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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 oxide layer, which limits their suitability without 

additional modification. Laser surface texturing has emerged as a potential method to improve these 

properties by creating controlled micro- and nanostructures. 

The aim of this thesis was to examine whether a 100 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 geometries (line and grid patterns) produced at two 
fluence levels (35 J/mm² and 141 J/mm²), allowing systematic evaluation of the effects of processing 

parameters. 

The stainless steel specimens were characterised using a combination of macro imaging, scanning 
electron microscopy analysis, 3D surface topography and areal roughness measurements. Functional 

performance was assessed through static contact angle measurements and with tape adhesion tests. 

Cobalt hydroxide coatings were deposited to investigate coating distribution and interfacial stability on 

both laser-treated 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°, whereas laser-treated surfaces 

achieved contact angles up to 135° (grid pattern, 35 J/mm²). Line patterns produced anisotropic wetting, 
with orientation-dependent differences up to 32 %, while grid patterns resulted in isotropic wetting. 

However, after coating deposition, hydrophobicity was strongly diminished or entirely lost, with the G2 

surface showing superhydrophilicity. Roughness analyses confirmed that grid textures produced the 
most pronounced features (Sa up to 16.4 µm, Sz up to 124 µm), but excessive remelting at higher fluence 

reduced their effectiveness. Adhesion testing revealed that line textures provided enhanced coating 

stability (grades 2ï3), while grid textures performed poorly, with G2 showing complete detachment 

(grade 0). SEM analyses further indicated that cobalt hydroxide 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 optimising laser 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 provide new insight 

into how laser-induced surface structures can be tailored for functional stainless steel electrodes, but 

also highlight the limitations of cobalt hydroxide deposition on laser-textured substrates. 

Key words: laser surface texturing, nanosecond fibre laser, stainless steel, hydrophobicity, surface 

roughness, contact angle, coating adhesion, cobalt hydroxide deposition, surface morphology, electrode 

modification 
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Nomenclature

Abbreviation    Explanation 

AFM    Atomic force microscopy 

AM    Additive manufacturing 

CVD    Chemical vapor deposition 

EAS    Electrochemical ammonia synthesis 

EDS    Energy dispersive X-ray spectroscopy 

ePTFE    Expanded polytetrafluoroethylene 

ETD    Everhart-Thornley detector  

FCC    Face-centerer cubic 

FE    Faradaic efficiency 

FE-SEM   Field-emission scanning electron microscope 

FEG    Field emission gun 

FIB-SEM   Focused ion beam scanning electron microscopy 

GDL    Gas diffusion layer 

HER    Hydrogen evolution reaction 

LaSAT    Laser shock adhesion test 

LIPSS    Laser-induced periodic surface structures 

NRR    Nitrogen reduction reaction 

OER    Oxygen evolution reaction 

PDMS    Microfabricated silicon polymer, polydimethylsiloxane 

PEM    Polymer exchange membrane 

PFTEOS   Modified epoxy coating with fluorinated silanes 

PMMA    Poly(methyl methacrylate)  

PTFE    Fluoridated polymer, polytetrafluoroethylene 

SE/BSE   Secondary electrons and backscattered electrons 

SEM    Scanning electron microscopy 

STEM    Scanning transmission electron 

T1    High-angle backscattered electron detector 

T3    Secondary electron detector 

UV-Vis    Ultraviolet-visible spectroscopy 

XPS    X-ray photoelectron spectroscopy 

 

Symbol    Unit  Explanation 

‌   º Tilting angle 

A   mm2 Laser beam cross-section area 



 a   m Droplet radius 

 F   J/mm2 Laser fluence 

f   - Fraction of the wet solid contact angle 

 g   m/s2 Gravitational acceleration 

 H   º Hysteresis 

 k   - Geometric factor 

m    kg Mass 

P   W Laser power 

 r   µm Roughness coefficient 

 Ra   µm Arithmetic average roughness (linear) 

Rz   µm Mean peak-to-valley height (linear) 

 Sa   µm Arithmetic average roughness (areal) 

Sz   µm Mean peak-to-valley height (areal) 

†   N Line tension 

t   s Pulse length 

 —   º Contact angle 

 ‎   N/m Interfacial tension 

 m Width of the contact area of the droplet   ‫ 
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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 sustainable alternatives. Among emerging 

solutions, Power-to-X technologies offers a promising route by enabling the conversion of 

renewable electricity into chemical energy carriers such as hydrogen (( ), ammonia (.( ) and 

synthetic fuels. In general, Power-to-X refers to processes that convert electrical energy into 

storable and transportable chemical forms. These approaches are central to future carbon-

neutral energy systems and rely on advances in electrochemical process design. [1], [2], [3] 

One key step of Power-to-X is (  production through water electrolysis; a process that uses 

electricity to split water into (  and oxygen (/ ). This process involves Hydrogen Evolution 

Reaction (HER) and Oxygen Evolution Reaction (OER), whose efficiency can be limited by 

sluggish reaction kinetics and overpotentials, making the design of active, stable, and 

conductive electrode materials crucial for overall performance [4]. Water electrolysis 

performance is critically dependent on the electrode and catalyst materials, whose surface 

characteristics influence reaction kinetics, overpotentials and the efficiency of HER at the 

cathode and OER at the anode [5], [6]. Accordingly, the design of efficient, selective, and stable 

electrode surfaces remains a major focus in electrochemical engineering. [7], [8] 

Within this framework, Electrochemical Ammonia Synthesis (EAS) represents one possible 

Power-to-X pathway and has emerged as a potential alternative to the traditional HaberïBosch 

process. EAS enables .(  production under ambient conditions using water and nitrogen . ) 

as feedstocks, powered by renewable electricity. [6] While attractive in principle, this method 

is still limited by low Faradaic efficiency (FE), poor selectivity for .  reduction compared to 

the competing HER ï which is thermodynamically and kinetically more favourable ï and 

instability of catalyst materials [9]. Addressing these limitations 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 surface ï and particularly its ability 

to manage multiphase contact between gas, liquid, and solid phasesï acts as a key factor in 

enabling efficient and selective .(  synthesis. [10] 

Among the surface properties that govern these interfacial dynamics, wettability is one of the 

factors that may influence gasïliquidïsolid interactions and thereby affect the overall efficiency 

of EAS [11]. In this thesis, wetting refers to the interfacial interaction between a liquid and a 
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solid surface, reflecting how easily liquid spreads or beads up on the surface. It is the surface 

property that encompasses 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, 

bubble adhesion and access to catalytic sites. Surfaces with hydrophobic characteristics, for 

instance, can modulate the local gasïliquid interface in ways that potentially enhance the 

Nitrogen Reduction Reaction (NRR) ï the cathodic half-reaction in EAS that converts .  to 

.(  ï while suppressing competing reactions [11], [12], [13] 

Surface modification techniques are required, to control and tailor such surface characteristics. 

Traditional methods, such as chemical etching or mechanical abrasion, often suffer from limited 

control, chemical waste and poor reproducibility [14], [15], [16]. In contrast, laser-based 

surface functionalization offers a highly controllable, clean and scalable solution for modifying 

surface morphology and chemistry. [17] In this thesis, laser surface functionalization refers to 

the use of laser irradiation to induce localized physical and chemical changes on surface of 

material, thereby modifying its interaction with surrounding media. More specifically, laser 

surface texturing involves the creation of micro- and nanostructures that influence surface 

energy, topography and wettability. [18], [19] The key advantage of laser processing lies in its 

non-contact nature and ability to fabricate fine features in a programmable and reproducible 

manner, without any chemical additives [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 surface technologies, 

including laser-based techniques, is expected to grow in the coming years. [21] Additionally, a 

rising number of academic publications focusing on laser-induced wettability and surface 

functionalization, shows that this research area is rapidly expanding and well-aligned with 

current scientific priorities (as illustrated in Figure 1). 
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Figure 1 Yearly number of publications per topic based on Scopus search results using different 
keywords. 

As shown in Figure 1, the number of publications using the keyword ñLaser surface texturingò 

has increased proportionally over the past decade. In 2014, around 40 papers were published 

on this topic, whereas by 2024 the number had grown to approximately 140, resulting in an 

increase of over 250 %. This trend reflects continued and growing interest in laser-based surface 

engineering methods. According to publication data, the second most active area, is 

ñElectrochemical ammonia synthesisò, which has shown particularly sharp growth since 2018. 

The annual number of publications rose from fewer than 10 in 2016 to over 60 in 2023 and up-

to nearly 70 in 2024. 
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In contrast, search terms such as ñLaser-induced hydrophobicityò, ñElectrode surface 

propertiesò, and ñLaser surface functionalizationò have remained below 10ï15 publications per 

year. Notably, combinations like ñLaser-induced hydrophobicityò AND ñelectrochemical 

ammonia synthesisò or ñHydrophobicityò AND ñelectrochemical ammonia synthesisò have 

resulted in only 0ï2 annual publications. This indicates that while both laser surface engineering 

and EAS are independently active research areas, their intersection, especially in the context of 

hydrophobic surface-texturing for electrode applications, remains still largely unexplored. 

This thesis investigates whether such laser surface structuring can be used to tune the wettability 

of electrode materials for EAS. A 100 W pulsed nanosecond fibre laser is used to generate 

controlled surface textures on 316L stainless steel substrates. Stainless steel was chosen as the 

substrate due to its mechanical strength, corrosion resistance, and relevance in electrochemical 

device integration. The study examines how different laser surface texturing geometries 

influence surface hydrophobicity, and whether these surface features affect the adhesion of 

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

Through this work, the feasibility of laser-induced electrode surface modification applications 

is evaluated. The following research questions are addressed: 

1. Can a nanosecond fibre laser be used to improve hydrophobic properties on stainless 

steel surfaces? 

2. How do different surface texturing geometries affect the hydrophobicity of the surface 

of stainless steel electrodes? 

3. Can laser surface texturing improve the adhesion of catalytic coatings to stainless 

steel electrodes? 

By answering these questions, this thesis aims to contribute to the development of scalable and 

sustainable electrode surface engineering strategies for next-generation electrochemical energy 

technologies. 

This thesis was executed as part of project ñProduction of Green Ammonia by Electrochemical 

Reactors Realized with Additive Manufacturing (Green-AM)ò which is funded by Research 

Council of Finlandôs Proof of Concept Funding (decision number 365515). This project started 

1.1.2025, and it will end 31.12.2026. Project partners are Research Group of Hydro-metallurgy 

for Urban Miningof School of Engineering Science at Lappeenranta-Lahti University of 
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Technology LUT and Research Group of Digital Manufacturing and Surface Engineering 

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

Green-AM project aims to develop a decentralized, sustainable ammonia (NH ) production 

process using electrosynthesis powered by renewable energy, replacing the energy-intensive 

Haber-Bosch method. Its purpose is to support Finlandôs transition to carbon neutrality by 

enabling green NH-based fertilizers and energy carriers, fostering innovation, self-sufficiency, 

and clean energy access. 
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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 environments [24], [25], [26], [27]. Functionality can appear as 

passive or as active property by giving a respond to external stimulus [28]. Passive surface 

functionality implies to a surface where the functionality is always present, the property being 

independent of any external stimulus or changes in environmental conditions, and it is based 

on stable surface structure or chemistry. Passive surface functionalities are used, for example, 

in motor bearing, where hard coating and surface structure reduces friction and wear of the part. 

Active functionality implies to a surface property which can change or activate due to an 

external stimulus, such as light, heat, electricity, magnetic field or chemical environment. This 

active response is based on, for example, changes in material phases or ionic response. [29] 

These types of surfaces with active functional properties are often called smart materials and 

can be used in various applications, one example being smart glass, where the glass material 

responses to UV light [30], [31]. Table 1 shows the common surface functionalities, their key 

properties and example applications, compiled from [32], [33], [34], [35], [36], [37], [38], [39]. 
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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 
properties 

Hydrophobicity, 

hydrophilicity 

Self-cleaning surfaces, 
anti-fogging surfaces 

[32] 

Friction and wear 
control 

Reduced coefficient of 
friction, enhanced wear 

resistance, surface 
hardness 

Machinery parts, 
medical implants 

[33] 

Optical functionalities Anti-reflectivity, 
photocatalytic surface, 
wavelength-selective 

absorption 

Solar panels, air and 
water purification 

[34] 

Conductive properties Electrical conductivity, 
thermal conductivity 

Conductive polymers, 
insulators 

[35] 

Biological functionalities Antimicrobial activity, bio-
inertness, cell adhesion 

control 

Surgical instruments, 
implants, biosensors 

[36] 

Adhesion properties Tunable surface energy, 
enhanced bonding, anti-

adhesive (non-stick) 
behavior 

Coating adhesion, 
adhesives, release 

liners, non-stick 
cookware 

[37] 

Other liquid-repellent 
properties 

Oleophobicity, 
lipophobicity, chemical 
resistance to oils and 

organic solvents 

Anti-smudge coatings, 
protective screens, fluid 

barriers 

[38] 

Stimuli-responsive 
surfaces 

Changes in properties 
under external stimuli 

(light, heat, 
electric/magnetic field) 

Smart windows, 
sensors, actuators, 

tunable optical devices 

[39] 

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 functional properties allow the application of surfaces in well-defined 

applications, such as medical implants, optical systems or mechanical components. [24], [25] 

Controlled implementation of these functionalities, for example, through micro- and 

nanostructures, surface chemistry or intelligent material responses, acts as a key factor in 

optimising material performance across industries. 

Surface functionalities can be explained through four main factors: (1) chemical composition, 

(2) surface roughness, (3) topographical structure, and (4) external stimulus-responsiveness. 

All four factors are closely linked to the micro- and nanoscale,  and to some extent, with its 

macroscale features, such as overall surface waviness, geometric form, or large-scale roughness 

variations. [25], [40] 
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The atomic-level composition of a surface directly influences its surface energy, interactions 

with surrounding substances, physical responses, and electrochemical activity. Functional 

groups, such as ïCH3, ïOH, ïNH2, ðCHO and ïCOOH, play a key role in determining surface 

wettability, adhesion, and biocompatibility (the materialôs ability to perform in a living system 

without triggering toxic, allergic, or harmful immune responses). [41] 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, can modulate biological responses and are closely associated with material-induced 

toxicity [42]. Chemical coatings, including silanes and oxide layers, are used to tailor surface 

properties, particularly to enhance water repellence or to improve coating adhesion [37], [43]. 

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

the adhesion between asphalt and acidic granite aggregates by modifying the surface chemistry 

and forming a stable interfacial layer, thereby improving both the water repellence and bonding 

performance. 

Microscopic roughness of a surface, has an impact on the behaviour of liquids and particles 

interacting with the surface, as 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 CassieïBaxter model [41]. This model 

demonstrates the relation of contact angle (—) on a rough surface to the equilibrium contact 

angle (—) (the angle at the solidïliquidïvapor boundary when a droplet is at rest, reflecting the 

balance of interfacial tensions between the phases) on a smooth surface and the fraction of the 

liquidïsolid contact angle (f), as below Equation 1 shows. 

ÃÏÓ— ρ Ὢρ ÃÏÓ—       (1) 

This model shows that increased surface porosity, with the value of f being low, causes a larger 

apparent contact angle, contributing to superhydrophobic behaviour. A classic example is the 

superhydrophobicity of the lotus leaf, which caused from a hierarchical microstructure 

composed of short and wide surface pillars [44]. Furthermore, controlled surface roughness 

plays an important role in tribological performance, as regular texture patterns can be 

engineered to optimize friction behaviour, lubricant retention, and load distribution in 

mechanical systems [45], [46], [47]. 

The geometric structure of a surface, including micro- and nanostructures, hierarchical 

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



9 
 

particular, high aspect ratio structures, have been shown to reduce the degradation of biological 

components such as von Willebrand factor (a glycoprotein 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 well-known example is the use of pyramidal surface textures in solar panels, 

which minimize light reflection and thereby enhance optical absorption efficiency. [49] 

In addition to single-layered modifications, surface functionalities can also emerge from multi-

layered architectures or from materials that exhibit responsiveness to external stimuli. With 

multilayer systems, each layer is tailored to fulfil a specific role, such as mechanical 

reinforcement, chemical interfacing, or active functional behaviour. [45] Furthermore, stimuli-

responsive coatings, which for example react to light, temperature, or electric fields, can 

provide adaptive performance and dynamic tunability, as exemplified in technologies such as 

smart windows and sensing interfaces [31]. 

Functional surfaces can be fabricated using methods such as Chemical Vapor Deposition 

(CVD) (a high-temperature process in which gaseous precursors react to form a thin solid film 

directly on a substrate) [50], sol-gel processing (a wet-chemical 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 treatment) [51] and photolithography 

(a technique that uses UV light, a photomask, and a photoresist to produce micrometre-scale 

patterns on substrates through steps such as spin coating, exposure, and development) [52]. 

These techniques enable control over surface energy and allow the creation of micro- and 

nanostructures that influence properties like wettability (a surface property describing how a 

liquid interacts with a solid surface) [53], adhesion a surface property describing the tendency 

of dissimilar materials or surfaces to stick to each other) [54], or corrosion resistance a material 

property that defines its ability to resist degradation caused by chemical reactions with the 

surrounding environment) [55]. Plasma etching (a microfabrication technique where reactive 

ionized gas (plasma) is directed onto a surface to remove material from thin films) [56] can 

generate hierarchical textures on metals or polymers, enhancing their functional behaviour. 

Functional surface structures can also be produced using additive manufacturing (AM) , known 

also as industrial 3D printing, where the surface geometry is intentionally designed into a digital 

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

to achieve surface functionalities, such as water repellence or guided fluid flow, directly during 
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the printing process. [57] Figure 2 shows AM surfaces with functional micropatterning [58], 

[59], [60]. 

 

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 in Figure 2, panel (a) presents an AM microstructure surface inspired by biological 

textures, where precise control of the feature orientation and density enables the replication of 

complex natural designs for applications such as drag reduction and wear resistance. Panel (b) 

demonstrates the hydrophilicïhydrophobic contrast patterns that regulate droplet spreading and 

positioning, offering potential use in microfluidic devices and lab-on-chip systems. Panel (c) 

shows inkjet-printed nanoparticle assemblies that self-organize into three-dimensional 

structures, illustrating how additive manufacturing can be combined with nanoscale material 

control to create multifunctional surfaces for use in optical, biomedical, and anti-fouling 

applications. [58], [59], [60] 

2.2 Hydrophobic surfaces  

Hydrophobicity of surfaces is the ability of surface to repel water, which is a key functional 

feature in different natural and technical systems. This phenomenon is emerged from a high 

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 droplet, as illustrated in Figure 3. Hydrophobicity is influenced 

by both the chemical properties of the surface and the physical structures of the surface, 

especially properties such as roughness, porosity and topography. Several theories have been 

developed to model this functional phenomenon, the most important beng the models of Young, 

Wenzel and Cassie-Baxter. These theorems describe the relation between liquid and surface, 

taking into account the physical and structural influencing factors, such as surface energy of 

interfaces and surface roughness. [13], [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 interface 

of a droplet of liquid and a solid plane, as illustrated in Figure 3 [63].  

 

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 shown above in Figure 3, a liquid droplet rests on a solid surface while being surrounded by 

a gas phase. The contact angle (—) is formed at the point where the three phases (liquid, gas, 

and solid) meet. The image illustrates the interfacial tensions acting at this point: ‎  

representing the surface tension between the liquid and gas, ‎  between the solid and liquid, 

and ‎  between the solid and gas. [63] 

The value of contact angle determines the wettability of a solid surface. The magnitude 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 surface. [64], [65] 

Angles below 90° indicate good wettability, that is, a hydrophilic surface where the liquid 

spreads widely. Angles above 90°, on the other hand, indicates poor wettability, where the 

liquid forms a compact droplet and the surface is considered as hydrophobic. If the contact 
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angle exceeds 150°, the surface is classified as superhydrophobic. In this case, the liquid barely 

touches the surface and the droplet easily rolls off. The opposite 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 adhesive forces. [12] 

Youngôs equation (1805), shown in Equation 2, describes the relationship between the contact 

angle and a surface tension of droplets on ideal, smooth and homogenic surface. 

ÃÏÓ—        (2) 

where — is the contact angle by Youngôs model and  ‎ , ‎  and  ‎  are surface energies of 

the solid-gas, solid-liquid and liquid-gas interfaces [61]. This model was later modified by 

Gibbs to take into account the volumetric dependence of the contact angle, as Equation 3 shows. 

ÃÏÓ—        (3) 

where † is the line tension and a is the droplet radius [66]. 

The Wenzel model (1936) accounts for the fact that solid surfaces are typically not ideally 

smooth, but exhibit surface roughness that influences wetting behaviour, as shown in Equation 

4.  

ÃÏÓ— ὶÃÏÓ—       (4) 

where r is roughness coefficient. According to the 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 wetting. [62] 

The previously referred Cassie-Baxter model (1944) describes the relation of the contact angle 

on a rough surface to the equilibrium contact angle (see Equation 1). This model also describes 

situation, where liquid does not fill the unevenness of the surface, but partly floats by air on top 

of microstructures. This model is based on the distribution of the interfaces, as shown in 

Equation 5. 

ÃÏÓ— ὪÃÏÓ— Ὢ      (5) 
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where Ὢ is the proportion of the solids under the liquid and Ὢ is the air proportion. When Ὢ

Ὢ ρ, the equation described above reduces to the form of Equation 1. This equation shows, 

that the microstructures and porosity of the surfaces can increase the contact angle. [13] 

In order for the surface to be hydrophobic, the surface needs to have appropriate topography, 

porosity and often a hieratic structure, meaning that the surface features must be dimensionally 

and spatially optimized to support water repellence, by minimizing contact with water and 

maximise air trapping. These structures combine micro- and nanoscale features that reduce the 

contact area between the liquid and the solid, allowing air to remain trapped beneath droplets 

and thereby promoting a CassieïBaxter wetting state. [67], [68] Previous studies have shown 

that combining micro- and nanostructures into hierarchical entities can improve both the degree 

of water repellent and mechanical stability [69]. In such structures, water does not penetrate 

into the pores but instead rests on air pockets, which is referred to as the CassieïBaxter state. 

By reducing the solidïliquid contact area, this state enables the droplet to maintain a high 

contact angle, resulting in superhydrophobic behaviour. [70] Long et al. (2016) [70] 

systematically investigated the stability of the CassieïBaxter state on structured copper surfaces 

and found that although many surfaces display high contact angles and low sliding angles under 

ambient conditions. These properties deteriorate under condensation or external pressure if the 

surface lacks sufficient nanoscale texture. Their results indicate that hierarchical micro- and 

nanostructures, especially those with densely packed nanoscale features, enhance the stability 

of the CassieïBaxter state even under low temperatures and during droplet evaporation, 

preventing transitions to the metastable. This structural stability facilitates robust water 

repellence, critical for applications such as anti-icing 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 CassieïBaxter state. Similar conclusions 

were drawn by Yoon et al. (2014) [69], who emphasized that natural and artificial surfaces with 

dual micro- and nanoscale roughness consistently yield superhydrophobic behaviour by 

trapping air beneath droplets, thereby reducing solidïliquid contact. Their review reinforced 

the idea that both topography and surface chemistry must be engineered in concert to achieve 

reliable non-wetting behaviour. The principle is illustrated in Figure 4, where scanning electron 

microscopy (SEM) images show the hierarchical morphology of a natural lotus leaf alongside 

an artificially fabricated PDMS surface. [69] 
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Figure 4 SEM images showing superhydrophobic surface morphology: (aïc) a natural lotus leaf, and 
(dïf) 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 in Figure 4, the artificial structure, created via a one-step replication process using an 

underbaked, underexposed photoresist mould, exhibiting a broccoli-like micro/nanotexture. 

This randomly distributed surface architecture closely mimics the natural lotus leaf and 

enables high water contact angles (>160°), confirming its superhydrophobic nature. [69] 

Surface hydrophobicity is dependent on contact angle hysteresis (H), defined as the difference 

between an advancing (—) and a receding contact angle (—), as shown in Equation 6 [71].  

Ὄ — —        (6) 

This difference indicates how strongly the liquid adheres to the surface. [72], [73] Low 

hysteresis allows the droplet to roll off easily, enabling self-cleaning, whereas high hysteresis 

causes the droplet to remain pinned. [74], [75]  
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Figure 5 illustrates the concept of contact angle hysteresis on a tilted surface. The advancing 

angle (—) appears at the droplet front as it spreads, while the receding angle (—) appears at the 

rear as it detaches. Their difference represents hysteresis, while the tilting angle (‌) indicates 

the minimum inclination needed for the droplet to move. [76] 

 

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 in Figure 5, a tilted plane can be used to measure advancing and receding contact 

angles. By tilting the plane, gravitation gradually increases and the droplet starts to slide. [76] 

Values of each angle can be calculated using gravitational force, as shown in Equation (7). 

ÓÉÎ‌ ÃÏÓ— ÃÏÓ—       (7) 

where is the width of the contact area of the droplet, k is a geometric factor, m is the mass of ‫ 

the droplet and g is the gravitational acceleration. [77], [78] He et al. (2004) [79] conducted 

direct measurements on microfabricated silicon polymer, polydimethylsiloxan (PDMS), 

surfaces and found that Cassie droplets (groplets that sits on roughness peaks with air pockets 

and rolls easily off the surface) exhibited lower hysteresis compared to Wenzel droplets ( 

droplets that penetrate grooves of roughness and sticks strongly to the surface). Specifically, 

the advancing contact angle for a Cassie droplet was 152ï153°, and the receding angle was 

132°, causing a hysteresis of about 20°. In contrast, Wenzel droplets on the same surface 

showed advancing angles of 142ï143°, 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 hysteresis and that Cassie droplets, resting on air 



16 
 

pockets, are more desirable in self-cleaning or droplet-transport applications due to their 

enhanced mobility. [79] 

The hydrophobic behaviour of a surface is influenced by a set of structural parameters that 

determine how water interacts with the surface both statically and dynamically [80]. One key 

factor being surface roughness, which can be measured by: Ra (arithmetic average roughness) 

describing the linear average roughness of the surface, and Rz (mean peak-to-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. (2011) [83], the influence of surface roughness on 

wettability was systematically evaluated using six different materials: (1) aluminium alloy, (2) 

titanium alloy, (3) steel alloy, (4) copper alloy, (5) ceramic, and (6)  poly(methyl methacrylate) 

(PMMA). The surface roughness was controlled by polishing samples with abrasives of varying 

grit sizes, causing Ra values ranging from 0.15 Õm to 7.74 Õm. Apparent water contact angles 

were measured 20 seconds after droplet deposition to capture the quasi-static wetting behaviour. 

Results showed that the relationship between surface roughness and contact angle was not linear 

but material-dependent and often non-monotonic. As illustrated in Figure 6, each material 

exhibited a characteristic trend. [83] 

 

Figure 6 Apparent contact angle (ɗA) measured 20 seconds after 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 in Figure 6, titanium and steel alloys showed increasing 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 at Ra values of ~1 Õm, indicating enhanced spreading. PMMA surfaces showed a 

more gradual change, with contact angles increasing with roughness. These trends suggest that 

while increased surface roughness can promote air entrapment and enhance hydrophobicity, it 

may also lead to increased wetting depending on the surface chemistry and morphology. The 

authors also emphasized that roughness alone cannot predict wetting behaviour reliably; rather, 

it must be evaluated in conjunction with surface material properties and topographical 

complexity. [83] 

Another parameter having an effect on surface hydrophobicity, is pore geometry and order. If 

the pores are regularly arranged, for example in a micropillar structure, they can produce a 

mechanically stable CassieïBaxter state where water cannot fill the pores, but instead remains 

above them. In contrast, occasional or irregular porosity can lead to unstable wetting behaviour 

and trigger a contact angle hysteresis phenomenon, in which droplet propagation and 

withdrawal occur at different angles. The influence of pore geometry and ordering on 

hydrophobicity has been confirmed both computationally and experimentally. [68], [84], [85] 

Bushuev (2025) [68] used molecular dynamics simulations to study hierarchical Menger sponge 

nanoparticles and observed that particles with isolated micropores (2ï3 nm) exhibited more 

stable non-wetting behaviour and higher intrusion pressures compared to those with 

interconnected mesopores (5ï10 nm). Irregular connectivity promoted premature water 

infiltration and weakened (  bonding networks, leading to transitions away from the Cassieï

Baxter state. In contrast, more symmetric and closed pore networks enhanced air entrapment 

and supported stable droplet suspension. Supporting these findings, Bernardoni and Fadeev 

(2011) [86] fabricated structured alumina surfaces with either hexagonally ordered (~100 nm) 

or randomly distributed pores and evaluated their wetting properties after silanization (chemical 

surface modification process where organosilane molecules are covalently attached to the 

surface to create functional properties). Surfaces with regular pore arrangements exhibited 

higher contact angles (up to 162°) and lower contact angle hysteresis, while disordered 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 CassieïBaxter regime and minimising wetting transitions. 

Although surface structure plays an important role in hydrophobicity, the chemical composition 

of the surface must also be considered [87]. The free surface energy of the surface and the 

functional groups attached to it determine how strongly water interacts with solid matter. A 

surface with low free energy does not provide enough thermodynamic energy for water 



18 
 

molecules to spread, causing a high contact angle and hydrophobicity. [88], [89] Chang et al. 

(2022) [90] demonstrated that by modifying epoxy coatings with fluorinated silanes (PFTEOS) 

reduced the surface free energy of solid and increased the contact angle of water droplet from 

107.2° to 114.4° on flat surfaces. On rough nanocomposite surfaces, the contact angle further 

increased from 143.6° (Zn40-1:5) to 148.2° (ZnF40-1:5) and from 150.2° (Zn40-1:9) to 153.4° 

(ZnF40-1:9) after fluorination. The corresponding 3D surface topographies of Zn40-1:5, Zn40-

1:9, ZnF40-1:5, and ZnF40-1:9 coatings are shown in Figure 7. [90] 

 

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. 

Figure 7 shows the 3D surface topographies of Zn40-1:5, Zn40-1:9, ZnF40-1:5, and ZnF40-1:9 

coatings and measured surface roughness values [90]. The Sa values confirm that fluorination 

with PFTEOS did not alter the micro/nanostructural features, as surfaces with identical ZnO 

nanoparticle concentrations and size ratios exhibit comparable roughness. The increase in Sa 

from the 1:5 to the 1:9 ratio reflects the higher proportion of larger ZnO particles, indicating 

that surface topography is primarily dictated its nanofiller characteristics rather than the 

chemical modification. Since the surface topography remained nearly unchanged, these 

increases were attributed directly to the chemical composition. The introduction of #& and 

#& groups lowered the surface energy, stabilizing Cassieïtype wetting and decreasing 

contact angle hysteresis, down to 3.39° in the most hydrophobic coating (ZnF40-1:9). These 

findings confirm that lowering surface energy via functional group modification is a key 

mechanism for enhancing hydrophobicity. [90] In technical applications, such where low-
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energy surfaces are implemented, for example, by fluoridated polymers such as PTFE 

(polytetrafluoroethylene), or by the use of silane-based coatings that form hydrophobic 

structures. For example, these materials include #(  (methyl group), #& (trifluoromethyl) and 

3É#(  (trimethylsiloxane) groups, which are known for their ability to lower surface energy 

and thus increase water repellent. [91], [92] 

External stimuli can affect or even actively regulate the hydrophobic nature of the surface. For 

example, in the electrowetting phenomenon (an external electric field dynamically reducing the 

contact angle) enabling controlled movement of the liquid in microchannels. Similar responses 

can also be achieved by light (optowetting) or heat (thermoresponsive coatings), where the 

surface reacts to changes in environmental conditions and changes its wetting property 

accordingly. [93] Zhu et al. (2024) demonstrated that surface wettability can be dynamically 

controlled using a terahertz-frequency electric field. When a field of 0.8 V/nm at ~33 THz was 

applied to a surface coated with a sub nanoscale water layer, the contact angle dropped from 

51.7° to 0°, indicating a switch from hydrophilic  to superhydrophilic. This reversible transition 

was frequency-specific and driven by disruption of the (  bonding network, showing that 

wettability can be tuned also without changing surface chemistry or structure. [94] 
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3 Laser surface functionalization  

3.1 Overview of laser surface functionalization  

Laser surface functionalization is a technique used for the controlled modification of material 

surfaces by using laser energy to create physical or chemical changes at levels of micro- and 

nanoscales [95]. This approach enables the generation of functional properties with high 

precision and reproducibility [96]. For instance, laser surface texturing can enhance optical 

characteristics, such as anti-reflective properties or light trapping (confinement of light within 

a material by repeated internal reflections, which increases its absorption), which are useful in 

photovoltaics (technology were light is converted into electricity) and sensor design [97]. 

Surfaces modified with laser techniques can also be tailored to influence friction and wear, 

making them more suitable for tribological applications where durability and reduced 

mechanical losses are required [98], [99]. Laser treatment can alter the chemical reactivity of 

surfaces, either by exposing reactive sites or by enabling selective coating adhesion, which is 

important for material integration and the deposition of protective layers [100], [101]. 

Functionalization may further be used to adjust thermal and electrical conductivities or to 

modify surface-driven fluid flow behaviour [102], [103]. 

Laser surface functionalization is caused from physical and chemical interactions between laser 

energy and the material [95]. One of the key mechanisms is the formation of micro- and 

nanostructures as a result of local melting, ablation and rapid recrystallization [104]. Such 

surface structures ï including wells, grooves, and regular ridges ï can influence the optical, 

tribological, and biological properties of the material [105], [106]. Laser treatment also changes 

the chemical composition of the surface, for example through oxidation or other reactions that 

occur with air, shielding gas or other additives. These chemical modifications enable the 

adjustment of surface energy, corrosion resistance, and biocompatibility. Rapid temperature 

variations may induce phase transformations and refine the microstructure, enhancing 

properties such as surface hardness and fatigue strength. [107] Ultra-short pulses can be used 

to create laser-induced periodic surface structures (LIPSS), which influence, among other 

things, the scattering of light, the orientation of cells, or the wetting behaviour of the surfaces 

[97]. In addition, residual stresses and localized hardening may form under laser irradiation, 

improving wear resistance [99]. Laser processing further enables selective removal or melting 

of material with high precision, making it possible to fabricate multi-layer or hybrid structures 

and with minimal material consumption [108]. Because it is a non-contact method, laser 
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processing is particularly well suited for the clean and accurate modification of delicate or 

geometrically complex surfaces [96]. 

Laser surface structuring can be achieved in two primary ways, depending on both the pulse 

characteristics ï such as pulse width and frequency ï and scanning method. When using longer 

pulses and a laser beam with small diameter at the focal point, individual 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 shown in Figure 8a [104][92]. When using ultrashort 

pulses, such as femtosecond pulses, LIPSS can form on the surface during scanning process, as 

shown in Figure 8b [105]. These self-organized nanoscale ripples are typically oriented 

perpendicular to the laser polarization and arise from the interference between the incident 

beam and surface electromagnetic waves. The formation of LIPSS is influenced by parameters 

such as laser wavelength, fluence, number of pulses, and polarization direction. [97] Such 

structures enhance surface functionality, including wettability, adhesion, and optical behaviour 

[97], [109]. 

 

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. 

Figure 8 presents the two laser-based approaches to surface texturing [97], [109]. In Figure 8a, 

long-pulse laser irradiation is used to ablate material and to produce well-defined 

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 through the movement of the beam itself or by introducing 
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a relative motion between the laser system and the substrate [110], [111] Figure 8b illustrates 

the formation of LIPSS using ultra-short pulsed laser radiation, for example femtosecond pulsed 

laser system. Here material removal does not occur in the conventional sense; instead, periodic 

nanostructures are self-organized due to interference between the incoming laser wave and 

surface-scattered waves. These ripples are oriented perpendicular to the polarization of the laser 

and are highly sensitive to processing parameters such as laser fluence, pulse number, and 

wavelength. [97], [109] 

Laser surface texturing has been shown to improve the tribological performance of mechanical 

components by reducing the friction and wear through the introduction of micro-dimples on 

contact surfaces, which can be used as hydrodynamic bearings or lubricant reservoirs under 

various lubrication regimes [98], [99]. Etsion (2004) [99] reported both theoretical modelling 

and experimental validation of laser surface texturing applied to mechanical seals, piston rings, 

and thrust bearings. In case of mechanical seals, laser textured surfaces with hemispherical 

dimples (Ḑ100µm diameter, Ḑ10µm depth, 20% area density) achieved a friction torque 

reduction of up to 65 % at low unit loads compared to non-textured references. Partially textured 

seals provided an even greater effect, reducing friction by more than 90% at 12 bar sealed 

pressure. More recently, Lin et al. (2025) [112] investigated the effect of laser surface texturing 

on the wear resistance of laser-cladded WCïNi composite coatings. A picosecond laser device 

producing a laser beam with a wavelength of 1064 nm, an average power of 25 W, a scanning 

speed of 200 mm/s, and a pulse frequency of 100 kHz was used for laser texturing. Circular pit 

textures were applied to coatings containing 20 wt% WC (WC20) and compared with both 

untextured coatings and coatings with higher WC content (60 wt%). Figure 9 shows 

representative images of the textured surfaces, highlighting the uniform pit geometry produced 

by the picosecond laser processing. [112] 
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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 the textured WCïNi 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 µm and a depth of ~22 µm. The darker peripheral zones visible 

around 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 (WC20-LT) showed a 29.24 % reduction in average friction coefficient and a 

53.56 % reduction in wear rate compared to untextured WC20 coatings. This improvement is 

attributed to the function of the micro-pits as reservoirs for wear debris and lubricants, which 

mitigated abrasive and adhesive wear while supporting hydrodynamic lubrication under wet 

sliding conditions. Microstructural analysis further indicated that the laser-induced texture 

preserved the overall phase composition but promoted grain refinement and localized hardening 

in the binder phase, especially near pit edges, where microhardness values exceeded 500 (6Ȣ. 

As a result, the wear tracks of textured coatings were shallower and smoother, with improved 

lubricant retention and reduced crack propagation, confirming the protective effect of the laser-

generated microstructures. [112]  

Several studies have demonstrated that laser processing can alter the electrical conductivity of 

a surface through controlled texturing and chemical modification [113]. Stolz and Poprawe 

(1999) [113], investigated this effect on ceramic substrates, specifically !Ì/ and AIN, by 

generating conductive micro-traces with #/  and excimer laser irradiation. !Ì/  was modified 

using continuous wave #/  laser radiation (wavelength of 10.6 µm) with scanning velocity 

between 10 and 300 mm minī1, and laser powers from 25 W to 1 kW. In contrast, excimer laser 

radiation at 248 nm was employed for AlN, with an effective pulse number ranging from 1 to 

140 and fluences between 1.5 and 6 J cm Į. The process reduced the resistivity of !Ì/  from 
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values exceeding 10ĭ ɋ cm to approximately 0.5 ɋ cm, corresponding to an improvement of 

14 orders of magnitude. This modification was achieved through carbonization and crystalline 

transformations in ethanol environment, forming offstoichiometric phases (such as ɻ !Ì/ ) 

and introducing amorphous carbon. Figure 10 shows resistance per length as a function of 

process velocity for !Ì/  samples of different purities, showing that higher velocities were 

generally associated with lower resistance. [113] 

 

Figure 10 Electrical resistance per unit length as a function of processing velocity for various !Ì/  
grades. Image sourced from [113] which are under an open access Creative Common CC BY licence. 

As shown in Figure 10, at scanning velocities of Ò40 mm/min the resistance remains low and 

nearly constant across all !Ì/  purities. When the velocity exceeds 50 mm/min, the resistance 

increases sharply, most notably for the 99.9% sintered !Ì/ . In comparison, slurry-cast and 

lower-purity sintered materials retain a lower resistance over a wider velocity range, indicating 

a greater tolerance to high scanning velocities without conductivity loss. For AlN, laser 

modification decreased resistivity to values of 50ï300 mɋ cm, depending on the pulse number. 

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 of N-rich secondary phases, confirming that laser 

irradiation can selectively adjust the electrical behaviour of dielectric ceramics. [113] 

Laser processing can also be 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 fields. Tunakova et al. 

(2018) [114], investigated this effect by treating electrically conductive hybrid fabrics 
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composed of stainless steel fibres with a #/  laser device. This laser system operated at a 

wavelength of 10.6 µm, a power of 100 W, and a frequency 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 to laser-induced 

carbonization and localized conductivity enhancement, achieved without the need for additional 

coatings. For 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 higher doses, enabling precise and localized structuring [115]. While high laser intensity 

led to brittleness and changes in mechanical performance in some patterns, optimization within 

the 20ï35 % 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 of flexible 

electronic textiles. [114] 

Laser-induced surface functionalization has been shown to influence fluidïstructure 

interactions, particularly in relation to hydrodynamic cavitation. Cavitation refers to the 

formation, growth, and collapse of vapor bubbles in a liquid flow, often occurring when local 

pressures drop below the vapor pressure of the liquid. [116] Petkovġek et al. (2020) [117] 

investigated this phenomenon by fabricating five distinct microstructural topographies 

(dimpled, velvet, oxidized, waved, and grooved) on stainless-steel cylinders using a nanosecond 

fibre laser. This laser operated at a wavelength of 1060 nm with pulse durations between 10 ns 

and 28 ns, repetition frequencies ranging from 90 kHz to 900 kHz, and average 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 µm to 130 µm depending on the pattern. The results demonstrated that laser texturing 

delayed the onset of cavitation and reduced its intensity 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, indicating that well-designed microfeatures can mitigate cavitation-

induced erosion and noise. In contrast, the grooved surface, with the highest roughness (Sa 

value of 18.3 µm), promoted the most intense cavitation activity and the longest cavitation 

lengths, confirming that high roughness enhances vapor bubble generation. Frequency analysis 

of pressure fluctuations further supported these findings by showing that laser-induced 

texturing altered both the shedding frequency and amplitude of cavitation clouds. This outcome 

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 functionalization 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 emulsification. [117] 

The functionalization of stainless steel surfaces through the formation of LIPSS, was explored 

by Saqib et al. (2022) [118], focusing particularly on corrosion resistance and biocompatibility. 

Using a picosecond laser system with wavelengths of 1064 nm and 532 nm, the researchers 

fabricated distinct nanopatterns on AISI 316 stainless steel, including linear LIPSS formed 

parallel to the laser polarization (L1064 and L532) and crosshatched groove patterns (LGV). 

These nanostructures differed in both spatial period and morphology: L1064 patterns exhibit 

wider, less densely packed ripples, L532 produces finer, high-frequency ripples with smaller 

feature spacing, and LGV combines two orthogonal sets of grooves to create a grid-like texture. 

Electrochemical tests in Hanksô Balanced Salt Solution (Figure 11) revealed substantial 

differences in corrosion behaviour among the surface types. [118] 

 

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 polarization curves in Figure 11a show that L532 exhibited the most noble 

corrosion potential, meaning it shifted toward more positive values, which indicates a higher 

resistance to the initiation of corrosion, and 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 reference (L0). By contrast, L1064 

provided only a moderate improvement, with current densities higher than L532 but still lower 

than L0. The quantitative comparison in Figure 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 was attributed to laser-induced 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 penetration. Biocompatibility 

tests with human 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. These findings 

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 critical. [118] 

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

by modifying the surface chemistry of a material. Laser-induced surface functionalization was 

explored not only for controlling wettability but also for engineering functional flow channels 

on flat glass surfaces in a study done by Aono et al. (2016) [98]. Chemical surface treatment 

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

laser irradiation. By this approach, invisible, non-textured flow channels were created without 

physical engraving. A #/  marking laser with a wavelength of 9.3 µm, 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 glass, as verified by SEM and 

ultraviolet-visible (UVïvis) spectroscopy. The concept of self-transportation flow channels was 

introduced, where droplets were driven autonomously along the surface due to a gradient in 

wettability. This behaviour was achieved by controlling 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 induce fluid motion without external actuation. These results demonstrate that 

laser-induced functionalization can be used to manipulate fluid dynamics on glass surfaces 

through chemical composition control, offering potential for applications in microfluidics, lab-

on-a-chip systems, and passive liquid transport technologies. [103] 

3.2 Laser -induced hydrophobicity  

Hydrophobic functionality can be induced to solid surfaces through laser irradiation, 

particularly by employing pulsed lasers with ultra-short pulses, such as femtosecond pulsed 
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laser devices. This laser-based method enables the formation of controlled micro- and 

nanostructured topographies that alter the wetting characteristics of the material surface. 

Following laser irradiation, surface morphology becomes hierarchically textured, consisting of 

conical spikes, grooves, or dimpled 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 Wenzel-type wetting state, where the droplet fully penetrates 

the surface texture, to a CassieïBaxter state, where the droplet partially rests on air pockets. As 

a result, the contact angle between the water droplet and substrate surface increases and may, 

in certain cases, exceed 150°, at which point the surface is classified as superhydrophobic. 

[119], [120], [121] 

The degree of hydrophobicity achieved by laser texturing is governed by several interdependent 

processing parameters, including 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 CassieïBaxter wetting states. [121] Use of lower fluences 

causes shallower surface features or incomplete pattern development, leading to reduced 

contact angles and less stable wetting behaviour. The transition from superhydrophilic to 

hydrophobic behaviour is time-dependent and driven by post-irradiation 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 evolve into stable hydrophobic or 

superhydrophobic surfaces over the course of days or weeks under ambient conditions. [121] 

This time-dependent wetting transition has been experimentally verified by Dongre et al. (2021) 

[123]. Surfaces were prepared by using a nanosecond laser texturing of stainless steel 316 using 

a fibre laser operating at a wavelength 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 order to review the time-dependence of 

surface wetting, as shown in Figure 12. [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 in Figure 12, the measured contact angle was evaluated as a function of time. The 

scatterplot shows how the contact angle increased from below 90° to a maximum of 153° within 

40 days, after which no further changes were recorded after 20 days, indicating 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 analysis has confirmed that the surface modifications are 

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 surface energy and promote non-

wetting behaviour. [123] 

Coatings with low surface energy, such as fluorinated silanes or plasma-deposited #& layers, 

can be applied onto laser-treated surfaces of substrates to accelerate and stabilize the wettability 

transitions. These coatings reduce surface energy while conformally preserving the underlying 

topography. [120], [122] The combination of laser-generated micro- and nanostructures with 

such coatings has been shown to increase contact angles and decrease hysteresis, thereby 

enhancing droplet mobility and reducing the pinning effects. Surfaces with hierarchical dual-

scale roughness have demonstrated higher resilience in dynamic wetting conditions, such as 

droplet impact or ice nucleation (process where molecules of liquid water start to form into 

clusters). [120], [122] In anti-icing applications, laser textured and fluorinated aluminium 

surfaces have exhibited extended freezing delay times [122]. Rico et al. (2019) [122] observed 

that CassieïBaxter surfaces delayed freezing for longer times compared to Wenzel-type 

geometries with similar roughness. Their findings highlighted that surface morphology and air 
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entrapment play a more decisive role than roughness amplitude alone in suppressing 

heterogeneous nucleation. 

The durability and functional longevity of laser-induced 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 particular, stainless steel surfaces textured with a nanosecond pulsed fibre laser and 

subsequently coated with a thin silane-based hydrophobic layer were shown to maintain 

hydrophobicity even after prolonged exposure to saline environments, confirming potential for 

maritime and industrial applications. [120] Rafieazad et al. (2018) [120] have reported 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 untreated or solely silane-coated 

references. The corrosion current density of the laser textured and coated surface was 8.51 x 

10  A/cmĮ, which was higher than that of the untreated substrate (5.17 x 10  A/cmĮ) and the 

silane-coated reference (2.44 x 10  A/cmĮ). These findings indicate that the laser-induced 

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 

immersion-induced corrosion requires the development of stable superhydrophobic geometries 

with hierarchical roughness, capable of sustaining the CassieïBaxter wetting state and 

preventing electrolyte infiltration into surface recesses. [120] 

Stainless steel surfaces treated with femtosecond pulsed laser devices have shown long-term 

stability of contact angles when the micro-cone density and aspect ratio were optimized, 

highlighting the importance of precise control over texture dimensions and uniformity [119]. 

Kam et al. (2012) [119] have demonstrated that by tailoring the scanning speed (120 to 2400 

mm s-1) and fluence (from 0.253 to 1.014 J cm² ) during femtosecond laser processing 

(wavelength of 1043 nm) of AISI 316L stainless steel surface, micro-cone structures with 

different micro-cone densities and geometries could be fabricated, as shown in Figure 13.  
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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 cmϖ² (8 ɛJ at focus) with a repetition rate of 1000 kHz and a scanning speed of 
600 mm sϖ¹. Image sourced from [119] which is under an open access Creative Common CC BY licence. 

Figure 13 presents SEM images of surfaces fabricated under high-fluence conditions (F å 1.014 

J/cm²) at varying numbers of scanned layers: (a) N = 8, (b) N = 40, and (c) N = 300. At low N, 

the cones are 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 (0°) to hydrophobic 

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

how controlled adjustment of scanning parameters allows precise tuning of micro-cone density 

and aspect ratio, enabling tailored wetting behaviour on stainless steel surfaces. [119] 

The geometry and configuration of laser-induced 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 affect surface wettability. [124]. In a 

systematic study, Yang et al. (2016) [125] have fabricated three types of textures (line, grid and 

spot) on pure titanium surfaces, using a nanosecond pulsed laser system with a wavelength of 

1064 nm, a pulse width of 6 ns and an output power of 1.2 W. The distance between lines and 

spots varied from 50 to 100 µm. Immediately after processing, all surfaces displayed 

superhydrophilic behaviour with contact angles below 90°, which was attributed to increased 

surface energy and oxide formation. Over time, contact angles increased as surface chemistry 

evolved. After stabilization, the surfaces textured with line pattern achieved the highest contact 

angle of 157.2°, followed by grid (153°) and spot (132.5°) patterns. The transition was linked 

to the combined effects of hierarchical roughness and gradual accumulation of carbonaceous 

species. Surface roughness analysis confirmed that line and grid textures produced higher Ra 

values (value of 6.7 µm), particularly when spacing was minimized (50ï60 µm), thereby 

enhancing air pocket formation beneath droplets. Spot patterns, in contrast, showed the lowest 

roughness (Ra value of 0.2 µm) and correspondingly weaker hydrophobicity. Morphological 

observations further revealed that grid textures produced the most complex topography due to 
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overlapping laser passes, whereas spot textures generated isolated features with limited 

interconnection. X-ray photoelectron spectroscopy (XPS) measurements showed an increase in 

surface carbon content from 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 critically determine 

the wetting state. In particular, continuous and intersecting patterns such as lines and grids 

support stable CassieïBaxter 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 which .  and (  are formed into .( , usually under 

catalytically controlled conditions [126]. Industrially, this is traditionally accomplished through 

the Haber-Bosch process, which requires high temperature (400-500 °C) and pressure (20-40 

MPa), and high energy based on fossil fuels [127], [128]. The method contributes to 

approximately 1.8 % of global carbon emissions, making it a critical target for sustainable 

technological reform [129]. 

In recent years, particular interest has been attracted by the so-called green ammonia, in which 

the .( is produced by using ( , which has been produced with renewable energy. This 

approach supports climate goals as it can reduce the carbon footprint of the synthesis. As a 

result, research is oriented towards electrochemical synthesis methods in which .(  can be 

produced directly from water and air at ambient conditions. These methods offer a promising 

alternative to energy-intensive Haber-Bosch process, with energy-efficient 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 illustrated in Figure 14 [131], water molecules 

are split at the anode into protons (H ) and electrons (e ) via the reaction 

ς(/ᴼπς τ( τÅȢ     (7)  

As shown in Figure 14 the protons migrate through the electrolyte, while the electrons flow 

through an external circuit to the cathode. At the cathode, N gas reacts with the supplied 

protons and electrons to produce NH , according to the reaction  

. φ( φÅ ᴼς.( .    (8) 

This electrochemical route enables decentralized .(  production under ambient conditions and 

offers a promising, sustainable alternative to the conventional Haber-Bosch process. [132], 

[133] 



34 
 

 

Figure 14 Schematic of EAS. Reproduced from [131] which is under an open access Creative Common 
CC BY licence. 

As illustrated in Figure 14, the EAS system consists of several components, among which the 

electrodes play a central role [131]. The anode and cathode not 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 surface properties are critical in improving the performance of the 

process. Optimized electrode design can enhance reaction kinetics, promote .  adsorption and 

activation, and reduce competing side reactions such as HER. [8], [134] 

The properties of electrode materials in EAS are decisive for determining the overall 

performance and efficiency of the system [135]. Electrodes must exhibit high selectivity for the 

NRR to suppress competing side reactions, particularly HER, which often dominates in aqueous 

electrolytes [136], [137]. Good electrical conductivity is also required to ensure efficient charge 

transfer between the external circuit and catalytic sites. Another critical factor is strong catalytic 

activity toward N2 activation, which is frequently the rate-limiting step due to the inertness of 

the NſN triple bond [138]. To address this challenge, electrodes should provide a large surface 

area to increase the exposure of active sites and enhance mass transport [139]. Long-term 

chemical and structural stability in the electrolytic environment is equally important to prevent 

degradation or leaching during operation [140], [141]. A wide range of material classes has 

been investigated to meet these requirements, including metal-based catalysts (e.g., Fe, Mo, or 

Ru), composites that combine complementary functionalities, polymers with tunable chemical 

properties, and biobased materials that provide environmentally sustainable alternatives [142], 

[143]. The integration of these material properties is central to the design of efficient and 

scalable electrodes for EAS. 
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4.1 Hydrophobic surface  

Surface processing of electrodes, such as surface texturing, enables the tailoring of functional 

properties that directly influence electrochemical performance [7]. By modifying surface 

microstructure and chemistry, it is possible to enhance catalytic activity, electrical conductivity, 

and wettability [144], [145]. One such functional property is hydrophobicity, which can be 

deliberately 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]. Since the NRR occurs at the cathode, where .  competes with protons (( ) and 

electrons (Å) for access to catalytic sites [149], a hydrophobic surface plays a key role. 

Hydrophobicity helps to maintain gas-accessible pathways by limiting water intrusion, which 

is essential for efficient .  transport to the electrode [150]. Restricting water accumulation at 

the surface, hydrophobicity suppresses HER, the 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 conditions. [151], [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 local N  availability at the reaction sites, thereby improving NH  

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 requires balancing the delivery of .  and protons to active sites 

while suppressing HER [155]. Hydrophobic surfaces support this by limiting liquid water 

penetration into the catalyst or gas diffusion layer (GDL), thereby preserving gas pathways and 

promoting stable three-phase boundary formation. Expanded polytetrafluoroethylene (ePTFE) 

membranes are used as hydrophobic GDLs, as they combine high gas permeability with strong 

water repellence [156]. Goldman et al. (2024) [156], demonstrated that incorporating ePTFE 

into a zero-gap #/ electrolyser, stable operation is maintained with high Faradaic 

performance. The cell achieved voltages of 2.5 V and FE above 90% for #  products at 200 
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mA cm Į. This highlights how hydrophobic GDLs prevent electrolyte flooding, sustain mass 

transport, and ensure long-term stability. Such benefits are transferable to EAS systems, where 

efficient gas diffusion and interface stability are critical for high performance [141].  

Hydrophobicity has also been shown to enhance mass transport under pressurized conditions 

[157]. Controlled wettability allows higher current densities without sacrificing the selectivity 

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

gas diffusion layer (hydrophobic-GDL) in a pressurized polymer exchange membrane (PEM) 

water electrolyser, mass transport characteristics are enhanced under elevated water pressure. 

Hydrophobic-GDL prevents water from penetrating into the carbon paper, thus maintaining 

effective separation between gas and liquid phases at the electrode surface. This structural 

configuration enables efficient gas evolution and minimizes membrane dehydration. The results 

have shown that increasing water pressure from 0.1 to 0.4 MPa lead to a consistent rise in 

current density, from 64 to 117 mA cm Į at 25 ÁC, and up to 237 mA cm Į at 80 ÁC with a cell 

voltage of 1.6 V, indicating improve in water availability and reduce of mass transport 

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 interface, thereby enabling higher operating 

current densities without compromising efficiency or selectivity. This is especially relevant in 

high-rate electrolysis setups, with water electrolysis done with high current density, where 

excessive water accumulation would otherwise lead to performance degradation [159], [160].  

In addition to improving transport and selectivity, hydrophobic layers can extend the 

operational lifetime of electrodes [156]. By reducing continuous exposure to electrolyte, 

hydrophobic surfaces protect catalytic materials and support structures during prolonged 

operation. Hydrophobic layers act as a protective barrier against electrolyte-induced damage 

while maintaining gas access, which slows down degradation and extends electrode/catalyst 

lifetime. [162], [163] The study done by Khorsand et al. (2014) [163] provides support for the 

protective role of hydrophobic surfaces in enhancing the durability of electrodes in 

electrochemical environments. Carbon-based gas diffusion electrodes modified with 

hydrophobic agents, specifically polytetrafluoroethylene (PTFE), were investigated and their 

performance was evaluated during long-term electrolysis. The results have shown that 

hydrophobic PTFE-treated electrodes exhibit structural integrity improvement and operational 

stability compared to the untreated samples. Over extended operation, the untreated electrodes 

suffer from electrolyte flooding, catalyst layer delamination, and performance degradation. The 
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hydrophobic layer act as a physical barrier that minimized prolonged exposure to aqueous 

electrolytes. The results indicate that hydrophobic treatment not only enhances initial 

electrochemical performance but also prolong the functional lifetime of electrode by 

maintaining stable gasïliquid interfaces and by protecting the underlying catalytic structure 

from chemical and mechanical deterioration. 

Hydrophobic surface functionalities at the cathode represent an effective strategy for improving 

EAS efficiency and electrode lifetime. By supporting efficient gas diffusion, stabilizing 

electrochemical interfaces, and protecting against degradation, hydrophobic electrodes 

contribute to the development of high-performance and sustainable systems. [141], [150], [163] 

These advances support objectives in green .(  production, by providing possible solutions 

for material and component selection, which additionally 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 enable efficient NRR while 

maintaining stability during continuous operation [164]. Unlike inert conductive substrates, 

functional electrodes require surface characteristics that actively promote NRR, suppress 

competing reactions, and support long-term durability. These properties are often introduced 

by applying catalytically active coatings tailored to enhance electrocatalytic efficiency, 

selectivity toward .( , and resistance to degradation in electrolyte environments [165]. When 

the substrate lacks inherent catalytic activity or stability, the coating provides the necessary 

functional properties, while the substrate mainly serves as a conductive and structural support 

[166]. Nevertheless, substrate features such as surface topography or microstructure introduced 

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

mass transport, adhesion or local reaction environments [167]. 

Most important requirements for catalytic coatings are in high electrocatalytic efficiency, strong 

selectivity toward .(   formation, and stability under electrochemical conditions [168], [169], 

[170]. However, another significant aspect is mechanical durability of the electrode, which 

depends on 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 kinetics [171], [172]. Wang et al. (2024) [173] have used RuMo alloy nanoflower 

structures with a face-centred cubic (fcc) phase. Nanoflower structures resemble flower 
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morphology in microscopic scale [174]. The results have shown that the nanostructures enhance 

nitrate-to-ammonia conversion, achieving high FE of 95.2 % and durability due to favourable 

electron redistribution and an optimized d-band center, which improve electroactivity and 

electron transfer of the electrode surface. Guo et al. (2025) [175] have fabricated catalysts 

composed of copper nanowires encapsulated in ZIF67 (CuNW@ZIF67) structures. These 

structures demonstrate enhanced catalytic performance with FE of 93.7 % and high energy 

efficiency of over 30 %, due to their optimized morphology and synergistic electron 

interactions. Equally important is the ability of the catalyst to selectively direct the reaction 

pathway toward .( , minimizing the formation of undesired by-products. Yan et al. (2024) 

[176] have shown that a catalyst made of phosphorus-doped copper clusters combined with 

cobalt hydroxide nanosheets (0 #ÕȾ#Ï/(  achieved this by managing both steps 

(./ ÔÏ ./ ÁÎÄ ./ ÔÏ .(  of the nitrate-to-ammonia conversion. The phosphorus 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 to .( . This design resulted in a high FE 

of 97.04 % and reduced the formation of unwanted by-products. 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 

coating materials in practical applications when designing a system for .(  synthesis. [172], 

[176], [178]  

Coatings need to remain structurally stable and firmly bonded to the substrate surface during 

operation [179]. Weakly bonded or structurally unstable coatings are prone to delamination 

(separation of a layered material into individual layers), dissolution (material dissolves into a 

solvent to form a homogeneous solution), or restructuring under harsh electrochemical 

conditions, leading to a loss of activity and reduced electrode lifetime [180], [181], [182]. 

Coatings acts as a protective 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 manufacturing [184].  

A key mechanism that governs the coating adhesion is mechanical interlocking, which relies 

on the interaction between the coating and the microscopic irregularities of the substrate 

surface. Features ï such as ridges, valleys, pores, and micro- or nano-scale roughness ï allow 

the coating material to penetrate and anchor physically into the substrate topography. [185] This 

improves wetting of the coating onto the surface and establishes physical anchoring points that 
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resist shear forces and delamination. As 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 long-term performance and reliability [140], [141]. 

Surface texturing with laser systems has emerged as an effective approach for enhancing 

coating adhesion and stability through both physical and chemical surface modification. 

Controlled laser irradiation produces micro- and nanostructures that enlarge the surface area 

and promote mechanical interlocking of the coating. [187] These textured surfaces reduce local 

stress concentrations and improve the mechanical anchoring of the catalytic layer, thereby 

minimizing the risk of delamination under cyclic loading or thermal expansion [188]. The study 

by Kromer et al. (2015) [189] has shown that laser surface texturing improves coating adhesion 

by creating micro-dimpled patterns that enhance mechanical interlocking. A pulsed fibre laser 

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

Hz, was used to laser surface texturing process. In tensile adhesion tests, laser-treated 

aluminium substrates reached adhesion strengths of up to 60 MPa, compared to only 20 MPa 

for grit-blasted references. In laser shock adhesion tests (LaSAT), the textured surfaces 

withstood laser pulse energies up to 2.5 J, whereas untreated samples delaminated at 0.8 J. The 

increased adhesion was attributed to micro-dimple arrays that improved mechanical 

interlocking and enlarged the bonding area, confirming the effectiveness of laser surface 

texturing in improving coating durability. 

In EAS, electrodes are continuously exposed to pressurized electrolytes, reactive intermediates, 

and potential cycling. Under such conditions, the combination of catalytic coatings and laser 

pre-treatment is highly valuable. This strategy enhances both catalytic performance and 

mechanical robustness, ensuring long-term 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 how laser surface texturing can be used to 

fabricate hydrophobic surface structures on stainless steel substrate. The primary objective is 

to understand how micro- and nanoscale surface features generated by laser processing affect 

the surface wettability, topography and coating behaviour. These aspects are essential for 

tailoring surface properties for applications where control over water repellence and surface 

interactions is critical. 

The experimental part of the thesis is divided into three main stages, as illustrated in Figure 15. 

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

 

Figure 15 Steps of experiments for this thesis. 

In the first part (see Figure 15), laser surface texturing as a pre-treatment is applied to stainless 

steel surfaces using selected parameter sets. Surface characterization is then performed, 

including topographic profiling, SEM 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 (see Figure 15) involves applying the CoOH -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 any changes occur in 

wettability or morphology. 
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In the final stage, adhesion testing is conducted on the coated surfaces, as shown in Figure 15. 

The goal is to assess whether laser texturing improves the coating adhesion and to identify 

which surface features contribute most effectively to mechanical interlocking. The results are 

then analysed in the context of the earlier surface characterizations to establish correlations 

between structure, wetting behaviour and adhesion strength. 

An important part of the study is the comparison of different surface patterns, which are 

fabricated with different laser surface texturing parameters. 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. The laser-induced 

textures include both line and grid patterns, enabling evaluation of how directional features and 

intersecting topographies affect liquidïsolid surface interaction. The work aims to determine 

which types of surface textures most effectively promotes water repellence, both on bare metal 

surfaces and when coated. 

In addition to laser-induced hydrophobicity, the study also examines how a coating applied to 

the laser textured surfaces interacts with the underlying patterns. This includes assessing (1) 

whether the coating modifies or preserves the wetting behaviour of surface, and (2) how well 

the coating adheres to different textured structures. The influence of surface roughness, feature 

size, and pattern uniformity on coating performance is also explored. The relationship between 

surface morphology and coating adhesion is analysed to evaluate whether laser texturing can 

enhance the durability, consistency, or the functional performance of the coating under 

conditions where surface wettability plays a critical role. 



42 
 

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 mechanical integrity, which are desirable properties for electrodes used in EASs. Its low 

carbon content and alloying elements ï such as chromium, nickel and molybdenum ï contribute 

to its resistance against localized corrosion in electrolytic environments. These characteristics 

make it a practical substrate for surface modification studies, where the objective is to tailor the 

electrode surface to improve wettability, chemical compatibility, or the electrochemical 

performance. [190] 

The stainless steel was supplied as 5.0 mm thick sheets with a 2B surface finish according to 

the EN 10088-2 material standard. The chemical composition of the steel, as confirmed by 

spectrometric analysis, is presented in Table 2. The three main alloying elements besides iron 

are chromium (16.5 %), nickel (10.0 %), and molybdenum (3.00 %), with iron being in balance, 

all of which contribute to the corrosion resistance and stability of material. The low carbon 

content (0.018 %) helps prevent sensitization during welding or heat exposure. [191] 

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 shown in Table 

3. The offset yield strength (Rp0.2) was measured as 338.56 MPa, the proof strength (Rp1.0) as 

378.49 MPa and the ultimate tensile strength (Rm) as 598.01 MPa. The elongation break with 

50 mm gauge (A50) was 55.50 % and with 5 mm gauge (A5) was 56.6 %, indicating good 

ductility, and the Rockwell hardness was measured as 84 HB. These values confirm that the 

material has sufficient mechanical strength while retaining formability, which is essential in 

experimental processes involving surface structuring and mechanical testing. 

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

Rm (MPa) Rp0.2 (MPa) Rp1.0 (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 10088-2 standard and underwent a 

solution annealing heat treatment between 1050ï1100 ÁC and cooling with air. All values were 

verified by a third-party laboratory in accordance with ISO 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 an integrated 2D scanner head. The laser operates within a wavelength 

range of 1055ï1075 nm, with a typical average? wavelength 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 µm at the focal point. 

The processing area is enclosed by a metal shielding on all sides to ensure working safety, as 

shown in see Figure 16. 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 area to prevent oxidation during laser 

processing at a flow rate of 20 l/min, serving as a protective and inert atmosphere. The complete 

experimental setup for laser surface texturing is shown in Figure 16. 

 

Figure 16 Laser system and setup used in experimental part. 

As shown in Figure 16, the laser setup consists of 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 surface. An air blade (3) blows room air across the 

optical path, deflecting fumes and particles to prevent contamination or thermal damage to the 

optics. A web camera (4) is used to monitor the process in real time. The working area is on 

tops of an adjustable platform (5) which can be then raised or lowered to align the sample with 

the focal plane of the laser. 

Figure 17 shows a close-up image of the laser system used in the study. 

 

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

A close-up view is shown in Figure 17, where the workpiece (6) is positioned within the gas 

barrier (7). The gas barrier 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 laser processing. The laser beam (9) is visible in the 

centre of the treated area. While it appears as a bright (there is a broad spot in the image due to 

rapid scanning and exposure), the actual focused beam diameter is approximately 60 µm. 

Laser fluence refers to the amount of laser energy delivered per unit area, expressed in joules 

per square centimetre (J/cm²) or joules per square milli metre (J/mm²) (SI 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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            (8) 

where P is the laser pulse power, t is the pulse length and A is the beam cross-section area. 

Microscopy imaging system 

The optical microscopy system used in this thesis for surface inspection and imaging was the 

Motic AE2000MET inverted metallurgical microscope, shown in Figure 18. This microscope 

is designed for examining polished cross-sections and bulky metallic samples that are too 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 in Figure 18, the setup consists of the inverted metallurgical microscope (1) equipped 

with a trinocular head, providing magnifications from 5x to 100x. A digital camera (2) mounted 

on the trinocular port transfers live images to the connected computer for both real-time 

observation and image capture. The computer (3) is used for image analysis and documentation 

of the saved micrographs. For additional flexibility, the system includes a macro-imaging unit 

(4) with interchangeable magnification heads, such as a 1x lens, allowing capture of wider field-

of-view images to complement the high-magnification 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 single-mode 300 ml microwave cavity with a 900 
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W magnetron, enabling rapid and uniform volumetric heating of liquid and solid-phase 

samples. 

The instrument is equipped with Activent technology, which provides automated pressure 

management by releasing gaseous by-products during processing, thereby preventing vessel 

failures and ensuring safe high-pressure operation. The temperature is monitored by a patented 

iWave sensor, a non-contact infrared sensor capable of measuring sample temperature directly 

through glass or Teflon vessels, ensuring accurate and reproducible heating without fragile 

thermocouples.  

Figure 19 shows the coating deposition system used in the study. 

 

Figure 19 Coating deposition system used in the experimental part. 

As shown in Figure 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 microwave energy into the cavity, and the Activent pressure 

device (4) for controlled venting. The integrated touch-screen interface enables programming 

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

3D surface measurement system  

Surface topography measurements in this thesis were performed using a Bruker Alicona 

InfiniteFocus G6 optical 3D surface measurement system (see Figure 20). The device operates 
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based on non-contact, optical, three-dimensional metrology, using Advanced Focus Variation 

(Smart Flash 2.0) and Vertical Focus Probing technologies. This enables high-resolution 

imaging and accurate characterization of both rough and polished surfaces, regardless of 

reflectivity. 

The system is capable of acquiring up to 4.6 million measurement points per scan, with a 

positioning volume of 200 x 200 x 100 mm, tilt range from ï15° to +90°, and compatibility 

with objects weighing up to 30 kg (with special mounting). In this thesis, the system was used 

to evaluate the surface structure of laser textured stainless steel surfaces by capturing 3D 

topography and analysing areal surface roughness parameters Sa (arithmetical average 

roughness) and Sz (mean peak-to-valley height). 

The analysis of the 3D point cloud data was carried out using MetMax: Laboratory 

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 surface texturing strategies and supported quantitative 

assessment of the effects of laser texturing. 

Figure 20 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 in Figure 20, the Alicona measurement system includes the sample holder (1), where 

the specimen is fixed during scanning. The motorized platform (2) enables precise X, Y, and Z 

positioning of the surface of sample to align the measurement area accurately. The objective 

lenses (3) mounted on a rotating turret offer magnification options ranging from 5x to 100x, 

allowing both wide-field and high-resolution imaging of surface features. 

Scanning electron microscope 

SEM analysis in this thesis was performed using a Thermo Scientific Apreo S field-emission 

scanning electron microscope (FE-SEM), equipped with multiple advanced imaging and 

analysis capabilities. The system features a Schottky field emission gun (FEG) electron source, 

providing high beam stability and resolution with an acceleration voltage range from 0.2 kV to 

30 kV and beam currents from 1 pA to 400 nA. The microscope supports both high and low 

vacuum operation (LoVac: 10ï500 Pa with HϜO), and its compound lens system enables 

variable imaging modes, including electrostatic, field-free magnetic, and magnetic immersion 

lens configurations. 

The Apreo S microscope is equipped with a wide range of detectors, including three in-lens and 

in-column secondary electron and backscatter electron (SE/BSE) detectors, an Everhart-

Thornley detector, low-vacuum SE, and lens-mounted BSE detectors, as well as retractable 

scanning transmission electron (STEM) and cathodoluminescence detectors. For elemental 

analysis, the system includes an Oxford Instruments Ultim Max 100 EDS spectrometer, with a 

100 mmĮ Peltier-cooled sensor, 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 large-area mapping, image 

registration, and feature classification. The imaging chamber is monitored with an integrated 

IR camera and navigation tools for precise sample positioning. FE-SEM system used in this 

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

As shown in Figure 21, the microscope includes the electron column (1), which houses the 

Schottky FEG source and beam optics. The sample chamber (2) is centrally located and 

provides access to the multi-axis 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 sample holder (4) used to mount the stainless 

steel specimens during imaging and energy dispersive X-ray spectroscopy (EDS) analysis. 
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Contact angle measuring system 

Contact angle measurements in this study were performed using the Attension Theta optical 

tensiometer, a precision instrument for characterizing surface wettability and surface free 

energy. The measurement system used in this study is presented in Figure 13.  

 

Figure 22 Attension Theta optical tensiometer. 

The system employs a high-resolution drop shape analysis by capturing side-profile images of 

liquid droplets on solid surfaces. A monochromatic cold LED light source (1) ensures consistent 

illumination while minimizing sample evaporation, and a high-resolution digital camera 

combined with precision optics (2) provides an accurate image capture of the droplet contour. 

The instrument is equipped with a motorized sample stage (3) for precise alignment and 

positioning, and a syringe mechanism (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 density. All measurements 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 using a standardized tape test set up. 

Measurement setup is presented in Figure 23. 

 

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

Figure 23 shows the adhesion measurements setup used in the study. The setup consisted of a 

precision exacto knife (a) for scoring the coating layer and a pressure-sensitive adhesive tape 

(b) to evaluate the coating detachment from the laser-textured stainless steel specimens. 

Together, these components provide a hardware configuration for assessing coating adhesion 

according to established grading scales. 



52 
 

7 Experimental procedure  

7.1 Pre-treatment  

The objective of the pre-treatment stage was to evaluate the suitability of various laser 

parameters for generating micro- and sub microscale surface textures capable of modifying the 

surface wettability of stainless steel. Surface texturing was carried out using a nanosecond 

pulsed fibre laser system, operated under ambient atmospheric conditions with Argon-gas as 

additional shielding gas during laser processing. The majority of laser processed surfaces were 

stored in ambient air for a period of 20 days prior to the characterization and coating, to account 

for realistic handling and testing conditions. This storage was intended to simulate practical 

exposure-related aging effects such as mild oxidation or airborne contamination. In addition, 

freshly textured surfaces were included in the inspection to enable a preliminary comparison 

between aged and fresh surfaces, providing an insight into possible time-dependent changes in 

hydrophobic behaviour. While the potential impact of atmospheric exposure was not 

quantitatively analysed in this study, it was acknowledged as an important factor for future 

research. 

A matrix of 30 discrete parameter combinations were designed, for exploring the wide 

parameter space. The parameters varied in laser power (10ï40 W), pulse width (1 ns ï 100 ns), 

pulse frequency (20ï100 kHz), scanning speed (1500ï2000 mm/s), fill pitch (0.02ï0.5 mm), 

and number of repetitions (1ï7). Each combination was applied to a 2x2 cm square section of 

the substrate, resulting in a 6x 5 array of test surfaces. The complete matrix on preliminary tests 

is provided in Appendix 1. 

Surface wettability was preliminarily evaluated using a qualitative droplet inspection method. 

Water droplets were gently dispensed on the centre of each laser textured surface using a pipette 

to avoid impact-driven spreading. The droplet profiles were then inspected 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 phase. Figure 24 illustrates typical 

results of this inspection, showing droplets resting on differently textured 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 areas. This image 

was captured from a low angle to emphasize differences in droplet shape and contact angle. 

The droplet on top of the surface (numbered as eight) appears more flattened compared to the 

other droplet on top of the surface (numbered as 13), indicating a lower contact angle and thus 

lower hydrophobicity. In contrast, the droplet (on top of the surface 13) maintains a more 

spherical shape, suggesting a higher degree of water repellence. The distinct surface finishes in 

the numbered squares affect the spreading and wetting behaviour of the surface. These 

qualitative observations support the initial selection of processing parameters for further 

analysis. 

Figure 25 shows a schematic illustration of the two laser scanning strategies used in this study: 

line pattern (a) and grid pattern (b).  

 

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

As seen in Figure 25, for the line pattern, laser scanning is performed unidirectionally with 

parallel scan lines separated by a constant fill pitch, resulting in a series of evenly spaced laser 
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tracks. In the grid pattern, the same area is scanned twice, first 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 spacing between adjacent scan 

lines and directly influences the density and resolution of the textured surface. These scanning 

strategies were employed to investigate the effect of the pattern geometry on surface topography 

and wettability. 

Four parameter combinations, 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 therefore chosen 

to allow the direct comparison between line and grid geometries. The selection also considered 

the surface uniformity and structural integrity. The final laser parameters used in this study are 

presented in Table 4. 

Table 4 Laser parameters for laser texuring of surfaces. 

 Pattern Power 
(W) 

Pulse 
duration 
(ns) 

Frequency 
(kHz) 

Scanning 
speed 
(mm/s) 

Fill pitch 
(mm) 

Repetition 
times 

Fluence 
(J/mm2) 

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 in Table 4, 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, pulse duration 100 ns, pulse frequency 20 kHz, scanning speed 

1500 mm/s, fill pitch 0.02 mm and repetition times 7. For the L2 and G2 surfaces, the 

parameters were power 40 W, pulse duration 100 ns, pulse frequency 100 kHz, scanning speed 

2000 mm/s, fill pitch 0.1 mm and repetition times 5. Fluences for surfaces L1, L2, G1 and G2 

was calculated using Equation (8). Example calculation of fluence is in Appendix 2.  

The stainless steel was cut to plates of 18 x 45 mm to fit the coating and measurements systems. 

Each plate was processed to have surfaces L1, L2, G1 and G2. The processing area for these 

surfaces was 10 x 18 mm, as shown in Figure 26. 
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Figure 26 Laser processing areas for laser texturing of the surfaces. 

As shown in Figure 26, the laser textured zones were positioned sequentially along the SS plate, 

with each surface (L1, L2, G1, and G2) occupying an area of 10 × 18 mm. This arrangement 

enabled a direct comparison of 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 textured plates had identical surface structures and were prepared on the same day, 

ensuring that all measurements could be repeated on comparable samples to obtain reliable 

averages, and that the time-dependency of hydrophobicity was consistent throughout all 

surfaces. Surfaces were the cleaned using compressed air immediately after laser processing, in 

order to remove dust and other derbies. After laser processing, the plates were exposed ambient 

air in room temperature and humidity for 20 days, to induce hydrophobicity. This exposure 

period was chosen based on literature [123], where comparable time frames have been reported 

as sufficient for wettability transition, while a longer period was not feasible due to the time 

constraints of this thesis. These plates with laser textured surfaces were used for further 

analyses, including topography, SEM characterization, and adhesion testing. Four plates were 

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

7.2 Coating  

Cobalt(II)  hydroxide (CoOH) coatings were deposited on stainless steel substrates using a CEM 

Discover 2.0 microwave reactor. Prior to deposition, the stainless steel specimens 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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remove any organic contaminants and to ensure good coating adhesion. The deposition solution 

consisted of 50 mL of deionized water containing 1.46 g of cobalt nitrate hexahydrate 

(#Ï./ ẗφ(/) and 0.15 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 ethanol to remove residual precursors and 

subsequently dried at 70 °C overnight to stabilize the coatings. 

7.3 3D topography  

Topographic features of the laser textured surfaces were analysed using optical focus-variation 

microscopy, which enables quantitative three-dimensional surface reconstruction by capturing 

height data from changes in optical focus. This technique is suitable for characterizing 

microscale surface textures, as it provides both colour-coded height maps and numerical line 

profiles with a vertical resolution of Ñ 1 Õm, depending on the lens and measurement settings.  

Figure 27 shows an example image of the measurement results provided from optical 3D 

topography measurements. 

 

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 in Figure 27, the colour-coded map represents the measured surface height variations, 

where different colours correspond to different elevation levels. The accompanying line profile 

illustrates the cross-sectional height data along a selected path. This example demonstrates the 

type of three-dimensional surface information obtained with the optical focus-variation 

microscope, combining both qualitative visualisation with quantitative numerical data. 

The arithmetical average roughness (Sa) and mean peak-to-valley height (Sz) values were 

measured for each textured surface (L1, L2, G1 and G2) and nontreated reference surface, to 

characterize surface roughness on a quantitative scale.  

Prior to analysing the laser treated surfaces, a reference profile was measured on a non-treated 

316L stainless steel surface to provide a baseline for comparison. Due to the visually smooth 

and isotropic nature of the non-treated reference surface, only a single cross-sectional profile 

was extracted in a random direction. This profile served to confirm the surface flatness and the 

low roughness, offering a point of contrast for the highly structured laser textured regions. 

Line pattern analysis 

Detailed surface profile analysis was conducted for the surfaces treated using line pattern (L1 

and L2). The three different measured line profiles for surfaces textured with line pattern are 

shown in Figure 28. 

 

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 in Figure 28, three red-dotted profile lines represent the profiles used to characterize 

the periodic structure of the surfaces: 

- Profile 1 ï Along laser tracks: This profile follows the crest lines of individual laser 

tracks, allowing the 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 2 ï Between laser tracks: Positioned 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 3 ï Across laser tracks: This cross-sectional 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 offers an insight 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 or anisotropic 

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 for the laser textured surfaces with grid 

pattern (G1 and G2), which were produced using bidirectional laser scanning to generate 

intersecting structures. Figure 29 presents two measured 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 topographic image of a grid-textured surface is shown in Figure 29, with two red-dotted 

profile lines used to characterize the resulting two-dimensional periodic pattern: 

- Profile 1 ï 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 single scanning direction. 

- Profile 2 ï Between laser tracks: Oriented perpendicularly to Profile 1, this line runs 

between adjacent laser tracks, enabling assessment of the track spacing, valley depth, 

and consistency across the orthogonal scan direction. 

These profiles 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 allows an in-depth evaluation of pattern symmetry, 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 morphology of stainless steel surfaces after laser 

treatment. The imaging was performed using a Thermo Scientific Apreo S FE-SEM, 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 detailed visualization of 

surface structures at both micro- and nanoscales, which is essential for evaluating the effects of 

surface modification. 
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To obtain comprehensive surface information, each surface (non-treated reference, L1, L2, G1 

and G2 surface) was imaged using three different detectors: ETD, T1 and T3. These detectors 

differ in their detection angles and the type of electrons that they collect, enabling 

complementary contrast modes and visualization of various surface properties. 

- ETD (EverhartïThornley detector) collects low-angle backscattered electrons, which 

are highly sensitive to surface topography. Images captured with ETD detector were 

used in this thesis to visualize the topography (overall texture, step heights and fine 

morphological details) of the surface. 

- T1 collects high-angle backscattered electrons, which are primarily used for generating 

atomic number contrast (Z-contrast). Images captured with the T1 detector were used 

to qualitatively assess compositional variations on the surface, particularly 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 

take-off angle, enhancing the visibility of inclined surfaces and complex 

microstructures. In this study, T3 was used to capture detailed images of the laser 

textured surfaces, allowing subtle topographical features and edge contrasts to be 

observed with improved clarity. 

All images were acquired using a consistent accelerating voltage of 2 kV and with a beam 

current of 25 pA to minimize surface charging and ensure high surface sensitivity. 

Magnifications ranged from 500x to 1500x, allowing both general and detailed visualization of 

the surface features. The representative regions were selected away from edges of the plates to 

avoid mechanical or mounting artifacts. Scale bars were added to the obtained images using 

Fiji ImageJ software to provide an accurate spatial reference for the observed surface features. 

This enables a quantitative comparison of texture dimensions and ensures that structural 

characteristics which can be reliably interpreted and reported in the analysis. An example image 

of laser textured surface captured with SEM device used in this thesis, as shown Figure 30.  
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Figure 30 Image of laser textured surface captured with SEM. 

As Figure 30 shows, SEM provides high-resolution images of the laser textured surfaces, 

enabling a clear 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 effects of surface 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 contrast information. 

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 a high-resolution 

camera and monochromatic cold LED illumination. Measurements were conducted under 

ambient laboratory conditions using quartz double-distilled water as test liquid. A droplet 

volume of 5 Õl was used in all measurements, dispensed at a controlled rate of 0.1 Õl/s to ensure 

a smooth and reproducible drop formation. 
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Each measurement followed a standardized procedure illustrated in Figure 31.  

 

Figure 31 Illustration of contact angle measurement procedure. 

As shown in Figure 31, a droplet 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 each surface, four droplets were measured at separate locations to 

account for local surface variability. The average of these measurements was then calculated 

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

Contact angles were determined using the YoungïLaplace fitting method in Analyse mode 

within the OneAttension software. The software automatically detected the droplet baseline and 

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

angles, which were then averaged for each droplet, as shown in Figure 32.  

 

Figure 32 Droplet baseline (green line) and fitted contact angles measured with Attension Theta optical 
tensiometer. 
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As shown in Figure 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 ensures a consistent and reproducible evaluation 

of surface wettability across all tested samples. 

The mean of three droplets was reported as the representative contact angle for the surface. 

These values were used to classify surface wettability: contact angles below 90° were 

considered hydrophilic, whereas angles above 90° indicated hydrophobic behaviour. Contact 

angles exceeding 150° were interpreted as superhydrophobic. 

For specimens with surfaces laser textured with line patterns (L1 and L2), anisotropic wetting 

behaviour was expected due to the directionality of the textured features. To capture this effect, 

contact angles were measured from two orthogonal viewing directions relative to the pattern 

orientation as shown in Figure 33.  

 

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 in Figure 33, measurements marked as "P" (L1-P, L2-P) were taken with the camera 

perpendicular to the line direction, and those marked as "H" (L1-H, L2-H) were taken horizontal 

to the line direction. This approach allowed an assessment of directional differences in droplet 

shape and contact angle caused by the anisotropic surface morphology. 

7.6 Adhesion testing  

The adhesion strength of the coatings was evaluated using the standardized cross-cut tape test 

according to ISO 2409:2020. In this method, the coating surface is scored with a series of 
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perpendicular cuts to form a cross-hatch pattern, penetrating through the 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 illustrated in Figure 34, which 

schematically shows the sequence of cross-hatch scoring, application of adhesive tape, and 

subsequent evaluation of coating detachment. 

 

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 cross-cut tape test procedure. In the first step, 

the coating is scored into a cross-hatch grid. In the second step, a pressure-sensitive adhesive 

tape is applied firmly over the scored area. Finally, the tape is removed in a controlled motion, 

and any detached coating fragments remain visible within the cross-hatched 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 was applied to the studied samples. After scoring 

of the surfaces with exacto knife, a pressure-sensitive adhesive tape (Gorilla Tape Crystal Clear) 

was firmly applied to the cross-hatch area and then removed in a single smooth motion at a 

consistent angle and speed to reduce variability. After the tape removal, the tape surfaces were 

examined with optical microscope at 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 estimating the proportion of coating detached from 

the cross-hatched areas after the tape test, as shown in Figure 35. Each surface was assessed by 

determining the percentage of coating loss within the grid squares, providing a direct indication 

of the coatingïsubstrate adhesion strength: the greater the detachment, the weaker the adhesion. 
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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 0 to grade 5, corresponding to 100 % to 0 % coating detachment, respectively. 

Intermediate grades represented 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 experiments (as a pre-treatment), were conducted on a stainless steel 

specimens divided into four distinct areas, labelled L1, L2, G1, and G2. The corresponding 

laser processing parameters for each area are listed in Table 4, and photograph of the textured 

surfaces is shown in Figure 36. The parameter sets were selected based on preliminary testing, 

as described in Section 7.1, to enable comparison between the different laser texturing pattern 

types (line and grid) and energy inputs (fluence of 35 J/mm² and 141 J/mm²). 

 

Figure 36 Photograph of laser textured surfaces L1 (line pattern, fluence 35 J/mm2), L2 (line pattern, 
fluence 141 J/mm2), G1 (grid pattern, fluence 35 J/mm2), and G2 (grid pattern, fluence 141 J/mm2). 

Figure 36 presents a photograph of the laser processed stainless steel specimen, showing the 

four processed surface areas: linear patterns L1 and L2, and grid patterns G1 and G2. Visually, 

contrasts in colour and texture can be observed between the surfaces, reflecting variations in 

surface morphology and oxidation caused from the processing conditions. The L1 and G1 

surfaces, both processed at a lower fluence of 35 J/mm², appear darker than L2 and G2, which 

were processed at a higher fluence of 141 J/mm². 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 line-patterned surfaces (L1, L2) exhibit distinct unidirectional 

features, whereas the grid-patterned surfaces (G1, G2) show intersecting structures that produce 

a more complex visual texture. The sharper boundary lines between adjacent areas indicate 

precise control of the laser processing, with minimal heat-affected zones extending beyond the 

intended regions. These observations can also be seen in macro image taken with 1x 

magnification in Figure 37. 
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Figure 37 Macro image with 1x magnification of surfaces a) L1 (line pattern, fluence 35 J/mm2), b) L2 
(line pattern, fluence 141 J/mm2), c) G1 (grid pattern, fluence 35 J/mm2), d) G2 (grid pattern, fluence 
141 J/mm2), and e) non-treated reference surface. 

Figure 37 shows 1x magnification macro images of the laser textured surfaces L1, L2, G1 and 

G2 (aïd) and the non-treated reference surface (e). L1 surface (a) was processed with line 

pattern and laser fluence of 35 J/mm2, L2 (b) line pattern and laser fluence of 141 J/mm2, G1 

(c) has been processed with grid pattern and laser fluence of 35 J/mm2, G2 (d) grid pattern and 

laser fluence of 141 J/mm2. In L1 surface (a), vertical laser tracks are visible, with a diagonal 

waviness across the pattern, as indicated by the arrows in Figure 37. This diagonal waviness 

effect of the surface may be related to the lower pulse frequency (20 kHz), which increases the 

spacing between pulses and can accentuate small misalignments or scanning system vibrations. 

Additionally, the observed waviness could be influenced by the underlying surface topography 

of the substrate or by thermal distortion during processing. In the L2 surface (b), the arrows 
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highlight horizontal lines corresponding to the laser scanning direction. The surface exhibits 

non-uniformity, with darker lines in certain regions, which may result from local variations in 

heat accumulation or oxide formation during laser processing. The surface shows non-

uniformity, with darker lines in certain areas, possibly due to local variations in heat 

accumulation or oxide layer formed during laser processing. 

In G1 surface (c), the grid pattern is visible, but the surface appears non-homogeneity, 

suggesting variations in the laserïmaterial interaction across the processed area. G2 surface (d) 

exhibits a uniform and well-defined grid structure, indicating stable process conditions and 

consistent substrate response during laser surface texturing. The non-treated reference surface 

(e) shows only the original surface of the stainless steel substrate, with no periodic or directional 

features, as shown in Figure 37. Furthermore, L1 (a) and G2 (d) surfaces appear more uniform 

compared to L2 and G1 surfaces, which 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 types. Macro images with higher magnification (5x) for 

corresponding surfaces are presented in Figure 38.  
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Figure 38 Macro image with 5x magnification of surfaces a) L1 (line pattern, fluence 35 J/mm2), b) L2 
(line pattern, fluence 141 J/mm2), c) G1 (grid pattern, fluence 35 J/mm2), d) G2 (grid pattern, fluence 
141 J/mm2), and e) non-treated reference surface. 

Figure 38 presents 5x magnification macro images of the laser textured surfaces L1, L2, G1 

and G2 (aïd) and the non-treated reference surface (e), providing a closer view of the laser 

textured features observed in Figure 37. L1 surface (a) was processed with line pattern and laser 

fluence of 35 J/mm2, L2 (b) line pattern and laser fluence of 141 J/mm2, G1 (c) has been 

processed with grid pattern and laser fluence of 35 J/mm2, G2 (d) grid pattern and laser fluence 

of 141 J/mm2. In L1 surface (a), distinct vertical lines corresponding to individual laser scanning 

tracks are visible. The uniformity of the spacing a suggests consistent beam positioning, 

although variations in brightness along the tracks may indicate fluctuations in energy delivery 

or local surface reflectivity. L2 surface (b) displays predominantly horizontal lines following 
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the laser scanning direction; however, these lines appear less defined than in L1 surface, which 

could be related to the higher scanning speed and fluence used, leading to a smoother melt layer 

and reduced visual contrast between adjacent tracks. In G1 surface (c), the grid pattern is 

pronounced, with bright, regularly spaced nodes at track intersections, as seen in Figure 38. The 

appearance suggests of localized material modification or oxide formation at the overlap points, 

where the laser beam passes twice. G2 surface (d) also shows a grid pattern but with more 

uniform brightness across the surface, consistent with stable processing at higher fluence and 

scanning speed. The non-treated reference surface (e) exhibits the inherent random roughness 

of the stainless steel substrate, with no directional or periodic structures present. 

8.2 Coating  

Photograph of laser textured surfaces L1, L2, G1 and G2 is shown in Figure 39. 

 

Figure 39 Photograph of laser textured and coated surfaces L1 (line pattern, fluence 35 J/mm2), L2 (line 
pattern, fluence 141 J/mm2), G1 (grid pattern, fluence 35 J/mm2), and G2 (grid pattern, fluence 141 
J/mm2). 

Figure 39 presents a photograph of the coated stainless steel specimen, showing the four laser 

textured surface areas: L1 and L2 surfaces laser textured with line pattern, and G1 and G2 

surfaces with grid pattern. After 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 G1 surfaces, both processed at a lower fluence of 35 J/mm², is still 

distinguishable from the lighter appearance of L2 and G2 surfaces, which were processed at a 

higher fluence of 141 J/mm². This 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 reflectance and transmittance characteristics of the laser-processed 

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 

promote increased surface oxidation and roughness, which enhance light absorption and reduce 
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reflectivity, leading to a darker tone. The line-patterned surfaces (L1, L2) retain their 

characteristic unidirectional streaks, while the grid-patterned surfaces (G1, G2) display more 

complex intersecting textures. The boundaries between 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 surfaces while preserving the distinct morphological 

characteristics generated by the laser device. 

Figure 40 presents 1x magnification macro images of the coated laser textured surfaces L1, L2, 

G1 and G2, and coated non-treated reference surface. 

 

Figure 40 Macro image with 1x magnification of coated surfaces a) L1 (line pattern, fluence 35 J/mm2), 
b) L2 (line pattern, fluence 141 J/mm2), c) G1 (grid pattern, fluence 35 J/mm2), d) G2 (grid pattern, 
fluence 141 J/mm2), and e) non-treated reference surface.  
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Figure 40 shows 1x magnification macro images of the coated surfaces L1, L2, G1 and G2 (aï

d) and the coated non-treated reference surface (e). L1 surface (a), processed with line pattern 

and fluence of 35 J/mm², displays visible unidirectional tracks that remain distinguishable after 

coating. The periodicity of the laser-induced 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/mm², horizontal 

features are observed, but the surface appears darker and less uniform than L1 surface. This 

may be related to increased local oxidation or differences in the coating wetting behaviour on 

the smoother but less topographically pronounced texture of L2 surface. G1 surface (c), 

processed with grid pattern at lower fluence (35 J/mm²), shows intersecting structures 

characteristic of the orthogonal scanning strategy, but the coated layer appears to highlight 

small-scale irregularities and local variations in reflectivity, suggesting slight heterogeneity in 

coating deposition. In contrast, G2 surface (d), produced at higher fluence (141 J/mm²), exhibits 

a more uniform grid pattern after coating, with well-defined intersecting nodes and consistent 

tonal contrast across the area. The coating seems to have spread homogeneously, preserving the 

hierarchical features introduced by the laser texturing.  As marked in Figure 40 with 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 microstructural roughness introduced during 

laser texturing. Their presence suggests heterogeneity in the coating deposition, although the 

overall pattern geometry and periodicity remain clearly preserved. The coated non-treated 

reference surface (e) shows the smooth 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 non-treated 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 presented in Figure 41. 



73 
 

 

Figure 41 Macro image with 5x magnification of coated surfaces a) L1 (line pattern, fluence 35 J/mm2), 
b) L2 (line pattern, fluence 141 J/mm2), c) G1 (grid pattern, fluence 35 J/mm2), d) G2 (grid pattern, 
fluence 141 J/mm2), and e) non-treated reference surface. 

Figure 41 shows 5x magnification macro images of the coated surfaces L1, L2, G1 and G2 (aï

d) and the coated non-treated reference surface (e). L1 surface (a), processed with line pattern 

and fluence of 35 J/mm², exhibits well-defined 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 surface appears darker and more homogeneous than L1, with 

fewer small-scale 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 the flatter texture. G1 surface (c), processed with a grid pattern at lower fluence 

(35 J/mm²), shows a pronounced array of bright circular spots corresponding to the laser pulse 

overlaps. The coating highlights these intersecting nodes, which appear as reflective points 

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 grid intersections. The brighter nodes appear 

more rounded and less irregular than in G1 surface, consistent with increased remelting and 

smoothing effects of the higher energy input. As indicated by the arrows in Figure 41, 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 differences in laser-induced surface roughness at 

the ridge intersections, which influence the spreading and adhesion of the deposited coating. 

The coated non-treated reference surface (e) presents a fine-grained, stochastic texture without 

periodic features, where the coating forms a homogeneous but non-structured layer. Compared 

to the textured surfaces, the absence of directional or grid-like patterns results in a visually more 

random surface morphology. 

8.3 3D topography  

Pre-treatment 

3D surface topography measurements and imaging were conducted for laser textures surfaces 

L1, L2, G1 and G2, and non-treated reference surface. Coloured topography images of these 

surfaces are presented in Figures 42-47. 

The 3D topography image with angled view on non-treated reference surface and surface G1 is 

presented in Figure 42.  
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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/mm2 surface. 

As seen in Figure 42, the 3D surface topography of the non-treated reference surface (a) exhibits 

a fine, stochastic roughness pattern characteristic of the untreated stainless steel substrate, with 

no evidence of periodic or directional features. In contrast, the G1 surface (b), processed with 

a grid pattern at a fluence of 35 J/mm², reveals periodic microstructures with well-defined 

height variations across the patterned area. The inset provides a magnified view, confirming the 

uniformity and regular arrangement of the laser-induced 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 evaluation of height variations across the 

entire surface. 

ŀΦ 

ōΦ 
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Surface topography image of non-treated reference surface is presented in Figure 43. 

 

Figure 43 Topography image of the non-treated reference surface. 

Figure 43 shows the 3D surface topography of the non-treated reference surface. The colour 

scale represents the 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 original stainless steel substrate, with height 

variations ranging approximately from -10 µm to +18 µm. 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 finishing processes of the base material, which 

serve as the baseline condition for evaluating the effects of laser surface texturing. This 

reference surface will be used as a comparative benchmark for assessing changes in roughness 

parameters (Sa, Sz) and morphological characteristics introduced by the different laser 

processing conditions. 
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The surface topography image of laser textured L1 surface is presented in Figure 44. 

 

Figure 44 Topography image of the L1 surface processed with line pattern and laser fluence of 35 J/mm2. 

Figure 44 shows the 3D surface topography of the L1 surface, processed with a line pattern at 

a fluence of 35 J/mm² and a frequency of 20 kHz. The topography reveals a distinct series of 

parallel ridges and grooves aligned with the scanning direction, with height variations ranging 

from approximately -70 µm in the deepest valleys, to +30 µm at the highest peaks. These 

variations originate from the periodic energy input and thermal accumulation during successive 

laser passes. The higher peaks correspond to areas where local melting and re-solidification 

have occurred due to overlapping pulses, while the deeper valleys represent regions of more 

efficient ablation where material removal was dominant. The regularity of the pattern indicates 

stable beam positioning and consistent overlap between adjacent 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 meltingïsolidification, forming well-defined track boundaries. Compared to the 

non-treated reference surface (seen in Figure 43), L1 shows an increase in both peak-to-valley 

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

functionality. 
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The surface topography image of laser textured L2 surface is presented in Figure 45. 

 

Figure 45 Topography image of the L2 surface processed with line pattern and laser fluence of 141 
J/mm2. 

Figure 45 shows the 3D surface topography of the L2 surface, processed with a line pattern at 

a fluence of 141 J/mm² and a frequency of 100 kHz. The surface displays evenly spaced parallel 

ridges and grooves aligned with the scanning direction, with height variations ranging from 

approximately ï15 µm to +15 µm. Compared to L1 (as seen in Figure 44), the amplitude of the 

surface features is smaller, indicating shallower structuring. This 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 promotes material removal and 

increased surface remelting. The ridges exhibit a continuous and uniform profile with minimal 

irregularities, producing even surface texture. While the periodicity remains well-defined, the 

reduced peak-to-valley, may limit the ability  of surface L2 to trap air pockets compared to the 

deeper structures observed in L1, potentially affecting the caused wettability characteristics. 
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The surface topography image of laser textured G1 surface is presented in Figure 46. 

 

Figure 46 Topography image of the G1 surface processed with grid pattern and laser fluence of 35 
J/mm2. 

Figure 46 shows the 3D surface topography of the G1 surface, processed with a grid pattern at 

a fluence of 35 J/mm² and a frequency of 20 kHz. The surface features a periodic array of 

intersecting ridges forming a distinct orthogonal grid pattern, with pronounced nodes at the 

intersection points. These nodes correspond to areas where the laser beam passes twice in each 

repetition times, causing an increaced local ablation depth and thermal modification. Height 

variations range from approximately -70 µm in the deepest valleys to +30 µm at the highest 

peaks, making this surface one of the most topographically 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) used for 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 strongly influence 

wettability by facilitating air entrapment between nodes and ridges, promoting CassieïBaxter-

type behaviour. 
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Surface topography image of laser textured G1 surface is presented in Figure 47. 

 

Figure 47 Topography image of the G2 surface processed with grid pattern and laser fluence of 141 
J/mm2. 

Figure 47 shows the 3D surface topography of the G2 surface, processed with a grid pattern at 

a higher fluence of 141 J/mm² and a frequency of 100 kHz. The surface exhibits a regular array 

of square-shaped nodes formed at the intersections of the orthogonal scanning tracks, with 

uniform height and spacing across the entire measured surface area. Height variations range 

from approximately ï70 µm in the deepest valleys to +30 µm at the highest peaks, similar to 

G1 (as seen in Figure 46), but with smoother transitions between features. The increased fluence 

combined with a higher repetition frequency causes more complete remelting at the intersection 

points, producing rounded and 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 

topography is expected to yield predictable wetting behaviour, with regular air pocket formation 

at the grid intersections supporting stable CassieïBaxter wetting states. 

Line profile extractions, were performed for the laser textured surfaces L1, L2, G1, and G2, as 

well as for the non-treated reference surface. The illustrated profiles of these surfaces are 

presented in Figures 48-52. 
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The line profiles along laser tracks of surfaces pattern L1 and L2 laser textured with line pattern, 

and non-treated reference surface are presented in Figure 48. 

 

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

Figure 48 shows profile measurements of non-treated reference surface (black profile) and laser 

textured surfaces L1 (violet profile) and L2 (red profile). The L1 surface was processed with 

line pattern and laser fluence of 35 J/mm2, and the L2 surface with line pattern and laser fluence 

of 141 J/mm2. Line profiles were measured along the direction of the laser tracks (line pattern 

profile 1 see section 7.5), to evaluate surface height variations introduced by different scanning 

parameters. The reference surface (REF) exhibited only minor roughness fluctuations within 

±4 µm, corresponding to the baseline texture of the stainless steel substrate. Surface L1 (fill 

pitch 0.02 mm, frequency of 20 kHz) displayed a clear periodic waviness along the scan 

direction, with peak-to-valley heights of approximately 11 µm. This regular pattern is likely 

related to the relatively large pulse spacing at 20 kHz, where each individual pulse produces a 

distinct surface depression, leading to a repeating topographic modulation. In contrast, surface 

L2 (fill pitch 0.1 mm, 100 kHz) did not exhibit such regular periodicity. The shorter pulse 

spacing at 100 kHz causes a higher degree of pulse overlap, producing a smoother track without 

distinct repetitive structures. As seen in Figure 48, the overall height variation in L2 surface 

was higher than the non-treated reference surface but lacked the uniform modulation seen in L1 

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