
of 141 J/mn. Line profiles were measured along the direction of the laser t(hcksattern
profile 1 see section 7),30 evaluate surface height variations introduced by different scanning
parameters. The reference surface (REF) exhibited only minor roughness fluctuations within
+4 um, corresponding to the baseline texture ofstiankess steesubstrateSurface L1 (fill

pitch 0.02 mm,frequency of20 kHz) displayed a clear periodic waviness along the scan
direction, with peako-valley heights of approximately 11 um. This regular pattern is likely
related to the relatively large pulspacing at 20 kHz, where each individual pulse produces a
distinct surface depression, leading to a repeating topographic modulatimmtrast, surface

L2 (fill pitch 0.1 mm, 100 kHz) did not exhibit such regular periodicity. The shorter pulse
spacingat 100 kHzcauses higher degree of pulse overlap, producing a smoother track without
distinct repetitive structured\s seen inFigure48, the overall height variain in L2 surface

was higher than theontreatedreferencesurfacebut lacked the uniform modulation seen in L1

surface These observations indicate that pulse frequency and spacing have a direct influence




























































































































































































































































