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Abstract

Abstract

The application-specific modification of technical surfaces to increase their functional performance is
becoming ever more important due to the development of new technologies. In many industrial
applications where surfaces are exposed to humid and cold climates, ice formation and accumulation are
inevitable unless countermeasures are taken. On the wings of wind turbines, atmospheric icing not only
affects the aerodynamic performance but can also cause mass shifts on the rotor, which induce vibrations
that can compromise the system’s structural integrity. In addition to the resulting reduction in efficiency,
there is a risk of ice being shed and thrown off the rotor blades, posing a threat to public health and safety.
In severely affected areas, electro-thermal or aero-thermal heating systems are integrated into the rotor
blades, which require a lot of energy to operate. Passive ice-repellent surfaces that reduce ice
accumulation and promote de-icing would solve this problem. With laser structuring technology, it is
possible to create superhydrophobic surfaces based on reducing surface energy and incomplete wetting.
The present work deals with the laser structuring of surfaces to modify the wetting and de-icing properties
to reduce freezing effects. A Titanium:Sapphire femtosecond laser is used, characterized by its ultra-short
pulses and the associated high pulse energy. In experimental studies on stainless steel X5CrNil8-10
(1.4301 / AISI 304), the mechanisms and properties of so-called laser-induced periodic surface structures
(LIPSS) are examined in more detail, which due to their nature and comparatively short processing time,
have great potential for large-scale industrial application. Furthermore, the influence of the surface
topography of different microstructures or superimposed hierarchical structures generated by selective
laser ablation on their wetting and icing properties is considered based on the present work. In addition to
the effect of pure laser structuring, different methods of chemical post-treatment (hydrocarbons, vacuum)
were examined, which led to a significant increase in the contact angle, and a reduction in ice adhesion.
During wind tunnel tests, hydrocarbon treated samples showed an improved water runback and a
considerable time delay in ice bead formation on the leading edge.

Since durability is essential for practical application in wind energy or aerospace sectors, experiments on
the erosion resistance of laser-generated nano- and microstructures were carried out. Long-term field tests,
where laser-structured samples were attached to the rotor blades of a small-scale wind turbine, confirmed
the high resilience of different laser-generated structures under harsh alpine environmental conditions.
Furthermore, tribological investigations showed the structure’s capability to reduce the coefficient of
friction.

In summary, this work combines a comprehensive investigation of the potential of laser structuring in
terms of targeted application-optimized surface modification with comprehensive experiments on
resistance to environmental and other wear conditions. From the empirically collected data, predictions
about the wetting and icing behavior of laser-structured surfaces, as well as their resistance to wear and
corrosion, should be derived in the future.
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Variables and constants
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Introduction 1

1 Introduction

The demand for environmentally friendly energy generation significantly impacts the global energy
market and has led to a steady expansion of renewable energy in recent decades. In 1990, the share of
renewable energy in global electricity production was about 18.4%, with 18.3% generated by
hydropower and only 0.03% by wind power [1]. In 2022, the share of renewable energy was already
29.9%, with the expansion of wind power to 7.5%, and solar power at 4.5% being the strongest drivers
of this significant change. To drive global decarbonization and achieve the goal of a renewable and clean
energy future, a study by the International Renewable Energy Agency (IREA) shows that the share of
wind power in the overall energy mix would need to increase to 35% by 2050, which would be
technically and economically feasible [2]. The European Union passed a climate law in 2021, including
climate targets for reducing greenhouse gases, the energy transition, and climate neutrality by 2050.
Accordingly, by 2030, the share of renewable energy should be increased to at least 32%, whereas in
2022, it was in the range of 22%, but above the set target of 20% [3]. In Austria, the federal government
passed the “Bundesgesetz iiber den Ausbau von Energie aus erneuerbaren Quellen" in 2021, intending
to implement the coverage of 32% of gross energy consumption by renewable energy by 2030, as
required by the EU, and achieve climate neutrality by 2040 [4]. This results in a demand for wind
turbines, which, due to the increasing scarcity of available land in the lowlands and the further
development of technology, makes the installation of turbines in mountainous locations more attractive
for operators. Aside from the ecological consequences, the disadvantages of developing alpine terrain
which typically consists of a more exposed area, can lead to higher installation and maintenance costs,
as well as more intensive winter periods. The risk of icing of wind turbines increases in most cases with
the altitude of the site. However, this risk always depends on the local climate conditions, and in the
Alpine region, it applies mainly to sites at altitudes 1000 m above sea level [5]. The International Energy
Agency (IEA), classifies "cold climate" (CC) sites into low-temperature climate (LTC) and "icing
climate" (IC) sites. To be classified as LTC, the site must have an air temperature of < -20 °C on more
than nine days per year and an average annual temperature of < 0 °C [6]. IC sites are characterized by
having instrumental icing above 1% of the year and meteorological icing above 0.5% of the year.
Instrumental icing is the period during which ice formation is visible on the structure or instruments,
and meteorological icing is the period during which weather conditions allow ice formation. Regardless
of this classification, ice formation is also strongly dependent on the prevailing humidity or liquid water
content (LWC), temperature, and wind speed, which are also subject to substantial local and seasonal
changes [7]. From a meteorological point of view, the origin of the eventual icing of structures close to
the ground lies in the formation of droplets by condensation on dust particles, which leads to a droplet
size of > 4 pm [8]. These cloud droplets can grow to a median volume diameter (MVD) of up to 0.5 mm
by further condensation. Larger drops can be formed by the formation of ice crystals in the cloud, which
grow until they become too heavy and fall into lower air layers, where they either liquefy again (rain),
liquefy and cool below 0 °C again (supercooled rain), or continue to arrive frozen as snow [8]. This
process is referred to as precipitation icing concerning the icing of ground-level structures and is
distinguished from in-cloud icing (Table 1) [9]. In-cloud icing is the presence of suspended supercooled
water droplets that are accelerated by the wind and flash freeze on the wind turbine. It is the most
common icing process and conditions tiny water droplets with MVD < 50 um [7].

Depending on the icing conditions, distinguishable ice types can be formed: glaze ice and rime ice
[9]. Glaze ice forms during freezing rain or wet in-cloud icing and is characterized by a transparent
appearance. It has a higher density than rime ice and adheres very firmly to the surface [10]. Rime ice,
on the other hand, forms when wind carries supercooled water droplets against a surface, causing them
to freeze abruptly. It is the most common type of ice and can be classified as soft rime or hard rime
depending on the droplet size (Table 1) [9]. Soft rime is a fragile formation comparable to snow that
adheres weakly to surfaces, whereas hard rime is a much more rigid, needle-like formation that adheres
firmly. Ice growth always occurs in the direction of the water-bearing wind and can reach rates of over
70 mm/h [11].
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Introduction

Table 1: Meteorological parameters controlling atmospheric ice accretion and ice properties [8], [9], [12],
[13], [14], [15].

. Air temperature Wind speed Droplet size, | Liquid water content | Density Adhesion an
Type of ice k; L. 3 By i Color
°Cl [m/s] MVD [mm] | in air, LWC [g/m’] [kg/m’| cohesion
Precipitation icing
Glaze (freezing
’ ) -10<t<0 any 0.1-5 0.05-0.5 900 strong transperent
rain or drizzle)
weak (forming) i
Wet snow 0<t<+3 any flakes lwe, [16] 300 - 600 white
strong (frozen)
In-cloud icing
25 —
Glaze 20 B 0.1-05 5 900 strong transperent
Hard rime \ Glaze —
15 '9'3
Hard rime ok e 150 _5' 0.1-0.5 0.1 600 - 900 strong opaque
E
0=
Soft rime -15 -10 -5 0 0.02-0.1 0.01-0.30 200 - 600 low - medium white

Air temperature

[°C]
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Introduction - Problem 3

1.1 Problem

The risks coupled with the icing of wind turbines can be divided into three categories: Personal
safety, operational safety, and economic efficiency. Ice accumulation usually starts at the leading edges
of the rotor blade tips (wing tips), where the highest circumferential speed of up to 300 km/h prevails.
Introducing a disturbance, such as load-cycle induced oscillation of the flexible fiber composite rotor
blades or a natural defrosting process, can lead to the loosening/shearing of ice sections and, thus, to
parabolic shedding [16]. Such a fragment typically weighs 100-1000 g and is highly likely to impact
within a 300 m radius of the wind turbine, but it depends on the rotor diameter and hub height [17], [18].
Therefore, special ice protection measures must be taken at sites with potential personal hazards.

Furthermore, even slight ice accumulation on the rotor blades leads to disturbed aerodynamics and,
thus, to a reduction in lift force and an increase in drag (Fig. 1) [19], [20]. An asymmetric mass
distribution can develop as icing progresses, leading to imbalance, rotor blade oscillations, and increased
tower vibrations [21]. All this puts additional stress on the structure and mechanics (gearbox) and
increases the maintenance effort and consequently the operating costs of the affected turbine [22].

r 3

3D
Ice accretion

.
.

Rotor blade
— cross section

Geometry

Roughness

2D

Aerodynamic penalty

Figure 1: Aerodynamic effects for various airfoil ice shapes [7], [23].

The disturbance of aerodynamics due to icing of the rotor blades has a substantial impact on the
efficiency of the wind turbine and leads to significant power losses of 20 - 30% [20], [24], [25], [26]. In
weather conditions that are particularly negative for operation, the power losses can also increase further
to 80% [27] until the technically necessary shutdown [28]. Depending on the geographical location of
the site and meteorological conditions, annual power production can be significantly reduced due to
icing:

e Jura, Switzerland: 10%, 2000 kW, without IPS [29].
e Apennines, Italy: 19%, 400 kW, without IPS [30].

To reduce ice accumulation and thus the risks, so-called Ice Protection Systems (IPS) can be used as
anti-icing and/or de-icing measures. Anti-ice measures are applied to delay or completely prevent ice
formation. De-icing measures aim to reduce ice adhesion to the surface and promote (natural) removal.
Both types of measures can be divided into active and passive systems, depending on whether energy is
required to function (Table 2) [22].
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Introduction - Problem

Table 2: Comparison of different ice protection systems [7], [22].

IPS Anti-Ice [ De-Ice Working principle Advantage Disadvantage
Active
heating resistance or warm air |no ice accumulation in energy consuming, risk of
Thermal v 8 o s By o1 g
flow moderate icing conditions overheating
; hot air flow through holes in i i ; ;
Air layer v : 8 effective when applied not verified
leading edge
i heating of blade surface via = ; §
Microwave v AHIE effective when applied not implemented
microwaves
: - ; i effective, efficient, failing of one heater causes
Heating resistance v electrical heating : g ;
commercially available imbalance
5 : hot air flow through tubes in i ; energy consuming, blades act as
Warm air and radiator v gh effective when applied energy %
rotor blades insulator
; i ice shedding, via inflation of ; i ;
Flexible pneumatic boots v . & low energy consumption high maintenance
flexible boots
. ; electromagnetically induced efficient, low ener : ; i
Electro impulse/expulse v i y : & not implemented, ice expulsion
vibration consumption
Active-passive
. lowering water freezin o . complex system, pollution, high
Chemicals (TKS) v £ & effective when applied P o P g
temperature maintenance
s s Fhuihs orientation of blades into the  |low cost, effective in LTC not verified, may damage wind
Active pitching v v S : : :
sun and heating via absorption |locations turbines
Passive
. . anti-adherent, low erosion resistance, not very
Special coating v . low cost e :
superhydrophobic effective, regular maintenance
g heating through sunlight low cost, effective in direct otential overheating durin,
Black paint v = 5 = ; e . .
absorption sunlight summer
Flexible blades v ice shedding via bending not verified not verified

Two of these IPS have been implemented commercially in large wind turbines, and both are based
on heating [7], [31]. In the electro-thermal IPS, heating elements are laminated in the leading edge region
and activated when needed. These can be wire or carbon fiber nets incorporated just below the top fiber
composite layer of the rotor blades. The energy requirement of electrical heating systems is about 6 -
12% of the rated power of the wind turbine [31]. In the second commercially available IPS, a hot air
stream is circulated inside the rotor blade shell utilizing fans. The fans are usually located in the blade
hub, and the heater is in the nacelle. Hot air systems require about 10 - 15% of the rated power of the
wind turbine [32].

The use of thermal IPS for ice mitigation requires energy and thus reduces the power output during
the IPS usage period but increases the overall annual efficiency of the plant by extending the total usage
period or increasing the efficiency during operation in icing conditions. Compared to the above
examples of reduction in annual electricity production due to icing, the following examples show the
losses using IPS:

e  Yukon, Canada: 20%, 150 kW, with IPS [33].
e Jura, Switzerland: 3.5%, 2000 kW, with IPS [29].
o Kuvitfjell, Norway: 4.5%, 4200 kW, with IPS [30].

Comparing the experimental plant in Switzerland, it is evident that operation with IPS reduced the
annual power losses from 10% to 3.5%. This underscores the functionality and economic viability of
the currently used IPS, despite their energy consumption. However, it’s important to note that passive
IPS, such as coatings, are not yet commercially available but hold significant potential for future energy-
saving ice protection of wind turbines. In addition to energy savings during operation, coatings can lead
to weight reduction and lower maintenance requirements by eliminating all components of thermal IPS.
This potential has sparked intensive research into coatings for wind turbine ice protection.
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Introduction - Problem 5

A categorization of passive anti-icing surfaces, which are caused by a modification of the surface
and are commonly grouped under the term "coatings," can be made based on their mechanisms of action
[341, [35], [36]:

Surfaces with low surface energy (PTFE)

Surfaces with roughness (Cassie-Baxter wetting state, structuring, lithography)
Surfaces with mechanical properties (stress localization, viscoelastic polymers)
Surfaces with thermo-physical properties (phase transformation materials)
Surfaces with chemical properties (freezing point depression, proteins)
Surfaces with liquid wetting (hydrate shells, SLIPS)

Coatings are designed to enhance anti-icing and de-icing properties, typically using wetting
properties to measure anti-icing performance. Superhydrophobic surfaces, which are characterized by a
low contact zone and low adhesion between water droplets and the surface (high contact angle, low roll-
off angle), play a crucial role in deflecting impinging water droplets before they freeze. This prevention
of ice accumulation is a significant aspect of current research [37]. Once the ice has formed, icephobic
surfaces should minimize ice adhesion. This property is essential so the ice can be easily removed from
the surface, e.g., by wind, vibrations, or gravity. To assess the effectiveness of deicing, various methods
can be used to determine ice adhesion [38], allowing conclusions to be drawn about the mechanical
interlocking between ice and surface [39]. Beeram [40] compared the wettability and ice adhesion of
different materials and coatings using the push-test [41]. Table 3 provides a glimpse of current research
results on different materials and modified anti-ice surfaces, underlining the importance of this work.

Superhydrophobic wetting properties can be achieved by various coatings but also by structuring
surfaces, an idea that originated in nature (lotus effect). Stochastic or periodic structuring can create the
conditions for an incomplete wetting state (Cassie-Baxter wetting state). In this case, air pockets forming
in the structure cause a reduced contact zone between the water droplet and the surface, preventing the
penetration of the liquid [42]. Nano- and microstructures can be transferred to engineering surfaces by
various methods, e.g.:

Lithography [43], [44]
Thermal imprinting [45)
Wet chemical reaction [46]
Coating [47]

Laser structuring [48], [49]

A major problem of many coating systems is the limited erosion resistance to the environmental
conditions prevailing at wind turbines, such as dust, rain, and hail. Combined with strong winds resulting
in high rotor speeds, dust and precipitation already cause major erosion damage to conventionally
manufactured rotor blades made of fiber composite materials, especially at the leading edge [50]. This
damage causes turbulence and early flow separation, negatively affecting efficiency and reducing annual
energy production by up to 25% in extreme cases [51]. For this reason, research is currently being
conducted into ice-repellent coatings with high erosion resistance [52].

An alternative to polymer coatings is structuring surfaces to reduce ice adhesion. As already
mentioned, structuring can lead to superhydrophobic wetting properties, which, cannot be equated with
low ice adhesion, since other mechanisms are essential here [53], [54]. During phase transition,
mechanical interlocking between water/ice and surface structure can occur, negatively affecting and
increasing ice adhesion [55].

However, the potential of laser structuring is not limited to creating an incomplete wetting state. It
offers the possibility of altering the surface chemistry, in addition to creating an incomplete wetting state
[56]. This potential has led to the objective of this dissertation, which is to generate laser-structured,
superhydrophobic surfaces with advanced ice-repellent properties.
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Table 3: Static water contact angle and ice adhesion values for different materials and modifications.
Static water Ice adhesion
Substrate Material Surface Modification contact angle Reference
[°] Method Result [kPa]
Aluminum 6061 - 68 Cuvette-encased ice columns, Push-test 520 [40]
Stainless steel AISI 316 | - 75 Cuvette-encased ice columns, Push-test 560 [40]
PMMA (Acrylic) - 73 Cuvette-encased ice columns, Push-test 330 [40]
PTFE (Teflon) - 95 Cuvette-encased ice columns, Push-test 420 [40]
PFA - 101 Cuvette-encased ice columns, Push-test 570 [40]
Stratasys VeroWhite - 39 Cuvette-encased ice columns, Push-test 390 [40]
Aluminum 6061 Rust-Oleum Enamel 65 Cuvette-encased ice columns, Push-test 1400 [40]
Aluminum 6061 Rust-Oleum NeverWet 153 Cuvette-encased ice columns, Push-test 510 [40]
Aluminum 6061 Rust-Oleum Hydrobead 159 Cuvette-encased ice columns, Push-test 400 [40]
Titanium Ti64 MecaSurf perflouropolyether compound 51 Cantilever ice adhesion test 53 [48]
Titanium Ti64 Laser-generated structures "DLIP" + MecaSurf perflouropolyether compound 163 Cantilever ice adhesion test 19 [48]
Titanium Ti64 Laser-generated structures "LIPSS" + MecaSurf perflouropolyether compound 166 Cantilever ice adhesion test 33 [48]
Titanium Ti64 Laser-generated structures "LOTUS" + MecaSurf perflouropolyether compound 168 Cantilever ice adhesion test 33 [48]
Titanium Ti64 Laser-generated structures "ROUGH" + MecaSurf perflouropolyether compound 169 Cantilever ice adhesion test 63 [48]
Titanium Ti64 Laser-generated structures "POROUS" + MecaSurf perflouropolyether compound 168 Cantilever ice adhesion test 77 [48]
Steel Cross-linked polymeric bilayer films, pPDVB/pPFDA (iCVD) 152 Cuvette-encased ice columns, Push-test 208 [57]
Silicon Cross-linked polymeric bilayer films, pPDVB/pPFDA (iCVD) 149 Cuvette-encased ice columns, Push-test 172 [57]
PDMS - 52 Cuvette-encased ice columns, Push-test 1210 [58]
PDMS Silica particles (20 - 30 nm), content: 30% 115 Cuvette-encased ice columns, Push-test 55 [58]
PDMS SLIPS via application of silicon oil 120 Cuvette-encased ice columns, Push-test 40 [58]
Aluminum 1100 - 46 Ice columns, Push-test 1360 [59]
Aluminum 1100 K100-F13-PPy-Al (SLIPS-AI) 117 Ice columns, Push-test 16 [59]
Glass Sol-gel coating PFOTES-SiO: + SiO2 nanoparticles, weight ratio 1:5 160 Cuvette-encased ice columns, Push-test 490 [53]
Glass Sol-gel coating PFOTES-SiO: + SiO2 nanoparticles, weight ratio 6:0 168 Cuvette-encased ice columns, Push-test 50 [53]
Stainless steel 1.4301 - 68 Cuvette-encased ice columns, Push-test 820 Paper 4
Stainless steel 1.4301 Laser-generated structures "Grid" + petrol treatment 160 Cuvette-encased ice columns, Push-test 410 Paper 4
Stainless steel 1.4301 Laser-generated structures "LIPSS" + vacuum treatment 148 Cuvette-encased ice columns, Push-test 250 Paper 4
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1.2 Objectives

The objectives of this work were to research and develop passive, water- and ice-repellent surfaces
by laser structuring for application on wind turbines. In terms of time, the objectives were regularly
adjusted depending on the interim results achieved, resulting in the following chronology:

e At the beginning of the research, the focus was on generating superhydrophobic surfaces by
structuring with the femtosecond laser. By reducing the contact area, an incomplete wetting
(Cassie-Baxter wetting state) should be achieved, which favors the roll-off/repellence of applied
water droplets. The basic idea was that superhydrophobic surfaces could reduce ice adhesion.
For this purpose, different structure types were created by direct laser ablation and by processing
in the ablation threshold region of the substrate material. The latter can lead to the formation of
laser induced periodic surface structures (LIPSS) [60], the geometric expression of which was
part of the initial investigations.

During this work, it was found that the wetting behavior is time-variable, i.e., a chemical conversion
from superhydrophilic to hydrophobic occurs after laser processing, with the conversion time depending
on the structure type. From this, the following research objectives were derived:

e The investigation of the transformation time from hydrophilic to hydrophobic after laser
processing depending on the structure type, which was evaluated periodically by measuring the
static water contact angle. In addition, the ice adhesion after the transformation was to be
investigated to derive a structure dependence on the one hand and to test the durability of the
uppermost surface layers by repeated ice adhesion measurements on the other hand.

e A selection of laser-generated structures was tested for their coefficients of friction, a crucial
tribological property.

Based on the experimental results, it was deduced that the following parameters are decisive for the
formation of a superhydrophobic surface:

e The structural geometry (incomplete wetting) and
e The chemical change due to laser processing (reduction of surface energy).

It became clear that chemical transformation is a significant contributor to surface modification by
laser processing. During a related research, methods for accelerating the chemical transformation and
the associated hydrophobization of the surface were found, as well as the underlying process of
chemisorption of hydrocarbons on the oxidized metal surface [53], [56], [61]. This information was used
for further experimental design and set goals for an alternative process to reduce the conversion time
after laser processing:

e Direct exposure of the laser-structured samples to an atmosphere enriched by hydrocarbons and
study the effect of different hydrocarbons on the wetting and deicing properties.

e Use of advanced analytical techniques (X-ray photoelectron spectroscopy, XPS) to obtain
information about the chemical changes on the surface.

These investigations showed a significant acceleration of the wetting transformation time from
hydrophilic to hydrophobic, and a significant reduction of ice adhesion after immersion in gasoline or
storage in a high vacuum. Subsequent XPS analysis revealed surface enrichment with non-polar carbon
(C-C, C-H components). To assess the potential of the results obtained in the simplified laboratory test
with respect to an application on a wind turbine, the focus of further work was determined as follows:

e To perform anti-ice experiments in an icing wind tunnel to validate the performance of laser-
structured and post-treated steel samples under more realistic, dynamic icing conditions. To
simulate the aerodynamic shape and inflow of a rotor blade, thin, laser-structured metal foils
were to be attached to airfoil segments. The tests should be carried out under calibrated glaze-
ice conditions and the resulting ice shape at the leading edge should be measured using a 3D
laser scanner. From this, insights into the initial icing phase as well as the resulting ice shape in
direct comparison to an unstructured reference surface should be derived.

e To test the erosion resistance of various structures generated by femtosecond laser processing
on steel under real environmental conditions, a test rig consisting of a small wind turbine and
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meteorological measuring equipment was set up at an alpine location. The laser-structured steel
foils were attached to the leading edges of the rotor blades by means of adhesives and exposed
to operating conditions for an entire winter. In this experiment, the focus was not on the function
but exclusively on the durability and was to be evaluated by comparing the structural geometries
before and after the long-term test.
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1.3 Methodology

The present work was conducted using a range of empirical research methods to illuminate the
underlying scientific question. The range of investigation methods extended from basic research to
application-oriented experiments in the field. Stainless steel (X5SCrNil8-10 / 1.4301 / AISI 304) was
used as substrate material due to its broad industrial applicability. The tool used, the Titanium-Sapphire
(Ti:Sa) femtosecond laser, was regularly maintained and adjusted during the experiments to ensure
reliable and reproducible processing. This is very important because the laser system is a complex
laboratory device that is very sensitive to, e.g., thermal changes. It consists of four major components:
the oscillator, the stretcher, the amplifier stage, and the compressor (Fig. 2). In the oscillator, ultra-short
light pulses (10 fs) are generated by mode locking, exploiting the Kerr lens effect utilizing a soft aperture
in the nonlinear titanium (Ti**) doped sapphire (Al,Os) laser medium. The laser pulses generated in the
oscillator have a repetition rate (about 78 MHz) that depends on the length of the resonator and a
relatively low pulse energy (about 5 nJ). To allow material processing, the pulse energy must be
significantly increased — in the case of this system to approx. 0.8 mJ. For this purpose, an amplifier stage
was added to the laser system, in which another Ti:Sa laser crystal amplifies the pulses coming from the
oscillator. In total, the pulse train passes through the amplifier crystal nine times and is further amplified
with each pass. The stretcher is located between the oscillator and the amplifier stage, which uses
dispersion (positive group delay dispersion - GDD) to spatially and temporally lengthen the broadband
laser pulses (AA = 80 nm) by a factor of 10°, thereby preventing destruction of the amplifier crystal (by
self-focusing) as it passes through (chirped pulse amplification - CPA). After four of nine amplification
passes through the amplifier crystal, the repetition rate is reduced from 78 MHz to 1 kHz using an
electro-optical modulator (Pockels cell) - thus the pulse energy of the remaining pulses can be
significantly increased. After another 5 passes through the amplifier crystal, the pulse train enters the
prism compressor, where different path lengths for different wavelengths are realized via angular
dispersion (negative GDD), resulting in a compression of the previously expanded pulses. The pulse
train is then decoupled from the laser system and is ready for processing by the user. After the
decoupling, the pulse duration is about 30 fs with a reduced bandwidth of about 40 nm (mostly due to
gain narrowing).
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Since the structures generated by direct laser ablation (DLA) are composed of nano- and micro-
geometries, a 3D profilometer (Alicona Infinite Focus), and a scanning electron microscope (SEM, Jeol
JCM-5000) were utilized to characterize them. To determine the structural depth of the LIPSS, an atomic
force microscope (AFM) was used. Another important geometrical parameter of LIPSS is the spatial
frequency of the wave-like formations, which was evaluated by frequency analysis of the generated
SEM images.

To characterize the wetting properties of the modified surfaces, a commercially available contact
angle goniometer (Dataphysics OCA?25) was used. The goniometer can be used to determine the contact
angle hysteresis and roll-off angle in addition to the static contact angle.

Since the primary goal of this dissertation was determined to be the reduction of ice accumulation
on rotor blades or airfoils, methods for quantifying the icing tendency of surfaces had to be
found/selected/defined. A literature search led to the so-called push-test, in which a defined column of
ice is frozen on the flat sample to be investigated and then sheared off by means of a force probe. The
force required is recorded, which, taking into account the iced interface area, yields the shear stress.
Since no commercial systems for measuring ice adhesion were available, such a test rig was developed
and built.

The load cell (HBM Typ S2 500N) was calibrated using test weights. With this measuring method,
it is essential to note that the induced force is ideally applied at the level of the interface, which is not
possible in practice. This leads to systematic errors since the actual stress is composed of shear and
tension. For this reason, the height of the push force application point was not changed for all
experiments performed.

To shorten the transformation time from hydrophilic to (super)hydrophobic, the laser-structured
samples were stored in a hydrocarbon atmosphere or directly in the liquid on the one hand and in a
vacuum on the other hand. For this purpose, chemical-resistant, tightly sealable (PE-HD) containers and
a vacuum chamber of a SEM (Jeol JCM-5000) were used.

Chemical analysis of the modified surfaces was performed by X-ray photoelectron spectroscopy
(XPS) utilizing a SPECS instrument with an Al-Ka X-ray source (uFocus 350) and a hemispherical
WAL-150 analyzer. This method allows quantifying the chemical components of a surface and is very
sensitive in the range of the uppermost nanometers. The measured data was analyzed in CASA XPS
software, using reference tables [62] and [63] to fit the peaks.

The performance of the laser-processed and hydrocarbon/vacuum-treated samples under impact icing
conditions was tested in the FH JOANNEUM small-scale icing wind tunnel (FHJIWT) [64]. The
FHJIWT is a calibrated closed-loop atmospheric wind tunnel of Goéttingen configuration and can
simulate in-flight icing conditions. Calibrated glaze ice conditions were used for the experiments, where
the mean volume diameter (MVD) of the generated water droplets and the liquid water content (LWC)
of the air stream were kept in a defined range. 3D laser measurements of the ice shapes were performed
to obtain more information on the ice accumulation. The utilized scanning system was a portable 3D
laser measurement system consisting of a Hexagon Absolute Arm and an RS6 laser-scanning head with
a system accuracy of 48 pm and a minimum point distance of 11 pm.

The field test to investigate the erosion resistance of laser-structured stainless steel samples was
carried out at an alpine site (Pretul) at 1600 meters above sea level in the Austrian Alps. Over a period
of six months, specimens attached to the rotor blades of a small wind turbine were exposed to the
dynamic operating and weather conditions typical of this location during winter. Instruments for
meteorological measurements were installed on a 10 m high mast to collect weather data. The data was
collected by a data logger and transmitted via GSM module. An Ammonit AB 100 sensor was used to
measure the air pressure. The wind direction and wind force were measured using an ultrasonic
anemometer (Thies 3D Ultrasonic). In addition, an icing sensor from Eologix (CET214) was used, which
recorded not only the icing events but also the temperature and humidity of the ambient air.
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1.4 Synopsis

The subsequent publications can essentially be described as building on another chronologically and
scientifically. This includes numerous experiments to investigate the effect of laser processing itself, as
well as the application of various structures on the wetting behavior of steel surfaces and the resulting
ice adhesion. Both properties depend on two factors: the geometry or topography of the laser-generated
surface, as well as its chemical composition. Table 4 shows an overview of the research work carried
out during this dissertation.

Table 4: Scientific focus of the publications that are content of this thesis.

Research subjects Paper 1 (2.1)* | Paper 2 (2.2) | Paper 3 (2.3)* | Paper 4 (2.4)* | Paper § (2.5)*
Laser induced periodic surface structures v v v v v
Laser surface structuring v v v v v
Friction v

Wetting v v v
De-Icing v v v
Hydrocarbon treatment v v
Erosion resistance v
Icing wind tunnel performance v
Surface roughness (SEM, 3D profile) v v v v v
Surface chemistry (XPS) v v

*as lead author

An initial work (Chapter 2.1), investigated the machining parameter window for producing LIPSS
[65] on steel 1.4301 using a Ti:Sa femtosecond laser source. The focus was on the variation of the
fluence, the number of applied laser pulses and the resulting LIPSS properties. In principle, LIPSS can
be differentiated between low spatial frequency LIPSS (LSFL) and high spatial frequency LIPSS
(HSFL) based on the resulting spatial frequency [60]. Their characteristics mainly depend on the laser
wavelength, polarization, and the applied fluence, but also on the number of applied pulses. A Fast
Fourier transform (FFT) of the SEM images was used to examine the change in the HSFL/LSFL ratio
and the transition into the ablation regime. It turned out that in the low fluence range, an increase in the
number of pulses leads to a spatial frequency shift towards HSFL. The transition to the ablation regime,
which is indicated by the formation of grooves and later cones, began at higher fluences with a lower
pulse number and showed a very interesting correlation: with increasing fluence and pulse number, the
cones showed an increase in structure size when measured at the cone base. These relationships were
novel at the time the work was written.

Based on the structures created, two areas of application were of particular interest: changing the
wetting properties to create hydrophobic surfaces and reducing the friction coefficient. The latter is of
particular interest in the field of tribology because friction directly effects wear mechanisms and a
reduction in the coefficient of friction leads to an increase in service life. Tribological tests were carried
out in another scientific work to investigate the influence of laser-generated structures on friction
behavior (Chapter 2.2). LIPSS nanostructures and grid-like microstructures were tested using a rotation
tribometer to determine the friction force. The results showed a reduction of the coefficient of friction
by 35% for one of the three laser structures tested. Nevertheless, subsequently taken SEM images
showed wear marks on all tested structures after the test duration of 10 seconds. Further investigations
are necessary to determine the durability under tribological loads in more detail, especially in
combination with lubricants. Such results could also be used to estimate the mechanical erosion
resistance of laser-structured surfaces, an essential property in wind power applications.

In further research, it was investigated whether laser structuring could influence the wetting
properties of metallic surfaces in the direction of superhydrophobicity and simultaneously make them
icephobic. Interestingly, laser-structured metallic surfaces are hydrophilic after processing, i.e., they
have a high surface energy, and water wets the surface very well. Subsequent storage in air changes the
wetting properties from hydrophilic to hydrophobic, with the duration and final quality depending on
various factors. In the course of another scientific article (chapter 2.3), the transformation time of laser-
structured stainless steel samples was examined while they were stored in ambient air. A correlation
was derived between the structure type and the wetting transformation time. It could be shown that
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structures manufactured with lower energy input underwent a transformation shortened by up to 100
days. Deeper structures with a higher energy input showed slower conversion but significantly more
hydrophobicity after reaching a saturated contact angle plateau. After the transformation was completed
for all structure types (~ 200 days), the surfaces’ deicing properties were examined. For this purpose, a
test stand was developed and set up to quantify ice adhesion using a push-test. The results showed a
direct correlation between surface roughness, which resulted from the laser processing parameters, and
the measured ice adhesion. LIPSS nanostructures achieved the lowest ice adhesion, which was
approximately the same as that of the unstructured reference sample. Nevertheless, there was a
significant increase in the contact angle of approx. 35% and thus an improved overall performance of
the LIPSS surface in terms of wetting and de-icing in line with the target values.

Extensive investigations into the causes of the described transformation of the wetting behavior from
hydrophilic to hydrophobic led to laser-induced chemical processes. The lasers’ energy initiates
oxidation increasing the surface energy and polarity [61]. Water molecules from the ambient air can
dock on the oxide layer and form hydroxyls, which can then adsorb another passivating water layer
through hydrogen bonding [56]. However, hydroxyls on the oxide layer can also chemisorb organic
molecules, such as those present in the ambient air as acetic (C2HsO,) or formic acid (CH20»).
Furthermore, for example, methanol (CH4O) can be chemisorbed on hydroxylated iron oxide (FeOs)
[66]. Since some of these organic molecules, in which a distinction can be made between polar and non-
polar carbon compounds, can lead to hydrophobization by reducing the surface energy, the process of
chemisorption of non-polar carbon components, in particular, is of great importance for surface
modification. One way to accelerate this “natural” conversion process in ambient air is vacuum
treatment, in which the laser-structured samples are stored in a high vacuum for a certain period. In the
vacuum chamber, by evacuating most of the atmosphere and thus the water molecules, passivation of
the active, hydroxylated iron oxides is prevented, and the chemisorption of organic molecules such as
hydrocarbons is facilitated. These hydrocarbons may come from contamination in the vacuum chamber
or organic lubricants used in vacuum pumps. When chemisorbed on the sample surface, surface polarity
is reduced, which leads to hydrophobization. Another method to speed up the wetting transformation
time was developed by Ngo et al. and involves thermal heating of steel samples directly after laser
structuring [67]. After four hours of annealing at 100 °C, the samples showed superhydrophobic wetting
behavior. The authors attribute the behavior to a decomposition of CO, on carbon with an active
magnetite Fe;O4 activated by the laser.

Based on this literature, an alternative method for accelerating and amplifying the chemical surface
transformation initiated by laser structuring using various hydrocarbons was developed and compared
with the vacuum method (Chapter 2.4). The laser-structured samples were brought into contact with
different hydrocarbons, on the one hand with a saturated gas atmosphere and on the other hand by
immersion in the respective liquid. The best results were achieved by Eurosuper 95 gasoline immersion.
This reduced the wetting transformation time to approximately one hour and the samples showed
superhydrophobic wettability. When ice adhesion was measured in a laboratory experiment via push-
test, a significant structure dependence was shown. Surface structures with lower roughness resulted in
lower ice adhesion. By combining laser nanostructuring (LIPSS) and storage in gasoline, the ice
adhesion could be reduced by about 50%.

Since the primary research objective was achieved by significantly reducing ice adhesion, another
experiment should test the performance and durability of the modified surfaces under more realistic
conditions. For this purpose, different structures were applied to thin, flexible steel foils and subjected
to hydrocarbon (gasoline) and vacuum treatment. The flexibility of the steel foils allowed them to be
attached to wing sections (NACA 0012 profile), which were then tested under calibrated icing conditions
in a climatic wind tunnel. The laser-structured samples treated with gasoline showed significantly
improved initial water runback behavior compared to the untreated stainless steel foils chosen as
reference. As the icing progressed over time, ice beads formed on the reference surface in the area of
the leading edge - there was a significant delay of approx. 50 seconds on the petrol-treated, laser-
structured surfaces.

In addition to the performance experiments, a field test was carried out to evaluate the erosion
resistance of laser-structured stainless steel surfaces under real operating conditions. This is important
because superhydrophobic and icephobic surfaces in an industrial application are usually subjected to
the weather and thus to erosion and there were no long-term studies available at the time of this work.
The experimental setup consisted of a small-scale wind turbine, which was installed on an exposed
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mountain ridge in the Austrian Alps at 1.600 meters above sea level. Flexible stainless steel foils, which
were previously laser-structured, were attached to the leading edges of the rotor blades. The experiment
lasted an entire winter and, in addition to detailed weather data for the site, also provided interesting
results on the erosion resistance of the tested structures. It was shown that all four structural types
examined survived the long exposure, with minor wear. The LIPSS nanostructures showed grooves and
slight flattening in the most stressed area of the leading edge. The examined microstructures also
experienced a slight smoothing and, thus, a reduction in the surface-related roughness Sa of about 17%
compared to the reference samples. To compare these values with real operating conditions, weather
data and wear observations from Hasager et al. were used [68]. In their work, the rain erosion load and
its effect on the service life of the critical areas of the rotor blade leading edge (a few meters from the
blade tip in the direction of the hub) in the North Sea region were examined in more detail. It turned out
that the lifespan depends largely on the amount of precipitation and the wind speeds prevailing
simultaneously; The locations with heavy rain erosion drastically reduce the lifespan. A heavily affected
location was Helgoland (DE), for example, with an annual rainfall of 800 — 1.000 mm and average wind
speeds of approx. 7 m/s, which led to a rotor blade service life of 1.4 years. For comparison, the Pretul
location chosen for our long-term study at 1.600 meters above sea level has an annual precipitation of
1.600-1.800 mm and an average wind speed of 6.6 m/s and was therefore exposed to similar erosion
conditions. If erosion progresses linearly, the lifespan of the microstructures (grid and triangle) can be
extrapolated to > 2 years, and that of the dimple structure to > 6 years. After this period, only the base
substrate would remain, which could continue to fulfill the function of an erosion shield on the leading
edge. Such a substrate could also take on the function of lightning protection [10, 69].
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1.5 Scientific contribution

All experiments were performed using a Titanium:Sapphire femtosecond laser. In the course of this
dissertation, various aspects of laser/material interaction and the resulting surface properties were
investigated in more detail. The scientific findings can be summarized as follows:

Properties of LIPSS nanostructures with variation of the machining parameters and transition towards
the ablation threshold:

e The ratio of HSFL to LSFL depends on the laser fluence and the number of applied laser pulses;
low fluence leads to a higher proportion of HSFL for the same number of pulses.

e The spatial frequencies of HSFL and LSFL are relatively independent of the fluence and the
number of laser pulses applied and are in the range of ALsr. = 655 nm or Ausrr, = 300 nm, which
corresponds to approximately 80% and 38% of the laser wavelength used.

e The transition from LIPSS to structures characterized by ablation, so-called grooves, takes place
at a threshold fluence of 0.04 J/cm? and approx. 900 pulses.

e The transition from LIPSS to larger structures, the so-called cones, occurs at a threshold fluence
of 0.28 J/cm? and approx. 600 pulses.

Modification of surface properties due to nano- and microstructuring:

e Laser-generated micro-grid structures led to a reduction in the coefficient of friction of 35%.

e The wetting transformation time from hydrophilic to hydrophobic caused by chemical processes
on the laser-structured surface depends on the structure type or the accumulated fluence used
for structuring.

e The wetting transformation time was lower for LIPSS nanostructures and longer for deep
microstructures.

e Surface structures with increased roughness lead to a higher contact angle after the chemical
transformation was completed.

e Ice adhesion correlates with the surface roughness of the structure — rougher structures lead to
higher ice adhesion and vice versa.

e LIPSS nanostructures lead to a significant increase in the contact angle compared to the
unstructured reference while maintaining the same ice adhesion.

Acceleration of the transition from hydrophilic to superhydrophobic after femtosecond laser processing
and decreasing ice adhesion to the treated surfaces:

e The hydrophobic hydrocarbon layer on the structured surface could withstand several icing and
de-icing cycles.

e Inserting laser-structured steel samples into liquid hydrocarbons significantly accelerates the
wetting transformation time from hydrophilic to hydrophobic, for example in the case of the
micro-lattice structure in Eurosuper gasoline from 100 days to 1 hour.

e Immersion of laser-structured steel samples in Eurosuper gasoline significantly reduces ice
adhesion, for example, the LIPSS nanostructure from 800 kPa to 400 kPa.

e Vacuum treatment of laser-structured steel samples to reduce the wetting transformation time
from hydrophilic to hydrophobic leads to a significant reduction in ice adhesion, for example,
the LIPSS nanostructures from 800 kPa to 200 kPa.

Chemical analysis of the laser-processed and hydrocarbon/vacuum treated surfaces:

e Both gasoline and vacuum treatment lead to an increase in surface carbon content.

e The ice adhesion of laser-structured steel samples treated with gasoline or vacuum correlates
with the proportion of non-polar carbon components. For the same structure type, the higher the
concentration of non-polar components (C-C/C-H) on the surface, the lower the resulting ice
adhesion.
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Icing wind tunnel tests for performance evaluation under calibrated icing conditions:

e Icing wind tunnel test under glaze ice conditions, where laser-structured steel fouls were
attached to airfoil segments and treated with gasoline revealed, that:
o Water droplets dissipated to the trailing edge much better than bare reference foils and
o Caused a delay of 50 seconds in the growth of ice beads on the leading edge.

Durability tests of various laser-generated nano- and microstructures under realistic environmental
conditions:

e Laser-generated nano- and microstructures withstood the erosion loads on a wind turbine under
alpine operating conditions and exhibited only minor erosion wear over six winter months.
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Abstract. This study shows the influence of laser fluence and pulse number on the spatial
frequency distribution of laser induced periodic surface structures (LIPSS) on a stainless steel
surface. Also the transition of LIPSS to larger self organized, periodic, cone-like structures has
been investigated. The experiments were carried out using a Ti:Sapphire femtosecond laser
system with 800 nm centre wavelength, a pulse duration of 30 fs and a repetition rate of 1 kHz.
Experiments have been carried out on flat, cold-rolled stainless steel surfaces (1.4301) by
variation of the laser output power and feed rate. It could be shown, that the transition of low
spatial frequency LIPSS (LSFL) to high spatial frequency LIPSS (HSFL) is a continuous
process, strongly depending on the laser single pulse fluence and the pulse number. At higher
accumulated fluences the transition of LIPSS to larger self organized structures could be
observed. As a result, hierarchical structures were created with micrometer-sized cones at the
bottom and nanometer-sized LIPSS on top. By further increasing the accumulated fluence, the
grooves between the micro structures are widend until the ablation threshold of the alloy is
reached. These hierarchical structures could be of considerable value in improving wetting
properties of technical surfaces.

1. Introduction

Laser induced periodic surface structures (LIPSS) are self organized nano structures that occur, when
laser radiation interacts with the surface of a material near its ablation threshold for a single laser pulse
[1]. They were first observed in the 1960ies after illumination of semiconductor surfaces by a pulsed
ruby laser and high peak powers [2]. Since then, the initial formation mechanisms of LIPSS have been
investigated using a variety of laser sources and substrate materials, but they are still subject of
international research [3]. They have been applied on metals [4], semiconductors [2] as well as on
dielectrics [5] and can be categorized according to their spatial period A or period ratio A/A, with A being
the incident laser wavelength. There have been reports of various period ratios, ranging from so called
supra wavelength sized LIPSS A/A > 1 which where observed on fused silica [6] over low spatial
frequency 1 > A/A > 0.5 to high spatial frequency LIPSS A/A < 0.5 [3]. The most commonly used model
associates the formation of LIPSS with a coupling mechanism between the incident laser light and the
surface plasmons, which results in the excitation of so called surface plasmon polaritons (SPP) [7].
Surface plasmons can be described as oscillations of free electrons (or as electron plasma). Once excited,
SPPs are evanescent, longitudinal TM-waves that travel in the interface of a metal and a dielectric [7].
But because SPPs are evanescent waves, according to the model, they cannot be excited directly by a
laser beam with an incident angle of a = 0°, since the momentum of the incident light wave is orientated
perpendicular to the surface plane [8]. Nevertheless and despite of this theoretical limitations, it could
be shown experimentally, that LIPSS can be generated under this condition [9].



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Publication 1 22

Theoretically, the excitation of SPPs is possible, if either the phase velocities of the incident light and
the propagating plasmon polariton waves are matched [10] or by coupling via the surface roughness
[11]. Since the dielectric prism configuration is not used in most setups for generation of LIPSS, the
coupling via the surface roughness is the current theory to explain their formation. Gurevich et al.
investigated the influence of initial surface conditions (pre-patterned metal samples) on the resulting
LIPSS period [8]. According to the plasmonic theory, after the first laser pulse hits the surface and
thereby initiates the formation of LIPSS, further applied laser pulses should decrease the LIPSS period.
They were not able to verify the plasmonic theory experimentally.

In the paper presented here, we describe experiments to investigate LIPSS formation and ablation
thresholds for stainless steel and a wide range of applied fluences and pulse numbers. We observed not
only the formation of LIPSS with different spatial periods, but also the transition of low spatial
frequency LIPSS (LSFL) to high spatial frequency LIPSS (HSFL) by splitting until a certain threshold
is reached and the ablation regime is initiated. By further increasing the applied fluence, larger self-
organized stuctures in the micro-meter-regime appear, initially with LIPSS on top, thereby forming
hierarchical structures. The size and spatial separation of those larger cone structures is strongly
influenced by the applied accumulated fluence. Once in the ablation regime, a higher pulse number leads
to increased surface roughness due to more internal reflections and causes the micro structures to grow
[12].

2. Experimental Setup

In this study we used cold rolled stainless steel samples (1.4301) with a thickness of 0.05 mm without
any post production surface modification. Measurements showed an arithmetical mean height of Sa =
141.3 nm and a maximum height of Sz = 2.29 um (acc. to ISO 25178). The surface properties were
obtained by an Alicona Infinite Foucs G5 measurement system. A Ti:Sapphire (Ti:Al>O3) solid state
laser (Femtopower Compact Pro) was used to initiate LIPSS generation. The system operates at a
repetition rate of 1 kHz, emitting 30 fs pulses at a central wavelength of A = 800 nm and a bandwidth of
+ 50 nm. The laser delivers radiation with an average output power of 800 mW which leads to a single
pulse energy of 0.8 mJ. Due to its internal setup, the output radiation is linearly polarized. To adjust the
laser fluence on the specimens’ surface, a variable attenuator was used. Leaving the attenuator, the laser
beam is then focused on the specimen by an off-axis parabolic mirror with a protected silver coating. To
exclude the influence of astigmatism effects caused by the convex focusing mirror, the workpiece was
not moved in direction of the incident laser beam during the experiments (angle of incidence = 0°). The
experiments have been conducted in a controlled environment at 21 °C in air. To study the effects of
fluence and the number of pulses on the formation of LIPSS, the workpiece was mounted on a motor
driven linear stage and moved with various feed rates along the horizontal axis. Since the maximum
feed rate was limited to 8§ mm/s, the beam diameter was adjusted to d = 295 um to achieve the desired
fluence range on the specimen. After inducing nano structures on the surfaces, the samples were cleaned
with demineralized water in an ultrasonic bath and examined by a scanning electron microscope (Jeol
JCM-5000, FEI Quanta 250 FEG). To investigate the initiation of the LIPSS generation, we concentrated
the analysis on those areas, where the Gaussian intensity distribution of the laser beam has its maximum.
The SEM pictures were then analysed using Fast Fourrier Transformation (Matlab) perpendicular to the
LIPSS orientation. By using the Matlab Signal Analyser Tool, the FFTs were further investigated by
searching for peaks in the frequency spectrum. Those peaks can be interpreted as the favorable spatial
LIPSS periods and the amplitude gives an indication on their characteristics. To investigate the transition
of LSFL to HSFL the ratio of the amplitude peak values is of interest. A raising ratio indicates that the
HSFL are more favorable, which was also validated visually on the SEM images. The applied fluence
was varied from ¢ = 0.02 J/cm? to 0.90 J/cm?, the number of pulses from n = 37 to n = 1030. For analysis
of the formed grooves and cone structures at higher pulse energies, the area fraction of the grooves and
the average base diameter of the cones have been evaluated. This was done by examination of 50 um x
50 um SEM images of the relevant surface areas using ImageJ Software.
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3. Results
According to the plasmonic theory, the spatial period of the laser induced surface structures depends on
the wavelength A of the applied laser beam and the material properties of the interface [13]:

A

A S — 1
LPSs = 1o (D)

where O is the lasers angle of incidence and 1) is the real part of the effective index of the surface plasmon
mode. For an air/metal interface, 1 is typically about 1 [13]. This implicates that only one spatial period
A = ) will be induced by the laser source. Ref. [3] describes, that due to the increasing structure depth
and other effects like the multi-pulse feedback phenomena, equation (1) is only valid for a small number
of pulses. Our experimental results show a LSFL period which varies arround Arsp. = 655 nm for a wide
range of pulse numbers 37 < n < 1030, which is significantly lower than the center laser wavelength
A =800 nm. The LIPSS orientation on our steel samples was found to be perpendicular to the
polarization direction of our linearly polarized laser source, which is in agreement with observations of
other authors for different metals [3], [12], [14]. We could observe the initialization of LIPSS formation
with a spatial period of 650 nm at a single pulse fluence of ¢ = 0.04 J/cm? and n = 37 pulses respectively
(figure 1). Experiments were also conducted with a lower fluence of ¢ = 0.02 J/cm?, which turned out
to be below the LIPSS formation threshold of steel 1.4301.

Figure 1. Initialization phase of LIPSS
formation: @ = 0.04 J/cm®, n = 37. J/em2, n = 462.

An increased pulse number of n = 178 while keeping the fluence level constant at ¢ = 0.04 J/cm?
resulted in a larger structured area, showing only LSFL. By further increasing the number of applied
pulses, splitting of LSFL occurs (Figure 2), which leads to a simultaneous formation of HSFL with a
spatial period of A/A < 0.5. This splitting process and its dependency on fluence and pulse number has
already been described by multiple authors [15], [16]. The ratio between LSFL and HSFL can be
adjusted by varying the number of pulses (Figure 3).

The maximum HSFL/LSFL amplitude ratio of 78% is reached at ¢ = 0.04 J/cm? and n = 462 pulses.
By further increasing the applied pulse number, the ratio decreases below 60%. At a higher fluence level
of @ = 0.10 J/cm? the splitting process is not as distinct, but the dependency on the pulse number is
evident, reaching a maximum of 55 % at n = 178 pulses. Figure 3 shows that for a fluence of ¢ = 0.28
J/cm? and low pulse numbers, the HSFL/LSFL ratio drops below 15 %, showing the start of the
LIPSS/cone transition for n > 321. Under even higher fluences and pulse numbers n < 321, HSFL will
not form at all, leaving only LSFL on the sample. Looking at the influence of the pulse number on the
spatial LIPSS periods, for lower fluences (¢ = 0.04 to 0.28 J/cm?) the results show little fluctuations
around the mean value of Arsr. = 655 nm with a tendency to higher spatial periods for higher pulse
numbers (Figure 6). This finding does not support the theory of grating assisted surface plasmon
coupling, for which the LIPSS period should decrease for higher pulse numbers [3], [17].
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The results shown in Figure 6, do not indicate any significant deviation from the mean HSFL period
of Ansr. = 300 nm (6 = 21 nm) over a wide range of pulse numbers, but for higher pulse numbers the
peaks in the FFT spectra are not as concise. Besides the formation of LSFL and HSFL the SEM images
reveal the initialization and constant growth of so called grooves [18], which are ablated areas in between
the LIPSS, orientated parallel to the polarization of the laser light (figure 4). Their growth is directly
linked to the applied fluence and pulse number and results in the formation of cones (Figure 7). Our
experimental results show, that at fluences above ¢ = 0.28 J/cm? and pulse numbers n > 178, the
formation of cones is initiated (Figure 3). As the transition from grooves to cones continues, LIPSS are
still visible. By further increasing the fluence and pulse number, the LIPSS fade and the frequency
amplitudes in the FFT spectrum are attenuated until they cannot be separated from noise. The average
grain size or base diameter of the cones is not only related to the single pulse fluence or the pulse number,
but proportional to their product - the accumulated fluence (Figure 7). It can be seen, that the correlation
is not linear and the grain size saturates at about 11 um for accumulated fluences above @acc = 600 J/cm?.
The formation or self organization of the observed structures could be a consequence of higher ablation
rates at grain boundaries of the laser treated 1.4301 alloy [19]. At a critical accumulated fluence of
QAce_crit = 1400 J/cm? ablation is dominant and erases all surface structures leaving only a clean cut in
the metal sheet. It is possible to continue investigations using diffractive optical elements [20, 21].
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Figure 6. Spatial LIPSS period over a variety of laser fluences and pulse numbers.
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4. Conclusions

In this study, we have experimentally investigated the processes, which lead to the formation of
LSFL, HSFL, grooves and cone structures and found that continous transitions between the observed
structures occur and no abrupt changes could be detected. Nevertheless we were able to determine
certain threshold levels for fluences and pulse numbers, at which the transitions are initiated (Table 1).

Table 1. Threshold levels for structure transitions on stainless steel 1.4301

Transition Fluence threshold ¢ [J/cm®]  Pulse number threshold n
Initialization of LIPSS formation 0.04 37

HSFL formation 0.04 178

Peak HSFL/LSFL ratio 0.04 462
Formation of small grooves 0.04 888

Ablation leads to cone formation 0.28 604

Ablation leads to cut 0.94 1500

The analysis of the obtained data shows that low and high spatial frequency LIPSS can be induced
in parallel by a splitting process. The LSFL/HSFL ratio is influenced by the laser parameters and can
thereby be tuned in a certain range. At low fluence levels, only small areas of the specimens’ surface
are covered by LIPSS, which is caused by the Gaussian intensity distribution of the used laser beam.
The application of higher fluences will increase the area covered by LIPSS, but at the same time the
HSFL/LSFL ratio declines. Considering this effect, the structuring of large areas with HSFL will result
in long processing times, unless it would be compensated for by modifying the laser intensity
distribution from Gaussian to a top head.

A spatial frequency inversion of LIPSS could not be observed in this work. Further investigations
might show a certain parameter range, where LSFL splitting occurs at a high efficiency and only HSFL
are formed. Considering the growth of grooves and cones, the structure depth could be a suitable
indicator to study the ablation process in more detail. Also the grain boundaries of the material should
be taken into account. The topology of the induced structures could be of great use to improve the
wetting properties of technical surfaces. Because of their high surface to area ratio, the rough and deep
cone-shaped structures show similarities to Lotus leaves and are therefore likely to cause hydrophobic
behaviour. The continuation of studies with the use of diffractive optical elements is promising.
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Abstract: A possibility of improving tribological properties by femtosecond laser irradiation on an example of a
steel surface by creating regularly arranged micro-grooved textures that contain self-organized microstructures
and nano laser-induced periodic surface structures (LIPSS) was determined. The friction coefficient of the treated
surface of a sample of cold-rolled 1.4301 stainless steel was evaluated using a CSM Instruments SA tribometer
according to a Pin-on-disk test scheme at a specific pressure of 1 MPa. It was found that the coefficient of friction
was reduced by 35% compared to the initial ground surface. Such laser treatment can find application for using
parts in conditions of dry or boundary friction, mainly in units, in which the use of lubricant is unacceptable or
extremely undesirable.

Keywords: tribological properties; sliding friction coefficient; stainless steel; treated surface; femtosecond laser
irradiation; self-organized microstructures; nano LIPSS

1. Introduction

Laser treatment, depending on the applied methods, schemes, and processing modes, has a
multifactorial effect on the surface condition of the processed materials which has been the subject of
numerous studies. To improve tribological properties of materials, along with laser modification
methods [1-4], a surface texturing was effectively applied using various laser treatment schemes [5,6].
This method has been successfully applied to structural materials, including metals and alloys as well
as ceramics, and provides a decrease in the friction coefficient and an increase in the operational
characteristics of machine parts and mechanisms [7-9]. Laser texturing is widely used in a variety of
applications for the improvement of tribological properties of surfaces [10]. With the aim of industrial
application, the texturing was performed on surfaces of mechanical components, such as piston rings
[11,12], thrust and rolling bearings [13—15], injection cams [16], facing seals [17], and cutting tools
[18]. It was shown that textured surfaces demonstrated a lowered friction coefficient compared to the
untreated analogue under dry friction conditions without lubricant as well as boundary and
hydrodynamic lubricating conditions. The use of the laser surface treatment of silicon carbide seal rings
to reduce the friction coefficient is known in the practice of producing mechanical gas-dynamic seals
[19]. In addition to applications for mechanical components, laser texturing was used to improve
tribological properties of bio-implant surfaces, such as dental implants and artificial joints, providing
better tribological properties of bio-implant materials [20,21]. This process was also used to improve
tribological properties of drive tapes for electronic devices and showed progressive results [22].

Methods of surface structuring by ultrashort laser pulses are also used to improve tribological
properties of materials [23-25]. A treatment by a laser beam with a pulse duration in the
femtosecondrange was performed, implementing an ablation process of the material with transition to
the plasma and the gaseous phase, bypassing the liquid melt. In addition to the synthesis of a low-
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dimensional periodic structure as a result of self-organization processes initiated by femtosecond laser
irradiation [26], a direct microrelief formation by laser treatment was applied [27].

Bonse et al. [28] showed that one of the approaches for an application of femtosecond laser
texturing to improve the tribological performance of surfaces can be a creation of ripples or laser-
induced periodic surface structures (LIPSS) with spatial periods in the sub-micrometer range, which are
formed in a “self-ordered” way during the laser-scan processing of surfaces. In Ref. [29], tribological
characteristics of periodic surface structures on metallic materials induced by femtosecond laser
irradiation were evaluated, including technologically relevant materials such as titanium-containing
materials, stainless steels, and steels. In Ref. [30], an influence on the tribological properties of surfaces
of metallic materials by self-ordered nano LIPSS as well as by microstructures was shown that also
includes so-called grooves and cones morphologies, which often form in a self-organized way. Schille
et al. [31] showed that the high potential of laser textured surface features can be demonstrated for an
advanced tribological functionality in a real application.

Wang et al. [32] reported on improving tribological properties of a stainless steel by surface
microstructuring with patterning using a femtosecond laser. Regularly arranged micro-grooved textures
with a different spacing were produced on stainless steel surfaces by a femtosecond laser. It was shown
that the femtosecond laser texturing of the surface is an effective technology to improve tribological
properties of steels under dry friction. In addition, as shown by Gachot et al. [33] and Zhang et al. [34],
such microreliefs may have properties that are able to retain viscous substances, which, for example,
makes it possible to create a system of grooves for lubricant accumulation.

Of interest are studies of the functional response of textured surfaces with various designs,
including arrays of nanoripples, micro-irregularities, and grooves [9,30]. The aim of this paper is to
determine the possibility of improving tribological properties by femtosecond laser irradiation on an
example of a steel surface by creating regularly arranged micro-grooved textures containing self-
organized microstructures and nano LIPSS.

2. Materials and Methods

In this study, 1.4301 stainless steel samples were used with a thickness of 2 mm and a ground
surface finish. Steel 1.4301 find application in friction assemblies in chemical equipment when
functioning in most medium-aggressive environments of chemical industries, including diluted acids
and alkalis and organic acids as well as in most salt solutions of organic and inorganic acids at various
temperatures and concentrations. In the presence of aggressive environments, parts made of such steel
are used at temperatures of up to 350 °C. The chemical composition of X5CrNil18-10-1.4301 steel is
presented in Table 1.

Table 1. Chemical composition of X5CrNi18-10-1.4301 steel, weight %.

N Ni Cr S P Mn Si C Fe
<0.11 8.0-10.5 17.0-19.5 <0.015 <0.045 <2.0 <1.0 <0.07 basis

The profile measurements of untreated samples showed an arithmetical mean deviation of Ra=1.3
pum and a maximum height of Sz=9 um (according to DIN EN ISO 4287:2010). The surface properties
were defined using a roughness measuring instrument, Mahr Marsurf PS 10 (Mahr GmbH, Géttingen,
Germany). A Ti:Sapphire (Ti:Al203) solid state laser (Femtopower Compact Pro, Femtolasers
Produktions GmbH, Vienna, Austria) was used to initiate the LIPSS formation and material removal.
The system operates at a frequency of 1 kHz, emitting 30 fs pulses at a central wavelength of A = 800
nm and a bandwidth of £50 nm. The laser delivers radiation with an average output power of 800 mW,
which leads to a single pulse energy of 0.8 mJ. Due to its internal setup, the output radiation is linearly
polarized. To adjust the laser fluence on the samples’ surface, a variable attenuator was used. Leaving
the attenuator, the laser beam is then focused on the specimen by an off-axis parabolic mirror with a
protected silver coating and a focal length of 50.8 mm (angle of incidence 0°). The processing has been
conducted in air at 21 °C. The sample surfaces were cleaned in an ultrasonic bath with demineralized
water for 20 minutes after structuring and then examined by a scanning electron microscope (SEM),
VEGA TESCAN (Brno, Czech Republic).
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Changes in the friction coefficients of treated samples were evaluated using a CSM Instruments
SA tribometer (Peseux, Switzerland, Figure 1). The device, designed to measure the coefficient of
sliding friction during the contact interaction of two mutually moving surfaces, is a desktop installation
consisting of a friction machine with a measuring device and a computer. The method is based on the
measurement by a strain gauge of the friction force that occurs from the mutual movement of the test
samples pressed against each other with a predefined force in air or in the environment of various
lubricants, both consistent and liquid. A Pin-on-disk test scheme was used, in which a flat surface of a
fixed cylindrical pin is pressed against a flat sample surface [35]. The friction coefficient is equal to the
ratio of the measured friction force to the clamping force.

In the measurement mode, the samples from cold-rolled 1.4301 stainless steel with an applied
micro- and/or nanorelief were sequentially installed on the platform. A counterbody (indenter) made of
12H18NI10T steel (an analogue of X10CrNiTil8-10 steel) in the form of a pin fixed motionless in the
rod holder was mounted on top of the sample at a predefined distance from the rotation axis of the
platform. Before each measurement, a balancing of the holder and the counterbody was performed.

Load Force
Pin (steel 12H18NI10T)
Wear Track

(b)
Figure 1. Determination of friction coefficient: (a) photo of CSM Instruments SA tribometer with a test sample and (b)
the test scheme.

3. Results and Discussions
3.1. Femtosecond Laser Treatment

The samples of steel were mounted on a positioning system that allows a well-defined translational
movement in the X, y, and z directions. The movement in the z-direction was used to modify the distance
of the sample surface to the parabolic focusing mirror. The fluence was adjusted by means of a variable
attenuator. The samples’ movements along the x-axis and stepwise movements between the scanning
lines along the y-axis were used to form LIPSS or cone-shaped microstructures. The distances between
the scanning lines were chosen to allow the overlapping of the formable LIPSS on the 162-1 sample
surface as well as the periodic cone-shaped microstructures on the 164-1 sample surface. This was made
to implement a comparison of the tribological properties of nanostructures (LIPSS) that were created
near the ablation threshold with properties of coneshaped microstructures. Since LIPSS can only be
generated below the ablation threshold of the selected material, the fluence was adjusted by moving the
sample out of focus along the z-axis.

Treatment in the x-direction followed by another in the y-direction were used to generate a
gridshaped microstructure for the 163-1 sample. Regularly arranged micro-grooved textures containing
self-organized hierarchical structures micro/LIPSS were produced with different distances between the
grooves. The gridwise pattern and distances were chosen on the condition that grooves with
selforganized hierarchical micro/LIPSS structures will occupy at least 2/3 of the sample area. At the
same time, an equal area ratio of more than 10% for the raw ground initial surface and formed nano
LIPSS was maintained. The used sets of parameters are summarized in Table 2.
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Table 2. Sets of parameters for the laser structuring of 1.4301 stainless steel.

Sample Structure Fluence ¢ Feed Rate f Gap Width a
ID Description [J/cm?] [mm/s] [pum]
162-1 Nano, line 0.44 8.33 160
163-1 Micro, grid 2.74 1.67 100
164-1 Micro, grid 2.74 0.42 50

Accordingly, the samples were prepared in such a way that different ablation modes were
established. For fluences below the ablation threshold, only nanosized LIPSS have been generated. The
second sample has been prepared at higher fluences, which caused the formation of a certain
microstructure, together with nanosized LIPSS. The third sample was prepared with different
parameters, where no LIPSS at all were formed. As a consequence, only microstructures and no LIPSS
were present in that sample.

The SEM images of 162-1 sample were analyzed perpendicular to the LIPSS orientation using Fast
Fourier Transformation (FFT), a fast Fourier transform is an algorithm that computes the discrete
Fourier transform, with the MATLab software (version R2018b) to determine the LIPSS periodicity.
Therefore, each pixel row of the image was transformed into a frequency domain, and an average
frequency distribution over all the rows was calculated. The resulting spectrum was further investigated
to reveal distinct peaks. Those peaks can be interpreted as the favorable spatial LIPSS periods, and the
amplitude gives an indication of their characteristics. The FFT analysis of the 162-I sample showed a
frequency peak at 1.71 um—1, which corresponds to the main spatial period of 0.58 pm. A local
transition to higher spatial frequencies, which was also identified by FFT analysis, can be seen in Figure
2. These local LIPSS frequency transitions are caused by laser intensity variations due to the sample’s
surface roughness, and this led to local spatial periods of 0.36 um.

{

SEMMV: 2000 K/ WD: 1137 mm VEGAN TESCAN
View fleld: 27.09 ym  Det: SE
SEMMAG 800kx  Dale(midy)

SEMHV:2000k¢  WD: 1136 mm VEGAW TESCAN
View fleld: 6.167 ym  Det: SE
SEMMAG: 3502k Date(midiy)

(a) (b)

Figure 2. SEM images: (a) surface nano laser-induced periodic surface structures (LIPSS) formed
using a femtosecond laser irradiation on a grinded steel surface; (b) enlargement of the marked area
L

The SEM images of the micro-structured 163-I sample revealed not only regions where the material
was removed through ablation caused by a high fluence but also the formation of LIPSS near the fringes
of the ablated zones (Figures 3 and 4). These hierarchical structures with micrometer-sized structures at
the bottom and nanometer-sized structures on the top can lead to a change in the behavior of the surface.
On the 164-1 sample surface LIPSS were absent, but periodic cone-shaped microstructures were present
(Figure 5).
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SEMHV:2000kY  WD: 16.69 mm
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SEM HV: 20 00V
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SEM MAG: 70D x
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Figure 3. SEM images: (a) regularly arranged micro-grooved textures containing self-organized
hierarchical structures micro/LIPSS; (b) enlargement of the marked area I. (¢) Enlargement of the
marked area II: 1—initial grinded surface; 2—nano LIPSS; 3—groove with self-organized hierarchical
micro/LIPSS structures.

SEM HV: 2000 kv WD 1144 mm SEMHV. 2000 kv WO 1144 mm
Viewfeid 6194 pm  Det: SE 1 pm View feid: 6,194 ym  Det: SE Tym

SEMMAG: 3500 kx  Dale(miay): SEMMAG: 35.00kx  Dategmidy)

Figure 4. SEM images: (a) nano LIPSS and (b) self-organized hierarchical structures of micro/LIPSS in
the groove.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Publication 2 34

s :
o, 3

SEM HV. 20 00 v WD: 1120 mm
View fiaid: 4334 ym  Det. SE
SEM MAG: 500 x Datecmidry)

SEMHV. 000KV WD: 11.36 mm
View feld: 30.96 pm Dol SE 5 pm
SEMMAG: 7.00kx  Datermiddy):

(a) - ®

SEMHV-2000KV  WD; 11.36 mm
View feld: 6,181 ym  Det: SE 1ym
SEM MAG: 3500k Dateqmidy)

Figure 5. SEM images: (a) periodic cone-shaped microstructures on the sample surface; (b)
enlargement of the marked area I; (c) enlargement of the marked area IL.

3.2. Determination of Sliding Friction Coefficient

The sliding friction coefficient was determined without lubrication at an ambient temperature of
25 °C and a relative humidity of 63%. The pressing force was created by placing a weight holder with
a known mass on the stand. A specific pressure of 1 MPa was realized at a load force of 1 N, while the
linear sliding speed was 0.5 m/s and the length of sliding was 50 m, with a test radius of 15 mm. In the
device, friction force sensors are connected to the counterbody holder. The friction coefficient was
measured during the rotational movement of the sample relative to the counterbody, while the wear
groove on the sample had a circle shape. During the tests, the friction coefficient was measured with a
frequency of 1000 measurements per minute; these values were statistically processed by the CSM
tribometer software package, which determined the maximum, minimum, and average values, as well
as the standard deviation. The arithmetic mean values obtained after processing the statistical matrix of
more than 1650 measurements for each series of tests were determined. This number of measurements
for each series of tests provides a measurement reliability of 0.997.

The standard deviation of the average value of the friction coefficient was determined by software
for experimental equipment for each point and was in the range of 0.002—0.04. However, a comparison
of the friction coefficient before and after the laser surface treatment was performed using an average
value. The systematic error was eliminated by calibrating the experimental setup before each series of
measurements.

As a result of experimental studies, it was found that for the initial surface of the samples, the
average value of the friction coefficient in contact with a specific pressure of 1 MPa was 0.149, with a
mean square deviation of 0.002. Figure 6 shows the dependence of the friction coefficient on the length
of sliding for the laser-untreated sample surface. The average value of the friction coefficient for the
162-1 sample, on the surface of which a LIPSS nanostructure was formed using femtosecond laser
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irradiation, was in the range of 0.14—0.15. Moreover, the maximum value was recorded when the
movement started. In the initial 6-7 s, a decrease in the friction coefficient to the minimum value was
observed, and afterwards an almost monotonous increase up to the value of 0.145 with a mean square
deviation of 0.0025 (Figure 7) was registered.
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Figure 6. Dependence of the friction coefficient on the length of sliding for the laser-untreated sample surface.
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Figure 7. Dependence of the friction coefficient on the length of sliding for the 162-1 sample surface.

The friction coefficient for the 163-1 sample surface was studied, with its surface showing a
hierarchical structure with cones in the micrometer range from the bottom and nanoscaled LIPSS at the
top, formed at higher accumulated energy densities. The friction coefficient of the surface, which was a
hierarchical structure of micro/LIPSS, was 0.12 at the time when the movement started, and in less than
10 seconds it decreased to 0.1 (Figure 8). Further in the course of the study, a decrease in the coefficient
of the sliding friction of the sample to an arithmetic mean value of 0.096 with a mean square deviation
0f 0.0035 was observed. Thus, it was found that the coefficient of friction was reduced by 35%. For the
164-1 sample, the surface of which was characterized by the absence of LIPSS and the presence of larger
self-organizing periodic cone-shaped structures that were formed at a further increase in the accumulated
energy density after laser treatment, the friction coefficient during the studies increased in the range of
0.1 (at the initial moment) to 0.2 (Figure 9). The average value in this test interval was 0.147, with a
mean square deviation of 0.04. SEM images of the wear areas of sample surfaces are shown in Figure
10.
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Figure 8. Dependence of the friction coefficient on the length of sliding for the 163-I sample surface.

The change in the friction coefficient during tests is explained by the surface wear of samples. An
analysis of the graph from Figure 8 shows that during the tests, the friction coefficient decreased slightly,
which is explained by a decrease in the surface roughness due to polishing. A shiny polished surface
was observed visually, whose SEM image is shown in Figure 10. Surface wear was measured using an
indicator-type micrometer. The wear value of the 163-I sample surface was less than the division interval
of the scale, which was 1 um. As shown in Figure 7, the friction coefficient of the 162-1 sample first
decreased and then began to increase slightly, which can be explained by the beginning of the surface
wear. The measurement of the depth of the groove showed a wear of 1-2 pm. The wear during testing
of the 164-1 sample was 15-17 um, which is by an order greater (Figure 9). In this case, the indenter,
which has the shape of a rectangular prism, cut deep into the sample, as a result of which additional
resistance appeared and the friction coefficient began to increase linearly. Therefore, it can be claimed
that the laser processing of 1.4301 steel by irradiation with a femtosecond laser with the creation of a
hierarchical structure with cones in the micrometer range from the bottom side and LIPSS in the
nanometer range on the top reduces the friction values for pairs of stainless steel. Thus, the feasibility
of creating a hierarchical micro/LIPSS structure to reduce the friction coefficient of steel was
determined.
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Figure 9. Dependence of the friction coefficient on the length of sliding for the 164-I sample surface.
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Figure 10. SEM images of the wear areas of samples surfaces: (a) 162-1, (b) 163-I, (c) and 164-I in the
study of the friction coefficient.

3.3. Application Possibilities in Friction Units

Such processing can find application when using parts made of 1.4301 steel in friction units of
many types of equipment in which the use of lubricants is unacceptable or extremely undesirable. For
example, production technology often excludes lubrication in machines used for food, textiles, and
paper, as well as chemical industries. In this case, components function in conditions of dry friction,
which occurs in the absence of lubrication and contamination between the surfaces. Stainless steel
textured surfaces with arrays of nanoripples, micro-irregularities, and grooves can be used in conditions
of boundary friction, in which the surfaces are separated by a lubricant layer so thin that it has special
properties different from the bulk properties of the lubricant and depending on the nature and condition
of the rubbing surfaces.

The main factors that should be taken into account primarily when choosing materials and
processing methods are load characteristics (contact pressure, sliding speed), specified technical lifetime
(total lifetime of the friction unit), temperature at operating conditions, lubrication conditions (presence
and type of lubricant), the kind of environment (atmospheric air or inert gas and their humidity, or
vacuum), and requirements for the friction coefficient. Laser processing with surface texturing on a
hierarchical scale could prove to be helpful for parts experiencing sliding friction, such as components
of centrifuge rotors; sieves; centrifuge screws; mechanical seal ring, e.g., of axial sealing devices; and
many more.
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4. Conclusions

A possibility of improving tribological properties by femtosecond laser irradiation on the example
of a steel surface by creating regular arranged micro-grooved textures containing selforganized
microstructures and nano LIPSS was determined. The friction coefficient of the treated surface of
samples of cold-rolled 1.4301 stainless steel was studied. This surface had a hierarchical structure with
micrometer-sized cones at the bottom and nanoscaled LIPSS at the top. Changes in the friction
coefficients of the treated samples were evaluated using a CSM Instruments SA tribometer according to
the Pin-on-disk test scheme at a specific pressure of 1 MPa.

The measured friction coefficient of the surface, with its regularly arranged micro-grooved texture
containing self-organized hierarchical structures of microstructures/LIPSS, was 0.12 at the beginning of
the measurement, when the movement started. In less than 10 seconds, the friction coefficient decreased
to 0.1. Subsequently, the sliding coefficient of the sample decreased to a value of 0.096 during the study.
Thus, it was found that the coefficient of friction was reduced by 35% compared to the initial ground
surface.

Such processing could be applied to components made of 1.4301 steel used under the conditions
of dry or boundary friction, mainly in friction assemblies of machine types in food, textile, paper, and
chemical industries, where the use of lubricants is unacceptable or extremely undesirable. Laser
treatment with surface texturing can be recommended for parts of sliding friction units—for example,
components of centrifuge rotors, sieves, centrifuge screws, mechanical seal rings of axial sealing
devices, etc.
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ABSTRACT

Biomimetic technical surfaces are very interesting for a wide field of possible applications in material science and
engineering. For example, changing the wetting and deicing properties of components used in cold environmental
conditions can help to reduce ice or snow aggregation, and thereby improve functionality and operational stability.
In this study we investigate the correlation between wetting and deicing behavior of micro- and nanostructured
stainless steel samples (1.4301). The samples were modified using a Ti:Sapphire femtosecond laser system with
800 nm central wavelength, a pulse duration of 30 fs and a repetition rate of 1 kHz. We generated two
fundamentally different types of hydrophobic and superhydrophobic structures by varying the laser fluence and
the number of applied pulses, thereby creating hierarchical structures in the micrometer regime and laser induced
periodic surface structures (LIPSS) in the nanometer regime. The static water contact angle has been measured to
quantify wetting properties of laser treated samples. To determine the ice adhesion shear stresses at the ice/steel-
interface, cuvette encased ice columns were frozen onto the structured samples and sheared off by a push rod,
while recording the forces. Several icing/deicing cycles have been carried out to investigate a possible decline in
wetting behavior due to wear or other mechanisms. We could show, that surfaces with hierarchical microstructures
and superhydrophobic wetting behavior will lose its ability to repel the applied water while freezing. Larger
structures with higher surface roughness lead to increased ice adhesion shear stresses compared to the initial
unstructured surface. LIPSS on the other hand might be not as hydrophobic, but showed lower ice adhesion in the
range of the reference sample.

Keywords: Surface modification, laser structuring, laser induced periodic surface structures (LIPSS),
icephobic, hydrophobic, ice adhesion, deicing
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Abstract

Femtosecond laser processing is a key technology for surface modification and can be used to trigger
superhydrophobic behavior through a combination of topographical and chemical effects. Nevertheless,
immediately after laser processing, steel samples appear superhydrophilic and evolve into a hydrophobic state over
a period of several days to weeks. To reduce the wetting transformation time down to hours, the sample can be
stored in a vacuum chamber. In the chamber, the absence of atmosphere and thereby water vapor leads to an
increased adsorption of hydrocarbons by the surface. In this study, we investigate an alternative and less
demanding approach for shortening the wetting transformation time significantly by exposing the laser treated
samples to a hydrocarbon liquid/atmosphere. This not only leads to a faster transformation, but also to an improved
deicing performance. Both effects are analyzed for various hydrocarbon liquids and different laser patterns with
respect to the surface chemistry.
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1. Introduction

Superhydrophobic surfaces which are also icephobic are of great importance for various scientific and

industrial applications. Laser processing has been proven as a reliable method for surface modification
in order to change the wettability properties of materials to superhydrophobic and also decrease ice
adhesion [1, 2, 3]. Nevertheless, immediately after laser processing, metal surfaces appear hydrophilic
and evolve into a hydrophobic state over a period of several days to weeks [4, 5]. It is assumed that this
effect is due to a chemical reaction that is triggered by the incident laser energy which initially causes
the oxidation of the top surface layer. Over time, organic hydrocarbons from the ambient air will be
adsorbed and cause the wettability to change [4]. Since this period is dependent on the applied laser
energy, the structure topography and the storage condition, ways to accelerate the transformation have
been studied. Heat treatment after laser processing is one method for shortening the wetting
transformation time [6]. Ngo et al. treated laser structured stainless steel samples in a conventional oven
at a temperature of 100 °C. After 4 hours, the samples turned superhydrophobic (contact angles > 150°)
and showed low roll-of-angles < 25°. The chemical reaction is described as a decomposition of CO, and
the formation of FesC on the surface.
Another method to shorten the wetting transformation time is vacuum processing. Hauschwitz et al.
showed, that the storage of a freshly laser treated aluminum sample in a high vacuum (10 mbar) over a
period of 4 hours resulted in a superhydrophobic surface [7]. They traced it back to a formation of an
oxide layer (polar) due to the laser irradiation, which attracts water molecules from the ambient air to
form a hydroxylated layer. Hydroxyl groups can lead to chemisorption of organic molecules (e.g.
hydrocarbons) and formation of a non-polar, hydrophobic layer. Under ambient air storage conditions,
this process of chemisorption is decelerated by water vapor. In the vacuum chamber, water vapor
residues are removed and hydrocarbons from inside the chamber are adsorbed by the surface. These
hydrocarbons are likely to originate from contaminations due to insufficiently cleaned samples or from
oil lubricated vacuum pumps [8].
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Unfortunately, superhydrophobic surfaces are not necessarily icephobic [9]. Depending on the resulting
surface topography and chemistry, laser structures can influence the anti-icing-performance in either
way [3, 5]. Very rough structures in the micro-meter regime may lead to mechanical locking in the
ice/substrate interface, if the Cassie-Baxter wetting state cannot be maintained during the phase change
which results in a significant increase in ice adhesion [10].

This work focuses on the wetting transformation time of laser structured stainless steel samples, exposed
to hydrocarbon liquids or hydrocarbon atmospheres to accelerate the chemical transition described
above. The results include the effect of surface topography and have been compared to the method of
vacuum processing. We further investigated the impact of these treatments on the deicing performance
by determining the ice adhesion shear stress. The ice adhesion measurements were repeated to analyze
the durability of the created surface layers and potential mechanical wear of the surface structures.

2. Experimental section
2.1. Femtosecond laser processing

For the experiments we used a femtosecond laser system (Femtopower Compact Pro) consisting of a
Ti:Sapphire oscillator and a multi-pass Ti:Sapphire amplifier (CPA scheme). It emits broadband 30 fs
laser pulses at a rate of 1 kHz, a central wavelength of 800 nm and a maximum pulse energy of 0.8 mJ.
Due to its internal setup, the output radiation is linearly polarized, which is a requirement for the
formation of laser induced periodic surface structures (LIPSS). To adjust the laser fluence on the
specimens’ surface, a variable attenuator was used (Fig. 1). For laser structuring, the laser beam was
focused by a plano-convex spherical lens with a focal length of 100 mm. In this experiment, we worked
with a Gaussian intensity distribution. Structure 1 (LIPSS) was generated with a spot diameter of 200
um and by horizontal line scanning, structure 2 & 4 with a spot diameter of 50 um by intersecting line
scanning and structure 3 with a spot diameter of 50 um by repetitive static laser ablation of material to
create a micro dimple array. The experiments have been conducted perpendicular to the sample surface
(angle of incidence 0°) in a controlled environment at 21 °C + 0.5 °C and a humidity of 45% + 5% in
air without the use of an inert shielding gas.

Table 1. Laser machining parameters.

Structure ID Pattern type Fluence [J/cm?] Hatch distance [um] Number of pulses
1 LIPSS == 0.6 150 25
2 Grid = 15 100 25
3 Dimple 3588 20 50 80
4 Triangle Z8%% 10 100 25

The pulse overlap and thereby the number of laser pulses applied on the same surface area was adjusted
via the feed rate of the 3-axis motorized translation stage (Aerotech), except for structure 3. We used
cold rolled stainless steel samples (1.4301) with a thickness of 2 mm. Before laser processing, the
samples were cleaned with acetone, air-dried and placed onto a vacuum plate. The laser machining
parameters used in this experiment are summarized in table 1.
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Fig. 1. Schematic depiction of the femtosecond laser system and the experimental setup.
2.2. Surface structures and characterization

In order to investigate the effect of the surface topography on the wetting transformation time, the
final wettability and the resulting ice adhesion, we prepared sample surfaces with different structures.
By modifying laser parameters, structures from nano-scale LIPSS to relatively rough micro-structures
have been generated (Fig. 2). Due to the known influence of vacuum exposure on the results, SEM
images have been taken at the end of the experiment using a Jeol JCM-5000 instrument.

Table 2. Surface topography after laser processing; Sa — arithmetic mean deviation, Sz — maximum height, Sdr — developed
interfacial area ratio.

Structure ID Pattern type Sa [um] Sz [um] Sdr [%]
1 LIPSS 0.25 4.80 1.2

2 Grid 1.90 19.17 14.1

3 Dimple 8.26 58.11 437.5

4 Triangle 2.02 24.17 26.2

The surface topography parameters were obtained with an Alicona Infinite Focus 3D measurement
system (table 2). The Sdr-parameter (developed interfacial area ratio) describes the increase of surface
area due to roughness and micro structures compared to the planar area, but does not include the
contribution of LIPSS due to limited resolution of the measurement system. The results show a
significant increase in surface area of structure 3 due to deep ablation and ejected, resolidified material
which formed on the dimple edges. The dimple structures had a mean depth of 50 um and a diameter of
30 um. For analysis of the LIPSS spatial frequency, a Fast Fourier Transformation (FFT) of the SEM



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Publication 4 54

images perpendicular to the LIPSS orientation was performed. It showed a mean spatial period of
560 nm, which is consistent with previous findings [11].

i Mre

Fig. 2. SEM images: laser structures 1 — 4, taken at a 45° tilt angle (close-ups have been taken without tilt).

Wettability properties and de-icing performance

After laser processing, the samples were cleaned with filtered, de-oiled pressured air (5 um PE-filter
- 0.01 um borosilicate aluminum filter = activated carbon filter) at 5 bar to remove residues of the
laser ablation process and avoid hydrocarbon contamination. Distilled, demineralized and deionized
water was used as a probe liquid for all measurements. Before and after each measurement, the samples
were carefully dried with the aforementioned cleaned pressured air. To determine the wettability
properties, a DataPhysics OCA25 goniometer was used. The static contact angle (SCA) measurements
have been performed using 10 ul water droplets. Contact angle hysteresis (CAH) was measured with an
initial drop volume of 5 pl and a maximum drop volume of 50 ul [12]. Additionally, the roll-off-angle
(RoA) was determined for structures with static contact angles > 90°. After two weeks of hydrocarbon
or vacuum treatment, five consecutive ice adhesion measurements have been performed, following the
schedule shown in Fig. 3. We used the cuvette encased ice column method to measure the shear stress
at a temperature of -30 °C [13].

hydrocarbon/vacuum treatment ambient air storage

O 22— S5x TA /T

6x CA / , 2x CA

Oh 1h 1d 2d 7d 14d 21d 28d time

Fig. 3. Experiment schedule after laser processing; SCA — static contact angle measurement, IA — ice adhesion measurement
2.3. Hydrocarbon and vacuum treatment

Immediately after laser treatment, the samples were stored in HDPE barrels, filled with 500 ml of liquid (table
3). The barrels were sealed air-tight and reopened for each measurement cycle to take out the samples. For the



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Publication 4 55

vacuum treatment we placed our sample in the vacuum chamber of a Jeol JCM-5000 scanning electron microscope,
which is pumped by a turbomolecular pump, providing a pressure of better than 10 mbar in the specimen chamber.

Table 3. Tested hydrocarbon liquids and storage conditions.

Sample ID Treatment Storage condition
1 EuroSuper petrol RON 95 atmosphere

2 EuroSuper petrol RON 95 immersed

3 Petroleum benzine 60-95 atmosphere

4 Petroleum benzine 60-95 immersed

5 n-Hexane atmosphere

6 n-Hexane immersed

7 Toluene atmosphere

8 Toluene immersed

9 2-Propanol atmosphere

10 2-Propanol immersed

11 Vacuum -

12 Air, reference T: 2022 °C, RH: 40-50%

3. Results and discussion
3.1. Static contact angle

Immediately after laser processing, all samples and structures showed superhydrophilic wettability.
The sample immersed in EuroSuper petrol experienced a very rapid transformation to hydrophobic after
only one hour of exposure. Depending on the structure type, the SCA increased to 127° for LIPSS and
161° for the micro dimple array with an average SCA of 143.9° (Fig. 4 & 5). This is an even faster
transition than the sample stored in vacuum experienced, which resulted in an average SCA of 120.2°
after one hour. The other samples did not show a comparable transformation (Fig. 4). Interestingly, after
five consecutive ice adhesion shear test cycles, the wettability stayed on an almost constant level, which
indicates a certain binding strength of the newly established surface layers.
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Fig. 4. Development of the static contact angle as mean values for each sample after laser processing, hydrocarbon or vacuum
treatment and before/after 5 ice adhesion measurements.
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The micro dimple array experienced the most significant and fastest transformation of all laser structures
investigated in this study. Sample 2 and 11 both showed superhydrophobic behavior with contact angles
above 160° after one hour of treatment (Fig. 5).
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Fig. 5. Development of the static contact angle (SCA) for different surface structures after laser processing and EuroSuper
petrol (above, blue) or vacuum treatment (below, red).
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The reason for this accelerated reaction with the offered hydrocarbons could be connected to the surface
topography — the surface area of structure 3 is about 4.4x larger than the initial planar surface (Sdr,
table 2). In comparison, storage in ambient air did not trigger a change of the wetting behavior in the
examined time period. The unstructured and untreated reference sample showed a SCA of 68.6 + 7.3°.

3.2. Contact angle hysteresis and roll-of-angle

Only a few treatments and structure types led to a measureable RoA. In most cases, the deposited
30 ul water droplet stayed pinned to the surface during the tilting movement of the sample. Both
Eurosuper petrol immersion and vacuum treatment resulted in very low RoA in the range of 5° or below
and showed a corresponding low contact angle hysteresis of about 10° (table 4).

Table 4. RoA and CAH of laser processed samples after 2 weeks of hydrocarbon or vacuum treatment and after 5 ice
adhesion measurements.

Sample ID Pattern type RoA [°] CAH [°]
2 Dimple 5.5 12.5

6 Triangle 56.1 87.4

11 Dimple 1.9 7.1

3.3.Ice adhesion

The ice adhesion shear strength of untreated stainless steel depends on the surface roughness due to
the production or post-production process, e.g. 700 kPa with Rq =0.2 - 0.9 um [5, 13]. In our case, the
cold rolled stainless steel samples showed an ice adhesion of 820 + 20 kPa with Rq = 0.3 um. The
hydrocarbon treatment did influence the ice adhesion very significantly but only for the immersed
samples 2 and 6. Overall, LIPSS led to the lowest measured ice adhesion of 247 + 21 kPa on the vacuum
treated sample 11. Eurosuper petrol immersion could lower the ice adhesion to 409 + 91 kPa on the grid
structure of sample 2. Figure 6 shows the mean results of 5 consecutive measurements as a ratio to the
laser structured reference sample 12.
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Fig. 6. Ice adhesion of laser processed, hydrocarbon or vacuum treated samples as ratio to the laser structured reference sample
stored in ambient air.

The results of all ice adhesion measurements performed in this study, are presented in Fig. 7 as mean values of 5
consecutive measurements per structure and sample.
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Fig. 7. Mean ice adhesion shear stresses for laser processed and hydrocarbon or vacuum treated samples and reference sample
12 for each structure type.

3.4. XPS analysis

All measurements were carried out on a SPECS XP-spectrometer equipped with a monochromatic
Al-Ka X-ray source (uFocus 350) and a hemispherical WAL-150 analyzer. LIPSS and dimples together
with an unstructured reference spot on sample 2, 6, 11 and 12 have been analyzed (table 5). Sample 11
showed the largest amount of C and lowest amounts of Fe, Cr and O, while samples 2 and 6 also showed
an increase in C and decrease in Fe, Cr, and O when compared to the reference sample 12. The results
correlate with the observed changes of the wetting and deicing behavior.

Table 5. Results of the XPS measurements; relative atomic concentrations of carbon and iron, Fe/C change when compared
to the respective structure or unstructured reference area on sample 12.

Sample ID Pattern type C [at%] Fe [at%] Fe/C change [%]
2 LIPSS 442 9.6 -45
2 Dimple 41.1 10.2 -43
2 Reference 45.8 6.3 17
6 LIPSS 40.2 10.4 -38
6 Dimple 40.8 11.3 -38
6 Reference 50.5 5.8 8
11 LIPSS 50.0 9.1 -52
11 Dimple 49.7 8.9 -55
11 Reference 50.0 6.0 10
12 LIPSS 25.5 14.7 -
12 Dimple 24.5 15.2 -
12 Reference 55.5 5.4 -
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The Cls signal can be deconvoluted into four distinct components: C-C/C-H (285.0 eV), C-O
(286.3eV), C=0 (287.9 eV) and O-C=0 (288.9 eV). The last three components can be described as
polar while C-C/C-H can be seen as non-polar. All samples showed an increase of the non-polar
component when compared to sample 12, where the increase is largest for sample 11 (Fig. 8).
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Fig. 8. C1s XPS detail spectra of samples 2, 6, 11 and 12 (structures 1 and 3). All spectra have been normalized to their
strongest signals.
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4. Conclusions

Hydrocarbon treatment with Eurosuper petrol provides the necessary conditions for a fast wetting
state transformation from superhydrophilic to superhydrophobic after femtosecond laser processing. It
also improves the de-icing performance significantly by a reduction of ice adhesion of more than 57%.
To our understanding, vacuum treatment could lead to various transformation times depending on the
contamination inside the vacuum chamber and the pressure. In our experiment, it led to a slower
transformation but in the end slightly better water-repellent properties and lower ice adhesion than
hydrocarbon treatment. Further analysis must be performed to acquire information on the mechanisms
behind the observed behavior as well as the stability of the formed surface layers.
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Abstract: Ice accumulation on lift-generating surfaces, such as rotor blades or wings, degrades aerodynamic
performance and increases various risks. Active measures to counteract surface icing are energy-consuming and
should be replaced by passive anti-icing surfaces. Two major categories of surface treatments—coating and
structuring—already show promising results in the laboratory, but none fulfill the current industry requirements
for performance and durability. In this paper, we show how femtosecond laser structuring of stainless steel (1.4301)
combined with a hydrocarbon surface treatment or a vacuum treatment leads to superhydrophobic properties. The
anti-ice performance was investigated in an icing wind tunnel under glaze ice conditions. Therefore, flexible steel
foils were laser-structured, wettability treated and attached to NACA 0012 air foil sections. In the icing wind
tunnel, hydrocarbon treated surfaces showed a 50 s ice build-up delay on the leading edge as well as a smoother
ice surface compared to the reference. To demonstrate the erosion resistance of these surfaces, long-term field tests
on a small-scale wind turbine were performed under alpine operating conditions. The results showed only minor
erosion wear of micro- and nano-structures after a period of six winter months.

Keywords: wind turbine icing; airfoil icing; surface modification; femtosecond laser structuring;
superhydrophobic ~ surface;  icephobic  surface;  hydrocarbon  treatment;  vacuum  treatment;
erosion resistance

1. Introduction

Surface icing is crucial in various technical applications, particularly when surfaces are
exposed/subjected to humid and cold air conditions [1-4]. Depending on the type of application and the
accompanied risks, different strategies have been developed to address the problem of icing. Modern
commercial airplanes have ice protection systems (IPS) that allow an all-weather flying capability.
Nevertheless, active measures like thermal, electro-magnetic or pneumatic deicing systems require a lot
of energy and are therefore restricted to cyclic operation [5,6]. In general aviation, the TKS-System
(Tecalemit-Kilfrost-Sheepbridge Stokes) can prevent icing by pumping a fluid mixture through holes in
the leading edge, creating a thin film. Like the fluid, which is used to deice commercial aircraft on the
ground, it consists mainly of glycol alcohol [7]. Even though glycol ethers are not found to be persistent
in the environment, not bio-accumulative and non-toxic, extensive use (e.g., on an airport in winter)
could lead to problematic local concentrations [8,9]. In most cases, anti-icing and deicing chemicals
contain 10-20% additives, including corrosion and rust inhibitors, thickening agents and surfactants
which have a significant chronic toxicity [10]. Furthermore, the use of such chemicals is an additional
cost factor for the industry.

Regarding wind power plants, icing of wind turbine rotor blades leads to a reduction in lift force
and an increased drag force which causes a loss of production efficiency of up to 30% due to disturbed
aerodynamics [11,12]. Furthermore, ice accumulation represents an increased health and safety risk due
to ice shedding and ice throw in the turbines’ vicinity [13,14]. Experiments conducted on a 300 kW
wind turbine demonstrated that icing rates of > 80 mm/h are possible and that the ice thickness increases
towards the blade tip [15]. As countermeasures, thermal IPS are currently used almost exclusively,
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which are based on the heating of relevant rotor blade zones by electrically operated heating elements
or a warm airflow circulating in the blade. The power requirement of electrical systems is 6—12% of the
wind turbine output [16], and that of systems working with warm airflow is 10-15% [17]. In weather
conditions that are particularly negative for operation, the power losses can also increase further to 80%
[18] until it comes to the technically necessary shutdown [19]. Besides the efficiency loss, active heating
of the rotor blades has to be monitored to not weaken the composite material over time [6].

Both aviation and wind energy would profit from passive icephobic surfaces, which reduce or delay
ice accumulation and stimulate deicing by modification of surface topography and chemistry. Special
coatings can be used as passive IPS, which are based on a reduction of the surface energy to achieve
superhydrophobic and icephobic behavior [20]. Most polymer coatings are prone to erosion, which
limits service life and thus prevents industrial use [6,21]. Metallic coatings show the potential to be
erosion resistant but need further development to be strongly icephobic [22]. Laser structuring of
surfaces is an alternative method to achieve superhydrophobic wetting behavior, triggered by creating
air pockets in the solid/water interface and thereby forcing an incomplete wetting state (Cassie—Baxter),
and/or through chemical modification of the material induced by the laser process itself [23]. Vercillo
et al. [24] investigated the correlation between laser patterns, the resulting wettability and ice adhesion
but used a chemical fluorinated solvent as a superhydrophobic and anti-ice coating. The results showed
a direct correlation between the surface roughness and the ice adhesion, although all samples were
superhydrophobic after dip coating. These findings are consistent with the results of our previous work,
where shallow laser induced periodic surface structures (LIPSS) led to the lowest mechanical locking
of the ice at the interface [25].

Under ambient air conditions, femtosecond laser processing induces a chemical reaction due to the
laser’s energy deposition [25,26]. This leads to a material-dependent oxidation process of the top surface
layer, which adsorbs organic hydrocarbons from the air and thereby changes the overall chemical
polarity from polar (hydrophilic) to non-polar (hydrophobic) [27]. This process is strongly dependent
on the storage conditions (e.g., the chemical composition of the sample surrounding air) and can take
from days to months [28]. Ways to shorten the wetting transformation time include heating [29] and
vacuum treatment [30]. Our previous work presented a novel approach to significantly shorten the
wetting transformation time by a hydrocarbon chemical treatment and compared it to vacuum treatment
[31]. The best results were achieved by storing the laser-processed samples immersed in petrol.
Depending on the laser-generated micro- or nano-structure, the ice adhesion could be reduced by 50%
with petrol immersion and by 70% with vacuum treatment.

Nevertheless, it has to be considered that surface structures increase the roughness and could
thereby alter the aerodynamics of a lift-generating body. The surface roughness is often characterized
by the sand-grain roughness k, corresponding to the height of spherical particles attached to a surface
like on a sandpaper [32]. Since real rough surfaces are more complex, the equivalent sand-grain
roughness ks can be estimated using different approaches. One widely used method for calculating ks
was developed by Flack et al. for s, > 0 [33]:

ks = 4.43 ks (1 + 50" (D)
and for s, < 0 [34]:

ks = 2.73 ks (2 + 5) 045 )

where krus is the root-mean-square roughness height, and s is the skewness. A positive skewness
indicates that the height distribution of the roughness is shifted below the mean plane (e.g., a turned
surface), while a negative skewness indicates a shift above the mean plane (e.g., a pitted bearing surface)
[35].

To quantify the effect of a rough surface on aerodynamics, Prikhod’ko et al. [36] tested a standard
NACA 0012 airfoil with a modified rough surface (ks = 200 um) and measured a 7% decrease in
maximum lift force and a twofold increase in drag when compared to a conventional smooth surface.
Jung et al. [37] investigated the effect of wind turbine rotor blade roughness on its aerodynamic
performance by simulating different wind speed scenarios. They applied an equivalent sand grain
roughness height chord ratio ks/c of 1.9 x 1073, where c is the chord length of the airfoil, to an S809
airfoil, which resulted in a performance decrease at 7 m/s but an increase at 10 m/s with a minor effect
at higher wind speeds, which contradicts previous findings by Bouhelal et al. [38]. Based on 3D
computational fluid dynamics (CFD) simulations, Bouhelal et al. concluded that roughness heights
ks > 0.5 um decreased the performance by up to 35% at wind speeds > 10 m/s, but also found a wind
speed dependence of the critical roughness value. It is commonly assumed that structured surfaces
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increase the friction and heat flux on the surface of an airfoil, thereby promoting ice growth which causes
a further increase in surface roughness. Tagawa et al. [39] performed CFD airflow simulations for
NACA 0012 airfoils considering the surface roughness due to ice accretion. The results showed that
roughness effects become significant for equivalent sand-grain roughness heights ks/c > 1 x 1074, rapidly
decreasing the maximum lift coefficient [39]. Prikhod’ko et al. [36] performed experiments with
different leading edge shapes to simulate ice accretion and found that the formation of horn-like ice
outgrowths causes a severe deterioration in the aerodynamic characteristics of the wing and thereby
decreases the maximum lift force (down to 50%) and increases aerodynamic drag (by several times).

Besides the performance, a high erosion resistance is another critical property for future industrial
applications of superhydrophobic and icephobic surfaces. In wind energy, contamination and erosion of
blades (coatings) reduces the annual energy output of a turbine by 2—3.7% [40]. Sand, water and hail
impacting the blades at high velocities cause the formation of pits, removal of coating and delamination
of the underlying fiber-reinforced material. Most commercial anti-ice surfaces comprise thin polymer
films which are prone to erosion. To address this limitation, both the scientific community and industry
are actively developing erosion-resistant superhydrophobic and icephobic surfaces [41].

In this work, we expand our previous investigations on femtosecond laser surface processing and
look at the performance and durability of superhydrophobic and icephobic surface layers formed by
hydrocarbon and vacuum treatment. This study compares treatments and the influence of the laser-
generated structure type on the wettability and the anti-ice performance. The generated surfaces were
tested in the laboratory and the field. Wind tunnel tests were carried out to investigate the impact of
these measures on the ice-accumulation process. The durability of the structures was evaluated during a
six-month test campaign, where samples were placed on the rotor blades of a small-scale wind turbine
located at an exposed mountain ridge.

2. Materials and Methods
2.1. Material

Cold-rolled stainless steel (1.4301/AISI 304) (Fixmetall Brunn am Gebirge, Austria) was used as
substrate material for all experiments. The substrates were not polished before laser processing to keep
their initial roughness from the cold rolling process. The thickness was 0.05 mm for wind tunnel and
field tests, where flexible sheets were needed to fit the airfoil shapes. Before undergoing laser
processing, the substrates were cleaned with acetone and air-dried.

2.2. Laser Processing

The samples were structured using a femtosecond laser system Femtopower Compact Pro (Spectra-
Physics, Vienna, Austria) consisting of a Ti:Sapphire oscillator and a multi-pass Ti:Sapphire amplifier,
which emits broadband 30 fs laser pulses at a rate of 1 kHz (Figure 1). Laser pulses can carry a maximum
pulse energy of 0.8 mJ at 800 nm central wavelength and a bandwidth of 40 nm. Due to its internal
setup, the output radiation is linearly polarized, which is required to form channel-like LIPSS. A variable
attenuator was used to adjust the laser fluence on the specimens’ surface. The laser beam was focused
by a plano-convex spherical lens with a focal length of 100 mm. During all experiments, we worked
with a Gaussian intensity distribution. Based on our previous experiments, we selected the same four
different laser structure types for further testing (Figure 2). LIPSS were generated off-focus by
overlapping linear tracks, grid and triangle structures were created by intersecting tracks at 90° or 60°,
respectively. Micro dimple arrays were generated by repetitive static laser ablation.
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fs-laser source

Figure 2. SEM images: laser-generated structure types, taken at a 45° tilt angle (close-ups were taken without tilt).

Samples were irradiated perpendicular to the surface (angle of incidence 0°) in a controlled
environment at 21 °C £ 0.5 °C and a humidity of 45 + 5% in air without the use of inert shielding gas.
With the constant pulse repetition rate of 1 kHz, the number of laser pulses applied on the same surface
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area was adjusted by the feed rate of the 3-axis motorized translation stage. The machining parameters
are summarized in Table 1.

Table 1. Laser machining parameters and post-laser-treatments of the samples which were tested in the
icing wind tunnel (IWT—Icing Wind Tunnel; E—Erosion).

Sample Structure Wettability Treatn}ent Laser .Sp ot Hatch Number

D Type Treatment Duration Fluenge Diameter (um) of Laser

(h) (J/ecm?) (um) Pulses
IWT#1 LIPSS Vacuum 4 0.6 200 150 25
IWT#2 Grid Vacuum 4 15 50 100 25
IWT#3 Dimple Vacuum 4 20 50 50 40
IWT#4  Triangle Vacuum 4 10 50 100 25
IWT#5 LIPSS Petrol, immersion 4 0.6 200 150 25
IWT#6 Grid Petrol, immersion 4 15 50 100 25
IWT#7 Dimple  Petrol, immersion 4 20 50 50 40
IWT#8  Triangle Petrol, immersion 4 10 50 100 25
E#1 LIPSS - - 0.6 200 150 25
E#2 Grid - - 15 50 100 25
E#3 Dimple - - 20 50 50 20
E#4 Triangle - - 15 50 100 25
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2.3. Surface Structures

The geometric surface properties of the laser-processed samples were obtained with a Bruker
Alicona Infinite Focus 3D surface measurement system, which uses the method of focus variation to
retrieve surface topography information. For scanning electron microscopy (SEM) imaging, a JCM-
5000 instrument (Jeol, Akishima, Japan) was used. Figure 2 shows the four structure types tested in the
following experiments.

2.4. Wettability Acceleration Treatment

A contact angle goniometer OCA25 (DataPhysics, Filderstadt, Germany) with a 0.4 mm blunt tip
cannula was used to evaluate the wettability properties of the laser treated samples. We used the sessile
drop method with a polynomial fitting to obtain the static contact angles (SCA) utilizing a water drop
volume of 10 pL.

Immediately after femtosecond laser processing, metal surfaces tend to be superhydrophilic and
evolve to a hydrophobic state over a period of several days to weeks. To accelerate the wetting
transformation time, the samples were placed in either a vacuum chamber or immersed in EuroSuper
Petrol (RON 95) (OMV, Vienna, Austria) inside a sealed HDPE barrel (Table 1). We used the same
SEM instrument (Jeol JCM-5000) for imaging and vacuum treatment, but we turned off the electron
beam during the latter. Its turbomolecular pump provided a pressure of less than 10™* mbar in the
specimen chamber. The duration of the treatment was chosen based on our previous work, where the
focus was on the wetting transformation time of laser-structured samples stored in different media. For
this reason, the samples were treated for 2 weeks (336 h), even though, vacuum and petrol treatment
showed a faster transformation. However, considering that only short transformation times are relevant
for industrial applications, we reduced the treatment duration to 4 h in this work. The field tests were
primarily focused on examining the mechanical erosion of the laser-generated structures in harsh
environmental conditions, so no wettability treatment was applied.

2.5. Icing Wind Tunnel

The performance of the laser-processed and hydrocarbon/vacuum-treated samples under dynamic
icing conditions was tested in the FH JOANNEUM small-scale icing wind tunnel (FHJIWT) (FH
JOANNEUM, Graz, Austria) [42]. The FHIIWT is a calibrated closed-loop atmospheric wind tunnel of
Gottingen configuration and can simulate in-flight icing conditions. For the experiments, laser-
processed stainless steel foils were taped onto NACA 0012 airfoil segments (downscaled to 20%) with
a nominal chord length of ¢ = 200 mm made of extruded polystyrene (XPS) covered with a ply of
fiberglass (Figure 3). As the investigation was focused on the icing of the leading edge, the air foil
sections were truncated. The influence of possible vibrations caused by a turbulent wake of the blunt tip
trailing edge was assumed to be neglectable based on the low wind speed and neutral angle of attack
[43,44].

The 1.4301 metal sheets had a length of 150 mm and a width of 50 mm of which 120 x 45 mm
were structured by the femtosecond laser with the machining parameters summarized in Table 1. Each
sample consisted of one laser processed stainless steel foil placed side by side with an untreated
reference foil (Figure 3). No spanwise or chordwise parting strip was used during the experiments. The
icing tests were conducted in a representative glaze ice condition with a neutral angle of attack, AoA =
0° (Table 2).

Table 2. Icing conditions used in the wind tunnel experiments.

Air Speed . LWC ** (gm™)  Icing Cycle
mfs)  MVDFMEM) o j0ec, 15 mis (s)
Glaze —10 25 42 5.1 180

* MVD - median volume diameter. ** LWC - liquid water content.

Ice Type Temperature (°C)

The initial wetting and ice growth were monitored and recorded by a camera for 180 s, positioned
vertically on top of the test section. This view from above allowed us to assess both the initial wetting
process as well as the ability of the surfaces to repel impinging water droplets and support runback along
the upper airfoil surface. Prior to each run, the airfoils were mounted in the test section and acclimatized
for 10 min.
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Figure 3. Airfoil section: (a) prepared sample IWT#1 with taped laser processed (right) and reference steel foil
(left), (b) test section in the FHIIWT.

To obtain more information on the ice accumulation after 180 s, the airfoil sections were removed
from the test chamber and scanned with a portable 3D laser measurement system consisting of a
Hexagon Absolute Arm and a RS6 laser-scanning head with a system accuracy of 48 um. Therefore, a
thin film of titanium-dioxide powder was applied to the accumulated ice to enhance the reflection of the
laser light on the ice shape.

2.6. Field Tests

The erosion resistance of the laser-generated structures was tested using a small-scale wind turbine
stationed on the Pretul mountain ridge in the Austrian Alps at an elevation of 1600 m. The wind turbine
(superwind 1250) (superwind, Briihl, Germany) had a diameter of 2.4 m and a maximum wingtip speed
of 75 m/s at 600 rpm. On each of the three wings, a small laser-structured stainless steel foil (1.4301)
with a thickness of 50 pm was attached with an adhesive (Figure 4).

Figure 4. Femtosecond laser structuring process (top left), structured metal foil (bottom left); dynamic erosion
field test setup with laser-structured stainless steel foils attached to rotor blades of a small-scale wind turbine
(right).

The samples were prepared with laser machining parameters summarized in Table 1 (E#1-E#4).
Environmental conditions were continuously measured and recorded over the experimental period of 6
months using an Eologix sensor (eologix sensor technology, Graz, Austria) (Figure 5). For further
observation, a camera was installed to monitor the general state of the wind turbine (Figure 4). After the
experiment, the wind turbine was dismantled and the relevant rotor blade sections were cut out for 3D
surface characterization.
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Figure 5. Environmental conditions during the dynamic erosion field test; Pretul mountain ridge at 1600 m
elevation.

3. Results and Discussion
3.1. Icing Wind Tunnel

After the hydrocarbon/vacuum-treatment, all laser-structured flexible stainless steel samples
showed superhydrophobic behavior (Table 3). By creating a rough surface, we tried to favor the Cassie—
Baxter wetting mode, where vapor is “trapped” beneath the water fraction in the interface, over the
Wenzel wetting mode, where the whole surface beneath the liquid is wetted, and thereby increase the
hydrophobicity. Milne et al. [23] describe how the Cassie—Baxter equation is used to calculate the
contact angle of a liquid on a rough surface and how to handle dual-scale rough surfaces, as produced
by the laser ablation process. The icing wind tunnel performance (IWT performance) was evaluated
visually by examining the wetting/icing videos taken during the experiment. Since the aerodynamic
effect of the different laser structures applied to the surfaces could not be measured in this configuration,
we focused our examination on the surfaces’ ability to repel incoming water droplets and support
runback. Furthermore, we visually evaluated the initial icing process, the resulting ice shape and the ice
roughness on the leading edge.
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Table 3. Wetting behavior of the stainless steel samples, before/after wind tunnel tests and anti-ice performance;

delay time until ice beads occur on the leading edge; “+”: more effective than reference surface; “~”: similar to
the reference surface; “— “: less effective than reference sample.
. SCA before SCA after ———— 1 Performance
Sample Structure Wettability Initial . Ice
IWT Tests IWT Tests Delay Time .
1D Type Treatment ©) ©) Water s) Accumulation
Runback after 180 s
101.9 £
IWT#1  LIPSS Vacuum 151.3£0.9 16.8 ~ 0 -
IWT#2 Grid Vacuum 157.0£25 782+6.3 ~ 0 -
IWT#3  Dimple Vacuum 1427 +47 61.9+6.1 ~ 0 -
IWT#4 Triangle Vacuum 158.7+1.6 109.8+7.9 ~ 0 -
IWT#5 LIPSS Petrol immersion 131.9 +4.2 1313'421 + 0 -
IWT#6 Grid Petrol immersion 148.5 £ 6.3 93.2 +2.3 + 50 -
IWT#7 Dimple Petrol immersion 153.9 £2.3 84.0 +17.7 + 50 -
IWT#8 Triangle Petrol immersion 144.2 +3.6 72.1 £20.2 + 50 -
Reference - - 942 +5.1 83.3+12.6

To highlight critical events like water runback after droplet impingement and the ice accretion
phase, selected image sections of the recorded videos have been arranged, shown in Figure 6. The full
videos are available as Supplementary Materials to this publication (Video S1-Video S8).

Figure 6. Top view of sample IWT#6—Iaser-generated grid structure with Eurosuper Petrol treatment (airfoil
position: left), reference foil (airfoil position: right). Runback of arriving water droplets, waterfront highlighted
by the yellow line (1 s—3 s), delayed ice bead buildup on the structured sample (30 s, 60 s).

Until the first ice layer formed on the surface, water was repelled more efficiently off the laser-
structured and petrol-treated surfaces than vacuum-treated and reference surfaces. Samples IWT#6,
IWT#7 and IWT#8 showed a smoother initial ice shape than the references (Figure 7). As the ice
formation advanced, the growth of ice beads was initiated on the reference sections, starting at the
airfoils upper surface and evolving towards the leading edge. In contrast, the leading edge sections of
the structured samples remained smooth and showed less ice thickness.
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Figure 7. Top view of sample IWT#6 after 60 s, laser-structured sample (left) shows a smooth ice surface at the
leading edge, while the same section on the reference surface (right) is already rough.

Ice beads increase the leading edge roughness and induce a local laminar-turbulent flow transition
[23]. Beads grow partially frozen and partially liquid until a certain height is reached, which depends on
the air speed, AoA, LWC, MWD and temperature [45]. Subsequently, the liquid part runs back and fills
the gaps between the following beads, and the excess liquid drains away as runback water. In the case
of the petrol immersed samples IWT#6, IWT#7 and IWT#S, the formation of beads was delayed
compared to the reference steel foil (Figure 7). During this delay, the surface remained smooth, which
positively affected the aerodynamics of the airfoil. Experimental investigations performed with single
UAV rotor blades in Appendix C icing conditions [46] have shown that, even a short icing encounter of
one to two minutes can result in critical ice accretion [47]. A similar result was observed for a full-scale
multirotor UAV in [48], where significant amounts of ice accreted on the rotor blades within minutes.
The observed delay in ice bead formation shown in this study can extend the time a UAV has to leave
the critical icing condition or land safely.

For our calculations of the equivalent sand-grain roughness based on the method of Flack et al.
[24,25] (Equations (1) and (2)), we decided to use the area root-mean-square height Sq instead of the
line-based Rq and the same area equivalent Ssk for the skewness (Table 4).

Table 4. Measured roughness parameters of the samples tested in the IWT; equivalent sand-grain roughness ks
and chord length ratio kg/c.

Structure Type Sq (nm) Ssk ks (um) ks/c
LIPSS 82.2 0.18 0.46 2.28x10°
Grid 1816.4 -1.39 6.19 3.10x 107
Dimple 3190.6 0.07 15.51 7.75%107°
Triangle 2065.7 —1.28 6.54 3.27x 107

According to the results and conclusions of Prikhod’ko et al. [36], our laser-generated surface
structures correspond to a smooth surface with an insignificant contribution to lift coefficient reduction,
although the dimple structures showed a distinct micro-roughness. Based on that, no significant
deterioration of aerodynamic performance was expected during our experiments since the highest
equivalent sand-grain roughness that was tested resulted from dimple structures with ks = 15.5 pm.
Contrary to the findings of Prikhod’ko et al. [36], Bouhelal et al. [38] concluded that a roughness height
above ks = 0.5 um leads to a deterioration of the aerodynamics of an airfoil at moderate wind speeds.
Since there is a significant discrepancy between those results for the critical roughness heights, reaching
from 0.5 um to 200 um, further work has to be carried out to evaluate the effect of the increased
roughness of laser-structured surfaces on aerodynamics.
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During the 180 s lasting icing cycle, a thick glaze ice layer built up on the leading edge, showing a
horn-type ice shape (Figure 8). After the wind tunnel tests, the samples showed a significantly reduced
SCA (Table 3). This phenomenon can be explained by the use of titanium-dioxide powder, which
accumulated in the structures’ roughness, thereby causing a transition from a Cassie—Baxter to a Wenzel
wetting state. Attempts to remove the powder completely after the 3D ice scanning procedure failed.
However, LIPSS nano-structures IWT#1, IWT#5) were not affected similarly due to their shallow
nature, resulting in a higher SCA.

Figure 8. (a) Sample IWT#1 after 180 s of icing under glaze ice conditions, coloration of LIPSS due to diffraction;
(b) Detail of the horn-like ice shape on the leading edge, laser-structured sample (right) and reference (left).

Example images of the 3D laser scans and the ice shapes in the leading edge area are shown in

Figure 9. Unfortunately, it turned out that the icing time of 180 s was set too long, so the subsequent 3D
ice measurement did not represent the delayed formation of ice beads on the laser-structured samples.
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Figure 9. Result of a 3D laser scan of sample IWT#8 after 180 s in the icing wind tunnel; (a) ice accretion as a
false color image—structured sample +y direction, reference —y direction; (b) averaged ice accumulation on the
cross-section of the NACA 0012 airfoil (bold grey line); laser-structured surface (bold black line) shows increased
ice accumulation compared to the reference sample (bold red line).

In contrast to the results of the video analysis, where samples IWT#6, IWT#7 and IWT#8 showed
a smoother surface at the leading edge and a significantly delayed formation of ice beads, more ice
volume accumulated on these surfaces after the entire test duration of 180 s. Since we did not use a
chordwise parting strip between the structured and the reference surfaces, liquid water could have
trickled from one side to the other, thereby influencing ice accumulation. Nevertheless, it could be
shown that 4 h of Eurosuper petrol immersion could support the runback of impacting water droplets
and positively influence the ice shape in the initial icing phase by effectively delaying the formation of
beads (Table 3).
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3.2. Erosion

A visual inspection of the samples, which had been attached to the rotor blades of a small-scale
wind turbine for 6 months of field testing, revealed that they were physically still intact. The structural
integrity of the steel foils remained unchanged, although the surface showed a slightly matte appearance.
Due to the strong adhesive used to secure the samples on the rotor blades, the samples could not be
removed without causing damage. Since the erosion of the blade has its maximum at the leading edge,
the 3D topography characterization was therefore focused on these areas [49]. The surface topology was
measured with 20 nm vertical and 1 um lateral resolution. The spatial cut-off frequency Ac was carefully
selected to eliminate the leading edge curvature waveform while including the laser-generated structures
in the resulting surface roughness (Table 5). Except for sample E#1, where LIPSS nano-structures were
applied, all samples showed a reduction in surface roughness and also in the developed interfacial area
ratio (Sdr), which describes the increase of surface area due to roughness and structures compared to the
planar region. This reduction can be explained by erosion wear during 6 months of testing under cold
climate conditions. Usually, the surface of wind turbine rotor blades is kept very smooth to reduce drag
and extend the erosion incubation period. The only smooth surface in our experiment was sample E#1
with LIPSS applied. Due to the measurement system’s limited lateral resolution, the surface
characterization results of sample E#1 did not include the contribution of LIPSS. Further analysis of
these structures via SEM and atomic force microscopy (AFM) revealed that LIPSS showed a mean
spatial period of 560 nm and a vertical depth of 300 nm, consistent with previous findings for this
laser/material combination [50].

Table 5. Surface topography after laser processing and after field testing; Sa—arithmetic mean deviation; Sg—
root mean square height; Sz—maximum height; Sdr—developed interfacial area ratio; Sk—core height.

Structure Cut-off, Lc

Sample ID Type (nm) Sa(nm) Sq(@mm) Sz(um) Sdr(%) Sk (um)
E#l LIPSS 75 64.4 822 0.90 0.08 021
Reference
E#1 LIPSS 75 109.8 138.0 2.24 0.14 0.30
+ 70.5% 68.0% 149.0% 61.4% 45.6%
E#2 Grid 150 1362.9 1816.4 14.32 25.00 3.55
Reference
E#2 Grid 150 1049.8 1301.2 9.93 7.66 3.08
+ -23.0% —28.4% —-30.7% —693% —13.2%
E#3 Dimple 300 2670.8 3190.6 19.26 136.53 9.66
Reference
E#3 Dimple 300 2448.9 2933.4 22.68 66.25 8.28
+ -8.3% —-8.1% 17.8% =51.5% —14.4%
Edd Triangle 150 1604.4 2065.7 16.00 30.42 4.22
Reference
E#4 Triangle 150 1304.0 1685.7 18.95 19.51 3.06
+ -18.7% —18.4% 18.4% -35.9% —27.5%

Despite this limitation, the increase of Sa, Sz and Sdr indicates erosion wear of surface E#1. This
was confirmed by a visual comparison of the unworn reference surface and the sample attached to the
rotor blade (Figure 10). The 3D scan reveals macroscopic marks with a depth of about 1 um on the
surface of sample E#1 (Figure 10d,e). SEM analysis showed micrometer- and sub-micrometer-scale
scratches and erosion of the LIPSS peaks, resulting in a smeared impression on the SEM images (Figure
10c,d).
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Figure 10. Three-dimensional scan of sample E#1 Reference (left) and sample E#1 after erosion test (right). Image
of the measured field (a,d), 3D dataset in false colors (b,e) and SEM images of LIPSS nano-structures (c,f).

The visual inspection of the 3D surface topography of the larger structure types E#2, E#3 and E#4
revealed erosion wear consistent with the measured roughness (Figure 11, Table 5). The false color
images indicated a reduction in the penetration depth of the roughness valleys, resulting from a shift of
the mean roughness height towards the base material.
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Figure 11. Three-dimensional scan of sample E#2 (grid), E#3 (dimple) and E#4 (triangle); reference samples
(left) and eroded samples (right).

To improve laser-structured steel foils for erosion shield applications, other materials than 1.4301
could be investigated. Lee et al. [51], for example, performed droplet impact tests on various steels and
demonstrated that erosion rates are coupled to the carbon content of the steel alloy and the surface
hardness, where an increase in carbon and hardness leads to a decrease in erosion rate. According to
DIN EN 10088-3:2022 the chemical composition of the used 1.4301 steel features a carbon content of
0.07 wt%, we measured a Vickers hardness of 182 HV. Following the correlation by Lee et al. [51], one
could increase the lifetime of the laser-structured steel sheets by changing the composition to, e.g.,
1.4305, which features a higher carbon content of 0.1 wt% and a ~10% higher hardness.

4. Conclusions

This paper studies the performance and durability of femtosecond laser-structured stainless steel of
different topography. The focus was on the effect of the superhydrophobicity on the anti-ice properties
under dynamic icing conditions (icing wind tunnel) and the erosion resistance of nano- and micro-
structures in a long-term field test. To accelerate the wetting transformation time, improve
hydrophobicity and reduce the ice adhesion, surfaces were stored in a vacuum and hydrocarbon liquid
(Eurosuper petrol). The main conclusions are as follows:

e Femtosecond-laser-structured and petrol-treated stainless steel surfaces support the runback of
impinging water droplets on an airfoil under glaze ice conditions.

e  During the initial ice accretion, the petrol-treated samples showed a time delay of 50 s in ice bead
build-up on the leading edge compared to the untreated reference surface. The accumulated ice was
of a smoother shape, which should lead to improved aerodynamics during that phase.

e Long-term field tests demonstrated a high wear resistance of laser-generated structures on stainless
steel, making them interesting for erosion shields in aviation and wind energy.

The measured delay in ice bead build-up could be very beneficial for, e.g., unmanned aerial vehicles
(UAVs) which are very sensitive to icing and increase safety margins. Nevertheless, the wind tunnel
tests showed an increased ice accumulation compared to the unstructured reference sample after a test
duration of 180 s. Furthermore, it turned out that using titanium dioxide powder as a reflection enhancer
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for the laser assisted ice shape measurements did deteriorate the microstructures. Further experiments
with shorter icing durations are needed to determine the effect of the icing delay and the initial smoother
ice surface at the leading edge on the aerodynamics of the wing (drag and lift force measurements,
simulations). After the erosion field test, the micro-structures showed slight erosion, resulting in a
decreased surface roughness. Wear marks such as scratches of different sizes and depths were found on
the LIPSS sample, which led to an increase in surface roughness—the nano-structures were largely
preserved. For better erosion resistance, steel with a higher hardness than 1.4301, like 1.4305 could be
used. Another approach would be the application of thin layers of erosion resistant material such as
metal- or ceramic-nitride compounds, although this impacts surface energy and hence wetting.
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