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ABSTRACT

Laser Induced Periodic Surface Structures (LIPSS) have been known to the scientific
world for almost as long as the invention of first laser. The advantages of the ripples
structures have been recognized soon after, which resulted in the development of
many industrially fit applications because of the flexibility, environmental friendliness
and robustness of the technology. Nonetheless, the important reason of the continuous
growing interest in LIPSS is the great variety of functional responses that can be
‘imprinted’ on the surfaces, and thus be employed in many engineering fields. For the
broader use of LIPSS treatments, specific industrial requirements and challenges still
have to be addressed, especially associated with processing, modelling and
monitoring. In this context, the research presented in this thesis focuses, firstly, on
investigating the synergistic use of LIPSS with coatings for the purpose of combining
the valuable surface properties without compromising on the functional performance.
Next, the research addresses the issues of applying periodic structures on free form
surfaces when the processing conditions vary. In particular, a predictive model is
developed to account the effects from 3D processing disturbances hence minimizing
the empirical research required to produce optimized structures for any given material
and/or geometry. Subsequently, new approaches for ripples monitoring and process
quality control are investigated. A light scattering method is proposed to satisfy the
technical requirements of inline process monitoring with sufficient sensitivity to detect
changes in LIPSS characteristics. Lastly, the use of artificial intelligence methods is
considered for predicting the functional responses based on the topography data, also

when the generation process is affected by the processing disturbances.
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CHAPTER 1 INTRODUCTION

CHAPTER 1: INTRODUCTION

1.1. Motivation

Laser Induced Periodic Surface Structures (LIPSS), often referred to as surface
ripples, have been known to scientific world almost as long as the discovery of the first
laser and since then have been studied thoroughly, especially in the last two decades
when ultrafast laser systems became much more widely available [1]. Separately,
industrial applications for LIPSS have started to emerge and thus to capitalise on
flexibility of this technology to generate such surface structures almost on any material
(metals, semiconductors, dielectrics, polymers, etc.) by employing relatively simple
and at the same time sufficiently robust processing setups. Another, even more
important reason for the constantly growing interests of researchers and industry in
this technology is the great variety of functional responses that can be “imprinted” on
surfaces, i.e. by modifying their physical, chemical or optical property, and thus LIPSS
treatments for applications in medicine, optics, electronics or tribology, to name a few,

are emerging.

Therefore, it is not surprising that the development of LIPSS treatments has become
widespread as they benefit from the contactless application on almost any material and
also from their environmentally friendly nature. Their main competing technologies are
the conventional surface treatments that are not so environmentally friendly and might
result in potential issues at the interface between the thin layer of engineered material
and the substrate material. However, LIPSS treatments are not only an alternative but

also, they can be applied synergistically with the coating technologies. It means that
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the coating directly can be laser structured and as a result the surface properties of the
thin film can be combined with the added surface functionalities from the modified
topography resulting from laser structuring. This synergistic use of both approaches
can be achieved because of the ultrafast laser source’s “gentle” nature, i.e. the intrinsic
laser-material interactions. Thus, by combining them, advantageous surface properties
can be obtained, e.g. coatings can be applied as a wear resistant layer and/or solid
lubricant while the additional surface properties can be varied through the use of
LIPSS, for instance functional properties such as structural colouring, tribological,
antibacterial or modified wettability. This combination of surface properties is
particularly sought after in tool/master-making, medical, energy and other application
areas. Hence, the synergistic use of LIPSS with coatings is another promising research
direction for the development of new surface treatment applications, although also
challenging considering potential undesirable side effects, such as coating’s structural
and mechanical modifications which might lead to softening, delamination, cracking,
excessive ablation, that can alternate the attractive properties of the deposited thin
layer of material. Therefore, LIPSS processing domains have to be identified and
validated to ensure that synergistic effects can be achieved on treated surfaces and

that formulates the first research problem addressed in this thesis.

Particular application that can benefit from producing laser structures/textures on hard
coatings is the injection moulding of polymers. This way, the structures/textures on the
moulds during the replication process enable producing polymer replicas with
functionalised surfaces at low cost per part. But also, having the advantage of coating’s
properties will translate to extended tooling life and as well increased fidelity of the

injection process. It is also important to consider that in the real-life applications the
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design of the polymer part might require to be of complex geometry and as well the
surface functionalities to be present on them. As a result, the replication moulds also
need to satisfy complex geometry requirement. This consideration is also important
and applicable to generation of LIPSS not only on hard coatings for replication masters

but, generally, on other materials for all ripples functionalities.

While an extensive research on LIPSS has been done, more attention has to be given
to some practical issues, too, in generating specific functionality tailored LIPSS over
large surface areas. It has been recently estimated that the cost of LIPSS treatments
is approximately 0.04 £/cm? (0.046 €/cm?) [2] and undoubtedly the processing cost will
be reduced with the increase of processing speed and pulse repetition rates. There is
still a significant research focus on developing LIPSS treatments for new novel
applications, however there are many specific industrial requirements and challenges
that have to be addressed in order to broaden the use of this technology. For example,
it is required for LIPSS treatments to be applied on freeform surfaces for many real-life
applications, however there are a number of open processing issues that can affect
their targeted functional responses. Those include all factors that are not considered
for planar surfaces but have an impact on the laser processing conditions of freeform
surface, which are oblique laser incidence or changes in laser beam spot size due to
defocusing. As a result, approaches for producing LIPSS on freeform surfaces typically
require experimental studies for identifying the processing tolerances whereas tools
related to modelling this process are not adapted yet for complex geometries that could

enable reliability and efficiency in the industrial manufacturing process.

As mentioned above, the performance of LIPSS treatments can be affected by a

number of processing disturbances, e.g. the varying beam incident angle and focal
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distance when processing freeform surfaces, and therefore their effects have to be
investigated and controlled as otherwise the designed surface functionality may not be
achieved or maintained within acceptable limits. Even though more advanced laser
systems have already been developed, it will be very difficult and even impossible to
maintain the processing conditions constant, i.e. control of spatial laser beam intensity
while structuring complex geometry simultaneously in multi-axis laser processing
platform, as it is the case when developing and characterising the LIPSS treatments
on the planar surfaces. Therefore, predictive models that account for processing
disturbances, e.g. beam incident angle and focal offset distance, have to be developed
and thus to minimise the empirical research required to determine the LIPSS
processing window and aid designing processing strategies for any given material
and/or parts’ geometries. This formulates second research problem addressed in this

thesis.

Another critical aspect preventing the broader use of LIPSS treatments is the
availability of metrology/inspection tools for inline monitoring of the generation of sub-
micron surface ripples and thus to ensure the presence of the desired functional
response, indirectly. Therefore, as LIPSS are not visible with a naked eye and also
hardly resolvable with optical metrology methods, new approaches for process
monitoring and quality control are necessary and, in this way, to ensure the uniformity
and functionality throughout the LIPSS treated areas, including those on freeform
surfaces. There are techniques that can enable time-resolved LIPSS observations,
however there is still lack of solutions that can be integrated into multi-axis laser
processing systems that can satisfy the specific technical requirements for inline

process monitoring. In particular, process monitoring solutions are required for fast
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data acquisition and simplified inline interpretation/analysis that are also suitable for
integration in laser processing systems and offer the required level of automation. In
addition, the use of artificial intelligence methods, e.g. Artificial Neural Network (ANN)
tools should be considered for pre-processing and post-processing the acquired
surface data and also for establishing the interdependences between the ripples’
characteristics and their functional response. The problems for LIPSS monitoring and

as well as functional prediction formulates third and fourth research problem.

1.2.Research aims and objectives

The overall aim of the PhD research reported in this thesis is to address four of current
barriers preventing the LIPSS treatments to be used on a broader scale specifically
associated with their generation on thin films, modelling on freeform surfaces and two
related to their process monitoring. First, the suitability of LIPSS treatments for
processing Diamond Like Carbon (DLC) coatings is investigated and thus to combine
the capabilities of these two surface engineering technologies for producing durable
and functional replication masters. The industrial use of this approaches might need
the polymer replicas, replicated on the masters, to be applied on more complex
geometries than just flat areas. Hence manufacturing challenges related to moving the
LIPSS generation process to broader scale also need to be addressed. Therefore, and
secondly, an ultrafast laser modelling approach is proposed for calculating
accumulated fluence which can be used for predicting the resulting key LIPSS
characteristics. The model implements the effects of varying laser conditions when

processing freeform surfaces and can be employed in aiding the design of LIPSS
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treatment strategies on such surfaces. The material from now on that LIPSS are
generated on is stainless steel in order to be more representative to metals with similar
material properties and to more applications. Thirdly, a simple light scattering-based
method is investigated for detecting changes in LIPSS characteristics with sufficient
sensitivity that can be applied for monitoring the LIPSS generation. This approach can
be employed with commercially available, compact light scattering sensors and provide
a solution as an in-line process control tool that is unavailable with current
metrology/inspection instruments due to ripple’s sub-micron scale. Lastly, use of
artificial intelligence based tools for pre- and post-processing the areal surface
roughness parameters of LIPSS topographies are proposed. This combination of
ANNs and laser structuring can be used for establishing interdependences with the
processing conditions and ripples functional responses and also again for monitoring
the LIPSS generation. The feasibility study is demonstrated on the prediction of wetting

properties of LIPSS treated surfaces as an example of surface functionality.

The aims of this PhD research are achieved through the following objectives:

I.  Investigate the effects of femtosecond laser processing as a potential treatment
of replication masters with hard coatings. Especially, a LIPSS treatment of DLC
coatings is investigated by varying the process settings, i.e. pulse fluence and
number of pulses per spot. Mechanical properties together with the coating’s
structural modifications are studied after the ultrafast laser treatment.

[I.  Model the ultrafast laser irradiation process when treating freeform surfaces and
thus to account for the actual beam distribution and local fluence threshold
changes. The model is validated on the LIPSS treatment of stainless steel

samples in the presence of two processing disturbances, i.e., focal offset
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distance (FOD) and beam incident angle (BIA). The modelling and experimental
results, i.e. the predicted and actual LIPSS amplitudes and periodicity, are
compared.

Develop a concept for an inline monitoring method based on the LIPSS optical
response. Especially, the relative changes of light diffraction and reflectance of
LIPSS produced in the presence of known processing disturbances are
investigated. The sensitivity of the method that is defined based on the
resolution of diffraction angle and reflectance measured values and is analysed
to judge about its suitability for monitoring the LIPSS generation .

Identify the processing conditions and establish interdependences with the
functional responses, e.g. wettability by implementing ANNs tools, for pre- and
post-processing the areal surface roughness parameters of LIPSS
topographies. The suitability of those tools for monitoring the LIPSS

performance is analysed and conclusions are made.

1.3.Thesis organization

This thesis is organized into eight chapters. This thesis presents nonlinear research.

Each research question is formulated separately however the links between them are

stated in the Chapter 2, as well as in preamble and concluding statements between

the research Chapters. The general schematic highlighting the placement of the four

research Chapters in LIPSS development areas is shown in Figure 1.1.

Chapter 1 introduces the motivation for the research reported in this thesis and then

states its aims and objectives and also presents its structure.
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Chapter 2 reviews the basic laser principles and introduces the system configurations
and the beam delivery sub-system used in the research and also outlines the state-of-
the-art and open research questions in developing and implementing LIPSS

treatments.

Chapter 3 explains the experimental methodology and includes DOE of LIPSS
generation on the materials considered in this thesis with listing laser parameters used

as a preliminary sets and the ones chosen for the following studies.

Chapter 4 reports the effects of femtosecond laser processing and generating LIPSS
on the DLC coated on stainless steel substrates. These two surface engineering
methods are investigated as a means for achieving synergistic effects on the treated
surfaces and thus to combine their capabilities. The resulting mechanical and structural

changes of laser treated samples are compared to those on as-received ones.

Chapter 5 proposes a theoretical ultrafast irradiation model that accounts for the actual
Gaussian beam distribution in the presence of processing disturbances, in particular
those affecting the LIPSS generation on free form surfaces. The model is validated on
stainless steel by using experimental results, i.e. samples that underwent LIPSS

treatments with known processing disturbances.

Chapter 6 proposes a method for monitoring the LIPSS generation based on the light
scattering of treated stainless steel surfaces. A simple optical setup is designed as a
potential solution for in-line LIPSS monitoring, applicable to light scattering sensors
placed in laser processing systems, based on their optical response, i.e. their light
diffraction and reflectance. The capabilities and sensitivity of the proposed monitoring

method are analysed and its suitability as a quality control tool is discussed.
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Chapter 7 investigates the use of ANNs tools for pre- and post-processing the areal
surface roughness parameters of LIPSS topographies, generated on stainless steel,
as a means for establishing interdependences with LIPSS 3D processing disturbances
and functional responses. Their pilot implementation is reported to demonstrate their

capabilities as a method for monitoring the LIPSS generation.

Chapter 8 presents the main findings of the PhD research, summarizes the

contributions to knowledge and outlines some directions for future research.

/ LIPSS application and process development \
~

Material Functionality Applications
/

Processing: 1st question (Chapter 4)

Broader scale manufacturing
(applicable to complex geometries)

N

4 R

Processing strategy Process control

Monitoring:
Modelling: 3rd question (Chapter 6)
2nd question (Chapter 5) Functional prediction:

\& “) K4thquestion(Chapter?‘)//

Figure 1.1 Schematic of the placement of each research Chapters into LIPSS

development areas related to its processing, modelling and monitoring.
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CHAPTER 2: LITERATURE REVIEW

2.1.Introduction to LASER

LASER is a source of light with very special properties and the acronym stands for
“Light Amplification by Stimulated Emission of Radiation”. First commercially available
was ruby laser invented by Theodore H. Maiman in 1960 [3]. Following this event, a
boost in laser developments occurred following a construction of first generation of
lasers with gas as a medium, such as CO: [4] or He-Ne [5], and soon after solid-state
laser Nd:YAG [6]. Since then, the large potential of laser technology has been
acknowledged by continuous growth and diversification into many fields of
applications, i.e., industrial, medical, military and scientific, among others. Many types
of lasers have been produced with not only advanced gain medium but also innovative
optical elements or pumping techniques.

What makes laser unique is the specific properties of its beam. In particular,
monochromaticity allows to emit central wavelength of the light with narrow optical
bandwidth that is beneficial for processing of transparent materials and plays a role in
absorbing laser energy in opaque ones [7]. Coherent laser beam has a fixed phase
relationship between electric fields at different locations or at same location but
different times, referred as spatial and temporal coherence, respectively. Another
distinctive property is directionality of laser light that allows propagation of a narrow
beam over long distances and ability to focus it in small spots of high intensity with

relatively small divergence [8].
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Lasers can operate in two different fashions: as continuous wave or by generating
pulses. Depending on the pulse duration that can be partially dependent on active
medium in the laser source that is either gas, liquid or solid-state, a further classification
of lasers can be distinguished as ultrafast whose time duration is within femtoseconds
or picoseconds (ultrashort pulses), sources generating short pulses in nhanosecond
regime or longer up to millisecond magnitude. Another sorting factor is the emitted
wavelength from the laser source which ranges from ultraviolet (100 nm) through
visible spectrum (400 — 700 nm), near-infrared (700 — 1400 nm) to far infrared (1400

nm — 1 mm) and the usability strongly influences the application as it is indicated in

Figure 2.1.
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Figure 2.1 Commercially available lasers divided by emitted wavelength and offered
average power with highlighted areas of application. Shaded laser sources are used

for material processing [9].
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Laser technology has become frequently employed in industry, especially in
manufacturing, due to its exceptional advantages. Besides the unique feature of
focusing the laser beam with high energy density, it can also be done in a controlled
manner which makes the process flexible and accurate. For instance, compared to
traditional machining, in non-conventional Laser Beam Machining (LBM) there is no
contact between the tool and workpiece [10]. For this reason, LBM has lower
maintenance costs and it is applicable to a wider range of materials, including
ceramics, plywood or polymers [11]. As a result of the aforementioned benefits,
material removal is possible with very narrow tolerances even below micron scale. For
thermal processes, the heat affected zone (HAZ) is narrow and localised without
microstructure changes in the bulk [12].

It does not come as a surprise that laser processes can surpass traditional approaches
as single laser system can be effortlessly employed in more than one process, e.g. in
drilling, cutting, engraving, welding, polishing, surface hardening or surface chemistry
modifications to name a few. Particularly attracting researchers’ attention in the recent
decades is laser structuring which can be defined as creating simple geometries on
material’s surface such as small holes, trenches, cavities or generating periodic
structures [13]. It enables obtaining additional or enhanced existing functionalities on

the material’s surface which is another significant benefit of laser processing.

2.2.Basic principles and laser-material interactions

Stimulated emission is the main phenomenon occurring in the laser source. Simply
illustrated in Figure 2.2a, an incoming photon stimulates an excited atom or ion to

undergo a transition from the excited to the ground state. After emission, the output
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photon has exact properties, i.e., wavelength, phase and direction as the original
photon and, consequently, the power of the incoming radiation is amplified [9]. The
atoms of the gain medium are put to the excited state by an external light source in a
process called pumping by electric current, flash lamp or another laser. Third main
component of laser source is optical resonator that consists of a pair of parallel mirrors,
one highly reflective and second semi-transparent, located on ends of laser medium
(Figure 2.2b). Light bounces back and forth between them, being amplified by the gain.
Resulting output light is normally in a form of narrow beam that can be used for material

processing [14].

a) Excited SN
level E; W E; ‘\W’/ E;
v
Ground E E
level 0 0 4 0 W
Before emission During emission After emission
b)

Gain Medium

Laser output

. Ot

Highly reflective mirror Partially transmissive mirror

Figure 2.2 Schematic diagrams illustrating a) the process of stimulated emission and

b) laser construction outlining major components.

The parameters of the laser beam determine the laser-matter interactions. The output
beam’s wavelength, dependent on the gain medium, decide about the reflection,

absorption and transmission of the light in the material. In fact, this feature becomes
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convenient when processing composite materials or welding two dissimilar ones where
the laser light passes through one material to be absorbed by the other [15], [16].
Second important parameter is the mode of delivering laser beam. In continuous wave
(CW) power is delivered constantly over time and is mostly used for cutting and welding
applications [17]. Whereas pulses, characterized by high peak powers (with relatively
low average power values), length and repetition rate, offer higher flexibility in
controlling the way energy is distributed. Pulsed laser interactions with metals and
semiconductors can be distinguished into two mechanisms: photothermal or
photochemical [18]. The first occurs for short pulses, nanoseconds and longer, where
linearly absorbed laser energy is transformed into heat, namely material initially melts
and then evaporates. The photochemical mechanism, identified during ultrashort
(femtosecond) laser pulses processing, results in non-thermal effects in the material
mostly because the electron-lattice relaxation time is from 1 to 10 picosecond. Initially,
electrons reach critical temperatures on the surface, and then, being in unstable
nonequilibrium state, material is being ejected due to high pressure, while temperature
of the system remains unchanged [19].

Nonlinear multiphoton absorption is the greatest advantage of femtosecond lasers that
broadens the range of laser processing applications, i.e. corneal vision correction [20],
3D glass processing [21], but most of all, for material’s surface processing as well.
Main resulting difference on the material is the absence of thermal effects, in particular
negligible, residual HAZ, no presence of recast layer, damaged surface or micro cracks
thus achieving very high quality of produced features [22], [23].

Another characteristic of the output beam is its polarization state described as

oscillation of electric field in a certain direction perpendicular to the propagation of the
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laser beam. If this oscillation occurs in a single plane, polarization is linear, parallel or
perpendicular to the incidence plane, referred as p and s type of polarization,
respectively. The light can be circularly polarized if the electric field rotates around the
direction of propagation (left- or right-hand). Described by Fresnel equations,
polarization type strongly influences absorption mechanism of the laser energy with
respect to the angle of incidence. For example, hot iron’s absorptivity of p-type is 10
times higher than s-type polarization for angles exceeding 80 degrees [24].

A parameter that describes the energy density delivered per unit area of laser pulse is
fluence. Specifically, it is a position-dependent optical intensity of the laser beam. For
laser processing the term peak fluence is commonly used representing the highest
fluence value in the beam profile. In case of Gaussian laser beam distribution, peak

fluence occurs in the middle of the beam axes.

2.3.Laser system and beam delivery

Laser as a source is not a standalone device and to benefit from its features, it has to
be integrated into the system where the beam is guided, modified or transformed to
desired shape and state. This kind of platforms can be constructed in a flexible
configuration to be suited for the application or for the complex shape of the workpiece.
Hence, main components included in laser systems consider beam delivery, workpiece
manipulation and inspection, monitoring tools. The schematic diagrams of listed optical

components and how they modify the beam are presented in Figure 2.3.
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Figure 2.3 Schematic diagrams of optical components and their modification in laser
beam: a) collimator, b) Galilean and Keplerian beam expander, c) half-wave and
quarter-wave plates, d) mirror, €) beam splitting the polarization into p- and s- type, f)

DFM with travelling and stationary lens.

Main function of collimator is to transform the divergent beam into a collimated one.
Output beam after single aspherical lens is parallel and that makes the beam more
manageable (Figure 2.3a). Adding one more lens enables change of beam size while
still maintaining collimated beam. Beam expander, in Figure 2.3b, can have Galilean
configuration that consist of convex and concave lenses while Keplerian type has two
concave ones [25]. Polarization is controlled mostly by delaying or retarding the phase
(half-wave or quarter-wave in Figure 2.3c) in the polarization direction which is
achieved through birefringence phenomena in transmissive waveplates or functioning
in reflective mode, based on nanostructured metallic surfaces [26]. For modification of

spatial profiles of the laser beam, a beam shaper might be used that allows flat top-hat
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profile based on refractive, diffractive or absorptive elements [27]. Steering of the beam
can be done by highly reflective mirrors (Figure 2.3d) which minimize the energy
losses. They are covered with high performance multi-layered coating that has to be
specifically chosen for optical intensity or wavelength [28]. Another type of mirror, used
in laser systems, is a beam splitter where laser beam is divided into several
components, for instance as shown in Figure 2.3e, two separate orthogonally polarized
light beams [29].

After beam modifications, an important component on beam path delivery is the scan
head. Demand for laser machining and processing of complex parts require to operate
optical axes not only in X and Y directions but also Z with high dynamic capabilities.
This is resolved in 3D scan heads by employing Dynamic Focusing Modules (DFM)
which operation relies on two lenses, one moveable divergent or convergent and
second stationary focusing lens (Figure 2.3f). This produces a change in the system’s
overall focal length, synchronized with the galvo scanner’s mirror motion [30].
Changing distance between the optics during laser operation enables laser beam spot
to be focused on different planes along propagation axis which allows to focus the
beam within the volume [31]. Thanks to this faster processing speeds can be employed
when compared to mechanical XYZ stages but there are limitation in the working
volume in Z up to 10mm. The beam spatial intensity distribution should be maintained
as for traditional XY galvo scanners as long as the processing settings are within the
limits, e.g. DFM is not able to cope with scanning speeds higher than 1.5 m/s for
dynamic repositioning [31]. Traditional galvo scanners rely on motorized mirrors that
steer the beam in X and Y direction with remarkable accuracy and precision, e.g., about

5 um and reaching scanning speeds up to 25 m/s [32]. Recently, with the growth of
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available laser power and increased pulsed repetition rates, polygon scanners are
involved achieving twice the scan speed of galvo scanner [33] while their maximum
capability is even at 1000 m/s [34].

Final optical component on the laser beam path delivery is the focusing lens. Two f-
theta types are distinguished, normal and telecentric ones. In each case these focusing
element consist of stack of optical lenses to allow movement of the focused beam on
a working plane or, in case of 3D processing with DFM, within a volume. Telecentric
lens has the advantage that the laser incident angle is always orthogonal to the surface
and beam spot is not deflected while in a non-telecentric configuration this occurs only
in the centre of the Field of View (FoV) [35].

For successful integration of laser into manufacturing process additional positioning
and handling devices are needed. In order to scan area larger than lens’ FoV,
workpiece movements should be resolved either simultaneously during laser scanning
or as sample repositioning. The processing envelope is dictated by the complex
geometry of the workpiece and scanning strategy. Typically, configuration of laser
micro-manufacturing platform consists of X, Y and Z mechanical stages, on top of the
optical three in scan head. With addition of rotary axis, a fully integrated system can
be used for multi-process laser manufacturing. Recently, a system with simultaneous
7-axes was developed specifically for complex 3D geometries for structuring
biomedical implants [36].

Inspection devices needed for quality control and monitoring of the process might
consist of power meters, high resolution positioning cameras or optical probes. Those
aid the preparation procedure, e.g., locating focal plane, and calibration of the lens and

system coordinates prior laser processing and can be set up in automation techniques.
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As those components help to reduce the preparation work, more advanced inline
processing monitoring solutions are also being proposed recently. An example can be
a measurement techniqgue based on the frequency domain optical coherence
tomography that allows its integration into the laser system based on beam splitting.
The study proposed a measurement concept for a direct and accurate surface
inspection during the structuring process [37]. This technique is based on low-
coherence interferometry where the depth, up to 1.3 mm, can be acquired from
analysed spectrum of the interferogram. The axial resolution of the measurement
prototype was 4.5 ym and could have been reduced with image post-processing to
sub-micron scale. This approach proved to be suitable for dimensional measurement
of laser machined structures produced with ns laser source.

An example of an optical path in micro processing laser system is shown in Figure 2.4.
The configuration can be used to scan the sample with polarized femtosecond laser

beam and, hence, produce laser structures/textures, LIPSS included.

Galvo scanner
Yb:KGW 1030 nm 220fs + f-Theta lens

Polarizer

Figure 2.4 An example of optical setup for processing LIPSS consisting of fs laser

source, HWP — half-wave plate, polarizer, galvo scanner and focusing f-theta lens [38].
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2.4.Laser Induced Periodic Surface Structures (LIPSS)

2.4.1. Highlights and applications

Laser Induced Periodic Surface Structures (LIPSS) were first reported by Birnbaum in
1965 on germanium and described as “a regular system of parallel straight lines” [39]
and since then they have been thoroughly studied by researchers. This interest spiked
up even more two decades ago when ultrafast laser sources have become widely
available. As can be seen in Figure 2.5, the results from the ISI Web of Science
database show that the number of publications about LIPSS keeps increasing

exponentially, and in 2020 year only, there were almost 150 records published.
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Figure 2.5 Number of publications with LIPSS as subject from year 1996 to 2020 from

ISI Web of Science database, accessed on 23 Jan 2021.

LIPSS appear on the material’s surface after laser irradiation as self-organized parallel
ripples. Systematic studies on metals, semiconductors and dielectric revealed that

main parameters affecting LIPSS morphology are material dependent constants, i.e.,

20



CHAPTER 2 LITERATURE REVIEW

optical, thermal or surface properties, and laser beam settings such as fluence,
wavelength, polarization type, pulse duration or angle of incidence. Ripples periodicity
(N\) is smaller than the focused beam spot size and usually depends on the laser source
wavelength (A). First theory on the LIPSS origin was based on the diffraction
phenomenon of the laser beam and proposed that the ripples form by local ablation at
the maximum of the intensity patterns [39] which then evolved into a variety of origin
theories that are briefly explained in Section 2.4.4. Based on that two types of LIPSS
can be distinguished: low spatial frequency LIPSS (LSFL) whose A is proportional to A
and high spatial frequency LIPSS (HSFL) that have smaller periods than A. LSFL
appear perpendicular to the linear polarization vector while HSFL can be orthogonal or
parallel to polarization. LIPSS have been mostly observed after irradiation of fast and
ultrafast pulse durations and these, i.e. femtosecond and picosecond, are mostly
studied because of the simplicity of their producibility. The depth of LIPSS, measured
as the average from peak-to-valley distance, was reported to be mostly influenced by
the accumulated fluence used but also pulse duration [40], [41]. In the first study, the
ripple depth was reported to be in the range from 130 nm to 220 nm and had a
logarithmic dependency to the used accumulated fluence, which can be also referred
as irradiation dose, in the range from 6.7 J/cm? to 29.5 J/cm?. The accumulated fluence
was calculated as the multiplication of peak fluence and number of pulses per spot.
The parameters utilized for peak fluence were starting from 0.079 J/cm? to 0.35 J/cm?
while the pulses per spot were varying from 19 to 374. It is worth noting that the laser
source’s wavelength used for the experiment was 800 nm, pulse duration 300 fs and
the structuring occurred on stainless steel sample [40]. For the same material, but with

laser source’s wavelength and pulse duration of 532 nm and 100 ns, respectively, the
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reported depth of LIPSS was between 28 and 35 nm. The reported peak fluence was
3.3 J/cm? while, by varying the beam spot overlap, the accumulated fluence was in the

range of 238 - 356 J/cm?,

It is for the LIPSS physical characteristics and single processing step, that its potential
for surface functionalization has been recognized. The benefit of adding new properties
or improve the existing ones is integral in the modern engineering solutions with
constantly increasing requirements for the materials and for surface engineering. Laser
surface functionalization with micron/sub-micron structuring competes against
conventional methods, such as etching [42], lithography [43], electrochemical
anodization [44] or coating’s deposition methods with being more environmentally

friendly and economically sustainable.

Highlights of the most common but also latest potential applications for LIPSS are

presented below:

a) Structural colouring. As LIPSS periodicity is close or equal to the visible
spectrum of light, first sign of LIPSS presence on the surface is the light
diffraction. Therefore, ripples act as a diffraction grating and the angle-
dependent colours are influenced by their periodicity and orientation.
Additionally, due to display of selective patterns with good spatial resolution,
this property found its application in anti-counterfeiting labelling, optical
encryption or optical data storage [45], [46]. A promising approach was also
presented in optical color marking to print images on metallic surfaces as shown

in Figure 2.6.
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Figure 2.6 Color effects obtained by controlled nanostructures with a femtosecond

laser on a 316L stainless steel sample, on the left, SEM images of controlled

nanostructures marked with two different orientations [47].

b) Light absorption modification. Laser structures might increase the light

absorption when compared to non-treated surface. LIPSS fabricated on Ti
samples decrease the reflectivity by 10-30% and that can be reduced even
more if additional nanogrooves, nanocavities are present on the surface which
are controlled with varying laser settings [48]. Combining the hierarchical
structuring (micron scale trenches + nanoripples) leads to anti-reflective surface
with 2-4% reflection of incident broad spectrum light [49]-[51]. The phenomena
is explained by increased surface roughness that enhance multiple reflections
and absorptions. This surface modification finds applications in sensing,

optoelectronic devices and solar cells.

Tribology. LIPSS have been widely recognized for the frictional properties,

especially known to reduce coefficient of friction and wear. LIPSS covered on

23



LASER INDUCED PERIODIC SURFACES STRUCTURES: ADVANCES IN MODELLING, PROCESSING AND MONITORING

d)

biomedical implant material resulted with friction coefficient 3 times smaller
when compared to non-irradiated surface [52]. However, for different materials,
it was reported that the reduction is negligible or significant only if certain
lubrication is used [53], [54]. Creating femtosecond multi-scale periodic
structures showed again more favourable case for friction reduction [55].
Proposing new direction of tribological improvements for reducing energy losses
that contribute to CO2 emissions, is vital in future manufacturing technologies

and laser structuring is on this path [56].

Antibacterial. Laser structures have been studied for reducing bacterial
adhesion and resisting the biofilm formation of various bacteria. LIPSS of A =
600 nm created on Au showed almost no E.coli bacteria after 24 hours [57].
Similar results were obtained on non-corrosive steel, presented in Figure 2.7,
though reduction of bacterial colonization was not detected for materials that
are prone to corrosion [58]. Testing of different bacteria, S. aureus, on LIPSS
with around 700 nm periodicity on Ti revealed that area covered with the
bacteria was only 7% and no significant biofilm formation was detected. It is
explained by inhibited penetration of bacteria by reducing of the contact area for
the attachment which proves suitability of laser structuring of dental and

orthopaedic implants [59].
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Unfnbdifie‘d area LIPSS area

Figure 2.7 Fluorescence microscope images of samples colonized with E. coli on a

corrosion resistant stainless steel [58].

e) Cell proliferation. Topographical features have an impact on cell adhesion and

f)

spreading next to the influence of surface chemistry. It was observed that
different types of mammalian cells adhesion, orientation and proliferation can
be improved and controlled on polystyrene surface covered with LIPSS. Their
alignment axis is along the ripples orientation and cell density increases more
than twice when compared to non-treated surface [60]. Similar trend was
observed for CoCr material, even if LIPSS topographies are of relatively low
surface roughness, sub-micron scale, it is sufficient for better cell anchoring
effect [61]. This is highly applicable in bio-chip manufacturing, knee implants or

general tissue engineering.

Control of wetting properties. LIPSS have been widely studied for wettability
modifications after laser structuring. In general, contact angle (CA) values
depend on surface chemistry and as well as on topography and both are

modified after laser treatment. It was studied that CA values are not immediate
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g)

h)

stabilized after laser structuring of metals. It can take up to 15 - 30 days for
surfaces to evolve from hydrophilic to superhydrophobic [62]. Applying laser
structures for control of wettability is used on masters in polymer replications.
The replicas, however, do not show such big changes in CA and only small
differences have been reported [63]. Based on findings, it is concluded that
mostly the laser-induced chemical variations affect the surface wettability rather
than the topography of sub-micron LIPSS. Other than those mentioned, ripples
can be fabricated for self-cleaning surfaces or for the purpose of directed fluid

transport [64].

Surface enhanced Raman spectroscopy (SERS). This analytical tool became
important for broadening the quantitative determination in detecting molecular-
specific chemical compounds or proteins from solutions. Nano structured
surfaces substrates for SERS proved to substantially outperform commercially
available ones in terms of sensitivity and reproducibility [65]. This method, when
compared to other available ones, is simple in preparation, flexible for complex
geometries and sample contamination can be eliminated. It might be applied in

the fields of security, hazardous material detection or nanoelectronics [66].

Other. While a lot of publications focused on studying the LIPSS towards the
further development of the aforementioned applications, some studies pointed
out other promising areas where LIPSS can be applied. A research group
demonstrated that a LIPSS covered surface of a tensile sample showed
mechano-responsive change of colours which was associated to the sample’s
deformation, as shown in Figure 2.8. This LIPSS implementation can be used

for fabrication of safety devices or early detection of material failure where a
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change of color would indicate increasing deformation and this would be a
warning before sudden rupture [67]. This phenomenon was possible to observe
because the LIPSS periodicity would increase and therefore the wavelength
diffracting from the ripples changed with fixed viewing angle. Another unique
applications recently emerged are the LIPSS fabrication on reflective
waveplates [26] or on a platinum electrodes in improving oxygen reduction
catalysis process [68]. The latter study chose LIPSS structures to enhance the
electrochemical activity of platinum by enlarging the number of active sites
through increasing the surface area. Studies have been also carried out to
produce ripples on the aerospace metal’s surface for reduction of the ice-

accretion [69].

elastic deformation
b Ll

.

wavelength & (nm) ———»

Figure 2.8 Structural colours resulting from LIPSS fabricated by replica casting using
a stainless steel master. Elastic deformation results in a reversible mechano-

responsive colour-change in the visible electromagnetic spectrum from blue to red [67].
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2.4.2. LIPSS on coatings

The main purpose of applying coatings is to enhance product’s performance. It can
elevate the working surface strength or resistance. In particular, use of coatings can
ensure low friction and non-sticky surface as well as to avoid chemical or abrasion
alterations, improve corrosion prevention, electrical insulation among other specific
functions [70]-[72]. Even though surface engineering through coatings competes with
laser surface structuring, synergistic use of both technigues allows to benefit from
chemical, mechanical properties of the coating and additional functionalization from
laser structures [7], [73]. The combinations is worth considering especially for micro
structuring of high hardness and brittle coatings because otherwise such effects are

difficult to be achieved with conventional methods.

The processing window for LIPSS formation on bulk materials, particularly for larger
areas, is achieved by overlapping scanning of laser beam and is obtained usually
below material’'s ablation thresholds and with sufficient number of pulses on the
surface. Additionally, in the case of thin films structuring, other factors have to be
considered such as substrate effect, delamination and thin film’s adhesion [74], [75]. It
was shown that LIPSS produced on thin titanium nitrides (TiN) or on thinly deposited
MoS2 on cemented carbides, improved tribological and wetting performance when
compared to non-structured samples [76], [77]. Hence, they represent a promising
approach in industrial applications for tooling, bearings, moulds-making where low

friction and high wear resistance is desired.
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24.21. LIPSSonDLC

Diamond-like carbon (DLC) is an amorphous carbon material with majority of
tetrahedral bonds (sp?®) that are responsible for its superior properties that also can be
found in diamonds [78]. In particular, the coating is well known for its high hardness
and low coefficient of friction. Additionally, good biocompatibility, chemical inertness
and low surface roughness makes the DLC suitable as protective coatings in heart
valves, inkjets printers and optoelectronic devices. Similarly, DLC proved to be
valuable in automotive industry where increasing life cycle and minimizing energy
consumption is prioritised by means of reducing wear and friction [79]-[81]. DLC
coatings can be also used on tooling and masters in injection moulding as a solid
lubricant to reduce demoulding forces, improve replication efficiency or increase the
surface’s durability which results in higher components life’s span [80].

DLC'’s attractive physical and mechanical properties strongly depend on chemical and
structural conditions. It is reflected in the ratio of sp3® and sp? bonds, content of
hydrogen [82] or other doping elements [80], [83]. Studies showed that DLC thin film’s
structure evolve into nanocrystalline graphite, also known as glassy carbon (GC), when
the coating is exposed to higher temperatures between 200°C and 450°C [84] and
similar thermal effects were observed when DLC is exposed to laser irradiation [85].
Laser energy from long and short pulses delivered to the surface causes
transformation of sp® bonds into sp? and crystallization of the amorphous matrix.
Therefore, with increased laser intensity and pulse duration the processes of
graphitisation, spallation and evaporation take place [86]. Hence, for the purpose of
fine DLC laser structuring, ultrafast laser sources are a favourable technique because

the thermal effects can be minimized.
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The effects and the potential for improved surface phenomena of ultrafast laser
processing of DLC with observed LIPSS have been reported and the comparison of
the findings is summarized in Table 2.1.

The listed studies aim was to show the change in functional response of LIPSS created
on DLC compared to a non-structured coating and/or investigate structural
modifications as the effects of ultrafast structuring. Each study utilized different
ultrafast laser sources hence the range of fluence and number of pulses was varying.
Most of the studies reported only the fact that LIPSS can be generated on the coating
without presenting an optimization study of how to transfer from single spot irradiation
to large area structuring. Yasumaru et al. [73] followed a traditional strategy of scanning
laser beam along the surface with overlapping laser beams in X and Y over the area
of 15 mm x 15 mm to achieve uniformly nanostructured surface. The authors also
performed laser scanning of net-like patterning which means that laser beam
overlapped only in one direction. From the periodicities reported in the Table 2.1 it can
be concluded that both LSFL with A close to A and second type HSFL (A = 0.1-0.2A)
were created. The regularity of the ripples was never investigated in the mentioned
studies. The LIPSS were categorized as regular or irregular in Table 2.1 based on the
images provided whether the ripples showed straight lines with continuity within the
irradiated single spot. It is worth noting that the studies reported one set of parameters
for generating LIPSS without indicating the ranges in which the ripples do not change
its morphological characteristics or the threshold of their transformations, e.g. from
HSFL to LSFL. The functional tests that were carried out on laser structured DLC were
checking mostly the tribological surface properties where the same beneficial low

coefficient of friction could have been maintained when compared to non-structured
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sample. For example, Pfeiffer et al [87] reported decrease of CoF from 0.15 to 0.06
when the LIPSS are present on the DLC coated steel sample.

Most of the studies reported in Table 2.1 investigated the structural changes in the
coating after the ultrafast laser irradiation based on the Raman spectra analysis of as-
received and laser structured surface. Structural changes are possible to observe due
to deconvolution of the spectra into two peaks D (1550 cm™) and G (1355 cm) and
analyse their ratios as well as peak positions. Shifts in the identified peaks indicate
structural changes in carbonaceous materials (more details are provided in

Section 4.3.2.1.).

Table 2.1 Summary of published studies of LIPSS produced with ultrafast laser on
DLC. 1 — pulse duration; A — laser wavelength, nm; F — fluence, J/cm?; N — number of
pulses; Irradiated surface (SP — single spot, A — area, L — line); A — periodicity, nm;
Functionality (CoF — coefficient of friction); Regularity (R — regular, IR — irregular);
Structural changes (GR — graphitization, GC — glassy carbon); N/A — not studied, Ref.

- references [73], [87]-[92].

Irr.

T A F N sur A Functionality @ Reg. Structural Ref.
0.3- GR, LIPSS
10 ps 532 0.76 100 SP N/A N/A IR o lbeiae [88]
100 0.05-  30- 75 - DLC — GC
fs 800 0.15 1000 SP 170 NIA IR LIPSS on GC [89]
Decreased Non-thermal
120 0.12- 100- . : Partial DLC
fs 800 015 1000 SP 100 reflect|V|ty,.h_|gher IR . GC [90]
conductivity
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fs ablation
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CoF: smaller or

L 800 0.14 150 A 120 similar, decreased IR Phe =6 [73]
fs .
with MoS:
CoF increase with
Pulse SS counterpart,
20 1
3fso 03 energy 40 L N/A decreased for IR GR [92]
=2ud SiaN4, modified
wettability
L2l 387, 3.56 667, CoF from 0.15to
2f20 775 1419 210 SPA 55 0.06 R N/A (87]

Yasumaru et al. [93] stated that ultrashort laser pulses led to creation of thin
graphitization layer on top of DLC which structurally resemble of GC. The results were
based using Raman spectroscopy and analysis of the shifts in the peak’s position and
widths. Glassy carbon is a carbon material with physical and chemical properties
similar to DLC but having small graphite crystallites (~ 3 nm). It was shown that at
fluences close to threshold, the spectral peaks are at 1355cm and 1590 cm that are
typical for GC. While when the fluence is increased the authors suggested the spectra
consist of superposed GC and DLC. Other studies indicated that thin graphitized layer
is formed after ultrafast laser irradiation of depths between 200 — 500 nm [91].

In conclusion, use of laser on DLC, even ultrafast one, might lead to undesirable
mechanical and structural modifications such as changes in frictional properties or
creation of thin laser-modified layers. Additionally, the studies reported focused only
on reporting LIPSS generation within single spot irradiation of laser beam with a
sufficient number of pulses without further examining the regularity of ripples and
without exploring the influence of processing parameters. Additionally, most of the

laser treated coatings were investigated for tribological performance and the CoF was
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reported to be similar or reduced when compared to non-treated surface, however a
material used as a counterpart influenced the resulting CoF value.

Taking above into consideration, it is challenging to establish a processing window of
laser settings where regular LIPSS are created on larger area without excessive
ablation or delamination of DLC. Nonetheless, the synergistic approach of using both
coating and laser structuring for enhancing surface properties is particularly desirable
for producing durable replications masters since while the process benefits from higher
wear resistance and lower demoulding forces due to low friction the ripples structures
can also be passed on to polymer replicas in the injection moulding process.

This DLC coating is already used in this manufacturing process and the demoulding
forces were reduced between 16% and 37% [94], [95]. The replication capabilities of
this technology are constrained to the surface geometry and quality of the mould
master. Especially for micro injection moulding the successful replication of micro and
nano features is depending on the mould surface properties that contributes to high
replication fidelity [80]. One way to achieve a mould surface with increased wear
resistance, for increased tooling life, is applying the coating on the tooling. Then, a
surface structuring method, such as laser structuring, which includes generation of
LIPSS, can be performed to obtain micro, sub-micron or nano features on the coating’s
surface. This way a mould master has the surface functionalities due to modified
topography that through the replication process will be transferred to the polymer
replicas. The combination of laser structuring and applying the coating on the mould
substrate is to achieve a surface of the master that is durable and at the same time

have the functional properties from LIPSS.
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It is one possible scenario to produce replicas with functionalised surfaces. It might be
worth mentioning that the combination of laser structuring on DLC coating can be used
for other applications, too, wherever it is beneficial to have at the same time the
advantageous DLC surface properties with LIPSS many added surface functionalities.
The suitability of LIPSS treatments for processing DLC coatings should be investigated
and thus to assess the capabilities of these two surface engineering technologies for
the potential of producing durable and functional replication masters in injection
moulding technology. This formulates the first open question answered in this thesis

and corresponds to research Chapter 4 (also see Figure 1.1).

2.4.3. LIPSS and 3D processing disturbances

Implementing the laser structuring/texturing process on a large scale still has some
limitations regardless the listed benefits of added surface functionalities summarized
in Section 2.4.1. The best functional performance can be achieved when LIPSS
topographical characteristics are considered as optimized. This means that for each
functionality the requirements for LIPSS characteristic might vary. A good example is
showed in the functional performance of LIPSS for display of structural colours and
antibacterial properties. In the first case, the ripples regularity and alignment is
important for the proper colour display [45], [46] while for the latter it was proven that
it is the feature’s size, i.e. depth and periodicity, that will inhibit bacterial growth is more
vital and the regularity is not the criteria in this functional response [59]. There is no
standardized measurement method for quantitatively assessing regularity of LIPSS but
the most common procedure is through image processing of SEM and AFM

topography images [96]. The ‘recipe’ for optimized ripples is normally defined in trials
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of varying the laser processing parameters most relevant to LIPSS generation, i.e.
fluence, pulse overlap, wavelength, polarization etc, or aided by implementing
modelling approaches (see Section 2.4.4). Another important factor influencing LIPSS
uniformity is the surface condition, e.g. roughness and presence of defects [97], [98].
Overall, there are a lot of conditions that have to be satisfied to achieve desired ripples
structures and those have been studied, so far, on flat small scale surfaces. It is
important to understand the LIPSS behaviour also when they are produced on more
complex geometries and how the processing strategies should be adapted for this
case. This is also important to allow address the barriers in the implementation of
LIPSS on 3D surfaces, e.g. in thin film sensors integration or fabrication of moulded
interconnected devices [99], [100].

When a laser beam is directed to the 3D workpiece there are two main factors that
have an impact on the processing conditions. In Figure 2.9 a simplified case of an
output beam being focused on a curved surface by telecentric lens is presented. The
ideal conditions of focused beam and normal to the surface exist only in the centre of
the FoV. Further away from this point, the more the processing conditions are affected
by the Beam Incident Angle (BIA) and Focal Offset Distance (FOD). These two factors
can be identified as processing disturbances and they may influence quite significantly
the LIPSS generation process. They can be classified as disturbances when they are
undesirably present during structuring. In most cases the processing disturbances will
be present when the surface is non-planar and there are no additional actions in the
laser system to guide the beam always perpendicular to the surface with focused beam
spot. They can also happen when the optical positioning system is not correctly

calibrated and the beam is misaligned in X, Y and/or Z direction. The effects of BIA
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and FOD on the surface affect the laser beam spot size but also alter the
reflectivity/absorptivity of the incident laser energy by the irradiated material hence the

changes in the laser processing conditions (further details in Section 5.2).

Telecentric lens

Focal plane

3D surface
Figure 2.9 Graphic explaining the presence of processing disturbances on 3D surface.

The impact of the BIA on LIPSS have been studied and it has been observed that
changing the angle of incidence, the period of ripples can be controlled [101].
Researchers focused on using this tendency for tuning the properties of periodic
structures and still conducting the experiments on planar, tilted surfaces. At oblique
incidence and with p-polarized beam, two types of ripple periods appear on the surface.

Examples of LIPSS produced on steel at varied BlAs are presented in Figure 2.10.
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Figure 2.10 SEM images of LIPSS formed on steel at fluence 1.0 £ 0.1 J/cm?. BIAs

values are indicated in the top row on the pictures. Arrow indicates polarization

direction [102].

This behaviour of ripples produced on tilted samples became a subject to study to
understand more their generation process. LIPSS generated on metals with different
optical constants showed that their orientation shifts with the increase of tilted angle,
e.g. for stainless steel and Ti [103]. The presence of nanostructures covering the
LIPSS on Au and Pt surface was acknowledged to have an impact on the angular
dependence of ripples periods [104]. Same group of researchers also showed that with
high BlAs of above 55°, the LIPSS profiles became more asymmetric and resembled

blazed grating [105].
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The influence of FOD on LIPSS is simpler to predict. Moving away from the focal plane,
for Gaussian beams, the more the irradiated area increases and, since the energy
delivered is constant, the fluence will be reduced. The beam waist, w, evolution along

the propagating axis (FOD = z — z,) is well described by the equation [106]:

w(z) = wo\/ll + (A(HZT_OZZO) l (2.1)

Where w, is the smallest beam waist at z, position. The increased beam spot radius,

and the consequently reduced peak fluence, leads to the conditions where LIPSS are
not optimized. When the fluence drops below the fluence threshold, ripples cannot be
longer generated on the surface. Laser structuring with defocused beam was proposed
for upscaled manufacturing with higher laser powers where fluence was maintained
within limits with increased beam spot size [107].

It should be stated that the Equation 2.1 is valid in case of ideal laser beam while, in
reality, the fluence distribution on the surface may vary. Typically, one of the additional
beam spot variations considered is the beam propagation comes from the limits of
focusing lens, e.g. numerical aperture. On the other hand, the tolerance levels from
calibration, beam instabilities or astigmatism are not considered in the processing
parameters calculations. These factors might not be necessarily significant in laser
machining, but could be critical for more sensitive processes, including LIPSS
generation. A good solution would be to use an actual beam dimensions, e.g.
measured by beam profiler.

One of the additional open issue on generating LIPSS on freeform surfaces is the
inaccuracies in stitching, i.e. connecting the scanned paths/fields with the

galvoscanner through laser beam repositioning on the surface. LIPSS discontinuities
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can be easily noticeable as a result of orientation mismatching or peak-to-valley
misalignment. A method to reduce the stitching was proposed with changing the
polarization direction during the process [108]. Another study recently showed that
LIPSS can be also fabricated on freeform surfaces more efficiently with shaped
femtosecond pulses in the propagation axis which helps to maintain stable energy

distribution [109].

2.4.4. Origin and modelling of LIPSS

The phenomenon of LIPSS was firstly attributed to diffraction and the surface relief
was explained by material removal at the maximum of intensity. However, with
continued research interest in LIPSS and classification of LSFL and HSFL, different
approaches for their explanation emerged. Up to now, ideas on LIPSS formation can
be divided into (i) electromagnetic theories that assume the deposition of optical
energy onto the solid and (ii) matter redistribution ones based on the rearrangement
of surface near matter [110]. There is also analytical model based on the ultrafast laser
irradiation to calculate the spatial fluence accumulation from the ultrafast laser pulses
which is not included in the origin theories but was developed to empirically predict the
ranges of laser processing parameters and to produce areas covered with
homogenous LIPSS [111], [112]. The schematic of the theories are presented in Figure
2.11 and are discussed in the next paragraphs while their summary is later presented

in Table 2.2.
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a) Electromagnetic model

L 4

Sample Scattering / Surface pattern

Interference (LIPSS)
b) Matter reorganization model

y //4 g == Y T

Sample Homogeneous Instability Surface pattern
irradiation (soft state) (LIPSS)

c) Analytical ultrafast laser irradiation
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LSFL —» : 4
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Figure 2.11 LIPSS origin theories on modelling into a) electromagnetic models b)
matter reorganization models [110], [113] and with c) analytical approach of ultrafast
laser irradiation model to calculate accumulated fluence based on the lower and upper

fluence threshold requirements [111].

The main concepts on LIPSS origin are as follows:

» Surface Electromagnetic Waves (SEW): Incident laser beam scatters on the
rough surface and its interference may lead to excitation of surface plasmon

polaritons (SPP) which results in a spatial intensity modulation that is imprinted
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on the surface via ablation [2]. This theory became commonly accepted for
LIPSS with sub-wavelength periods (LSFL) calculated based on complex
dielectric permittivity, €, of the metal and the dielectric and is in good agreement
with experimental evidences when low number of laser pulses is used [114].
Additionally, this theory can be extended to non-normal incidence based on s-

or p- types of beam polarization.

» Sipe’s Theory: Integral equation that describes dielectric polarization density for
small roughness surface as a general scattered-field model. It predicts wave
vectors, k, related to A as a function of surface parameters and laser irradiation
parameters. The theory is based on efficacy factor that describes the moment
where surface roughness can absorb optical radiation. It was shown to be
relevant not only for metals and semiconductors but also transparent dielectrics
[115], [116]. This theory was also combined with Drude model to acknowledge
changes in ¢ for high intensity laser pulses and hence intra-pulse feedback is

included [117].

» Finite-Difference Time-Domain (FDTD) Simulations: Numerically solving
Maxwell’'s equations allowed to compute inhomogeneous energy absorption of
fs pulses below the material’s surface. The results were in good agreement with
Sipe-Drude model [118] and with adding inter-pulse feedback, the FDTD could
also include ablation conditions. The extended simulations could have predicted
growth of other classes of LIPSS which process mechanism is based on

hydrodynamic melt-flows [119].
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» Matter reorganization theories: laser-excited material is reorganized into quasi-
periodic group of surface protrusions through thermodynamic phase transitions,
hydrodynamic effects (surface acoustic or capillary waves) of melted surface,
material instabilities such as defects, erosion effects. These are relevant for long

pulses, above few nanoseconds, or large number of pulses [110].

Ultrafast irradiation model was proposed in the past as a semi-empirical, analytical
model for ultrafast micromachining predicting the depth and width of ablated craters or
scanned lines [120]. The basis is to calculate initially the laser irradiation transmitted
to the sample plane by spatial, but not temporal, laser intensity density of each laser
pulse. Then, an ablated depth is obtained from one simple equation which is
proportional to the logarithm of that laser intensity distribution and also a function of
material dependent constants [121]. In particular, the calculated depth is dependent
on the material’s fluence threshold and optical absorption coefficient for lower fluences
or thermal material properties for higher fluences. Additionally, the model includes the
laser-material interactions also calculating the ratio of absorbed energy and the
changes in fluence threshold due to incubation effect. With this few assumptions the
ablation profile is predicted from irradiation the flat sample’s surface with one single
pulse, multiple pulses in one spot as well as multiple pulses scanned across area as

trains of overlapping pulses.

More recent studies explored more the potential of the ultrafast irradiation model for
micromachining. Cangueiro et al. [121] accommodated a standard model to predict the
profile of ablated craters after every pulse in single spot irradiation. It was based on
calculating the local surface angle in the crater profile point of a preceding pulse and

the absorption depending on that angle. Additionally, the non-normal incidence of laser
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to the surface plane was also considered together with the fluence distribution
calculated as a geometrical dependences of the flat surface, ablated profile and the
fluence distribution. The proposed method obtained good match between experimental
and modelled ablation profiles. Zemaitis et al. [122] used the same assumptions of the
ultrafast irradiation model to propose the optimal point for highest ablation rate which
can alleviate multi-level experiments. The authors extended the basic model by
including spatial laser beam distribution along the propagation axis in x and y
directions. Their model also included the prediction of ablation rate in a low and high
number of pulses per spot regime. They proposed an analytical function with the soft
saturation function. The experimental results proved to be aligned with modelled
values based on ablation of rectangular cavities with 2.5D shape on copper flat surface

samples.

Ultrafast irradiation model was also proposed for laser structuring. The reason that it
could be applicable to this laser-based process is the accumulated fluence domain
requirements for the spatial appearance of laser-induced structures [123]. It was
observed that laser-induced structures appear on the surface in a conical
arrangements, what can be observed on Figure 2.11c. That was due to the Gaussian
fluence distribution which means there were structures appearing with higher fluence
threshold in the centre of the irradiated spot and the structures with lower fluence
threshold appeared on the periphery. Detailed studied revealed that different type of
surface modification appear within ranges of material-specific threshold [2], [64].
Eichstadt et al. [112] suggested determining domain boundaries for the type of laser-
induced structures by calculating the requirement of accumulated fluence needed to

be delivered to the surface in order to obtain certain morphology. The main goal was
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to determine the laser processing parameters, i.e. peak fluence, number of pulses for
generating uniformly covered LIPSS on the surface which could be achieved with
delivering the fluence within the required domain, that is the lower threshold boundary
and the upper fluence boundary which is highlighted also in Figure 2.12. They validated
their model by producing areas with LIPSS by varying scanning speed and number of
repetitions. They reported that the LIPSS were found to be with similar geometrical
characteristics and it was argued that the accumulated fluence play an important role

in spatial LIPSS emergence.

The same research group took the potential of modelling LIPSS even further by
mathematically deriving the laser process parameters. Mezera and Romer [111]
reported a non-iterative mathematical model to calculate optimal processing
parameters to achieve areas on the surface homogenously covered with LIPSS. They
proposed a calculation of accumulated fluence not as a summation of each pulse
fluence intensity but they proposed a revision of the equation as Third Elliptic Theta
function. With that approach the validation samples produced with different peak
fluence and pulse overlap. The results were then classified based on the 2D FFT maps
of their SEM images into no observed LIPSS, inhomogeneous or homogeneous and
showed good agreement with the calculated accumulated fluence boundaries as

presented in Figure 2.13.
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Figure 2.12 Accumulated fluence profile Fa(x,y) with highlighted minimum and its
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LIPSS occurrence [111].
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especially homogenous LSFL [111].
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Table 2.2 Summary the modelling approaches for LIPSS and linking to the references.

Modelling Approach Consideration Output Reference
Surface N\ of LSFL prediction at N (2D) [2], [114]
Electromagnetic oblique angles and includes
Waves beam polarization
Sipe’s Theory or Wave vector as a function of e N\ (2D) [115], [116]
Sipe-Drude model surface roughness and € for A
prediction, also relevant for
transparent dielectrics,
includes variations in €
Finite-Difference Predicts the inhomogeneous Full 3D [118], [119],
Time-Domain (FDTD)  absorption and the material patterns [124]
Simulations ablation. Predicts other LIPSS
with much higher fluence
Matter reorganization Includes all the effects is good 2D/3D [110]
theories in predicting LIPSS for longer topography,
pulse durations and high also LIPSS
number of pulses irregularity
Ultrafast irradiation Analytical model used for Processing [111], [112],
model calculating accumulated parameters [123]

fluence and correlate with
spatial LIPSS appearance

All the attempts for providing a reliable tool for a more general generation of LIPSS on
the surface comes from the fact that the LIPSS generation is material and laser source
specific. Often heavy simulations were not necessary to generate optimized structures
as their formation was commonly established to be dependent on crucial laser
parameters, i.e. pulse fluence and number of pulses, and those will vary for each
material. It is worth mentioning that LIPSS optimisation always focused on carrying out
iterative experiments and the determined processing windows for generating optimized

structures are usually small. However, the main limitation of the proposed analytical
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model was always considering processing of flat surfaces and assuming constant

processing conditions.

Even though the extensive research has been dedicated on explaining the mechanism
of LIPSS generation (summarised in Table 2.2), there is still lack of developments of
models for laser structuring of more complex geometries, including the variable laser
processing conditions. As it was discussed in Section 2.4.3, LIPSS are very sensitive
to any changes in the laser processing conditions, especially when affected by
disturbances and produced on freeform surfaces. To structure such surfaces, the
processing strategy would consist of division of the surface into fields with constraints
of maintaining FOD and BIA within acceptable ranges [125]. Then this ranges can be
applied into surface partitioning algorithms to define the processing field sizes [126]. It
should be highlighted that the processing limits are tested empirically and long
experimental campaigns are required to determine satisfactory LIPSS characteristic
and even more testing is needed to ensure that the functional performance is
preserved.

Modelling approach should be developed for predicting the resulting key LIPSS
characteristics and implementing the effects of varying laser conditions when
processing freeform surfaces and, hence, can be employed in aiding the design of
LIPSS treatment strategies on such surfaces. This formulates the second question

addressed in the research Chapter 5 (also see Figure 1.1).
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2.4.5. LIPSS monitoring

2.45.1. LIPSS monitoring methods

The goal of process monitoring is the improvement of reproducibility and quality
assurance during the process. In order to fulfil this criteria, the morphology of laser
structures needs to be characterized in a robust manner and this has not been the
prime focus of researchers while conducting study on LIPSS. In the review of laser
monitoring approaches it was indicated that developments for laser
structuring/texturing process are often neglected in this field [127].

LIPSS resolution is hardly resolved by standard metrology/inspection tools, like optical
microscopes, due to their sub-micron scales and for this reason they are usually
inspected by SEM or AFM microscopes. Methods were developed for in-situ LIPSS
analysis through X-ray scattering [128], structured illumination microscopy (SIM) [124]
to study their pulse-to-pulse development or detecting the appearance via
backreflection imaging [129].

The first study used grazing incidence small-angle X-ray scattering (GISAXS) beam as
in situ measurements of LIPSS creation on polymer material with an X-ray detector
located 4 m away from the sample position. The laser beam and the GISAXS
acquisition was activated simultaneously and the LIPSS patterns were recorded
against time. As a result, LIPSS periodicity evolution over time dependence was
captured as well as GISAXS intensity profiles for 4 different repetition rates. It was
stated that a precise alignment of the laser beam and accurate sample positioning with
attention to the ripples orientation is required for capturing the GISAXS pattern

correctly [128].
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The second study recorded the reflected laser beam from the sample which is referred
as backreflection. The authors did not observe directly the LIPSS generation but the
change in the secondary diffraction pattern around the laser beam spot. It was stated
that a characteristic fringe pattern can be detected when ripples have been formed and
therefore monitor only the LIPSS appearance during the structuring process [129].

In the third study, another technique for spatially-resolved LIPSS observations applying
SIM which is super resolution optical method that is not observable in standard optical
microscopy and suitable to LIPSS sub-micron scales. With this method LIPSS were
observed during multi pulse formation with accuracy around 100 nm. The method
allowed observing LIPSS formation in single spot irradiation and the range of peak
fluence and number of pulses used were 0.09 J/cm2 to 0.31 J/cm2 and from O (non-
irradiated surface) up to 100, respectively, with 1 kHz repetition rate [124].

The methods described above were not suitable for wider LIPSS production because
either special instruments setup was required to characterized rather small areas with
low repetition rates, as in the case of GISAXS, no LIPSS characteristics were possible
to be obtained, as in backreflection imaging, or the technique was adjusted only to
collect the feedback from planar surfaces in SIM.

Light scatterometry, as a contactless and non-destructive method, is a good candidate
as an indirect periodic structures metrology method [130]. Especially, near-infrared
LIPSS have features sizes that are close to the visible wavelengths hence it is easy
and fast to analyse their reflective and diffraction patterns. Diffractometry was applied
to evaluate the quality and morphology of reflected patterns from structures produced
by Direct Laser Interference Patterning (DLIP) allowed to judge about the produced

surface structures in a fast and responsive way [131]. The DLIP periodic structures
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spatial periods were higher than 4 ym and with depth up to 5 um therefore not fitting
into LSFL sub-micron scale. However, the developed method was able to detect the
diffraction patterns from the periodic processing strategy which was a function of beam
overlapping and hatch distances. The setup showed limitations in detecting spatial
characteristic of the homogenous structures and only classification of morphological
quality of structures was provided.

It is worth mentioning that by measuring the diffractive features, i.e. angular
dependence of the structural colours displayed by surfaces with LIPSS, it additionally
demonstrates indirectly the qualitative measurement of their functional response which
is necessary, for instance, in imprinting images on metals in holography [132].
Recently, such colorimetric responses of omni- and unidirectional LIPSS on metal
surfaces were successfully measured by spectrophotometer [133]. Even though this
method was not considered by the authors as possible LIPSS monitoring method, it is
worth highlighting that the colours observable on LIPSS covered surfaces were
measured in a standardized way using CIELAB color space which can be a quantitative
indicator of LIPSS functional response, that is structural colouring. On the other hand,
the capabilities of any of the method for discussed applications were not analysed, in
particular a sensitivity study to detect what is the smallest change in LIPSS
homogeneity or dimensions was not presented.

The summary of abovementioned monitoring methods is provided in Table 2.3.
Methods for LIPSS monitoring still should continue to be developed in order to provide
a process control tool that is a fast and robust to be applicable to laser processing
systems solution. That represents the third open question addressed in this thesis,

specifically in Chapter 6 (also see Figure 1.1).
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Table 2.3 Summary of current methods used for periodic structures monitoring
highlighting the possibility of when in the LIPSS generation process can be applied,
summarizing their main points and whether the periodicity or LIPSS amplitudes (Amp.)

could be detected (Y — yes, N — no). Ref. — references.

Method When Characteristics A Amp. Ref.
Grazing Incidence In-situ Slow, special 'Y N [128]
Small-Angle  X-ray instrumentation required

Scattering (GISAXS)

Structured In-situ High-resolution, Y Y [124]
lllumination implemented in same laser
Microscopy (SIM) path, observation of LIPSS

evolution
Backreflection In-situ Simple, easy to implement N N [129]
imaging
Scatterometry In-line Fast, developed for DLIP Y Y [131],
and/or diffractometry structures, limitations for [134]
for DLIP LSFL, only homogeneity or

binary (OK/NOK)

classification

Frequency domain — In-line Developed for laser N N [37]
optical  coherence structuring and machining,
tomography coupled with the laser

beam
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Spectrophotometer  Not Direct colorimetric N N [133]
specified measurement  (structural

colour indicator)

2.4.5.2. ANNSs for LIPSS functional prediction

In the previous paragraphs, it was demonstrated that the scatterometry and diffraction
methods are suitable for monitoring. The in-situ methods were focusing on observing
the real-time LIPSS evolution and presence. All of the conclusions were indicating that
the monitoring techniques are important for laser structuring to address industrial
challenges. Moreover, Alleaume et.al. [134] clearly stated that more important than the
LIPSS characteristics assessment is the need for rapid understanding whether the
LIPSS covered surface area is suitable for the targeted functionality. For the authors,
the end goal was to qualify the surface being hydrophobic or hydrophilic because that
functional performance was the requirement in the final application. Therefore, there is
a necessity for not only developing monitoring methods of LIPSS but also
understanding from the acquired data whether they also fit for the targeted functional
performance. This is particularly important to consider also in cases where not only the
optimization of processing parameters is required but also when the process is affected
by 3D processing disturbances, what will result in the changes of LIPSS topography
and, possibly, in the functional response, too. It was mentioned that one of the
promising solutions to link the optical responses from laser structured surfaces with
their geometric features is through using neural networks [134].

Artificial Neural Networks (ANNSs) are excellent tools for such applications as they can

offer high accuracy of functional prediction or system modelling. Due to their
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generalisation capability they can be applied to many engineering tasks because the
output and input data are dissociated from the complexity of the problem [135]. ANNs
have been proven to be a good method for defects diagnosis [136] and have been
used even as an on-line quality control assessment in laser welding [137]. Concerning
other laser processes, neural networks have been successfully implemented in the
prediction of ablation profiles or surface roughness based on the key laser machining
parameters [138]-[141]. Those methods are summarised in Table 2.4 indicating the
various input - output pairs that are used in the laser processes. Another takeaway is
the efforts of matching the newer ANN algorithms with carefully chosen type of
datasets which proves to very relevant to the application. For example, ANN technique
of predictive surface topology visualisation was applied in laser structuring of dimples,
especially the output of that modelling was actual 3D dimples depth representation
[139].

Combining ANN methods with laser-based manufacturing processes is relatively new
and novel approach. The key to successful ANN implementation is in the data
preparation. Furthermore, a relatively big number of input-output experimental data
pairs is required for achieving high prediction accuracy. Up to now there is no available
study on linking the LIPSS topographical data to their functional responses using
neural network approaches. It could surely set new grounds in development of
monitoring solutions and faster data analysis. That formulates a fourth open question

addressed in this thesis, specifically in Chapter 7 (also see Figure 1.1).

Table 2.4 Summary of neural network algorithms used in laser processes highlighting

the various input-output pairs. (ANN methods: BP — back propagation, CNN -
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Convolutional neural network, CAN — conditional adversarial network, RBFN - Radian

Basis Function Network, RSM - Response surface method).

Laser process ANN method Input Output Ref.

Welding BP Audible sound signal  Weld defects [136]

Welding CNN Thermal images Weld defects [137]

Machining CNN, CAN Laser spatial intensity 3D depth [138]
profile prediction

Structuring CNN, GAN Pulse energy, Np, f Dimple depth, [139]

(dimples) crown height, 3D

dimple profile

Machining BP Lamp current, f, pulse Depth of groove, [140]
width, air pressure Height of recast
layer
Cutting RBFN, RSM  Cutting speed, power, Surface [141],
tip distance roughness (Ra) [142]

2.5.Summary of open research questions

Throughout the carried-out literature review, the laser technology was introduced and
the main topics in laser surface texturing/structuring were discussed, particularly
relating to aspects of LIPSS processing, modelling and monitoring. The interest in
research on LIPSS is growing exponentially and so are the industrial requirements for
a broader applicability of the structures. The four open research questions are

summarized below:
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There is limited evidence of LIPSS created on amorphous diamond-like carbon
coatings. It is crucial to study the synergistic approach of combining the
advantageous DLC surface properties with LIPSS many added surface
functionalities and at the same time maintain the benefits of both. This solution
has the potential and is sought after in manufacturing laser structured masters
for injection moulding technology of polymers.

An extensive research has been done on the origin and modelling of LIPSS, but
still a lot of focus is given to produce the structures on planar surfaces with ideal
laser beams. The literature also showed that two main processing disturbances,
i.e. FOD and BIA, that typically occur during processing complex 3D parts, can
impact LIPSS significantly. Thus, for developing efficient processing strategies,
a predictive method for assessing the laser conditions on the surface especially
during the LIPSS generation is essential to alleviate the extensive experimental
studies required for determining the design constraints.

Efforts for developing methods and tools for in-line LIPSS monitoring are still
necessary. The available methods can detect LIPSS evolution and geometric
features but the setups and techniques are still not suitable to collect data from
more complex parts and freeform surfaces. A fast qualitative assessment of
LIPSS topography using light scattering is desired, especially when the
generation process is affected by the 3D processing disturbances.

Additional requirement in monitoring approaches of LIPSS is the functional
performance assessment through data handling and interpretation. To address
challenges for broader use of LIPSS in industry, the priority is to rapidly

understand whether the LIPSS covered surface area is suitable for the targeted
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functionality rather than the LIPSS characteristics assessment. It is even more
vital when LIPSS characteristic are affected by the 3D processing disturbances.
ANNSs tools have the potential to be a good fit for an accurate prediction of
LIPSS functional responses with the preparation of relevant input - output

values, and they have never been applied to ripples structures before.
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CHAPTER 3: METHODOLOGY

In this Chapter methodology for conducting laser experiments is discussed. First a
description of laser micro processing platform utilised for the experiments is given
explaining which parameters were set in the software and which were obtained from
calculations. Additionally, the laser and characterization equipment is also specifically
described in relevant methodology section of each research Chapter. The next
sections include Design of Experiments which is provided in Tables 3.1 to 3.12 where
the levels for each set of produced samples as well as the constant parameters are
listed. For each research Chapters new sets of samples were produced each time. The
Tables are listing all the laser experiments performed including both preliminary
experimental tests and the ones reported in Chapters 4, 5, 6 and 7. This information is

included in Table’s captions for completeness.

3.1.Laser setup

Laser source utilised to produce LIPSS was ultrafast Ytterbium-doped laser source
from Satsuma (Amplitude Systems, France) and it was integrated in the laser micro
processing platform from LASEA. The beam delivery system is presented in
Figure 3.1. Major components on the beam path guided from laser source included
half waveplate, beam expander, z module (DFM), galvo scanner, and 100 mm
telecentric lens to be delivered to the 5-axis stage. Parameters that were set in the
KYLA software were scanning speed (v), pulse frequency (f), hatching distance (h) and
average power level (Pavg). Based on those the pulse energy and hence pulse fluence

(F) and peak fluence (Fo) was calculated as in the formula below [143]:
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Pavg ZPavg

= Frw?’ 0= Frw? (3.1)

Where w is beam waist. Pulse distance in one direction could be controlled through
the function of speed and frequency (v/f) while the other direction was set by a hatching
distance. The hatching orientation could be set horizontal, vertical, diagonal or
specified by an angle. All the experiments were always done with horizontal or vertical
hatching strategy which was specified in the experimental methodology sections within
the research Chapters. The laser source maximum average power specification was
5W, however, due to losses on the optical path, the maximum average power when
measured by power meter at the end of the optical path (after the focusing lens) was
around 3W. The laser source power instability and the laser beam calibration routines

affect the actual average power for chosen power levels in the software therefore these

values were always measured on the day of experiments.
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Figure 3.1 Beam delivery system on the laser micro processing platform utilised for

the LIPSS studies (also in Chapter 6: Figure 6.1a).

For LIPSS appearing on the surface the two most decisive is the control the spatial
and temporal flux of laser energy [123]. In other words, the influential parameters are
pulse fluence and number of pulses per spot. The number of pulses delivered to the
surface is defined - for single spot irradiation - as the set number of pulses hitting the
same spot while, for the moving beam in lines over the area the defying parameter, it
is defined as the number of pulses per spot. The same numbers is sometimes

expressed as the percentage of overlapping pulses or as a pulse distance.

In the next sections laser processing parameters that were used to produce LIPSS are
provided. The initial experiments that led to the definition of the final ranges of

parameters used for reporting the results were done for Chapter 4 and Chapter 6.
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3.2.Design of Experiments for Chapter 4

The initial experiments that lead to the definition of processing ranges of producing
LIPSS on DLC was based, first, on exposing the surface to predetermined number of
pulses, secondly on producing two-dimensional matrixes of squares with varying
parameters. The laser beam in focus was around 40 pym, unless stated otherwise, while
focused with 100 mm telecentric lens. The laser beam optical path was the same for
all conducted experiments that includes the orientation of the polarization vector.
During initial trials, the frequency was fixed at 100 kHz for single spot processing; for
area processing, the fixed value was at 500 kHz as it yielded the fastest processing
time while other parameters were varied. The tested levels are presented in Table 3.1,
3.2 and 3.3. Table 3.2 lists number of laser surfaces produced before that aided
defining the final tested parameters ranges for Table 3.3 and later reported in Figure
4.3. In the tuning set from Table 3.2, pulse distance in x and y direction was varied
together with average power. It is worth noting that other studies reported pulse fluence
levels and numbers of pulses in the ranges of 0.05 — 3.5 J/cm? and 2-1000 [87], [89],
as stated in Table 2.1, respectively, for laser sources with similar pulse durations and

laser source wavelength.

Other details on experimental and characterisation methods are also provided in the

Section 4.2.
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Table 3.1 Laser processing parameters and its levels for single spot irradiation on DLC. Number of pulses is calculated as burst

time multiplied by frequency (f). Pawg — average power, F — pulse fluence, Fo — peak fluence. The 5 SEM imaged of irradiated

spots from this Table are reported in Figure 4.2 (Pulse fluence of 0.1 J/cm? for 20 pulses, 0.9,0.1 and 0.18 J/cm? for 50 pulses,

0.18 J/cm? for 100 pulses).

Number of
f (kHz) Burst time (us) Pavg (W) F (J/cm?) Fo (J/cm?) Num. of surf.
pulses
100 10, 20, 100, 500, |0.08, 0.11, 0.13,|1, 2, 10, 50, |0.06,0.09,0.1,|0.12, 0.18, 0.21, | 20
1000 (5 levels) 0.22 (4 levels) 100 0.18 0.35
100 50, 80, 120, 150, | 0.13,0.22 (2 levels) |5, 8, 12, 15,|0.1,0.18 0.21, 0.35 10
200 (5 levels) 20
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Table 3.2 Laser processing parameters sets for preliminary experiments that lead to the processing window of LIPSS on DLC.

The scanning speed (v), frequency (f), hatching distance (h) and average power level (Pavg) were set in the KYLA software while

pulse distances in x and y, pulse (F) and peak fluence (Fo) are calculated values based on the set parameters. Last column

reports number of structured surfaces produced per matrix.

v (mm/s) f h (um) Pavg (W) P. dist. in | P. dist. iny | F (J/cm?) Fo (J/cm?) Num.
(kHz) X (um) (um) of surf.
2000 500 3,5,7,9,11, | 044, 1.02, 1.74, | 4 3,5,7,9,11, | 0.07, 0.16, | 0.14, 0.33, 0.55, | 42
13 2.40, 2.83, 3.01, 13 0.28, 0.38, | 0.76, 0.90, 0.96,
(6 levels) 3.04 0.45, 0.479,]0.97
(7 levels) 0.484
1000 500 3,7,11 0.44, 0.73, 1.02,|2 3,7,11 0.07, 0.12, | 0.14, 0.23, 0.33, | 12
(3 levels) 1.41 (4 levels) 0.16, 0.22 0.45
1000 500 3,4,5 0.66, 0.72, 0.78, | 2 3,4,5 0.11, 0.115, | 0.21, 0.23, 0.25, | 15
(3 levels) | 0.85, 0.91 0.125, 0.13, | 0.27,0.29
(5 levels) 0.14

62




CHAPTER 3

METHODOLOGY

500 500 3,7,11 0.44, 0.73, 1.02, |1 3,7,11 0.07, 0.116, | 0.14, 0.23, 0.33, | 15
(3 levels) 1.41, 1.74 0.16, 0.22, | 0.45, 0.55
(5 levels) 0.28
500 500 3,4,5,6 0.66, 0.72, 0.78, |1 3,4,5,6 0.11, 0.115, | 0.21, 0.23, 0.25, | 20
(4 levels) 0.85, 0.91 0.125, 0.13, | 0.27,0.29
(5 levels) 0.14
1000, 900, | 500 3.,4,5 0.51 2, 18,|3,4,5 0.08 0.16 18
800, 700, (3 levels) 1.6, 1.4,
600, 500 12,1
(6 levels)
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Table 3.3 Laser processing parameters used for large area structuring of DLC. These parameters correspond to results in

Figure 4.3. The scanning speed (v), frequency (f), hatching distance (h) and average power level (Pavg) were set in the KYLA

software while pulse distances in x and y, pulse (F) and peak fluence (Fo) are calculated values based on the set parameters.

v (mm/s) f h (um) Pavg (W) P. dist. in x | P. dist. in y | F (J/cm?) Fo (J/cm?) Num.
(kHz) (um) (um) of surf.

600, 800, | 500 3 0.37,0.46, 056, | 1.2, 1.6, 2, | 3 0.06, 0.07, | 0.12, 0.15, 0.18, | 35

1000, 1200, 0.63, 0.69, 0.75, | 2.4, 2.8 0.09, 0.1, 0.11, | 0.2, 0.22, 0.24,

1400 0.82 (7 levels) 0.12, 0.13 0.26

(5 levels)
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3.3. Design of Experiments for Chapter 5

In Chapter 5 two sets of experiments were conducted. The material used for the LIPSS
generation was mirror polished 304L stainless steel. Firstly, samples with fixed pulsed
distances in x and y were produced and only peak fluence was varied starting from the
level where LIPSS were still not appearing on the surface as the pulse fluence was still
below the threshold. The levels of these experiments are shown in Table 3.4. The
results were used to identify the LIPSS fluence threshold and correspond to Figure 5.6.
Secondly, experimental samples produced for the validation of the analytical model is
provided in Table 3.5. More detailed strategy for producing samples with two
processing disturbances is provided in Section 5.3.3. For this material researchers
were reporting producing LIPSS with pulse fluence 0.45 J/cm? [114] or in the range of

0.4 — 0.8 J/cm? [144] for similar laser sources but different beam scanning parameters.

More details about experimental and characterisation methods and setup is also

provided in Section 5.3.
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Table 3.4 Laser processing parameters used for LIPSS fluence threshold definition and correlation of LIPSS amplitudes and

peak fluence. These parameters correspond to results in Figure 5.6. The scanning speed (v), frequency (f), hatching distance

(h) and average power level (Pavg) were set in the KYLA software while pulse distances in x and y, pulse (F) and peak fluence

(Fo) are calculated values based on the set parameters.

Vv f h Pavg (W) P. dist. | P. dist. | F (J/cm?) Fo (J/cm?) Num.
(mm/s) | (kHz) | (um) inx (um) | iny (um) of surf.
2000 500 6 0.27,0.32,0.36,0.41, | 4 6 0.04, 0.05, 0.06,|0.09, 0.1, 0.12, 0.13, | 21

0.47, 0.53, 0.59, 0.66,
0.73, 0.81, 0.88, 0.97,
1.04,1.13,1.22,1.31,
14,15, 16,17, 1.8

(21 levels)

0.14, 0.15,
0.18, 0.19,
0.22, 0.24,
0.27,0.29

0.066, 0.075, 0.08,

0.09,0.1,0.12, 0.13,

0.17,
0.21,

0.25,

0.15,0.17, 0.19, 0.21,
0.23, 0.26, 0.28, 0.31,
0.33, 0.36, 0.39, 0.42,
0.45, 0.48, 0.51, 0.54,

0.57

66




CHAPTER 3

METHODOLOGY

Table 3.5 Laser processing parameters used for validation the accumulated fluence modelling approach. The scanning speed

(v), frequency (f), hatching distance (h), average power level (Pavg) and BIA on A rotary stage were set in the KYLA software

while pulse distances in x and y, pulse (F) and peak fluence (Fo) are calculated values based on the set parameters. Please

note the pulse distance reported was set in the KYLA software and not compensated on the inclined surfaces (details in Section

5.3.3.). Correspond to results reported in Figure 5.8 and 5.10.

v f h BIA (deg) | Pavg (W) | P. dist. | P. dist. in | F (J/cm?) Fo (J/cm?) Num. of
(mm/s) | (kHz) | (um) inx (um) |y (um) surf.
2000 500 6 10, 20,(0.73,1.31 |4 6 0.12,0.22 0.25,0.44 8

30, 40 | (2 levels)

(4 levels)
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3.4. Design of Experiments for Chapter 6

In Chapter 6, the same mirror polished 304L stainless steel was also used. In this study
the scanning speed and frequency, i.e. 2 m/s and 500 kHz, respectively, was always
set as highest available, in the laser processing platform while average power and
pulse distance in y was controlled. The first set in Table 3.6 tested the influence of the
pulse distance in y, by choosing different hatching distances with also varying fluence.
In this set, experiments were not progressed forward with the hatching distance where
the diffraction from LIPSS was no longer visible on the laser structured surface. The
structural colours were determined under white light through visual inspection. The
next set provided in Table 3.7 correspond to initial results discussed in Section 6.3.1
in Figure 6.2 which started from first setting fluence where the diffracted colours started
to be visible, that is F = 0.054 J/cm?. Before final set of samples were produced for
results in Section 6.3.2 a sensitivity to processing disturbances was studied for FOD
at 3 fluence levels (Table 3.8) while for BIA for 5 fluence levels (Table 3.9). For samples
with varying BIA always p-type polarization was used unless stated otherwise. Finally,
the last Table 3.10 shows the laser parameters used for results reported in Figure 6.3
and Figure 6.5.

Each produced surface was characterised by reflectance and diffraction
measurements. Experimental and characterisation methods for the Chapter 6 are also

provided in Section 6.2.
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Table 3.6 Laser parameters for fine tuning the hatching distance. Please note that the experiments for every line of fluence were
terminated if light diffraction was no longer visible on the produced surface. The scanning speed (v), frequency (f), hatching
distance (h) and average power level (Pavg) were set in the KYLA software while pulse distances in x and y, pulse (F) and peak

fluence (Fo) are calculated values based on the set parameters.

Y f h (um) Pavg P. dist. | P. dist. iny (um) F (J/cm?) | Fo (J/cm?) | Num.
(mm/s) | (kHz) (W) in X (um) of surf.
2000 |500 |2,345 0.34 4 2,3,4,5 0.05 0.11 4
2000 |500 |2,3,45,6 0.44 4 2,3,4,5,6 0.07 0.14 5
2000 500 2,3,4,5,6,7 0.55 4 2,3,4,5,6,7 0.09 0.18 6
2000 500 2,3,45,6,7,8 0.68 4 2,3,4,5,6,7,8 0.11 0.22 7
2000 500 2,3,4,5,6,7,8,9 0.82 4 2,3,4,5,6,7,8,9 0.13 0.26 8
2000 500 2,3,4,5,6,7,8,9,10,11,12 | 0.98 4 2,3,4,5,6,7,8,9,10,11,12 | 0.16 0.31 11
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Table 3.7 Laser parameters used for initial trials discussed in Section 6.3.2 whereas the results corresponding to this parameters

are reported in Figure 6.2. The scanning speed (v), frequency (f), hatching distance (h) and average power level (Pavg) were set

in the KYLA software while pulse distances in x and y, pulse (F) and peak fluence (Fo) are calculated values based on the set

parameters.

Vv f h Pavg (W) P. dist. | P. dist. | F (J/cm?) Fo (J/cm?) Num.
(mm/s) | (kHz) | (um) inx (um) | iny (um) of surf.
2000 500 5 0.34,0.39, 0.44, 0.49, | 4 5 0.054, 0.06, 0.07,|0.11, 0.12, 0.14, |19

0.55, 0.61, 0.68, 0.75,
0.82, 0.9, 0.98, 1.06,
1.14,1.23,1.32,1.41,

1.49,1.6,1.68

0.08, 0.09, 0.1, 0.11,
0.12,0.13, 0.14, 0.16,
0.17, 0.18, 0.2, 0.21,

0.22,0.24, 0.25, 0.27

0.16, 0.18, 0.2, 0.22,

0.24, 0.26,
0.31, 0.34,
0.39, 0.42,
0.48, 0.51, 0.54

0.29,
0.36,

0.45,
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Table 3.8 Laser parameters to study sensitivity of FOD to 3 fluence levels. The scanning speed (v), frequency (f), hatching

distance (h) and average power level (Pavg), FOD with Z stage positioning were set in the KYLA software while pulse distances

in x and y, pulse (F) and peak fluence (Fo) are calculated values based on the set parameters.

v f h FOD (mm) Pavyg | P. dist. |P. dist. | F Fo Num.
(mm/s) | (kHz) | (um) (W) [inx(um) |iny (um) | (J/cm?) | (J/cm?) | of surf.
2000 500 5 0,-0.2,-04,-0.6,0.2,0.4,0.6 0.34 | 4 5 0.054 |0.11 7
2000 500 5 0,-0.2,-04,-0.6,-0.8,0.2,0.4,0.6,0.8 0.44 | 4 5 0.07 0.14 9
2000 500 5 0,-0.2,-04,-0.6,-0.8,-1,0.2,0.4,0.6,0.8,| 055 |4 5 0.088 |0.18 11

1
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Table 3.9 Laser parameters to study sensitivity of BIA to 5 fluence levels. The scanning speed (v), frequency (f), hatching

distance (h) and average power level (Pavg) and BIA on A rotary stage were set in the KYLA software while pulse distances in x

and y, pulse (F) and peak fluence (Fo) are calculated values based on the set parameters.

Y f h BIA (deg) | Pavg (W) P. dist. | P. dist. | F (J/cm?) Fo (J/cm?) Num. of
(mm/s) | (kHz) | (um) inx (um) | iny (um) surf.
2000 |500 |5 0, 5, 10,|0.39,0.44,0.49, |4 5 0.06, 0.07, 0.08, | 0.12, 0.14, 0.16, | 25

20, 30 | 0.55, 0.61 0.088, 0.1 0.18,0.2

(5 levels) (5 levels)
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Table 3.10 Laser parameters reported on Section 6.3.2. The first row corresponds to results in Figure 6.3 while the last two are
reported in Figure 6.5. Please note that surfaces for FOD and BIA at fluence 0.088 J/cm2 were repeated from Table 3.8 and 3.9
but with decreased intervals. The last row S indicates s-type polarization. The scanning speed (v), frequency (f), hatching
distance (h) and average power level (Payg), FOD with Z stage positioning and BIA on A rotary stage were set in the KYLA

software while pulse distances in x and y, pulse (F) and peak fluence (Fo) are calculated values based on the set parameters.

% f h BIA (deg) FOD (mm) Pavg | P. dist. | P. dist. | F Fo Num.
(mm/s) | (kHz) | (um) (W) [inxum) |iny (um) | (J/lcm?) | (J/cm?) | of surf.
2000 500 5 0 0.1, 0.2, 0.3, 04,|055 |4 5 0.088 |0.18 9

0.5,0.6,0.7,0.8,0.9

2000 500 5 0,2,4,5,6,8,10,15,20 | O 0.55 | 4 5 0.088 |0.18 9
2000 500 5 0S, 5S, 10S, 15S, |0 0.55 |4 5 0.088 |0.18 6
20S, 25S
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3.5. Design of Experiments for Chapter 7

Table 3.11 shows a list of parameters used as a supplementary set investigated in
Chapter 7. The supplementary set included surfaces produced with range of Fo from
near-threshold 0.16 J/cm? to 0.54 J/cm? that were chosen based on the surfaces
produced with parameters in Table 3.11. The fluence levels are similar to the
parameters used in Chapter 5 however, the scanning speed had to be reduced in order
to accommodate the limitations to the z-module (explained in Section 7.2) and
frequency was scaled down to have the pulse distance of 4 ym. This meant that also
the fluence levels were similar to the ones reported in Table 3.4. Table 3.12 reports
the laser processing parameters used for producing surfaces with two processing
disturbances that served as main input for the ANN tools. Those fields were produced

three times with the parameters from Table 3.12 for the wettability measurements.

Topography of each laser structured field was acquired by AFM and from each
produced field the static contact angle was measured 4 times. Each AFM image was
cropped into 16 individual topographies and then fed into Alicona MeasureSuite
software to calculate the areal surface roughness parameters. The experimental,

characterisation methods are also explained in Section 7.2.
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Table 3.11 Laser parameters used for generating supplementary set of LIPSS topographies. The scanning speed (v), frequency

(f), hatching distance (h) and average power level (Pavg) were set in the KYLA software while pulse distances in x and y, pulse

(F) and peak fluence (Fo) are calculated values based on the set parameters.

Y f h Pavg (W) P. dist. | P. dist. | F (J/cm?) Fo (J/cm?) Num.
(mm/s) | (kHz) | (um) inx (um) | iny (um) of surf.
40 10 6 0.008, 0.009, 0.01, |4 6 0.07, 0.08, 0.09, 0.1, | 0.14, 0.16, 0.18, 0.19, | 23

0.011, 0.013, 0.015, 0.11, 0.13, 0.14,|0.23, 0.26, 0.28, 0.3,

0.016, 0.017, 0.018, 0.15, 0.16, 0.18, 0.2, | 0.32, 0.35, 0.39, 0.41,

0.02, 0.022, 0.023, 0.2,0.23,0.24, 0.26, | 0.46, 0.48, 0.51, 0.54,

0.26, 0.027, 0.029, 0.27, 0.29, 0.31,|0.58,0.63, 0.65, 0.69,

0.031, 0.033, 0.036, 0.33, 0.34, 0.36,|0.72,0.74,0.78

0.037, 0.039, 0.041, 0.37,0.39

0.042, 0.044
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Table 3.12 Laser parameters used for producing samples with varied processing disturbances, BIA and FOD. The scanning

speed (v), frequency (f), hatching distance (h) and average power level (Pavg), FOD with Z stage positioning and BIA on A rotary

stage were set in the KYLA software while pulse distances in x and y, pulse (F) and peak fluence (Fo) are calculated values

based on the set parameters.

12.5, 15, 17.5, 20,

22.5, 25, 27.5, 30,

32.5,35

v f h BIA (deg) FOD (mm) Pavg P. dist. | P. dist. |F Fo Num.

(mm/s) | (kHz) | (um) (W) inx (um) | iny (um) | (J/cm?) | (J/cm?) | of surf.

40 10 6 0 0.1, 0.2, 0.3, 0.4,|0.016 |4 6 0.14 0.28 10
0.5,0.6,0.7,0.8,0.9

40 10 6 25, 5 75, 10,|0 0.016 | 4 6 0.14 0.28 14
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CHAPTER 4: SUB-MICRON STRUCTURING/TEXTURING OF
DIAMOND-LIKE CARBON COATED REPLICATION MASTERS WITH

A FEMTOSECOND LASER

This chapter answers the first research question formulated in Chapter 2. The objective
is to investigate the effects of femtosecond laser processing parameters for generating
LIPSS on DLC coating. First, a range of parameters is defined with where LIPSS are
present and uniform on the surface and without visible damages to the coating. These
processing parameters were derived from experiments presented in Tables 3.1-3.3.
Then, a structural and mechanical characterisation is performed from representative
laser structured surfaces. This study also aims to assess whether the synergistic
approach of LIPSS treatments and use of DLC coating on steel substrates is suitable
for the process of injection moulding, especially if the DLC’s advantageous properties
can be maintained on the coated and femtosecond laser processed replication

masters.
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Abstract

Diamond-like carbon (DLC) coatings have very attractive mechanical and tribological
properties, i.e. high hardness, low friction and high wear resistance. Therefore, DLC is
often used as a solid lubricant in moulds for injection moulding. Laser processing of
DLC with ultra-short lasers, i.e. femtosecond lasers, can be performed both at micro
and sub-micron scales, namely by producing laser induced periodic surface structures
(LIPSS). In this research, the effects of laser structuring/texturing on DLC properties
are investigated. First, the laser processing parameters were optimised to produce
uniform LIPSS without damaging a thin DLC film and then the properties of the textured
DLC coated substrates were studied. It was determined that the tribological properties
of the processed surfaces remained unchanged but the hardness of the
structured/textured DLC layers was reduced significantly. Although, Glancing Angle X-
ray Diffraction (GAXRD) and Raman spectroscopy did not show any significant
crystallisation of the DLC coating after the laser irradiation, however, the analysis
indicated that a thin graphitised layer had been formed on the surface as a result of

the femtosecond laser processing.

Keywords: LIPSS, Diamond-like carbon (DLC), femtosecond laser, laser micro

processing.
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4.1.Introduction

Diamond-like carbon (DLC) coating is an amorphous form of carbon with a significant
fraction of tetrahedral (sp®) bonds [82]. The coating stands out among others for its
high hardness, low friction coefficient, low adhesion, small surface roughness, optical
transparency [83] and chemical inertness. Some of its properties are similar to those
of diamond because of the presence of diamond-like bonds and also mostly because
the isotropic disordered thin film does not possess any grain boundaries [145] (DLC is
amorphous hence does not possess grain boundaries as a result of the deposition
process). Atthe same time, they are cheaper to produce and therefore DLC coatings
are widely used in various applications, i.e. as protective and wear resistant coatings
in biomedical implants [81], microelectronic devices [78], as infrared optical windows
and in magnetic storage discs [146].

DLC coatings also can be applied as solid lubricant to increase durability and reduce
demoulding forces in injection moulding. The effectiveness of DLC coatings in this
process was studied and it was found that the replication performance together with
component’s lifespan were improved [80]. In particular, it was possible to produce a
higher number of replicas with acceptable quality while the tool wear was minimised,
i.e. the sharp edges on the mould were preserved during a higher number of cycles
without the need to clean or replace the mould. Another benefit associated with the
use of DLC coatings in the micro injection moulding process is its lower thermal
expansion compared with common steel moulds. This could increase the tool life by
preventing delamination, cracking and coating failures. However, a good adhesion
between the DLC coating and the mould is necessary and a proper selection of the

tooling material, thermoplastics and moulding process parameters is required [147].
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Additionally, due to DLC’s lubricating properties and low surface roughness, the
ejection forces in micro injection moulding of components with large area to volume
ratios surfaces can be decreased significantly [95]. Also, the same effect was observed
on DLC coated mould tools with sub-micron textures (nano bead-like features and
nano pillars fabricated by photolithography) and this was explained with the low
coefficient of friction (CoF) as a dominant factor in achieving low demoulding forces
[94]. It is worth noting that these investigations were conducted using relatively thick
DLC coatings up to 5 um which were applied on completely machined moulds and thus
their properties remained intact. However, if sub-micron structuring of the moulds is
required this should be performed only after DLC is applied and it should be stressed
that any processing, including laser, should not alter the coating’s properties. In this
way, DLC’s advantageous properties could be combined with those of micro and nano
patterned/textured surfaces. So far improving DLC’s properties was achieved by either
strengthening DLC with titanium or nitrogen doping [80] or by micro-scale patterning of
the coating with a nanosecond laser, resulting in 30% CoF improvements [79]. Also, it
was reported that the friction properties could be preserved or even improved after
femtosecond (fs) laser sub-micron structuring, although this was dependent on the
contact material and laser pulse energy [148], [149]. CoF as low as 0.02 was achieved
when additional layer of MoS2 was applied on top of the laser structured DLC [73].

Laser-induced periodic surface structures (LIPSS) are known for their optical [47],
antibacterial, biological [61] and hydrophobic properties among their other surface
functionalisation applications. Such surface responses had been achieved by
optimising the process and thus to produce structures with specific geometric

characteristics, e.g. to generate uniform and homogenous LIPSS by obtaining and
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maintaining the most effective light diffraction. LIPSS are formed on surfaces at
process settings near the ablation threshold of a given material due to interference of
incident laser light with excited surface electromagnetic wave [150]. Their sub-micron
periodicity depends on the laser source wavelength and dielectric constants of the
material while their orientation is normal to the beam polarisation vector and their
amplitudes can be varied by controlling the laser fluence level [151].

Synergistic effects can be sought by fabricating LIPSS on replication masters with DLC
films, especially to improve both their wear resistance, i.e. the tool durability with
regards to the surfaces’ functional response, and also the quality of replicas because
of DLC lubricating properties. However, laser irradiation of amorphous materials, such
as DLC, can lead to structural changes and thus alter their properties. Laser processing
of DLC was already reported and pulse duration was identified as the most important
factor governing the resulting coating’s structure. Longer pulses and higher intensity
led to graphitization, spallation and evaporation and thus creating swelling,
delamination and removal of the DLC layer at the end. In addition, surface morphology
changes were observed which is common in carbon based materials, for instance a
structural transformation into glassy carbon (GC) [152]. This carbon material has sp?
content close to 0% and benefits from higher conductivity, thermal resistance and
similar frictional properties to DLC but inferior wear resistance [153]. Therefore, it was
concluded that longer pulses, pico- and nanosecond, and higher ranges were not
suitable for patterning/structuring of DLC films. At the same time, femtosecond laser
processing has emerged as a promising technology for a very controllable generation
of fine and precise structures both at micron and sub-micron scale with minimized

thermal effects.
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In this research, the effects of the femtosecond laser processing parameters in
producing homogenous and uniform LIPSS on DLC coating were investigated with a
special focus on their resulting properties. Especially, a LIPSS treatment of steel
substrates with DLC films was studied as one-step approach for producing functional

and, at the same time, durable surface structures/textures for replication masters.

4.2 .Materials and methods

A thin DLC film was deposited on a 2.5 mm thick 316L stainless steel substrates by
employing a plasma-assisted chemical vapour deposition (PACVD) to produce a
coating with 2 — 5 pm thickness (2000 to 5000nm, range provided by the supplier,
Oerlikon Balzers), 22 GPa hardness (equivalent of HV 2500) and 0.05 pym surface
roughness. The coating process was carried out by Oerlikon Balzers, a company
specialized in DLC coating, based in Milton Keynes (UK). The DLC film was irradiated
with a femtosecond Ytterbium-doped fibre laser source with the following technical
characteristics: a near infrared wavelength (A) of 1030 nm, pulse duration of 310 fs and
maximum pulse energy of 10 uJ. A linearly polarized laser beam was focused with 100
mm telecentric lens on the substrate surface to achieve a beam spot diameter (db) of
40 um at 1/e? of Gaussian profile intensity. The schematic scanning strategy of an area
is illustrated in Figure 4.1 where fixed hatch distance (h) between scan lines was 3 um
that resulted in 92.5% pulse overlap in the Y direction while the pulse distance in the
X direction was varied with scanning speed (v) and frequency (f) to control the LIPSS

uniformity. The pulse fluence was calculated as follows [143]:

4p

= (4.1)

F

where P is the average power (W).
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The effects of accumulated fluence (Facc) on the resulting LIPSS was identified in this
research by varying the number of pulses for single spot irradiation and number of
pulses per spot for large area structuring, which values were calculated as follows

(adapted from [143]):

fdy (4.2)

pps =

However, Eq. 3.2 defines only the number of pulses along one scan line. Processing
of surfaces areas larger than the beam spot size requires multiple scan lines. Hence,
the pulse overlap with h between the scan lines should be considered, especially when

h <d,, as follows:

f-dy dy
PDStotal = T + 7 (4'3)

Therefore for processing of surfaces with area bigger than db, ppStota Was taken into

account for Facc calculations.

X

Figure 4.1 A schematic illustration of laser irradiation strategy for structuring of large
area with pulse overlapping from scanning speed (v) and frequency (f) in X direction

and hatch offset (h) between the lines in Y direction.
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The topographies of processed surfaces were analysed with Atomic Force Microscope
(AFM) and Scanning Electron Microscope (SEM) in order to study the LIPSS
geometrical characteristics and at the same time to detect any damage (defined as
cracks, excessive ablation or delamination) to the DLC coating, through Alicona optical
microscope with a 100x magnification capabilities. LIPSS periodicity was determined
by performing 2D Fast Fourier Transformation (2D FFT) of the images while their
uniformity was assessed visually by indications of non-processed areas or highly
irregular ripples.

CoF and wear resistance of textured DLC films were measured with a ball-on-plate
tribometer at room temperature under dry condition. Linear reciprocating tests were
performed using an Alumina ball of 8 mm diameter with a hardness of approximately
16 GPa (HV 1600). The distance of the lines was 4 mm per cycle and the reciprocating
movements were executed with a speed of 2 mm/s. The load applied on the DLC film
was 150 g (1.47 N).

Raman spectra was recorded from 100 cm* to 3200 cm using a 633 nm laser source
with a focused spot size of approximately 2 ym. Axial and lateral resolutions were less
than 1 um and 0.25 um respectively. The resulted spectra were fitted with Lorentzian
and Breit-Wigner-Fano (BWF) profiles for D and G peaks, respectively, with a linear
baseline correction for the background. The peak position and the full width at half-
maximum (FWHM) were calculated.

The DLC crystalline structure was analysed with Glancing Angle X-ray Diffraction
(GAXRD) with a Cobalt source at an incident angle of 3 deg. The penetration of the X-
ray beam was within the DLC film thickness and thus to easily detect any long-range

crystallisation into the laser processed DLC.
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The hardness of as-received (coating received from supplier defined as not structured
surface) and laser processed DLC films were measured by conducting a
nanoindentation test. A hard diamond indenter with a tip radius of 50 nm was used 10
times on each sample by applying a load with a loading rate of 0.3mN and with a depth
control of 400 nm. In this way any periodic sub-micron structures present on the
surface, that could have average peak-to-valley distance of 200nm, were less likely to
affect the hardness measurements and also the indentation depth was within the
recommended less than 10% thickness of the coating if assuming the coating was
5000 nm thick. In worst case scenario the indentation depth could have reached 20%
of the coating thickness (when assuming thickness of 2000nm) and then there was a
risk of the measurement to be affected by the substrate material. For this reason the
indentations were repeated 10 times on each of the tested sample. For the clarity check
further tests were also done with the depth control of 200 nm and 600 nm, and for

comparison the 600nm results were also reported.

4.3.Results and discussion
4.3.1. LIPSS optimisation
4.3.1.1. Single spot irradiation

Two types of LIPSS can be distinguished when their periodicity (A) is considered, i.e.
low spatial frequency LIPSS (LSFL) and high spatial frequency LIPSS (HSFL). LSFL
has a A close to the laser source wavelength (A) while the ripples are perpendicular to

the beam polarisation vector. On the other hand, HSFL has a A much smaller than A
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and their orientation can be either parallel or perpendicular to the beam polarisation
vector [143].

Single spots were irradiated onto DLC with varied processing settings, i.e. the number
of pulses and fluence, to study the LIPSS generation from their development onto the
surface.

Five representative SEM images of LIPSS evolution as a result of the increasing pulse
and accumulated fluence are provided in Figure 4.2. One pulse irradiation did not result
in any surface damage and only after 20 pulses (see Figure 4.2 I) HSFL gradually
appeared around the spot periphery with periodicity of approximately 140 nm (~ 0.1A).
At the same time, LSFL generation was observed at the spot centre where the intensity
was much higher. A further increase of the number of pulses to 50 led to the generation
of straight and uniform LSFL as depicted in Figure 4.2 Il while there was a fraction of
HSFL around the spot edge. Such observation is caused by the Gaussian distribution
of the laser beam where the laser energy decreases at the peripheral of the beam spot.
As can be seen in Figure 4.2 1V further increase of pulse fluence but same number of
pulses lead to bigger area of uniform LSFL and reduced fraction of HSFL. Hence the
threshold fluence for HSFL generation is lower than that for LSFL [154]. On the
contrary, the same number of pulses but with a lower fluence resulted in formation of
LSFL and HSFL across the spot area (Figure 4.2 11). Ablation of the DLC film at the
spot centre can be observed at 100 number of pulses but with visible LSFL and HSFL
around the spot edge together with some molten material (see Figure 4.2 V). Thus, the
LIPSS evolution from HSFL to LSFL and the removal of the DLC film with the increase
of pulse numbers clearly shows that optimal accumulated fluence with pulse fluence

and number of pulses above respective thresholds are required for achieving
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homogenous LIPSS generation. In this research, the focus is on homogenous LSFL
generation onto the DLC films (later referred as LIPSS only) as they are commonly

investigated when LIPSS are employed to the functional response of surfaces.

100kHz 104 mJ/cm? 2.08)/cm? 20 100kHz 93 mJ/cm?

AccV SpotMagn Det WD p—————— 5pm
200KV 30 6500x SE 11.7

100kHz 116 mJ/cm?  5.84)/cm? 50

S e AP

100kHz 188mJ/cm? 18.80J/cm?> 100

Figure 4.2 Single spots irradiated with a fs laser source and varying pulse numbers
and fluence. Arrow indicates vector of polarization direction. Note: the processing

parameters, i.e. frequency, pulse fluence, accumulated fluence and number of pulses,
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used for the LIPSS generation are provided below the corresponding SEM images.

Accumulated fluence equals the pulse fluence multiplied by number of pulses.

4.3.1.2. Large area structuring

A LIPSS treatment of replication masters with DLC films is the focus of this research
and therefore the process settings should be optimised for large area structuring. Thus,
a processing window to achieve uniform LIPSS coverage of large areas without
damaging the DLC coating and any excessive ablation is identified. The parameter
domain investigated has a fluence and pps of 58 to 130 mJ/cm? and 14 to 33 (levels
of those ranges provided in Chapter 3), respectively as shown in Figure 4.3a. The scan
lines’ offset, h, was kept constant and thus ppstotal resulted in range from 28 to 47. The
uniformity of the resulting LIPSS was assessed and any visible DLC damage was
identified, especially when the stainless steel substrate underneath was revealed. It is
worth noting that the use of process parameters outside the investigated parameter
domain led to an ablation of the coating or the generation of non-uniform LIPSS over
the processing area. The increase of fluence and ppsStotal improves LIPSS uniformity.
Therefore, the processing window investigated in this research (see Figure 4.3a) was
defined by taking both, uniformity of LIPSS and damage of DLC, into consideration.
The DLC characterisation work was performed on three representative samples, i.e.
S1, S2 and S3, chosen at the window boundaries or just outside the tested parameters
and one, S4, at its centre. The surface topographies of the four samples are depicted
in Figure 4.3b with their respective laser processing parameters underneath the

images. It should be noted that fluence used for sample S3 of 66 mJ/cm? was selected
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to be close to the processing window but not too similar to the laser intensity employed
on other three samples.

Considering the results from the single pulse irradiation (see Section 4.3.1.1), it can be
stated that LIPSS produced with a scanning beam over large areas are of similar
characteristics where used Facc is marginally lower when compared to the one applied
for single pulse irradiation. A close look at the LIPSS morphologies in Figure 4.3b
suggest that HSFL are still present on the samples but they are more pronounced on
S3. The used ppstotal and F for this sample was the lowest and as a result also low
accumulated fluence (Facc) and therefore the resulting ripples were similar to those
depicted in Figure 4.2 | where LSFL are wavy and irregular. At the same time, the
LIPSS straightness on S1 and S4 is better while HSFL are less visible due to higher F
despite similar ppsttal Was applied. S2 was produced with the highest process settings,
F and ppstotal, Which resulted in highest Facc, and therefore LIPSS were well defined
but at the same time there were some areas on the surface where the DLC film was
much thinner and with beginning of delamination of the coating (not shown in
Figure 4.3b).

It was observed that the LIPSS periodicity achieved with the optimised process setting
was in the range of 700 to 800 nm (~ 0.7-0.8A). This was lower than the commonly
observed LIPSS periodicity range from 800 to 950 nm on steel substrates with the
same laser wavelength and this could be partially attributed to the differences between
steel and DLC optical constants, in particular refractive index and extinction coefficient.
The height of the produced ripples was 200 nm on average and was consistently

obtained across the studied processing domain.
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Figure 4.3 The results obtained with large area structuring: a) the effects of pulses per
spot (pps) and fluence levels on LIPSS uniformity across the studied processing
domain; b) SEM images of S1, S2, S3 and S4 samples (red squares in a). Arrow

indicates direction of polarization vector (E) and scanning speed (v).
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Note: the processing parameters: F, Facc, pps and ppstotal, are provided below the

corresponding SEM images.

4.3.2. Characterisation
4.3.2.1. Raman spectroscopy

Laser treated and as-received DLC samples were analysed employing Raman
spectroscopy that is considered a reliable way to obtain structural information and also
to judge about the quality of carbon materials. The DLC specific spectrum shown in
Figure 4.4 consists of two sp?-carbon characteristic modes: D (‘disorder’ — ‘ring’ type
bond) and G (‘graphite’ — both ‘ring’ and ‘chain’ types) with positions of 1268 cm and
1509 cm:, respectively. The ratio between D and G peak, i.e. I(D)/I(G), can be used
as an indication of the fraction of graphite-like (sp? aromatic rings) domains in a DLC
thin film. Fitting results are provided in Table 4.1. The D and G peaks positions differ
from the ones reported usually as 1355 cm™ and 1550 cm™ due to a higher Raman
laser wavelength used in this study, which causes the peaks shift towards lower
wavenumbers [145]. The spectrum is dominated by the sp? sites up to 230 times more
when compared to sp® due to higher polarizability of Tr states, typical for this type of
bonding [145]. The position of G peak is at 1570 cm™ and intensity I1(D)/I(G) ratio is
close to O (for Raman data at 514 nm) in case of ideal ta-C DLC coatings with high
fraction of sp® bonds (above 70%) [82]. It was reported for laser pattered DLC with ns
laser pulses that the G position shifted to higher wavenumbers while D intensity
increased with the increase of fluence, and this indicated a progressive laser-induced
graphitisation of the amorphous DLC [85], [155]. After the femtosecond laser treatment

of four samples which spectra are shown in Figure 4.5, it is visible that G peak shifted
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to 1590 cm*. The intensity ratio of two peaks I(D)/I(G) increased from 0.2 on the as-
received DLC to above 1.0 for the laser patterned surface. Even though these changes
in spectra could indicate an induced graphitisation of the thin film, there are no
substantial changes between the four laser structured samples that have been
produced with different laser processing parameters. This might be due to the
ultrashort pulsed laser processing did not introduce ant heating into material and/or the
differences of laser processing parameters between the samples were minor. Raman
spectra were also obtained on the samples produced with a lower number of pps and
higher fluence, and still there was no further shifts in the peaks or intensities. The
similar spectra suggest that the increase of fluence did not initiate further changes in

the DLC short ordering.

T I I

- As-received spectrum

- — —Background

— — =D peak fitting (type: Lorentzian)
- — —G peak fitting (type: BWF)

G + D + Background

D + Background
G + Background
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Figure 4.4 Raman spectra of as-received DLC and its deconvolution: linear

background together with Lorentzian and Breit-Wigner-Fano fitting lines for D and G

peaks, respectively.
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Table 4.1. Results of G and D peaks’ fitting for as-received and laser textured DLC

samples.
G pos., G FWHM, D pos., D FWHM, I(D)/I( Fitting
Sample
cm? cm? cm cm? G) error, %
S1 1590 + 3 136 + 42 1340+6 294+37 1.06 3.35
S2 1591+ 5 132 £ 45 1338+5 294+46 1.12 2.95
S3 1587 +11 135+136 1335+7 293+89 1.23 2.91
S4 1590 + 6 133 + 38 1335+6 298+67 1.16 2.30
As-
. 1509 + 3 286+ 8 1268 + 11 330+49 0.20 1.26
received
D (1335cm?") G (1580em™)
v v
54
3
I.u-.
'E- 53
5
=
52
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Raman shift, an 1

Figure 4.5 Raman spectra of four fs laser processed DLC samples. The D and G peaks

positions of Raman spectra are highlighted by the red-dashed lines.

The interaction between ultrashort pulses and carbon phases should be properly

explained to further understand the resulted change in Raman spectra. Studies
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reported that fs laser pulses induced non-equilibrium transition of sp® to sp? bonds
[156]. Additionally, atomistic simulation of graphitization of the diamond involving
electron system set to a very high temperature revealed that a layer-by-layer
graphitisation could occur within the optical depth of diamond absorption [157] whereas
for longer pulses graphitisation would propagate into the bulk due to heat dissipation
and thus temperatures above the graphitisation threshold could be reached [152]. The
thickness of such graphitised layers would be dependent on pulse numbers and
fluence with a depth limitation of hundreds of nanometres (up to 200 nm). In addition,
it was reported that the resulting Raman spectra of DLC processed with ns and fs
pulses did not differ significantly, though it was stated that their graphitized layers led
to structural distinctions [91]. Other researchers suggested that fs laser processed DLC
would be modified into Glassy Carbon (GC), a form of carbon with 100% sp? and sp?®
content close to 0% with a hardness of 3 GPa [145], but with similar D and G peaks
position [93]. A further increase of processing fluence would lead to Raman results
similar to the spectra of superimposed GC, DLC and carbonaceous materials [158].
However, the penetration depth of Raman laser sources can be higher than modified
layers and thus the laser can excite not only the modified layers but also non-modified
DLC.

Overall, it can be stated that fs laser processing did not trigger significant changes in
the bulk DLC structure and only a thin laser-modified surface layer was graphitised
because, although the presence of graphitised surface layer was confirmed by Raman
spectra analysis, it was not possible to identify the layer thickness. It is worth to remind
that the Raman measurement axial resolution was 1um and the reported thickness for

femtosecond laser was from 90 to 200 nm [152]. Therefore, the LIPSS amplitude is of
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similar scale and therefore this fact cannot be neglected. Additionally, mechanical
properties of such graphitised layers are quite different and inferior when comparing to

as-received DLC.

4.3.2.2. Glancing angle X-ray diffraction

A further analysis was conducted with GAXRD to investigate the resulting structural
changes in the laser treated DLC. The results obtained on as-received and laser
modified DLC are shown in Figure 4.6. Samples S2 and S3 were chosen for this
additional analysis as the laser settings used in their processing were the most distinct
(see Figure 4.3), meaning S2 and S3 were produced respectively with the highest and
lowest accumulated fluence. It was confirmed that the first and third peaks visible in
Figure 4.6 come from the austenite in the substrate, i.e. the steel plates that were
coated with DLC; that’'s because GAXRD penetration capability was actually higher
than the coating thickness itself thus detecting a signal also from the steel substrate.
The second small peak could be attributed to either ferrite within the austenitic stainless
steel or chromium coming from the buffer layer (which is standard layer applied during
the PACVD process to improve adhesion) between the DLC and steel substrate as
they have similar crystal structures. The difference in intensities or the small shifts
could be explained with some misalignment on the surface level during the
measurements that were more pronounced in GAXRD. No graphite crystallisation was
detected by this GAXRD measurement implying the absence of DLC crystallisation or
crystallites size changes after laser processing were too small to detect by X-ray. In
addition, if the laser modified layer thickness is less than 200 nm (see Section 4.3.2.1),

any signal coming from such a thin layer could be too weak to detect. If any substantial
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graphite crystallisation at micro or nano scale was present, a broad peak would have

appeared at approximately 26 or 50 deg [159].

a-Fe
k. 4
T T T T T
',I'-FE v ¥- Fe
b 4
3
= 53
=
=
L% ]
c
a
e
=
52
As-received
| L | 1 1| L
10 20 30 a0 5o 60

28, deg
Figure 4.6 GAXRD spectra of DLC coatings on as-received and S2 and S3 samples

after fs laser processing.

4.3.2.3. Nanoindentation

It is not easy to assess the actual hardness of LIPSS onto the DLC films due to the
ripples influence on the surface and also the relatively soft substrate material. The
results from the nanoindentation measurements are summarised in Figure 4.7 where
a distinct hardness reduction of DLC coating can be seen after the fs laser processing.
The main discussed results are the ones reported for the nanoindentation depth control
of 400 nm but the results for 600 nm were also plotted in Figure 4.7 for comparison.
The hardness has been reduced from 22 GPa to approximately 9 GPa for sample S3

which was a sample that was produced with lower fluence and less pps. These
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changes could be attributed more due to the presence of the laser-induced
modifications in DLC, that is the presence of thin layer after the fs laser processing
which affected its hardness (see Section 4.3.2.1) than to the presence of LIPSS.
Another evidence for this effect is that the further increase of fluence and pps led to
even bigger hardness reduction of approximately 4 GPa on sample S2. For
comparison the hardness of the steel substrate is around 2.5 GPa which is highlighted
with red dashed line in the Figure 4.7.

It is worth reminding that the as-received DLC coating thickness was from 2000 to
5000 nm meaning that the risk of the substrate influencing this measurement was
reasonably low as the nanoindentation was depth controlled of 400 nm. The additional
nanoindentation tests were also conducted with depth control of 200 nm and 600 nm
but the repeatability was much lower in the first case because of the LIPSS presence
on the surface. In the second case of the measurement control of 600 nm the results
are also provided in Figure 4.7 and its can be stated that this measurement condition
provided comparable results as to the 400nm depth controlled one. However, higher
penetration depth during the measurement could have higher chances to be influenced
by the substrate. Therefore, the measurements with depth control 400 nm were taken
for consideration.

All these suggests that the DLC film is sensitive to the used laser processing
parameters and even small changes can lead to substantial deviations of resulting
nanohardness. The other reason for the distinct hardness reduction could be the wavy
profile of LIPSS on the surface that could affect the indentation contact and thus the

obtained hardness values.
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Figure 4.7 Nanoindentation results of as-received and laser textured DLC. Two sets
of results for depth control of 400nm and 600 nm was provided. The red dashed line

indicates the hardness of the steel substrate.

4.3.2.4. Ball-on-plate tests

The results from the CoF Measurements on fs laser processed and as-received DLC
after 100 ball-on-plate cycles are provided in Figure 4.8. It can be seen that up to 50
cycles there were no visible changes in friction properties between as-received and
laser processed samples. However, a slight CoF increase on processed samples was
observed after 50 cycles. This can be explained with the increased contact area
between the ball and the LIPSS treated plates as depicted in Figure 4.9. All four fs
laser treated samples did not demonstrate significant CoF differences with the increase

of the ball-on-plate cycles, in spite of the exhibited changes in their mechanical
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properties, e.g. their hardness. Taking into account the presence of the thin modified
layer discussed in Section 4.3.2.1 that is structurally similar to GC, these results are
expected because of the comparable tribological performance of both materials. In
particular, it was reported that GC had CoF of around 0.2 when Alumina balls were
used in the tests [160] while a mean CoF value of 0.12 was obtained in this research
on as-received DLC. Interestingly, the same CoF trends were observed during
reciprocating tests performed perpendicular and parallel to LIPSS, as can be seen in
Figure 4.8a and 4.8b. In addition, the wear tracks had similar widths, too, and thus the
orientation of periodic structures did not influence the CoF measurements but mostly

the contact of the laser modified DLC with the ball.
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Figure 4.8 Measured COF for 100 cycles for as-received and laser patterned DLC

samples with reciprocating direction perpendicular (a) and parallel (b) to LIPSS.
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Figure 4.9 SEM images of wear tracks of sample S3 after 50 reciprocating cycles

perpendicular to LIPSS.

After examining the wear track with the focus variation microscope, the track did not
have any noticeable depth at macro scale or the material removal was too small to
detect. Additional AFM measurements were conducted that revealed smudged LIPSS
and the surface looked like have been polished as depicted in Figure 4.9 and 4.10.
Further EDS inspections did not detect any Alumina traces in the wear track and thus
to suggest that any debris came from the modified DLC. Apparently, the graphitised
layer filled the valleys of the ripples during the ball reciprocating movements and as a
result the LIPSS profiles became shallower (Figure 4.10). This cannot be considered
unexpected as at this point the surface hardness was already lower than that of the

alumina ball.
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Figure 4.10 AFM measurements: a) sample S3 after 100 reciprocating cycles parallel

to LIPSS with an Alumina ball; b) the LIPSS profile along the white line in a)

Note: the measurement was taken in the middle of the wear track.

The four samples were not investigated further because only the friction behaviour
rather than long-term wear performance was of interest in this study. It is worth
mentioning that maximum Hertzian contact pressure calculated as Alumina ball with
flat DLC as a counterpart was around 620 MPa in this tests [161]. It is six to three times
more than the contact/holding pressure in injection moulding processes [162].
Additionally, it can be stated that the measured CoF increase of 0.05 over the fs laser
processed DLC should not make this surface treatment as not appropriate for
producing replication masters but some additional micro tribology tests with tips

smaller than nanostructures should be performed to validate this further.

4.4, Conclusions

The effects of fs laser processing of DLC, especially on its properties, were
investigated in this research as a potential treatment for replication masters. It was

demonstrated that highly uniform LIPSS can be generated on thin DLC films without
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any delamination when optimised process settings are used, i.e. pulse numbers and

fluence. The effects of this fs laser treatment were studied on representative DLC

coated samples and the following conclusions were made:

Raman spectroscopy indicated that fs laser processing led to the formation of a
thin graphitized surface layer that had changed properties to as-received DLC
and could explain the reduced hardness of fs laser treated DLC samples.
GAXRD showed that there were no appreciable changes in the DLC long-range
ordering as a result of the fs laser processing, confirming that the change in
crystallisation status, if any, should only occur within the thin laser-modified
layer.

The hardness of fs laser treated DLC samples was dependent on the used laser
processing settings, i.e. it decreased with the increase of pulse number and
fluence, and overall it was significantly reduced after the fs laser treatment.

Fs laser processing of DLC had only a marginal effect on CoF. However, even
small number of reciprocating cycles with an alumina ball led to flattening of

sub-micron ripples on the fs laser treated DLC samples.

Based on the findings of this research, the fs laser treatment of DLC coatings can be

considered suitable for producing replication masters because of its lubricating

properties and with hardness still three times higher than the substrate material, i.e.

stainless steel. Most of the DLC attractive properties can be maintained, especially

relatively low CoF values and hence the low adhesive nature of DLC coatings even

after their fs laser treatment. In other words, fs laser structuring/texturing of DLC

coating for producing replication masters can benefit from functionalised sub-micron

structures, i.e. LIPSS, incorporated on durable coatings’ surface and with improved
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demoulding performance at the same time. This is very important for the broader use
of fs laser technology in tool making that allows to combine advantageous properties

of not only the material but also added functionality of structures/textures.
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Chapter 4 demonstrated that uniform LIPSS can be generated on a larger area on the
DLC without coating delamination when laser pulse numbers and fluence is controlled.
The results confirmed structural changes in thin coating’s layer of laser structured
surface and indicated that frictional properties of DLC are maintained after
femtosecond processing but with distinct reduction in hardness. Nevertheless, it was
stated that combining femtosecond laser processing with DLC coating for
manufacturing replication masters is still beneficial. The tested properties were inferior

to as-received DLC but still superior to the substrate material, i.e. stainless steel.

In the previous Chapter, the experiments were conducted on a planar surface with
normal laser incidence. However, the polymer replicas covered with LIPSS as
functional surfaces might need to be of more complex shapes than just flat areas. The
manufacturing of the replication masters and the laser structuring/texturing process
could also be applicable to freeform surfaces. As explained in Chapter 2, the
processing of non-planar surfaces affects the laser processing conditions and, without
appropriate countermeasures, the LIPSS produced on such surfaces may degrade or
lose their surface functionality. This is also a limitation for any industrial real-life
application and it remains an open issue for LIPSS treatments. In the next chapters,
LIPSS research questions are addressed that are related to their modelling and
monitoring when laser processing conditions are disturbed which happens on freeform
surfaces. The application is now not only restricted to injection moulding process but
could have wider implications where functionalized freeform surfaces with LIPSS are
required. For that reason, the material used for the following studies is stainless steel

in order to be more representative to metals with similar material properties.
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CHAPTER 5: MODELLING ULTRAFAST LASER

STRUCTURING/TEXTURING OF FREEFORM SURFACES

In this Chapter, the second research question from Chapter 2 is addressed. The
analytical model, based on ultrafast irradiation principles and previous works on
predicting LIPSS parameters domains, is developed for assessing the accumulated
fluence when treating freeform surfaces. For the first time, it acknowledges the impact
of two main processing disturbances on the actual laser beam distribution and local
fluence threshold changes. Afterwards, the model is validated on samples produced
with controlled processing disturbances. The laser processing parameters for fluence
threshold definition was provided in Table 3.4 while validation experiments correspond
to the ones from Table 3.5. The research is proposing a basis for assessing laser
conditions on freeform surfaces that is needed to understand the changes in LIPSS
behaviour hence to define the limits of their functional responses. It is especially
essential in determining the processing constraints for given laser parameters’ domain
which helps designing efficient strategies for laser structuring/texturing of non-planar

surfaces.
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Abstract

Laser structuring/texturing of freeform surfaces is attracting the attention of
researchers and industry because it can enable high impact applications and also the
technology can offer important advantages compared to alternative/conventional
processes. So far, laser structuring/texturing has been applied mostly on planar
surfaces, while employing it for 3D processing it introduces some disturbances that
affect the processing conditions. In particular, Beam Incident Angle (BIA) and Focal
Offset Distance (FOD) variations are two important processing disturbances that
impact the resulting structures/textures on freeform surfaces and also their functional
responses. Furthermore, those disturbances should be considered as constraints in
planning the laser processing operations, i.e. when pre-processing 3D models by
partitioning into laser processing fields, and also in designing the processing
strategies. However, such constraints are always material specific for a given
parameters’ domain and can be time-consuming to determine empirically. In this
research, a model for calculating the accumulated fluence for generating Laser
Induced Periodic Surface Structures (LIPSS) throughout the processed freeform
surfaces is proposed. It considers the actual spatial intensity distribution of a Gaussian
beam when processing 3D surfaces in the presence of varying FOD and BIA. It was
demonstrated that the 3D surface processing leads to variations in their processing
conditions, in particular changes of beam spot size that affect local fluence thresholds.
The comparison of simulation and experimental results has shown that LIPSS main
characteristics, i.e. their amplitudes and periodicity, can be predicted with acceptable
accuracy. Also, changes in processing conditions caused by disturbances that affect

LIPSS performance can be identified. The results of this research can be used to
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determine the BIA and FOD limits/tolerances within which the LIPSS functional
response on freeform surfaces can be maintained within acceptable levels for any

given application.

Keywords: LIPSS, freeform surface, laser processing, femtosecond laser, astigmatic

Gaussian beam
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5.1. Introduction

Laser structuring/texturing is known as advanced manufacturing process that can
enhance surface properties without compromising excessively the throughput or costs.
It draws the attention of researchers and industry because it offers selectivity, relatively
high accuracy and flexibility, e.g. for 3D processing, when compared to
alternative/conventional processes.

Laser Induced Periodic Surface Structures (LIPSS) are a particular type of submicron
surface structures produced by ultrashort lasers that stand out among others due to
their vast applicability and the fact that they can be generated on almost any
engineering material. Firstly, they were found on semiconductors [39] but with the
constant advances of ultrashort laser sources they had become a viable alternative for
surface processing of metals [163]-[165], ceramics [166], metallic glasses [167],
glasses [168] and polymers [97]. Because of LIPSS specific geometrical
characteristics, all these materials benefit from added surface functionalities, such as
improved wetting properties for self-cleaning or anti-icing applications [169], [170],
anti-bacterial surfaces for food industry [171], cell proliferation in medical implants
[172], friction reduction [173], enhanced antireflection [40], [174] or they act as
diffraction grating exhibiting structural angle-dependent colours utilised in hologram
fabrication or counterfeiting applications [144].

LIPSS appear on the material’s surface as ripple-like structures after irradiation with a
polarised ultrashort laser beam and their characteristic are dependent on wavelength
and processing parameters. In particular, laser fluence affects ripples depth while
wavelength and incidence angle have an impact on periodicity and polarisation vector

influences their orientation [175]. Typically on metals, it has been observed that LIPSS
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emerge on a surface when the fluence is close to the ablation threshold of a given
material and a relatively small number of pulses is required [96]. The evolution of
LIPSS on processed surfaces is as follows. Firstly, random nanostructures are created
with features like nano holes, nano cavities or nano protrusions. A further increase of
accumulated fluence, e.g. by increasing the number of pulses and/or their fluence,
leads first to High Spatial Frequency LIPSS (HSFL) that then evolve gradually from
Low Spatial Frequency LIPSS (LSFL) into grooves/bumps and spikes [64]. Currently,
LSFL attracts more attention as they can be easily controlled, optimised and
homogenously produced on large areas and thus offer capabilities for functionalising
surfaces with required repeatability for a range of applications.

So far, the LIPSS research was mostly focused on their generation and optimisation
on planar surfaces because of the requirement to assess/characterise their functional
response and also due to equipment related constraints. However, when the identified
processing domains are applied onto non-planar surfaces, additional factors start
affecting the LIPSS formation and also their functionality. These factors are
disturbances that alter the processing conditions. The two most prominent ones are
Beam Incident Angle (BIA) and Focal Offset Distance (FOD). Their influence on LIPSS
formation was studied and it was reported that BIA mostly affects the LIPSS periodicity
while FOD influences the average peak to valley amplitudes of generated ripples [176].
The presence of these disturbances can change laser processing conditions
dramatically and result in an interrupted LIPSS generation that consequently can affect
the surface functional response. One way to counteract these undesirable effects when
processing non-planar surfaces is to process them with a focused laser beam and

always with normal incidence. However, such approach requires the use of multi-axis
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laser processing systems with simultaneous control of optical and mechanical axes in
the beam delivery sub-system. Therefore, a more common approach is to maintain BIA
and FOD within some pre-defined limits that can be determined experimentally and
thus to maintain the LIPSS functional response within acceptable limits [177]. Then,
such “tolerances” can be used to partition freeform surfaces, e.g. by employing so-
called “freeform surface layering” [178] or by applying tessellation/triangulation
algorithms [126], [179], and thus to design and implement optimised processing
techniques and strategies.

It is worth mentioning that the procedure for verifying the BIA and FOD tolerances is
always material specific for a given laser processing domain and can be time-
consuming. Therefore, when LIPSS surface treatments are employed in industrial
applications, there are available simplified models that can be used to determine the
laser processing domains for a given material and thus to produce areas covered
consistently and homogenously with LIPSS [112]. However, the results are valid only
for planar surfaces without taking into consideration dynamic changes in processing
conditions. Therefore, there is a need for analytical methods that can determine reliably
processing tolerances for producing functionalised surfaces on non-planar surfaces.
In this research, a model is proposed for assessing the accumulated fluence when
processing non-planar surfaces that accounts for the disturbances affecting the
processing conditions. It considers actual spatial pulse intensity distributions in the
presence of varying FOD and BIA. Ultimately, by simulating the processing conditions
considering the effects from these disturbances and material optical properties, the

LIPSS characteristics can be predicted, i.e. their amplitudes and periodicity. Thus, it is
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possible to judge indirectly about LIPSS functional response on complex surfaces
where otherwise their properties are difficult to measure.

5.2. Theory

5.2.1. Ultrashort laser irradiation with an astigmatic Gaussian beam

The existing models for ultrashort laser irradiation of materials usually assume an ideal
Gaussian beam intensity distribution, i.e. a circular profile with symmetrical divergence
above and below the focal plane, even when non-planar and inclined surfaces are
processed [99], [100], [125]. This assumption can be acceptable in conditions where
the effects of any processing disturbances can be simplified or even neglected.
However, this is not the case anymore when a given laser structuring/texturing
application is more sensitive to FOD and BIA variations. In addition, when laser
sources are integrated into systems with relatively long beam paths incorporating
several components, the beam reaching the substrate might be astigmatic. This type
of Gaussian beams has two principal directions in the transversal planes. Its waists
positions do not coincide and thus the beam is not always circular throughout the
propagation axis and has elliptical cross-sections [180]. There are many applications
where the presence of processing disturbances cannot be ignored and the actual
Gaussian beam should be considered in the models. In this way, significant
discrepancies in simulation results can be avoided, i.e. due to varying local fluence and
pulse overlaps.

It could be assumed that the Gaussian beam is a simple astigmatic one where the
ellipses of constant intensity and phase are aligned and their orientation stays constant

at every point along the beam path [106]. The two-dimensional local fluence intensity
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distribution of such beam on a processed surface can be described using the following

equation (derived from [106]):

—2 2 —2 2 (5.1)
2@ +w§<z)y>

where F, is the peak fluence expressed as (derived from [106]):

F(x,y,z) = Fyexp <

2P

friw, (Z)wy (2)

Fy(2z) = (5.2)

where: P is average power and f - pulse repetition rate. Beam waists w, and w, of

astigmatic beams depend on the position along the laser propagation axis, z, and they

can be calculated as follows [106]:

2
Z — Zy;
wi(z) = woi\/l + (A 201 Mlz) =%y (5.3)

TTWy;

where: w,; is the smallest waist at z,;; A — the laser wavelength, and M? — the beam
quality factor for each principal direction. Astigmatism is defined as the difference
between the smallest waists’ position, i.e. zy, — zy,. If that distance is equal to zero,
the beam is not astigmatic.

Processing of an area bigger than a beam spot size requires laser beam movements
in a two-dimensional domain that is realised by employing x and y beam deflectors.
The area processed with multiple pulse trains with different overlaps in x and y is

depicted in Figure 5.1. For a given scanning speed v and f, the distance between

pulses along the x equals to Ax = ?While alongy is Ay = h, where h is the hatch offset

between two consecutive y trains. Hence, the number of pulses along x and y when

processing an area L,X L, can be calculated as follows (derived from [181]):

115



LASER INDUCED PERIODIC SURFACES STRUCTURES: ADVANCES IN MODELLING, PROCESSING AND MONITORING

L, — 2w, Ly, — 2w,
=X "X N =2 " 5.4
Ax Y Ay ©-4

Ny
It is worth stressing that these equations are valid if an assumption is made that the
beam waist is constant and the laser beam is always focused on the surface. However,

due to the beam astigmatism and resulting ellipticity, the smallest beam waists might

not always be at the same focal position.

Ax=v/f
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Figure 5.1. A schematic representation of an area L, x L, processed with elliptical

beam spots with multiple pulse trains with pulse overlaps in x depended on the
scanning speed (v) and frequency (f) while in y on hatch offset (h) between two

consecutive pulse trains.

By combining Eq. 5.1 - 5.4, the accumulated fluence over a L, x L, area can be

expressed by using the following equation (adapted from [181]):
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y—Ay-j ?
+< w,(2) ))

where: N, is the number of passes over the area while i and j are integers in the ranges

(5.5)

of (_TN"%) and (_Tlvy%) respectively, if the origin of the coordinate system is in the

centre of the processed area.

5.2.2. The BIA effects on ultrashort laser irradiation model

As stated in Section 5.1, laser processing conditions vary when non-planar surfaces
are processed, in particular due to BIA and FOD variations. BIA, a, is defined as the
angle between the incident laser beam and the surface normal at a given point (x,y,z).
For example, if an inclined planar surface is processed, BIA will be maintained the
same throughout the area. In this case, to calculate the fluence intensity distribution of
a single pulse, Eg. 5.1 - 5.3 should be revised. Figure 5.2 shows a schematic
representation of a laser beam when processing an inclined surface. As can be seen,
the beam ellipticity increases with the increase of BIA. The smaller ellipse in the figure
depicts the spot size of the same beam but when it is focused on a surface normal to

the beam. In this case, the BIA variations do not affect w, but w, varies and its value

cannot be calculated anymore by using Eq. 5.3. In addition, the beam waist is now
dependent on the local focal offset, Az, and BIA, a, and this should be considered when

calculating the local fluence (F,. in Figure 5.2). As a result, w,,, increases with the

distance from the pulse centre and thus Eq. 5.3 should be revised as follows:
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L= 820,0) — 2) M2>2 (5.6)

2 y
W),

wyq(y,z,a) = a)oy\/l + (

where Az(y, @) = sin(a) * y.

Incident laser bea

Inclined sample

Figure 5.2. A schematic representation of an incident laser beam on an inclined
surface. For comparison, the blue lines and smaller dash-dotted ellipse depicts the
beam spot at the focal plane. The black lines represent beam waist w,, and Az
necessary to calculate the local fluence F,,. at a given point. The bigger ellipse depicts
the area where intensity is at 1/e? of F, while the yellow line is the absolute beam

diameter.

Considering Eqg. 5.6, the fluence of a single pulse on an inclined surface can be

calculated as follows:

F(x,y,2,a) = 2P cos(a) exp | -2 <<w gzz)>2 +< ycos(a) ) ) (5.7)

fn“)x(z)wya(y' z,a) “)ya(y' z,a)

Examples of pulse intensity profiles are given in Figure 5.3a. The profiles were

calculated based on Eg. 5.6 and 5.7 with w, = 20 ym, A = 1.03 um and M? = 1.2 on
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planar and inclined surfaces, especially with BIA of 40, 60 and 80 degrees. The point
at which the intensity drops to 1/e? of also affected F, at given BIA determines w, on
the processed surface. Figure 5.3b shows the relative changes of the same beam
when varying BIA. It is apparent that the changes of the beam profile are less
pronounced for BIA up to 40 deg while the difference increases up to around 30 % of
wy. In addition, beams with different w, will follow nearly the same trend for BIA
changes. However, when processing a surface with a bigger BIA, w, increases more
rapidly and for BIA = 80 deg the beam waists can be a few times bigger compared with
that when it is normal to the surface. Therefore, when processing surfaces with a
varying BIA, the irradiated area by each pulse increases together with the overlap

between them.
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Figure 5.3. (a) The changes of pulse intensity profiles of a laser beam with w, of 20 ym
when varying BIA, calculated from Eq. 5.6 and 5.7 with wy = 20 ym, 4 = 1.03 ym and
M? = 1.2 on planar and inclined surfaces (BIA = 0, 40, 60 and 80 deg). (b) The relative
changes of same beam waist (w, = 20 um) when increasing BIA. The increased waist
was measured at 1/e? intensity from Eq. 5.6 and 5.7 as in examples shown in (a). BIA
from O to 80 deg on the left; close up from 0 to 40 deg on the right. Curves plotted in

MATLAB.

Depending on the substrate, fluence values might be altered with BIA because of the
absorption changes. Absorptivity, A, of metals (stainless steel in this case) can be
estimated based on the well-known Fresnel equations with the refractive index of

materials (n + ik) that is wavelength dependent [182]:
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_ 4n cosa
P (n?+ k?)cos?a + 2ncosa + 1

A

(5.8)
4in cosa

- n? + k2 + 2ncos a + cos?a

N

where: p and s denote linear p and s beam polarisations, respectively. If circular
polarisation is used, absorption is an average of the two components A, = %(Ap + Ay).

Taking all these into consideration, the absorbed accumulated fluence on an inclined
surface of ultrashort laser simple astigmatic Gaussian beam can be calculated as

follows:

_ 2P cos(a) x — Ax - i\
Facc(x,y,2,0) = A NrZZfﬂ'wx(Z)wya(y' z,a) xp| 2 <( Wy (2) )
+ <(y — Ay’ j)cos (a)>2
Wya (Y, 2, )

where: Ay’ = Ay/cos () is the distance between pulses on the surface if they are not

compensated during laser scanning, in particular when the structuring strategy is
based on projections [125]. Also, while calculating local distance Az for each pulse, its
displacement should be considered, thus Az(y) = sin(a) - (y — Ay - j).

This model can be further generalised for processing of freeform surfaces. With the
increase of surface complexity, its geometry plays a more important role in assessing
the fluence distribution and accumulation. Surfaces can be clustered into developable
and non-developable ones. In particular, the first are ruled surfaces, such as cylinders
or cones, while the latter are compound curved surfaces, e.g. spheres, where the
curvature is present in two or more directions [183]. When processing such surfaces,
BIA varies in each direction and depends on the surface tangent at a given point (X,y,z)

of the workpiece. Provided that the local radius of the curvature is significantly bigger
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than the beam waist (R>>w), the fluence distribution of a single pulse on a freeform
surface can be simplified to determine local BIA in both principal planes. Hence, BIA

variations along x and y directions can be calculated as follows:

I zZ—7z
ak(k,z)=5—tan‘1 (k—kc)' k=x7y (5.10)
c

where: x., y. and z. is the centre of the curvature, which radius is R =

V(@ =22+ (y — y:.)? + (x — x.)2. Similar to Eq. 5.7, the fluence distribution of a single

pulse on a spherical surface can be described as follows:

F(x, V,Z, 0y, ay)

= o0y, 2, a0 ,) exp _2(<M)2+< _yeos(a,) )2) (5.11)

wxa (x‘ Z, ax) a)ya (y, Z, ay)

Regarding the accumulated fluence, analogous to inclined surface presented before,
the contributions of all pulses delivered onto the processed area need to be
considered. Hence, only an iterative model can be used that is adapted to the surface
complex geometry and thus assess the influence of any processing disturbances,

locally.

5.2.3. Fluence requirements in laser structuring/texturing

Models for ultrafast laser irradiation with Gaussian beams have already been used to
simulate ablation [122] and laser structuring [111], [112]. One of their main
assumptions is that ablation or structuring occurs when the processing fluence is
above a certain threshold, F;,. Furthermore, different types of morphologies, i.e. laser
induced structures, appear if processing is carried out within a predefined fluence

range. Previous studies shows that, for multi-pulse structuring, with the increase of the
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pulse number, N,,, impinging a given spot the fluence thresholds can be reduced [184].
This phenomenon is called incubation and it is material dependent. Incubation is
included ultrafast irradiation models and it is expressed in the equation for fluence

threshold [181]:
Fen(Np) = Fth(l)Nﬁ_l (5.12)

where: S € [0,1] is an incubation factor and F;; (1) is the fluence threshold for a single
pulse. The incubation model can also describe the relationship between the

accumulated fluence threshold, F,.», and N, as a requirement to achieve a certain

morphology on the surface [181]:

Face th(Np) = Fth(Np)Np = Fth(l)N;f (5.13)
However, when beams are being scanned across a given surface area and pulses’
overlap, assessing the number of pulses per spot have to be estimated and then used
for threshold calculations. Thus, the effective number of pulses can be calculated as
follows [111]:

T WyW
N y

peff :E AXA_’y (514)

Please note that depending on the chosen scanning strategy and the complexity of
workpiece geometry, the beam spot size is not constant anymore throughout the
processed field, as has been shown in Section 5.2.2. This leads to increased impact
of processing disturbances, i.e. BIA and FOD variations, and as a result, it will also
influence the local fluence threshold variations that have to be accounted for when

calculating F,...
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5.3.Methodology
5.3.1. Experimental setup and materials

Experimental validation was performed using ultrafast Ytterbium-doped laser source
with a pulse duration of 310 fs, maximum pulse energy of 10 yJ, a near-infrared
wavelength (A) of 1032 nm, and maximum average power of SW. A linearly polarised
laser beam was focused with a 100 mm telecentric lens which allows always normal
incidence within the field of view. The laser processing of surfaces was realized by
employing a 3D scan head. Additionally, a motorized rotational axis was employed to
control BIA. The test workpiece on which LIPSS were created was 1.5 mm thick, mirror
polished, 304 stainless steel plate. It was cleaned with acetone before the laser
processing. The complex refractive index of this material for the employed laser source

was (2.943 + 3.915i) [185] and this value was used in the calculations.

5.3.2. Beam characterisation

Beam waist measurements along the beam propagation axis were conducted using a
scanning slit beam profiler. Each measurement was repeated three times with an
increment of 100 ym along z. Results from beam waist measurements are provided in
Figure 5.4. The values were fitted to Eq. 5.3 using least squares method assuming that
Zoi, Wo; and M? were variables and A was constant. The peak fluence is the highest at
the focal plane where the area the beam spot size is the smallest. The astigmatism of
the used laser beam was 0.52 mm and the focal plane did not coincide with z, along x
and y axis and were equal to -0.41 mm and 0.11 mm, respectively. The smallest waists,

I.e. wox and wy,,, at these positions were 20.52 and 16.52 pm, respectively, while in
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the focal plane, w, and w, were equal to 22.33 ym and 16.82 um, correspondingly.

Beam propagation factor, M2, that also characterizes the deviation of the ideal
Gaussian beam in the fundamental mode was calculated to be 1.35 and 1.45 in x and
y, respectively. That means that the beam’s divergence half-angle differs in both
directions and was 21.6 mrad and 28.8 mrad. It is worth mentioning that the beam spot
size area, and thus peak fluence, along the propagation axis was not symmetrical and
therefore this could lead to different processing conditions below and above the focal
plane. Such initial characterization of the laser beam can be used in the model that
also accounts for disturbances that occur during processing of free form surfaces, such

as BIA and FOD variations.
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Figure 5.4. Beam waist measurements along the propagation axis, z, in two principal

directions, i.e. x and y, and their fitted curves to Eq. 5.3. The red line represents the

changes of beam spot area along z.
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5.3.3. Experimental validation

A field of 4x4 mm was scanned with a linearly p-polarised laser beam in a way that
both disturbances, i.e. BIA and FOD variations, were present and controlled as
depicted in Figure 5.5. The laser beam was focused at one end of the square on the
inclined sample and as the laser scanning progressed in y, FOD was increasing with
each Ay = 6 um displacement. As a result, actual Ay' on the sample was not
compensated and differed for each BIA used in this experimental study, i.e. 10, 20, 30
and 40 deg. The repetition rate used was 500 kHz while the scanning speed was
adjusted to 2000 mm/s and thus to maintain a pulse distance of Ax = 4 um. Initially,
the LIPSS fluence threshold and the relation between fluence and LIPSS depth was

determined when disturbances were not present, and this yielded constant N, .¢s of

24.6.

Figure 5.5. A schematic representation of the employed scanning strategy on test

samples where both disturbances, i.e. BIA and FOD are present and controlled.
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LIPSS were characterised with an Atomic Force Microscope (AFM). The samples
produced without disturbances were measured three times in different locations while
the validation samples were scanned along a straight line in y' every 250 pm, until
LIPSS were still present. Ripples’ geometric characteristics were obtained by using the
open source software Gwyddion. From each 20 x 20 um (256 x 256 px) AFM scan, five
lines, 2.3 um (30 px) wide, were drawn perpendicular to LIPSS profiles. LIPSS
amplitudes were expressed as standardised roughness parameter Rtm, that describes
an average distance between the highest peak and lowest valley in every sampling
length. Rtm was chosen because it was considered to give the best possible
representation of LIPSS amplitude (average peak to valley distance) in a simple post
processing operation. Additionally, for each scan 2D Power Spectral Density Function
(2D PSDF) was performed based on 2D Fast Fourier Transformation (2D FFT) in order
to evaluate characteristic spatial frequencies, occurring in LIPSS covered surface, from
which periodicity was obtained.

LIPSS periodicities were calculated based on the theory of ripples generation with
excitation of surface electromagnetic waves. In particular, this incorporates laser
incidence on the surface, laser source wavelength (A) as well as the polarisation type
and complex dielectric constants of medium, &;, and the processed material, &, [150].
Throughout the experiments the p-type polarisation was utilised, hence the theoretical

LIPSS periodicity was determined as follows (derived from [186]):

B A

Pt (&8s 5.15
Re &isina ( )
&+ &

A
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As the equation indicates, LIPSS produced with p-polarisation and with not normal
incidence have two superimposed periodicities and are referred to + or — as for the
sign used in the calculations. Dielectric constants employed in the calculations were
g = (1+0i) and €, = (-7.636 + 27.175i) for air and steel, respectively [187].

The theoretical model described in Section 5.2 was implemented in commercially
available software MATLAB. The model was providing the calculation of accumulated
fluence on the processing freeform surface. However, for the model input a laser beam
dimensions were initially characterised and the fluence threshold needed to be
determined as well. Therefore, before model validation an initial study was conducted
to extract that information. Additionally, a correlation between LIPSS geometrical
characteristics and the accumulated fluence was established. With this set inputs, the
modelled values were directly compared to the measured experimental values of
LIPSS amplitudes and hence the moment where ripples were no longer generated on

the surface could be predicted.

5.4.Results and discussion
5.4.1. LIPSS characteristics vs. accumulated fluence

Initial experiments were conducted without the presence of any disturbances on the
planar surface to study relations between LIPSS geometrical characteristics and the
accumulated fluence. Only pulse energy was varied and thus, the accumulated fluence
was affected by the changes in the peak fluence. As can be seen in Figure 5.6a, LIPSS
amplitudes rapidly increase to 150 nm after the fluence threshold of approximately
0.11 J/cm?, and then slowly continue to rise with the increase of the peak fluence.

Above F, = 0.5 J/cm?, LIPSS became noticeably irregular and were not considered
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homogenous anymore. Example of LIPSS produced with peak fluence 0.17 J/cm? and

0.5 J/cm? is presented in Figure 5.7.
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Figure 5.6. Dependence of LIPSS amplitudes (a) and periodicity (b) with F, increase.

Two vertical lines in (a) indicate peak fluences used in validation samples fabrication.

With regard to the LIPSS periodicity, /A, in Figure 5.6b, it was between 900 and 930
nm on average, which is proportional to the laser source wavelength, and it can be

considered unaffected within the range of peak fluence studied in this research.
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Figure 5.7 Examples of LIPSS topography, obtained by AFM, produced with peak

fluence 0.5 J/cm? (top image) and 0.17 J/cm? (bottom image).

For the sake of simplicity, an empirical equation was fitted to the measured data in
Figure 5.6a, that described the changes of LIPSS amplitudes with the increase of the
peak fluence. Based on the same input data, the processing conditions were simulated
and previously identified F;, was then used to assess F,... In the context of the
freeform surface processing, this interdependence can be used to predict the
processing settings that would lead to a significant decrease of F,.. and thus to the

loss of LIPSS surface characteristics, i.e. a significant drop in the peak-to-valley
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distance. In particular, it is critical to identify the gradient between F, and the fluence
at which the surface structures can reach their optimum characteristics and ultimately
functional response. By applying this approach, processing tolerances in regard to
processing disturbances can be estimated and consequently the sizes of processed
fields in freeform laser structuring/texturing can be optimized. To validate the model,
two F, were used and they are highlighted in Figure 5.6a. In particular, Fy; = 0.25 J/cm?
was used for the optimised laser setting for producing LIPSS and F,, = 0.44 J/cm?
where ripples are still homogenous and with a higher reserve of fluence in regard

to Fyp.

5.4.2. Model validation

As discussed in Section 5.2.3, the presence of disturbances leads to variations of the
local beam waist and thus the local fluence threshold varies, too. Therefore, to assess
F ... only the local fluence from each pulse above the threshold was taken into account
when simulating the process. Another reason for this was to avoid very small fluence
values to affect final F,.. that do not have any physical effect on the laser structuring
process. The incubation factor utilized in the process simulation was S = 0.86, with
Fyp (1) = 0.179 J/cm?, which is the typical value for 304 stainless steel if N, . < 1000
is used [188].

Figure 5.8 shows the experimental results in regard to the resulting LIPSS amplitudes
and their predicted values based on F,.. along y'. It can be stated that the ripples,
especially at the upper end of the processed square field, where they were mostly
influenced by the BIA deviation from normal and not as much by FOD, were typically

deeper when compared to LIPSS produced with a beam normal to the surface. It
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should be noted that the LIPSS formation mechanism is more complex [189] and
therefore some aspects were not taken into account in the relatively simple model
presented in Section 5.2. However, in spite of this, it was possible to predict the location
where the ripples are not anymore generated on the surface in all six cases depicted
in Figure 5.8. In particular, this was done by calculating the LIPSS amplitudes that
decreased with the drop of F,.. caused by processing disturbances. The area with
LIPSS present on the processed fields decreased with the increase of the BIA while
the FOD influence was more pronounced. The impact of the initial pulse energy was

also visible. LIPSS of similar depth could be maintained onto a bigger area for F,, than
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Figure 5.8. Experimental measurements of LIPSS amplitudes vs. their predicted
values based on calculations of F,.. along y’ for BIA of 10, 20 and 30 deg, and also

for initial F,, of 0.25 J/cm? (bottom row) and F,, of 0.44 J/cm? (top row).
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The percentage error between modelled LIPSS amplitudes along y’ and experimentally
measured ones was calculated for each of the initial peak fluence and BIA conditions
and they are reported in Figure 5.9. The average error between all measured and
modelled points was 20.2% and is also highlighted in the Figure 5.9. The prediction of
location, that is the fit on the sample length (y’) axis, where LIPSS where no longer

generated was assessed to have the average error of 4%.

Percentage error between modelled and experimental values
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Figure 5.9 Box plot of percentage error between measured and modelled values from

0

Figure 5.7 for BIA conditions of 10, 20 and 30 deg and with initial Fy; and Fy,. The

horizontal black line shows the average percentage error of all the points.

Regarding the LIPSS periodicity, Figure 5.10 shows that mostly both A,,_ and A, were
present, as explained in Section 5.2.3. Despite the changes in processing conditions
caused by the disturbances, i.e. increase of beam spot size and consequently the
decrease of the peak fluence on the processed surface, no major A variations were
observed. This could be attributed to the fact that the pulse energy was maintained

constant. Moreover, the increase of BIA led to Ap_ with lower values than the
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theoretical ones. This phenomena was already studied by researchers and it was
explained with the increased influence of the surface roughness induced by the laser
pulses that impacted the ripples periodicity [102]. In addition, A,, was not always
present on the processed fields, e.qg. for F,, and BIA of 10 deg, smaller ripples emerged
on the surface aty' = 2.5 mm, while at 20 deg, it was only at y' of 1.5 mm. Besides, at
the upper end of the processed field where F,.. was higher, A,,_ was always the more
dominant periodicity than A,, and with the decrease of F,.. along y' this tendency
began to shift. The evolution of LIPSS A is depicted in Figure 5.11 that shows three
AFM scans from the same field processed with F,, and at BIA of 20 deg. Aty' of 0.75
mm, only a higher A,_ could be seen while at 1.5 mm a mix of both periodicities is
detectable. The last image taken at y' = 3.5 mm shows only the presence of A, . This
suggests that these periodicities are also sensitive to changes of F,... The 2D PSDF
analysis of each AFM scans for this particular sample is presented in Figure 5.12 and
now A magnitude in regard to F,.. can be analysed. Especially, there is a clear trend
that with the increase of the distance from the top of the processed field, the
significance of A,_ decreases. Furthermore, the processing conditions when A,_
becomes inferior to A, are reached when F,.. is approximately 6 J/cm? and below
and they are the same for the rest of the tested samples produced with F,, while for
F,, this value was above 2 J/cm?. It can imply that different fluence thresholds need to
be recognized for these LIPSS characteristics and further research should be

conducted to confirm this.
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Figure 5.10. Measured LIPSS periodicities A,_ and A, and their theoretical values

(from Eq. 5.15) for samples produced with F,, = 0.44 J/cm? and BIA of 10, 20, 30 and

40 deg.
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Figure 5.11. AFM scans of a sample produced with F,, = 0.44 J/cm? and BIA 20 deg

along y’ at 0.75 mm (left), 1.5 mm (middle) and 3.5 mm (right) with their respective

profiles. White arrows indicate direction of polarisation vector (E) and scanning

direction (v).
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Figure 5.12. Measured PSDF values for sample produced with F,, = 0.44 J/cm? and

BIA 20 deg along y' and calculated F .. profile for this processing settings.

5.5.Conclusions

In this research, an ultrafast laser irradiation model for structuring free form surfaces
was proposed. A simple astigmatic Gaussian beam was considered in assessing the
accumulated fluence during structuring surfaces with varying BIA, i.e. inclined and
curved ones. It was demonstrated that surfaces structured with processing
disturbances, such as BIA and FOD, the pulse fluence distribution changes and results
in modifications of laser processing conditions, in particular beam size variations that
affect local fluence thresholds.

Validation samples were produced with varying BIA, i.e. on an inclined surface, where
both disturbances were present and controlled. It was shown that the LIPSS

characteristics, i.e. amplitudes and periodicity, can be predicted by modelling the
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accumulated fluence on a field processed with a characterised laser beam. Namely,
the LIPSS disappearance or transformations due to the presence of BIA and FOD
variations can be predicted. Furthermore, changes in LIPSS behaviour can be
predicted, too, and thus to determine the processing constraints for a given laser
parameters’ domain without conducting the necessary empirical studies. Such
information then can be used to drive the partitioning of freeform surfaces into laser
processing fields and thus to achieve the required LIPSS homogeneity and

consistency in their functional response.
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For the first time, an ultrafast irradiation model was adapted to processing conditions
when processing disturbances are present on the surface. The accumulated fluence
was accurately assessed because the actual spatial beam intensity distribution and
the effects of BIA and FOD were considered. It was also demonstrated that the effects
from processing disturbances influences the beam spot sizes which leads to changes
in local fluence thresholds. The initial analysis of LIPSS amplitudes with varied
processing conditions, i.e. accumulated fluence, was used to validate results and to
predict the changes in LIPSS behaviour. The model did not foresee precisely the
LIPSS amplitudes along the sampling length. However, the moment when LIPSS
started disappearing until no longer being present on the surface, because of reduction
in accumulated fluence, could have been predicted with the proposed analytical model.
A good agreement was also observed for LIPSS periodicities, where the transformation
of dominant periodicity could also be linked to the calculated accumulated fluence.
These findings are important for determining the processing constraints that are the
basis for partitioning the freeform surface into laser processing fields. This way it is
ensured that the functional responses are maintained on the laser structured freeform
surface as long as the processing conditions are kept within the limits. The model was
demonstrated on stainless steel, as an example, but it can be also applicable to metals

with similar optical properties.

In the previous Chapter, an ultrafast irradiation model for freeform surfaces was
proposed which addressed one of the open issue of broader LIPSS implementation for
their many applications, as discussed in Chapter 2. After calculating the processing
conditions required for maintaining the LIPSS functionality, another crucial aspect of

laser structuring is to monitor the process. Especially, it is important to monitor the
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process and ensure that any shifts/deviations in LIPSS features can be detected as
they can affect greatly the ripples functional response. During the design phase, the
settings of the laser structuring strategy of the freeform surface can be chosen with
narrower margins for the LIPSS treatments to be more flexible, although the process
may not be the most efficient. Another challenge is that LIPSS sub-micron features are
hardly resolved by the traditional optical metrology tools and other techniques
proposed so far are not suitable to satisfy technical requirements for the process
monitoring, i.e. fast and robust LIPSS data acquisition and analysis. The following
studies will focus on proposing solution for LIPSS monitoring, when processing
disturbances are present, based on their optical response and, ultimately, on using
neural networks for the data post-processing aiming at direct prediction of their

processing conditions and functional response.
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CHAPTER 6: INLINE LIPSS MONITORING METHOD EMPLOYING

LIGHT DIFFRACTION

This Chapter focuses on the third open question formulated in Chapter 2. A concept
for inline monitoring of LIPSS is proposed; this is based on analysing the optical
response from laser structured surface also when processing disturbances are
present. The light diffraction angle and reflectance is measured to detect relative
changes in LIPSS geometrical characteristics with respect to the given reference. The
laser experiments related to this Chapter were provided in Tables 3.6-3.10, however
only parameters from Table 3.7 and 3.10 are reported in this study. The sensitivity of

the method is also analysed with its suitability for a process monitoring solution.
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Abstract

Laser induced ripples that are also known as Laser Induced Periodic Surface
Structures (LIPSS) have gained a considerable attention by researchers and industry
due to their surface functionalization applications. However, texturing large areas or
batch manufacture of parts that incorporate LIPSS surfaces, require the development
of tools for monitoring the LIPSS generation and potentially for controlling their main
geometrical characteristics, i.e. spatial periodicity, orientation and amplitude. In this
context, the focus of the research reported in this paper is on developing process
monitoring and inspection methods for identifying shifts and changes in these
characteristics. One of the well-known and widely used by industry method for
characterising and inspecting surfaces is light scattering and this research investigates
the capabilities of this method for inline monitoring of LIPSS optical response. A simple
setup was designed and implemented for measuring the diffraction angle and intensity
of the reflected light from LIPSS surfaces. The capabilities of this concept for
determining relative shifts in the optical response on surfaces processed with known
disturbances such as incident angle deviations and focus offset, were investigated.
Sensitivity of the method proved to be sufficient to detect shifts/deviations from LIPSS
reference and thus potentially to monitor their generation inline with a simple sensor,

e.g. the LIPSS treatment of larger tool surfaces or serial manufacture of holograms.

Keywords: LIPSS, light diffraction, femtosecond laser.
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6.1. Introduction

Laser-induced periodic surface structures (LIPSS) have attracted a significant interest
from researchers and industry in the last decade due to their surface functionalisation
capabilities. LIPSS are formed by irradiations with a polarised laser beam and appear
as surface reliefs composed of periodic lines or ripples [190]. It has been widely
reported that LIPSS surfaces exhibit super hydrophobic properties [191], improved
tribological performance [173] and can be applied to control cell growth or bacteria
adhesion [58]. Another prominent applications relate to the LIPSS periodicity that can
act as a diffraction grating, in particular displaying structural colours that are dependent
on the angles of incident light and observation. Such optical properties can be utilised
in information storage, anti-counterfeiting or decoration applications [47]. The resulting
optical properties of such textured surfaces could be controlled by controlling LIPSS
geometrical characteristics, i.e. their spatial frequency, orientation and amplitude. The
LIPSS periodicity is strongly dependent on wavelength of the laser source (A),
processing angle and fluence, while the laser beam polarisation determines the ripples’
orientation. For most metals it is reported that LIPSS are orthogonal to the linear
polarization vector [192]. Additionally, the ripples’ height increases with the fluence
increase and this affects surface reflectivity, i.e. leads to light trapping that is also called
a ‘blackening effect’ [40], [174].

Femtosecond laser sources has been used for colouring metal surfaces not only by
creating diffraction gratings but also by controlling surface’s chemical compositions or
morphology [165], [193]. The use of LIPSS as an angle-dependent colouring tool has
been systematically studied, especially their dependence on laser wavelength (from

400 to 2200 nm) that affects the LIPSS spatial periodicity and in this way it is possible
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to exhibit desirable structural colours [194]. Furthermore, the LIPSS optical properties
were utilised as a method for a selective display of colours, especially by encoding
ripples with different orientations on metal surfaces [46], [195]. However, in spite of
these promising technology advances there are still no qualitative method for
controlling the angular-dependent, observable colours.

LIPSS monitoring approaches were already reported based on different methods, e.g.
in-situ analysis of ripples’ pulse-to-pulse variations by structured-illumination-
microscopy (SIM) [124] or by recording LIPSS formation using small-angle X-ray
scattering [128]. A common issue associated with these methods is that it is difficult or
even impossible to implement them in any up-scaling LIPSS manufacturing solutions.
Therefore, there is a need to develop process monitoring tools that could be
implemented for fast in-line and cost-effective monitoring that could enable the
development of tools for controlling the LIPSS formation process. One of the widely
known method not only for characterising surfaces but also for detecting defects used
by industry, e.g. in thin-film coatings, is light scattering [196], [197]. Especially, light
scattering can be used as a non-destructive, non-tactile, accurate and robust real-time
monitoring tool for inspecting surfaces [198]. In the case of laser induced ripples, it is
possible to judge about their homogeneity, orientation and periodicity by analysing the
diffracted light from them and thus to acquire indirectly information about their surface
morphology [101], [199].

So far, most of the reported LIPSS research has been done on processing planar and
not freeform surfaces. This is not surprising as it is much more difficult to maintain the
LIPSS generation in control as other factors start affecting the process, i.e. the control

3D movements of the focused beam and also the beam incident angle. Additional
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possible disturbances occurring during 3D structuring could be the rotation of LIPSS
orientation [200] or the insufficient 3D focusing for fast scanning speeds [31]. The
factors affecting the LIPSS generation on tilted samples and their dependencies were
already studied [104], [186] together with the effects of carrying out the processing with
a defocused laser beam [201], [202], however not for the purpose of 3D structuring.

This research reports a concept for inline monitoring of LIPSS generation that can be
realised by employing commercially available light scattering sensors. In particular, this
work proposes a method for monitoring the LIPSS formation based on the diffracted
light from textured surfaces that can be easily applied as in-line process monitoring
tool. Its capabilities for determining relative shifts in the optical response on surfaces
processed with known disturbances such as incident angle deviations and focus offset,
were investigated. Then, the sensitivity of the method was analysed as a process

monitoring solution for detecting shifts/deviations from reference LIPSS.

6.2.Methodology

The material used for all experiments was a mirror polished 304L stainless steel. The
experimental investigation of the light diffraction response of LIPSS surfaces was
conducted using ultrafast Ytterbium-doped laser source (Satsuma from Amplitude
Systems), with a pulse duration of 310 fs, pulse maximum energy of 10 uJ, a near
infrared (NIR) wavelength of 1030 nm and maximum average power of 5 W. The laser
beam deliver system is depicted in Figure 6.1a. The spot size of Gaussian- linearly
polarized beam was approximately 40 ym when a 100 mm telecentric lens was used
and the laser processing of the surfaces was realized by employing a 3D scan head

(the RhoThor system from Newson Engineering). Especially, the z-module of the scan
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head was deployed to process tilted samples and thus to keep the beam focused on

the surface within a volume of £ 3 mm from the focal plane.

a) powermeter XY-Scanner
310 fs ®

Beam
Expander

Z-Module

-
o
@
1S
3
3
<
N
[l
m!;:l
\J
- Y|
N

X
ﬁ “confocal

“sua) amuadapRl |
sz
w
o
=
N

b)

/'

Laser pointer

Ap = 532 nm \

Structured steel sample

Figure 6.1 Experimental setups: a) the beam delivery sub-system of the laser

processing setup; b) a schematic diagram of diffraction orders and their angles’

measurements.
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The experiments were conducted by using the highest possible processing settings in
the available laser setup thus enabling fast LIPSS generation, keeping control over the
fluence without affecting the surface integrity. In particular, scanning speed of 2 m/s
and pulse frequency of 500 kHz were used to achieve 90% pulse overlap in the x
scanning direction. The structures were produced on steel plates as 10 mm x 10 mm
fields with 5 um hatching distance what resulted in overlap of 75% in y direction (see
Figure 6.1a). Taking into account the results from some preliminary trials and also
results reported in literature for LIPSS processing of stainless steel samples [203] the
pulse energy was set in the order to obtain fluence of 0.088 J/cm?2. With these laser
settings textured samples were produced by varying the levels of the two processing
disturbances considered in this research, i.e. the beam incident angle and focus offset.
The variation of beam incident angles was achieved by tilting the A stage, as depicted
in Figure 6.1a, from 0 to 25 degrees. It should be noted that in the experiments the
polarisation vector was parallel (defined as p-type) or perpendicular (s-type) to the
incident plane. Processing with a focus offset was realised by displacing the Z stage
(Figure 6.1a) from focal point with a step of 100 uym until the light diffraction was still
present.

The optical property of LIPSS was studied by employing the simple setup shown in
Figure 6.1b. In particular, a monochromatic laser pointer with 1 mm diameter was
shone on the surface and then the diffraction angle was measured at least three times
for each sample. It was realised by analysing the diffraction patterns, projected on a
flat, white screen and then by measuring the distance from the laser pointer to the

screen (x,,,=1) as well as the height of the first order diffracted pattern (z,,-,) with
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resolution of 1 mm, which are indicated in Figure 6.1b. Then, the LIPSS periodicity (A)
was calculated by using the following equation [204]:

m-/’lp

- (sin ,, + sin6;, - sin @) 6.1)

where: m is the diffraction order; 1, — the wavelength of the laser pointer, i.e. 532 nm

in this research; 6,, = tan‘l(%) — the diffraction angle; 6;,, — the incident angle of the

m=1
pointer, i.e. 0 deg.; and ¢ — the orientation of the laser pointer in regards to the ripples,
i.e. normal to the ripples as shown in Figure 6.1b.

By using the experimental setup in Figure 6.1b only the relative values of 6,,, in regard
to a set reference could be obtained. Therefore, the absolute value of A were
determined by acquiring scanning electron microscope (SEM) images of the LIPSS
surfaces and then by performing fast Fourier transformations (2D FFT) from three
areas of the same sample. Also, Atomic Force Microscopy (AFM) measurements were
performed to know the LIPSS amplitudes. One 20 um x 20 ym area of per sample was
inspected and the amplitudes were calculated as an average from four measurements.
Then, in addition to diffraction angle measurements, the reflectance spectra from
processed samples was acquired by using Ocean Optics USB2000+ Spectrometer

with a tungsten-filament lighting and a Carl Zeiss Scope A1 optical microscope.

6.3.Results and discussion
6.3.1. Initial trials

An initial study was conducted to analyse the optical response of LIPSS samples
produced by varying the fluence levels, in particular to study their first order light

diffraction together with their zero-order reflectance. The relative differences were
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determined by using as a reference the sample produced with the LIPSS fluence

threshold, i.e. the sample where the light diffraction became visible, as depicted in

Figure 6.2a. The results showed that a fluence increase led to a periodicity decrease

in line with what has been reported so far
observed the same trend as some pointed

increase with the increase of fluence [164].

[48], [205]. However, not all researchers

out that the LIPSS periodicity could also

a) 0.000 0.100 0.200 0.300 b) 0.000 0.100 0.200 0.300
0 A 0 ©
-0.5 905 ° 355 ¢
L F=0.054 J/cm’ =10 F=0.054 J/cm’ g
g A g 20 315 E 2
- 1]
g5 . 895 2 275 ¢ 5
2 2 s E
[4+]
855 £ 18 4 235 £ 3
= 885 & | £ S 3
S 3 g -50 [ ] 195 o §
2 [ ) c
C C
235 MA}HH‘L‘ 2 .60 % 155 & 9
L 875 w @
= 4 5 % 0% 5
= _ 00, 115
) s o -70 o*® (11 2
-80 7.5
- 865 A
Fluence, J/emA2 Fluence, J/ecm”2
c) 3.0E+04
Reference: F=0.054 J/cm?
3
I 2.0E+04
=
3
= F=0.088)/cm?
£ 10E+04
§ F=0.13 J/cm?
0.0E+00
390 420 450 480 510 540 570 600 630 660 690 720
Wavelength, nm

Figure 6.2. Relative changes in periodicity (a) and reflectance (b) with the increase of

fluence with a reference to F=0.054 J/cm?;

(c) reflectance values for the wavelength

range from 390 to 720 nm for fluence levels of 0.054 (reference), 0.088 and 0.13 J/cm?.

Note: reflectance is expressed as the respective areas under the curves in (c), where

F=0.054 J/cm? is the reference.
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Furthermore, the fluence increase could lead to a significant decrease of zero order
reflectance as shown in Figure 6.2b. This could be explained with the combined effects
of ripples with a higher amplitude and surface oxidation that led to light entrapment
[40]. The reflectance reduction could be up to 75%. It is important to note that the
measurements were taken as intensity counts for the wavelength range from 390 to
720 nm. The resulted curves for fluence levels of 0.054 (reference), 0.088 and
0.13 J/cm? are depicted in Figure 6.2c. In particular, the reflectance in Figure 6.2b is
represented as the respective areas under the curves defined for the considered
wavelength range. It is apparent that both the periodicity and reflectance decrease
initially with the fluence increase and then stabilise when fluence has reached
approximately 0.12 J/cm?. This indicates that above this fluence value there is only a
negligible difference in the optical response of LIPSS samples. Therefore, the LIPSS
samples produced with fluence equal to 0.088 J/cm?were considered as it was stated
in Section 6.2. Especially, the samples produced with these laser processing settings
were considered a good trade-off between fluence and reflectance, in particular the
surface reflectance was sufficiently high. Then, these settings were used as a starting
point to produce LIPSS samples without and with laser processing disturbances
(see Section 6.2) in the follow up experiments while the same measurement approach

was used to investigate their optical response.

6.3.2. The effects of beam focus offset on LIPSS light diffraction and

reflectance

To judge whether the light diffraction could be used to monitor the LIPSS generation,

first, the optical response of LIPSS samples produced with and without a focus offset
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was investigated where the fluence was set constant at 0.088 J/cm?. In particular, the
SEM image of the LIPSS sample processed in focus is shown in Figure 6.3a while the
images of the LIPSS generated with the same laser settings but with offsets of 0.3 mm
and 0.6 mm from focal plane are provided in Figure 6.3b and Figure 6.3c, respectively.
As it can be seen in Figure 6.3, the increase of the focal offset led to less homogenous
LIPSS and also to the appearance of some unstructured areas, especially as could be
judged from Fourier transformation of the SEM images with the higher dispersion of
spatial frequencies. Based on the SEM images, periodicity was measured and the
results are provided in Figure 6.3d. In addition, AFM measurements were taken from
the same structures as depicted in Figure 6.4a and they are also included in
Figure 6.3d. However, at the same time the periodicity assessments based on the light
diffraction measurements showed lower values. This could be attributed to the used
indirect and simple measurement method that could be considered less accurate. Also,
it should be noted that the reason for the slightly different periodicities obtained using
SEM and AFM is that the measurements were not taken from the same areas. What
is more important in this research is that the light diffraction measurements have shown
the same trend as those obtained using both SEM images and AFM measurements.
The periodicity increase with the increase of the focus offset can be explained with the
increase of the laser beam spot that has led to a fluence decrease. For samples
processed with a focal offset higher than 0.8 mm the light diffraction was no more
visible and only the SEM images and the AFM measurements revealed areas with

some LIPSS initiation.
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Figure 6.3 SEM images of LIPSS surfaces processed without and with a focus offset
of 0.3 and 0.6 mm in (a), (b) and (c), respectively. Inlets are the Fourier transformation
of these images while the white arrows indicate the polarisation direction. (d) provides
periodicities’ results obtained with the light diffraction measurements (green dots),

SEM images (blue triangles) and AFM measurements (red squares).
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Figure 6.4 AFM measurements of samples produced within focus and with offset from

focal plane (a) and their profile (b). Reflectance measurements of zero order of the

same samples (c).

The LIPSS amplitudes were also measured, especially the average distance between
peaks and valleys of the LIPSS profile, as shown in Figure 6.4b. When the laser
processing was carried out in focus the average LIPSS amplitude was approximately
170 nm and then dropped to approximately 105 nm when a focus offset of 0.6 mm was
introduced. The LIPSS amplitude decrease affected the zero order reflectance of the
investigated LIPSS samples, too. In particular, the reflectance differences were

insignificant up to a LIPSS amplitude of 0.3 mm and then there was an approximately
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25% increase in the visible spectrum when an offset of 0.6 mm was used as shown in
Figure 6.4c.
6.3.3. The effects of incident angle variations on LIPSS light diffraction

and reflectance

The other laser processing disturbance and its effects on the LIPSS light diffraction
and reflectance investigated in this research was the beam incident angle variations.
It is widely accepted that the LIPSS formation is due to the interference of the incident
laser wave with Surface Electromagnetic Waves (SEW) generated by the laser that
results in periodic laser energy distribution and thus leads to periodic surface
structures. According to the theory, the LIPSS periodicity can be calculated as follows
[150]:

A
A

- 6.2
\/(%)2 — sin?a sin?f + cosp sina (62)

where: 1 is the wavelength of the laser source; a - the processing incident angle; k, =

Re\/e,&,/(&, + €,)k is known as propagation constant; k = 2m/1 ; & - complex
dielectric functions of the photoexcited material and intact dielectric in which laser
propagation occurs and as shown in the equation for k, their real part was taken into
periodicity calculations; 8 is equal to 0 or /2 in case of p and s linear polarisation of
the laser beam, respectively. Thus, the periodicity equation could be simplified

depending on the linear polarisation type as follows:

A A
A = AS:

p ’
,/(%)z + sina \/(%)2 _ sin?a (6.3)
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According to Eq. 6.3, structures produced with p-polarised laser beam on non-planar

surfaces can have two types of periods: A,,_ and A, which coexist at the same time.

This is attributed to the excitation of two types of SEW and their propagation throughout
the surface at the angles (/2 — a) and (a — m/2) [150]. These two periods became
noticeable on LIPSS samples produced with a beam incident angle deviation higher
than 5 degrees and are also visible in the Fourier transformations of the SEM images
as shown in Figure 6.5a-c. Taking into account the laser source wavelength, the &g;p¢;
and &,;,- values of the stainless steel samples utilised in the calculations were (-7.5032
+ 27.002i) and (1+0i), respectively [151]. Thus, the theoretical interdependence
between LIPSS periodicity and p- and s-polarisation can be calculated and is shown
in Figure 5.5d. According to Eq. 6.3, the LIPSS theoretical periodicity, A...- , Should
be approximately 1025 nm (the dash-dot curve in Figure 6.5d) when the incident beam
is normal to the processed surface and thus should be very close to the laser source
wavelength. However, the measured periodicity, A.,,, on produced LIPSS samples was
approximately 870 nm (the dashed curve in Figure 6.5d) or approximately 0.85 of
Aureor- This indicates that the LIPSS generation is affected by other factors such as
changes of material optical constant during femtosecond laser processing and
excitations of surface plasmons [104], [206] or the existence of additional nano- and
microstructures on the surface [207]. For stainless steel it was reported that A,,, has

varied in the range from 0.71 to 0.9 of A,..., [151].
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Figure 6.5 SEM images of samples processed with beam incident angle of 5 (a), 10

(b) and 20 degrees (c) with corresponding Fourier transformations; the periodicities
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measured with light diffraction (diamonds), SEM (dots) and theoretical (dash and dash-
dot lines) for beam incident angles up to 25 degrees and p+, p- and s linear

polarisations (d).

As it was the case with the off focus processing it was possible to detect the effects of
beam incident angle on the LIPSS formation while using a reference structures
produced without any processing disturbances. In particular, the same light diffraction
measurement setup was utilised to assess the optical response of LIPSS samples
produced without and with beam incident angle deviations. As it was the case with the
investigation of LIPSS generation when a focus offset was present (see Section 6.3.2)
the periodicity assessment based on diffraction measurements were normalised to
SEM results. The 2D FFT of SEM images showed two different periodicities when
p-polarisation was applied while the light diffraction results detected only the “higher”
A, periodicity. The “smaller” A,,, periodicity had much lower diffraction efficiency and
as a result, the intensity variations of the diffracted light became undetectable.

Analysing the results in Figure 6.5d, it can be stated that the measurements from both,
the light diffraction and SEM images, are in good agreement with theory and thus light
diffraction could be deployed as a stand-alone method to detect and predict changes
in the LIPSS generation. Regarding the reflectance changes as a result of beam
incident angle variations, they were too small and could be considered negligible. In
this case, it could be stated that the reflectance does not play an important role in
tracking LIPSS changes while processing with varying beam incident angles. In
addition, it should be noted that the differences in the NIR laser absorption of beam

incident angles up to 25 degrees for p- and s-polarisations should be approximately
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only 6%, according to Fresnel equations [208], and were not compensated during

processing.

6.3.4. Sensitivity analysis

The sensitivity of light diffraction as a mean to detect processing disturbances during
LIPSS generation was analysed. In particular, the sensitivity of diffraction angle
measurements was defined as the smallest absolute value of change, that was
approximately 0.2 degrees considering the resolution of x,,-; and 2z,-;
measurements, what corresponds to 4 nm based on Eq. 6.1, which could be detected
with the optical setup used in this research. Thus, it can be stated that by employing
the proposed monitoring method LIPSS changes that are higher than the sensitivity
value are possible to detect and then based on this data can be decided whether the
LIPSS formation is in control. It is worth stressing that the proposed monitoring method,
developed in the laboratory environment, could work only when LIPSS are covering all
the surface with high regularity because of the limitations in method’s capability (high
uncertainty due to data scatter). Hence, it was possible to identify disturbances
affecting the laser processing only until the LIPSS morphology was not significantly
affected.

When LIPSS have to be generated on freeform surfaces, a common approach is to
divide the workpiece geometry into patches that reflects the capabilities of the laser
system to perform processing within a volume [178] and thus to narrow down the 3D
structuring to setting up tolerances for the maximum allowed incident angle deviation
and focus offset. Therefore, it is very important to know to what extent the surface

optical response will be reliable for detecting LIPSS changes and more importantly to
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judge indirectly if the surface desirable functional response is still present. For
instance, if LIPSS are used for holograms production it is critical to assure that a given
colour is visible with a fixed viewing angle. By utilising diffraction and reflectance
measurements it is possible to detect changes in the LIPSS formation in regard to a
reference structure produced without any processing disturbances. Specifically, when
LIPSS generation were performed on planar surfaces with an increasing focus offset
the periodicity changes detectable with the light diffraction were on average 0.5% per
100 pm offset within the depth of focus of the used beam delivery system, hence
relatively minor, and then the property loss increased and became almost abrupt. At
the same time when reflectance was considered, the detectable changes were even
more pronounced, especially 4% per 100 um offset. When the LIPSS generation was
performed on tilted surfaces, the minimum detectable changes for p- and s-
polarisations were 2% and 0.25% per one degree of beam incident angle deviation,
respectively. Hence, the LIPSS formation with s-polarisation could be more practical
due to the slower periodicity rise with the increase of the incident angle deviation and

it allows to texture surfaces with a higher accuracy and flexibility.

6.3.5. Implementations for inline monitoring

The proposed light scattering method for monitoring the LIPSS generation is a simple
and also fast approach for detecting changes in the structures above the respective
sensitivity value. The experimental optical setup employed in this research is not
automated and thus could be used only in a laboratory environment. However, there
are existing light-scatter sensors that are compact and allow fast data acquisition with

a measurement time less than 1s [209]; therefore such sensors can be easily deployed
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for inline measurements. In addition, they could overcome the limitations of the
experimental setup used in this research, i.e. inability to analyse low reflectance
structures, by employing laser pointers with higher power and/or different wavelength
to improve the sensitivity of the proposed method and thus to broaden its application
area. Such sensors can capture angle-resolved scattered light around the specular
reflection and based on the acquired data to get intensity of captured light and calculate
power spectral density and thus to determine dominant spatial frequencies of LIPSS.
After some initial calibration with a reference LIPSS sample, such sensors can be
placed at a safe distance from the workpiece within the laser processing system to
capture diffraction data while avoiding capturing reflections from the laser source
and/or being affected by any ablation debris. The proposed method should provide a
cost-effective solution for monitoring the LIPSS generation without the need of

constant SEM/AFM validations.

6.4.Conclusions

A simple and also fast light scattering based method for monitoring the LIPSS
generation is proposed in this research. The method allows relative changes, in regard
to a given LIPSS reference, to be detected. In particular, by employing this proposed
method it is possible to track changes in the LIPSS optical response by performing
diffraction angle and reflectance measurements. The method was developed and then
validated by utilising planar LIPSS samples produced with known processing
disturbances, i.e. beam incident angle variations and focus offsets, while LIPSS
generated without disturbances were used as a reference. It was shown that LIPSS

resulting from out-of-focus processing, can be determined by performing diffraction
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and reflectance measurements that are calibrated by using SEM images. Regarding
the effects of laser processing with beam incident angle variations, it is possible by
capturing the light diffraction to detect changes in LIPSS periodicity in regard to the
reference LIPSS. The results showed that the sensitivity of the proposed method is
sufficient to detect relative shifts/deviations and thus to monitor inline their generation
by developing practical LIPSS inspection solutions. Such LIPSS generation monitoring
tools are necessary for the broader use of LIPSS for surface functionalisation in a

range of industrial applications.
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The concept for an inline monitoring method based on the LIPSS optical response was
developed. Relative changes in light diffraction and reflectance were tracked which
indicated changes in LIPSS periodicities or amplitudes due to the presence of
processing disturbances. The results obtained from this method were also compared
to traditional surface topography characterisation methods. This simple approach
proved to be sensitive enough to be suitable for inline monitoring/inspection of LIPSS
treated surfaces that could be used with commercially-available, compact and light

Sensors.

The method focused on detecting any shift/deviations from LIPSS geometric
characteristics which can be indication of changes in surface functional response.
However, it does not directly indicate the effects on the specific functionality, e.g.
wettability, display of structural colours, tribological or others mentioned in
Section 2.4.1. In order to quantitively assess how the changes in LIPSS characteristics
influence each individual functionality, an extensive experimental campaign with
specific setups and instruments would be required. Establishing correlations between
the LIPSS surface information and their functional response could also require
knowledge of other physical phenomena related to the application. Therefore, a tool
enabling prediction of LIPSS functionality based on standardized topography data is
needed, also to avoid the extensive experimental campaigns. A very promising method
to create such tool can be the use of neural networks that are known to address such
problems. Therefore, the next and last study will focus on using artificial intelligence
tools for pre and post-processing surface topography data in order to identify the
processing conditions and also demonstrate the interdependences with LIPSS

functional responses.
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CHAPTER 7: ARTIFICIAL NEURAL NETWORKS TOOLS FOR
PREDICTING THE FUNCTIONAL RESPONSE OF ULTRAFAST

LASER TEXTURED/STRUCTURED SURFACES

In the next Chapter, the last research question from Chapter 2 is addressed. Artificial
Neural Network tools are used for pre and post-processing the areal surface roughness
parameters obtained from LIPSS treated surfaces. The objective is to classify the
processing conditions that the surfaces were produced with and to demonstrate that a
relation with LIPSS functional response can be determined, with wettability as an
example. The LIPSS used in this study were produced both, with and without the
presence of the processing disturbances, and correspond to the laser parameters
reported in Table 3.11 and 3.12. The outcome of this study proves that after the data
collection from inspection tools the indication of whether the LIPSS generation process

is in control, can be determined.
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Abstract

Artificial Neural Networks (ANNSs) are well-established knowledge acquisition systems
with proven capacity for learning and generalisation. Therefore, ANNs are widely
applied to solve engineering problems and are often used in laser-based
manufacturing applications. There are different pattern recognition and control
problems where ANNs can be effectively applied and one of them is laser
structuring/texturing for surface functionalization, e.g. in generating Laser Induced
Periodic Surface Structures (LIPSS). They are a particular type of sub-micron
structures that are very sensitive to changes in laser processing conditions due to
processing disturbances like varying Focal Offset Distance (FOD) and/or Beam
Incident Angle (BIA) during the laser processing of 3D surfaces. As a result, the
functional response of LIPSS treated surfaces might be affected, too, and typically
needs to be analysed with time-consuming experimental tests. Also, there is a lack of
sufficient process monitoring and quality control tools available for LIPSS treated
surfaces that could identify processing patterns and interdependences. These tools
are needed to determine whether the LIPSS generation process is in control and
consequently whether the surface’s functional performance is still retained. In this
research, an ANN-based approach is proposed for predicting the functional response
of ultrafast laser structured/textured surfaces. It was demonstrated that the processing
disturbances affecting the LIPSS treatments can be classified and then the surface
response, namely wettability, of processed surfaces can be predicted with a very high
accuracy using the developed ANN tools for pre- and post-processing of LIPSS
topography data, i.e. their areal surface roughness parameters. A Generative

Adversarial Network (GAN) was applied as a pre-processing tool to significantly reduce
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the number of required experimental data. The number of areal surface roughness
parameters needed to fully characterise the functional response of a surface was
minimised using a combination of feature selection methods. Based on statistical
analysis and evolutionary optimisation, these methods narrowed down the initial set of
21 elements to a group of 10 and 6 elements, according to redundancy and relevance
criteria respectively. The validation of ANN tools, using the salient surface parameters,
yielded accuracy close to 85% when applied for identification of processing
disturbances, while the wettability was predicted within an r.m.s. error of 11 degrees,

equivalent to the static water contact angle (CA) measurement uncertainty.

Keywords: multilayer perceptron; artificial neural network; general adversarial

network; feature selection; laser induced periodic surface structures; laser surface

texturing; surface functionalization.
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7.1.Introduction

Artificial Neural Networks (ANNs) are popular and well-established learning systems
that employ the principles of biological nervous systems. They are typically composed
of several layers of simple nonlinear processing units called neurons. The first layer
buffers the input data, after which the signal is processed by a variable number of
interconnected hidden layers. Lastly, an output layer provides the ANN’s response
[210]. Given ANNSs’ ability to approximate any given function, they are a proven tool
with applications onto a wide range of industrial problems such as functional prediction
or system modelling. Thanks to their learning and generalisation capabilities, ANNs
are particularly useful in cases where physical processes are unknown or too complex
to be described analytically [135]. ANN development and applications are not limited
to specific areas: they can be successfully employed not only in engineering and
manufacturing but also in finance, medicine and many other fields [211].

In recent years, ANN developments applicable to laser-based manufacturing
processes gained considerable research interest as a novel alternative to physics
based analytical and numerical methods. Most commonly, machine learning
algorithms were employed to predict the dimensions of laser ablated profiles [212]-
[214], along with forecasting surface quality and material removal rates based on the
input of the key laser processing parameters [215], [216]. ANNs were also used to
identify the optimum laser pulse energy needed to obtain the desired craters’ depth
and diameter for different materials [217]. Furthermore, ANNs were effectively applied
to monitor and control laser processes, and to identify defects by non-destructive
detection methods. This was achieved by building a system that identifies defects

based on the extracted significant measurement data by employing only image
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processing [137]. Other methods focused on the analysis of acoustic emissions from
the laser-induced plasma [136] or through in-situ speckle pattern observations [218].
In all of the various tasks, where the input/output dataset pairs differed significantly,
trained neural networks were able to achieve very high prediction accuracy.

The key to obtain good results when applying ANN tools into manufacturing processes
is to select an appropriate ANN topology and learning method, and suitable data
preparation techniques [135]. In addition, a high amount of experimental data is
required to train ANNs for optimal performance. Ideally, they should obtain all the
relevant information to successfully carry out the desired task. However, building a
system from sufficiently big data sets is time-consuming, problematic and in most
cases not viable. A common solution to this issue is to augment the available training
data, and such approach was already successfully applied in simulating complex
systems based only on small experimental datasets [138], [219]. One of the novel
augmentation techniques is Generative Adversarial Networks (GANs). They are
composed of two Convolutional Neural Networks (CNN) and were originally designed
to generate artificial images that are indistinguishable from the real ones [220]. GANs
were already utilised as a predictive visualisation method in laser machining. Laser
ablated topographies were recreated based on spatial laser intensity profiles [221] or
by transforming the key laser parameters into predicted 3D surface profiles [139].
Another area where ANNs can be effectively applied is laser structuring/texturing for
surface functionalization. A particular type of sub-micron structures, generated by
ultrafast lasers, are Laser Induced Periodic Surface Structures (LIPSS). Low Spatial
Frequency LIPSS (LSFL) are especially attractive to researchers due to their vast

applicability and the wide range of achievable surface functionalities, e.g. modifying
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wettability, enhancing cell proliferation or structural colouring, to name a few [2]. The
functional response of LIPSS surfaces is mostly dictated by their topological
characteristics, i.e. periodicity, amplitudes and regularity of ripples. LIPSS are all
sensitive to changes in laser processing conditions. In particular, in cases where
processing disturbances affect the laser structuring process, e.g. when LIPSS are
generated on 3D and freeform surfaces. The most common disturbances are variations
of the Beam Incident Angle (BIA) and Focal Offset Distance (FOD). The relationship
between disturbances and their influence on LIPSS topographies has been studied,
and it was shown that BIA affects their periodicity while FOD mostly influences ripples
amplitudes [176], [222]. Thus, any variations of processing conditions due to
structuring disturbances during the LIPSS generation affect the surface functionality,
too. Typically, the surface responses are analysed experimentally to confirm whether
the functional performance is still within acceptable limits [177], [223]. However,
obtaining functional performance data from the laser treated surfaces is often time-
consuming, limited to specific processing settings, and requires special instruments
and measurement setups. Another issue related to LIPSS generation in the presence
of processing disturbances, is the lack of adequate process monitoring and quality
control tools to maintain the process in control. ANNs can offer promising solutions for
condition monitoring during the laser structuring process, and consequently indirectly
to judge whether the surface’s functional performance is still within some predefined
limits.

In this research, ANN tools were developed for pre- and post-processing of LIPSS
topography data, i.e. their areal surface roughness parameters, for two main tasks.

The first is the identification of whether any processing disturbances are present during
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the laser structuring process. The second is the mapping of the LIPSS topographies
to their functional responses, here wettability. For both tasks, a small representative
experimental dataset augmented with GAN-generated LIPSS topographies was used
to develop and train ANN classifiers, while the validation was performed on a larger
unseen dataset. The pre-processing step involved the application of feature selection
methods to minimise the number of data attributes based on their relevance and
redundancy. The next section outlines the experimental methods used to create
representative data sets of LIPSS topographies. These data sets are required to
develop and validate the proposed ANN tools. Then, the pre-processing methods
(GAN and feature selection), and the ANN structure optimisation tools are described,
together with the ANN tools developed for the two tasks. Subsequently, the
experimental results of the implementation of the proposed methods are presented
and discussed. Finally, conclusions are made about the effectiveness of the
investigated feature extraction methods and ANN tools, and their applicability to the

two classification and prediction tasks associated with the use of LIPSS treatments.

7.2.Experimental methods

Laser structuring was performed using an ultrafast Ytterbium-doped laser source with
a near-infrared wavelength (1) of 1032 nm, pulse duration of 310 fs, maximum average
power and pulse energy of 5W and 10 uJ, respectively. A linearly polarised Gaussian
laser beam was focused with a 100 mm telecentric lens on workpieces to deliver a
beam spot size of 40 um. The laser processing of surfaces was realised by employing
a 3D scan head. A motorised rotational stage was employed and a dynamic focusing

module with a working range of £ 3mm from the focal plane was used to control the
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laser focusing for the samples produced with varied BIA. The LIPSS treatments were
performed on 1.5 mm thick, mirror polished, 304 stainless steel plates.

Optimised laser settings and strategy for generating regular and uniform LIPSS
obtained from initial trials were used, in particular: peak fluence of 0.28 J/cm?, pulse
repetition rate of 10 kHz, 40 mm/s scanning speed and 6 um hatching distance
between the pulse trains that yielded the pulse distance of 4 ym and 6 pm in x and y
direction, respectively. The relatively low scanning speed was chosen due to the
limitations of the dynamic focusing module. The schematic representation of the
described laser processing strategy is presented in Figure 7.1a. The laser processing
settings were set constant, while structuring disturbances were present and controlled
as shown in Figure 7.1b. Square fields of 8x8 cm were produced with varying
disturbances, i.e. from 0 to + 900 ym with an increment of 100 ym for FOD, and
separately from 0 to 35 deg with an increment of 2.5 deg for BIA. Each field with
different set of disturbances was produced three times. Additionally, 15 supplementary
LIPSS topographies were produced with the same scanning strategy, without
disturbances but with varied peak fluence in the range from near-threshold 0.16 J/cm?

to 0.54 J/cm?.
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Figure 7.1 Schematic representation of processing strategy for LIPSS generation with
(a) optimised processing settings and (b) when processing disturbances, i.e. FOD and

BIA, are present during the laser structuring.

The topographies of the LIPSS-treated surfaces were analysed by using an Atomic
Force Microscopy (AFM). In total, 87 scans of 20 um x 20 um (256 px x 256 px) fields
were analysed, and all necessary topography data was acquired. Then, each surface
sample was used to extract 16 reference images (100 px x 100 px) by using an
overlapping sliding window every 50 px. Pre-processed images were fed into the
Alicona MeasureSuite software to calculate 21 standardised areal surface roughness
parameters according to ISO 25178. The roughness parameters are the most
commonly used to characterise surfaces, i.e. sets of height, spatial, hybrid and

functional parameters and they are listed in Table 7.1.
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Table 7.1 The list of areal surface roughness parameters calculated based on LIPSS
surface topography data according to 1ISO 25178 standard and considered as input

data for ANN training.

Types of
Height Spatial Hybrid Functional
Parameters

Smrl, Smr2, Sk,
Sq, Ssk, Sku, Sp,
Symbol Sal, Str  Sdq, Sdr Spk, Svk, Vwy, Vvc,
Sv, Sz, S10z, Sa
Vmp, Vmc

The static contact angle (CA) on each laser processed surface was measured 4 times
employing the sessile drop arrangement for optical measurement of CA by using a
drop shape analysis. Droplets of de-ionised water were deposited with 1 pl/s speed to
form a droplet of 4ul and then they were carefully placed on the laser processed field.
Prior to CA measurement, each test sample was carefully cleaned in an ultrasonic
bath, first in acetone and then in 99.8% ethanol solution for 3 min. Next, the analysed
surfaces were rinsed with deionised water and dried with compressed air after each
bath. The reason for such rigorous sample preparation procedure was the necessity to
minimise the effects of varying surface chemistry, and the presence of organic
residuals after laser irradiation, which affect the resulting wettability of LIPSS treated
surfaces [224]. All CA tests were repeated more than 6 months after the laser
processing while the samples were stored in ambient conditions. The CA of as-
received steel substrates was 73.3 £ 10 degrees.

The produced samples were split into a small experimental subset, i.e. Set A, and a

much larger validation set - Set B. Set A consisted of 18 surface samples, where 5
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were produced with varying FOD and another 7 with varying BIA. The remaining 6
samples were chosen from the supplementary set produced with optimised laser
settings but varying laser fluence. From each sample 16 topography images were
extracted, for a total of 288 created topographies. Set B comprised the remaining 69
surfaces from the conducted 87 AFM scans. Again, from each scan of the validation

set, 16 topography images were created, for a total of 1104 LIPSS topographies.

7.3. Artificial Neural Networks tools

7.3.1. General Adversarial Networks for Data Augmentation

In this research, GAN, as a novel data augmentation technique, was used to generate
additional realistic artificial LIPSS topographies based on Set A. The extracted LIPSS
topographies were treated as height maps/depth images. The respective AFM data
were converted into 16-bit grayscale height maps that contain the coordinates of each
point on the surface in a three dimensional Cartesian system, i.e. the known Z
resolution (nm per grayscale value) and pixel size value for X and Y [225].

One GAN was trained separately for each laser structured surface sample, using the
16 extracted height maps as reference images. The schematic representation of a
GAN is shown in Figure 7.2. The main role of the Generator is to produce artificial
images that are indistinguishable from the reference images for the Discriminator, and
this is the basis for the training procedure. That is, the Generator aim is to learn to
create images of progressively higher similarity to the reference ones. The aim of the
Discriminator is to learn to distinguish the reference images from the artificial ones.
After completing the training, the Discriminator was discarded and only the Generator

was used to create 20 artificial images. The 100 px x 100 px height maps created by
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the generator were imported into the Alicona software, and the areal surface

roughness parameters were calculated for each of them.

&

Reference Images

@_> Discriminator

Latent Space % Artificial
x~U — Generator — o

{ M
\L/

Figure 7.2 Schematic representation of GAN used to generate artificial height

maps/depth images based on experimental LIPSS topography data. The loss signal of
the Generator is the opposite of the loss signal of the Discriminator, which allowed the
height maps, created by the Generator, to become progressively more realistic and

similar to the real/reference surfaces.

The GAN architecture was determined by trial-and-error during a preliminary process
of parameters fine tuning. The detailed learning process is described hereafter. Each
artificial image created by the Generator, whose architecture is presented in Table 7.2,
was based on a vector of 100 random scalar values fed as input to the network. Using
a sequence of upscaling and convolutional layers, a matrix of 100x100 elements
(normalised in [-1,1]) was produced. The final image was generated by re-scaling the
matrix elements to 16-bits unsigned integers. The Discriminator architecture, described
in Table 7.3, was composed of an alternate stack of convolutional and dropout layers.
Both the Generator and Discriminator were trained together using the Adam optimiser,

albeit with different learning rates. For each epoch, an equal number of real images
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(sampled with replacement from the reference images) and artificial images, created
by the Generator, were fed to the Discriminator that was trained against a binary label
(i.e. real=1, fake=0). The Generator was trained on a complemented value of the
Discriminator loss, in a zero-sum fashion. The training parameters are given in
Table 7.4. To improve the early convergence of the Generator, a measure of noise has
been added to the data used by the Discriminator. Each time a reference (i.e. real)
image was fed to the Discriminator, the associated label was randomly flipped (with
p=0.5). This was not performed in the case of the artificial images. This regularisation
procedure limited the Discriminator potential of greatly outperforming the Generator in
the early stage of the learning process, to the point of hindering its ability to learn to

generate good quality images.

Table 7.2 Description of the main layers that compose the Generator (with initial size

S=10).
Layer Parameters
Dense # units = 128*S"2
activation = RelLu
Reshape size = (S, S, 128)
Batch Normalization momentum = 0.8
Upsampling (2D) factor =5
# filters = 128
Convolutional kernel size =3
activation = ReLu
Batch Normalization momentum = 0.8
Upsampling (2D) factor = 2
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# filters = 64
Convolutional kernel size = 3

activation = ReLu

Batch Normalization momentum = 0.8
# filters = 1
Convolutional kernel size = 3

activation = tanh

Table 7.3 Description of the main layers that compose the Discriminator.

Layer Parameters
# filters = 16

kernel size = 3

Convolutional strides = 2
activation = Leaky ReLu
(alpha=0.2)
Dropout rate = 0.25
# filters = 32

kernel size =3
Convolutional strides = 2

activation = Leaky RelLu

(alpha=0.2)
Dropout rate = 0.25
Batch Normalization momentum = 0.8
# filters = 128

kernel size = 3
Convolutional strides =1
activation = Leaky RelLu
(alpha=0.2)
Dropout rate = 0.25

177



LASER INDUCED PERIODIC SURFACES STRUCTURES: ADVANCES IN MODELLING, PROCESSING AND MONITORING

#units=1
Dense o . ]
activation = sigmoid

Table 7.4 Parameters used for the GAN optimisers and learning process.

Parameter Value
epochs 3*10"3
batch size 32
discriminator learning rate 5*10"-5
generator learning rate 2*10"-4
loss binary cross-entropy

Overall, the set of GAN-generated images (henceforth Set GAN) consisted of 360
artificial topographies (18 x 20), each was described by 21 areal surface roughness
parameters and one CA value. The procedure of assigning the CA to the GAN
topographies (as well as to Set A and Set B) was as follows: the mean (u) and standard
deviation (o) were calculated for the obtained CA values for each surface sample.
Then, one CA value was assigned randomly to each topography from a uniform CA

distribution within the interval (u — o, u + o).

7.3.2. Feature Selection and ANN structure optimisation

The feature selection analysis, ANN optimisation and validation procedure were run
three times in parallel to assess the usefulness of the GAN generated artificial LIPSS
topographies. By using only the small Set A, it was intended to test the feasibility of
performing the whole study using a limited amount of experimental data. Then, the
guality of the GAN-generated topographies was assessed based on tests run only on

the Set GAN. Finally, the benefits of augmenting the available experimental data with
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the artificially generated ones were evaluated on the merged Sets A and GAN. All three
cases were also validated on Set B.

Feature selection methods were applied to the datasets to filter out redundant and
irrelevant attributes among the 1SO areal surface parameters, and jointly perform ANN
structure optimisation [221]. A parameter/feature is considered relevant when it
conveys useful information for a given task, and redundant when it does not add
additional information that has not been already provided by other parameters. The
purpose of feature selection was to find the smallest number of most related areal
surface roughness parameters, without significantly reduce the ANN’s accuracy for the
two specific tasks. The first task was a classification problem, where the ANN had to
be trained to detect either the presence of processing disturbances (FOD or BIA in this
research), or the use of optimised laser settings during the structuring process (labelled
as class N). Then, the same group of surface parameters was applied to the second
task. The second task amounted to a regression problem, where the ANN had to learn
the relationship between the identified group of areal surface roughness parameters,
and the static water CA of the laser-treated surfaces. It is important to state that the
ability to detect alterations in LIPSS topographies due to any processing disturbances
might also help to foresee potential variations in the surface performance. Therefore,
the results from the classification task can indicate potential changes in the surface
functional response and can be used to trigger some corrective processing routines to

keep it within predefined limits.
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7.3.2.1. Feature Redundancy Analysis

Data feature (attribute) redundancy was assessed by using the well-known Pearson
correlation coefficient [226]. In this study, two data attributes (areal surface
parameters) were considered highly correlated and hence redundant if their correlation
coefficient [pxy] was higher than 0.8. After the analysis, redundant parameters were
removed sequentially, starting with the one that showed significant similarities with the
largest number of other parameters. Once this surface parameter had been removed,
the one amongst the remaining that had the largest number of significant similarities

with the others was eliminated, and so forth until no redundant parameters were left.

7.3.2.2. Feature Relevance Analysis and ANN Structure Optimisation

Feature relevance is usually assessed by some measure of correlation between the
feature and the target variable. The analysis of relevance is complicated by the fact
that analysing one feature on its own, as done in univariate feature selection
approaches [227], may lead to the removal of elements that are not significantly
correlated to the target variable, but that might become highly informative in
combination with other features. For this reason, a multivariate method based on the
evolutionary ANN Evolver (ANNE) algorithm was used. ANNE is specially designed for
the optimisation of ANN classifiers [228], [229], and can be regarded as an embedded
feature selection method that simultaneously performs feature selection, ANN
structure optimisation and weight training [230].

ANN optimisation and feature selection were carried out for the processing
disturbances classification task, and then the results were re-used for the wettability

prediction task. A Multi-Layer Perceptron (MLP) ANN [231] was used as classifier in
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the first task, and predictor in the second. Preliminary tests revealed that one hidden
layer of units was enough to attain a very high accuracy.

ANNE was run using the group of surface parameters obtained after redundancy
analysis, and thus was employed only for relevance-based feature selection. The
feature relevance selection and ANN optimisation procedure consisted of two stages
as shown in Figure 7.3. In the first stage, ANNE was used to optimise the MLP
structure, that is to define the size of its hidden layer, and to evolve minimal sets of
relevant areal parameters. In the second stage, the MLP structure was set to the
optimal configuration evolved by ANNE. Exploiting the feature selection results from
ANNE, a number of candidate groups of surface parameters were formed, and their
suitability was evaluated on the MLP ability to learn the classification task. The MLP
was trained using the standard back-propagation (BP) procedure [232]. The main
parameters of the MLP, and the learning parameters of the ANNE and BP algorithms
were experimentally optimised and are listed in Table 7.5. The remaining parameters

were set as in [228].
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Figure 7.3 Steps of feature relevance analysis split into two stages. In the first stage
(blue lines), the ANNE procedure was used to optimise the MLP structure and generate
candidate groups of surface parameters. In the second stage (red lines), the parameter
groups were evaluated on the learning results of MLP (using BP training) and a final

minimal group of relevant areal surface parameters is generated.

A final tuning step was performed to adjust the number of iterations required for the BP
procedure because of the different nature of the final learning task. The learning curves
were analysed and the duration of the learning procedure was set in order to avoid
overfitting. Training data overfitting occurred in both classification and regression
tasks. Hence, the learning procedure had to be restricted to respectively 100 and 200

iterations, as stated in Table 7.5.
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Table 7.5 MLP architecture and parameterisation of the ANNE and BP algorithms.

MLP

Input nodes

*

Hidden nodes

*

Output nodes 3
Transfer function hidden nodes hypertangent
Transfer function output nodes sigmoidal

ANNE
Population size 200
Iterations 5,000
Crossover rate on binary mask 1

Crossover rate on real-valued

No crossover

string
Mutation rate on binary mask 0.1
Mutation rate on real-valued string 0.1
BP rate (problem-specific
operator) !
Cycles of BP learning per iteration 1

Selection scheme

Adaptive [233]

BP RULE

Iterations (Feature Selection) 3000
Iterations (Classification Task 1) 100
Iterations (Regression Task 2) 200
Learning rate 0.01
Momentum term 0.1

* Evolved by ANNE

Following a common practice, a pre-processing step was performed where the areal

surface roughness data were normalised using the mean-variance procedure. Due to

the stochastic variability of the learning procedure, 10 independent runs of the ANNE
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algorithm were performed for each experiment, and the results were statistically
analysed. For each learning trial, the data set (Set A, Set GAN, or Set A+GAN) was
randomly divided into a training set containing 80% of the samples, and a validation
set containing the remaining 20%. For the BP algorithm, 100 independent runs of the
procedure were performed for each experiment. The reason for the different number
of repetitions is the computational cost associated with the two algorithms, in detalil

about 16 minutes for ANNE and 3 seconds for the BP algorithm.

7.4.Results and discussion

7.4.1. Datasets

Examples of LIPSS topographies from Set A and artificially generated topographies
from Set GAN with and without the presence of processing disturbances are presented
in Figure 7.4. The influence of FOD and BIA on the LIPSS characteristics is clearly
visible. The FOD increase entailed a decrease in LIPSS amplitudes that eventually led
to spots where LIPSS were no longer generated, e.g. when FOD = 0.8 mm. In regards
to the influence of BIA, two types of ripple periodicities were present on the surface,
which is typical for LIPSS generated with a p-type polarized beam that is not normal to
the surface [101]. Samples produced with lower BIA resulted in a dominant periodicity
above the one achieved with optimised laser settings, while higher BIAs led to only
smaller periods. Generally, the LIPSS topographies selected for the representative Set
A, and consequently the ones generated by the GAN, had widely varied dimensional
characteristics, which led to diverse areal surface parameters values and altered their
wettability. All of the laser-treated surfaces showed hydrophilic behaviour and the

obtained CA values ranged from 26 to 80 deg, with a measurement uncertainty of
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approximately 10 deg. In Table 7.6, the number of input topographies in each Set, the

distributions of the classes and the range of output CA values are summarised.

F,=0.28)/cm? FOD = 0.8 mm BIA=7.5deg BIA=27.5deg F,=0.51J/cm?

Figure 7.4 Examples of 7.8 ym x 7.8 ym LIPSS topographies with and without

Set A

Set GAN

processing disturbances from Set A together with the respective artificially generated

ones from Set GAN. Peak fluence of Fp = 0.28 J/cm? was used to produce the surfaces

with varying FOD and BIA.

Table 7.6 Summary of LIPSS topographies within Sets A, GAN and B that was used
to classify laser processing disturbances (the first task). Class N refers to samples
produced without processing disturbances but with varying peak fluence. The output
values of minimum and maximum CAs are also provided for the regression task, i.e.

the wettability prediction.

Set A GAN Set B

Total topographies 288 360 1104
ISO parameters 21

Task 1: Processing Disturbance Classification (3 classes)

Class FOD 80 100 384

Class BIA 112 140 560

Class N 96 120 160
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Task 2: Wettability Prediction
Min CA, deg 30.2 29.5 25.7
Max CA, deg 81.1 80.6 79.5

7.4.2. Feature Redundancy analysis

The correlation analysis revealed that several features, i.e. aerial surface roughness
parameters, were redundant in all Sets, i.e. Set A, Set GAN and the largest Set B. The
analysis of Set B was done only for reference purposes and kept for validation only.
The redundancy analysis performed on the small Set A differs from that conducted on
Set B. Out of 210 pairwise feature redundancy checks, 23 (11%) were different.
Overall, despite some discrepancies, the analysis performed on Set A was in good
agreement with the one performed on Set B. Thus, it can be judged that Set A is a
representative example of the larger population of Set B. The analysis performed on
Set GAN also differed from the distribution of Set B. It should be noted that Set GAN
was created using the samples of Set A, and thus ‘inherited’ the inaccuracies of the
latter. Out of 210 pairwise feature redundancy results, the analyses on Set A and Set
GAN differed in 30 cases (14%). The results show a satisfactory agreement between
the two sets, indicating that the GAN technique of generating artificial topographies
captured reasonably well the statistics of Set A.

Table 7.7 shows the results of the elimination procedure for the three data sets.
Redundancy elimination gave the same results for Set A and Set A+GAN, leading to a
reduction of their attributes, i.e. ISO parameters, from 21 to only 10. On Set GAN,
redundancy elimination reduced the set attributes to 9, 6 of them shared with the other

two sets.
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Table 7.7 Redundancy analysis of the feature selection procedure. Retained ISO

parameters (attributes) of the three sets are depicted with ‘v”.

wn N << —
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2 ”QU<N§>%§89X?¢§—;§-§§§E 233
A v v v v v v v v v v|10
GAN v vV v v v v v V]9
A + GAN v v v v v v v v v v|10

7.4.3. Feature Relevance analysis based on ANNE algorithm

The averages of the feature selection and structure optimisation results, and the
classification accuracies obtained for the validation set (20% of examples of the data
setin consideration) are reported in Table 7.8. For reference, the results obtained using
the full set of the ISO parameters are also included in the table. The frequency of each
data attribute that was selected in the 10 runs of ANNE is shown in Table 7.9 for the

three data sets.

Table 7.8 Feature selection and structure optimisation results (ANN hidden nodes)
obtained by the ANNE algorithm for the three sets. A summary of the classification
accuracies achieved for Task 1 on the validation set (20% of examples of the data set
in consideration) is included in the table, too. The results are calculated over 10 runs
of the algorithm. In the table, ‘all’ refers to the trials run using the full 21 surface
parameters, ‘reduced’ refers to the parameters group obtained after the redundancy
analysis. The significance of the differences in the classification accuracies obtained
using the full and reduced ISO parameters is analysed using Mann-Whitney tests and

the p-values are provided in the table.
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Set A Set GAN Set A+GAN
all reduced all reduced all reduced
Selected

Features 6.20 5.30 6.90 5.40 9.00 8.10
Hidden nodes 3.40 2.9 3.10 2.70 4.00 4.50
Min 79.31 46.55 86.11 84.72 87.60 89.15
Q1 83.19 50.86 90.63 93.06 89.34 90.12
Median 85.34 55.17 93.06 94.44 94.57 91.86
Q3 86.21 58.62 95.83 95.83 96.51 93.02
Max 89.66 68.97 98.61 100.00 | 97.67 98.45

p — value 1.7 x 1074 0.73 0.65

Table 7.9 The selection frequency of each areal surface roughness parameter in the

10 runs of the ANNE algorithm obtained for Sets A, GAN and A+GAN.

Parameter Set A Set GAN Set A+GAN
Sa 0 0 0
Sq 0 0 0
Sp 0.1 0 0.6
Sv 0.3 0 1
Sz 0 0.3 0
S10z 0 0 0
Ssk 0 0.2 0
Sku 0.9 0.6 0.8
Sdq 0 0 0
Sdr 0 0 0
Sk 0 0 0
Spk 0 0 0
Svk 0 1 0
Smrl 0.3 1 1
Smr2 0.4 0.5 0.8
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Vmp 0.5 0 0.5
vVmc 0 0 0
Vvc 0.2 0.7 0.7
Vvv 1 0 0.7
Sal 0.7 0.1 1
Str 0.9 1 1

Total Selected 5.3 5.40 8.10

The results, presented in Table 7.8, obtained using the three data sets indicated that
some ISO parameters might be further discarded due to being less relevant. However,
it is important to note that the actual ISO parameters selected differed from set to set.
Though, there was a considerable agreement in the size of the surface parameters
group using the full 21 ISO parameters and the reduced group after redundancy
analysis. In general, when all surface parameters were considered, ANNE tended to
select slightly more relevant attributes. In terms of the selected ISO parameters and
their selection frequency, the results obtained considering all or a reduced group of
parameters, as in Table 7.9, cannot be compared. This is due to the fact that redundant
attributes are equally likely to be selected, and the selected frequency is not
necessarily an indication of their relevance.

Regarding the classification accuracy, the most evident result is the poor accuracies
on Set A attained by ANNE. The analysis of the learning curves did not indicate
significant overfitting of the training data. The most plausible explanation is the small
size of Set A, which affected ANNE’s ability to evolve to high performing solutions. For
Sets GAN and A+GAN, the results suggest that MLP could be trained to identify the

processing disturbances with high accuracy. There was no distinguishable difference
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in the accuracy between the results obtained using all or only a smaller subset of

attributes, i.e. ISO parameters.

7.4.4. Evaluation of candidate surface parameters subsets

Based on the results obtained using ANNE, the MLP structure was fixed to one hidden
layer of 5 nodes even though it was slightly larger than proposed in Table 7.8. The
reason for this was that the smaller Set A alone might under-represent the complexity
of LIPSS topographies.

Using the results in Table 7.9, a number of candidate ISO parameter groups was
created for each of the three sets as shown in Table 7.10. These candidate groups
were based on the selection frequencies, starting with a minimal subset of most
frequently selected 1ISO parameters, and successively adding more attributes. These
candidate sets were evaluated on the learning results of the MLP after it was trained
using BP using only the selected ISO parameters. The results are shown for each 1ISO
parameters’ group and data set in Table 7.11. For the sake of comparison, the results
include those obtained using the full set and the set generated after redundancy

analysis.
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Table 7.10 Candidate surface parameters groups tested on data Sets A, GAN and
A+GAN. Their size is indicated by their group coding in the first column (e.g. Fg has six

ISO parameters). Selected parameters in the group are indicated by ‘v".

@ " w v <
gooevegtRBeegeis555¢8¢
Set A
F, v v v
'F, v v v v
Fs v v v v v
Fg v v v v v v
Fq v v v v v v v Vv vV
Set GAN
F3 v v v
F, v v v v
Fs v v v v v
Fe v v v v v v
'Fo v v v v v v v v v
Set A + GAN
F, v v v v
"Fg v v v v v v
'Fg v v v v v Vv vV
'Fo v v v v v v Vv vV
Fq v v v v vV v Vv vV
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Table 7.11 A summary of the MLP classification accuracies obtained on the validation
set (20% of the whole data set) using the parameter groups in Table 7.10. For each
data set, the statistics refer to 100 learning trials using the BP algorithm. For reference,
also the results of training the MLP using all ISO surface parameters are given. The
significance of the differences in the classification accuracies obtained using the all
and candidate attribute sets is analysed using pairwise Mann-Whitney tests and

reported by the p-values.

Set A
F3 Fy Fs Fe Fio Fan
Min 70.69 70.69 70.69 72.41 77.59 81.03
Q1 77.59 77.59 79.31 84.48 87.93 91.38
Median 81.03 81.03 82.76 86.21 89.66 93.10
Q3 83.19 84.48 86.21 89.66 93.10 94.83
Max 89.66 93.10 91.38 96.55 96.55 100.00
p-value 0 0 0 0 0
Set GAN
F3 Fy Fs Fe Fy Fau
Min 75.00 84.72 84.72 83.33 83.33 84.72
Q1 83.33 90.28 91.67 93.06 94.44 95.49
Median 86.11 94.44 95.83 95.83 96.53 97.22
Q3 88.89 95.83 97.22 97.22 97.22 98.61
Max 94.44 100.00 100.00 100.00 100.00 100.00
p-value 0 0 0.0065 0.0767 0.1721
Set A+GAN
Fy Fe Fg Fy Fio Fau
Min 70.54 78.29 83.72 86.05 84.50 82.95
Q1 75.97 88.37 89.92 89.92 91.47 92.05
Median 79.07 90.70 91.47 92.25 93.02 93.80
Q3 82.17 93.02 93.80 93.80 94.57 96.12
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Max 88.37 96.90 98.45 97.67 99.22 99.22
p-value 0 0 0 0 0.0338

In terms of classification accuracy, the results reported in Table 7.11 are in good
agreement with those obtained using ANNE and confirm again that high accuracy
results can be obtained with a significantly reduced number of surface parameters.
The classification accuracies obtained using Set A are lower than those obtained using
the other two data sets, although the differences are significantly smaller than those
recorded for ANNE.

Table 7.11 shows that the removal of redundant features had marginal to no effect on
the learning accuracy of the classifier for the data sets that included the artificial
topographies. On Set A, the differences are more marked although still moderate. The
same effect was observed after the elimination of irrelevant ISO parameters on the
learning results of the classifier. The resulting classification accuracies were most
sensitive for removing irrelevant surface parameters for Set A. This was likely due to
the small size of the data set, which made accurate MLP learning and evaluation more
difficult.

The results in Table 7.11 suggest that the feature selection affects the classifier
performance mostly for Set A. The most conservative choice would be to use the group
of non-redundant ISO parameters F;,, or if some further reduction in performance is
acceptable, the parameter group F, could be adopted. If Set GAN is used, the surface
parameters can be trimmed down to the six data attributes of F, without significantly
affecting the performance. If Set A+GAN is utilised, the tests show that the classifier
accuracy will suffer only a very modest deterioration (less than 1%) using group F;, of

non-redundant ISO parameters and only modest (around 2%) using Fg data attributes.
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These final choices are validated in the last step, where the MLP is tested against the

previously unseen Set B.

7.4.5. Task 1: Classification of laser processing disturbances

Figure 7.5 reports the results on accuracies achieved in identifying the processing
disturbances when applying on Set B the classifiers obtained after 100 independent
runs of the BP algorithm on Sets A, GAN, and A+GAN. In general, the accuracy results
were inferior to those obtained in the feature selection steps (as in Table 7.11). The
deterioration of the performance was most dramatic in the learning trials performed
using only Set GAN, and least severe when only Set A was used. Set A+GAN achieved
only slightly worse accuracy compared to Set A. It is worth stating that the learning
tasks in the feature selection and classification stages were different, i.e. the first
requiring generalisation to unseen samples of already introduced surfaces, and the
second generalisation to different samples of previously unseen surfaces. The lower
classification accuracies achieved in the latter experiments are likely to reflect the more

challenging nature of the task.
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Classification Accuracy
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Figure 7.5 The results achieved on classification of laser processing disturbances.
Accuracies obtained in three experiments where feature selection and BP training were
performed respectively on Sets A, GAN, and A+GAN. The MLP learning procedure
was validated on previously unseen Set B. Three surface parameters groups were

tested per each data set.

The artificial LIPSS topographies generated applying GAN appeared to capture at least
partly the overall characteristics of Set A. However, MLPs trained on Set GAN were
very poor at generalising the learning results when applied on Set B. This result shows
that the GAN-generated data were not representative of the full distribution of Set B.
Given that MLPs trained using Set A did generalise well, the results seem to indicate
that the problem lies within the GAN procedure itself, rather than the poor quality of the

scans that were fed to GAN. One reason for this result may be that the GAN learning
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process had been interrupted too early. At present, the duration of the GAN learning
reflected a trade-off between the computational cost and the visual appearance.
Further tests could investigate whether it is worth the GAN learning time to be
extended.

Since the use of data samples from real surface scans produced the best learning
results, the next step was to use Set A to re-train the MLP using the ISO parameters
groups selected using Set GAN and Set A+GAN. This experiment aimed at evaluating
the goodness of the feature selection results obtained using artificial data samples.
The results, shown in Figure 7.6, are very similar, with average classification
accuracies mostly ranging between 82-84%. The only exception was the learning trials
performed using the minimal parameter group F, that was selected using Set A, where

the average accuracy was 80.4%.

Trained on Set A
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Figure 7.6 The results of the classification task with MLPs being trained only on Set A
using the parameter groups identified for Sets GAN and A+GAN and the validation

performed on previously unseen Set B. Two surface parameters groups were tested
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per each dataset and the results compared to those obtained using all 21 surface

parameters.

Note: Sets A and A+GAN had the same parameter group F;,, as indicated in

Table 7.10.

The best learning results were obtained using surface parameter group Fj,, i.e. the
non-redundant data attributes selected after analysing Sets A and A+GAN. The
removal of irrelevant surface parameters had instead a statistically significant negative
effect on the accuracy results, although in practical terms this was very modest.

Table 7.12 reports the confusion matrices for the classification results on Set B
presented in Figure 7.6, using MLPs trained on Set A by using the minimal parameter
groups F, (selected on Set A), F, (selected on Set GAN), and F; (selected on Set
A+GAN). The largest source of misclassifications was due to FOD topographies being
identified as BIA. In proportion to the number of examples per class, the largest
sources of incorrect classifications were samples from class N identified as BIA in the
case of the surface parameters F, of Sets A and A+GAN, and FOD identified as BIA
for F3 obtained using Set GAN. It was also observed that for three tested cases a
similar number of samples from class FOD were identified as class N. This could be
attributed to the supplementary LIPSS samples produced with laser peak fluence close
to the ripples’ threshold, which had similar topographies to the ones obtained with

higher FOD. Hence, those samples were more prone to be misclassified.
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Table 7.12 Confusion matrices of processing disturbances classification results
presented in Figure 7.6. The MLP classifier was trained only on Set A using the surface
parameter group with minimal number of attributes selected respectively for Sets A,

GAN, and A+GAN while the validation was performed on Set B.

a) Parameters selected using Set A

Fg Classified as
FOD BIA N
FOD 281.68 75.5 26.82
BIA 47.65 505.9 6.45
N 21.2 41.34 97.46

class

b) Parameters selected using Set GAN

Fg Classified as
FOD BIA N
FOD 260.96 95.7 27.34
BIA 13.85 540.03 6.12
N 30.73 27.98 101.29

class

c) Parameters selected using Set A+GAN

Fg Classified as
FOD BIA N
FOD 278.33 80.64 25.03
BIA 22.5 531.79 5.71
N 22.94 39.39 97.67

class
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7.4.6. Task 2: Contact Angle Prediction

Figure 7.7 shows the root mean square (r.m.s.) values of the CA predictions from the
validation step performed on Set B. Similar to the processing disturbance classification
task, a further experiment was run employing Set A to train MLP by using the 1SO

parameter groups selected using Sets GAN and Set A+GAN. The results of this last

experiment are given in Figure 7.8.
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Figure 7.7 Root mean square (r.m.s.) accuracy results for the CA prediction task from
three experiments where feature selection and BP training were performed

respectively on data sets A, GAN, and A+GAN, while the learning results were

validated on previously unseen Set B.
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Regression Accuracy
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Figure 7.8 Accuracy results for the CA prediction task with MLPs being trained on Set
A using the parameter groups identified for Sets GAN and A+GAN and validated on
Set B. Two surface parameters groups were tested per each dataset and the results

compared to those obtained using all 21 surface parameters.

The results presented in Figure 7.8 are fairly similar with the average (r.m.s.) error of
around 11 degrees for all combinations of training data sets and ISO parameter groups.
In general, feature selection helped the MLPs to learn the CA prediction with marginally
better results. Data augmentation appeared also to play a beneficial role, since the
best accuracy results were obtained by training the MLPs using Set A+GAN. Although
statistically significant, it should be noted that the measured differences in accuracy
were always within 1.5 degrees. The best results were obtained when training the
MLPs on the augmented Set A+GAN of examples and using ISO parameter groups Fg

or F;, to describe the samples. In general, it can be stated that the average r.m.s.
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values obtained in the experiments are comparable with the CA measurement
uncertainty, and most probably this limited the MLP learning abilities. Obtaining a more
accurate CA measurements might improve the MLP training and allow the MLP to

differentiate better the usefulness of different data sets and ISO parameter groups.

7.5.Conclusions

In this research, an approach is presented for applying ANNs to classification and
prediction tasks when ultrafast laser surface structuring/texturing is performed. ANN
tools were developed and validated for pre- and post-processing of laser surface
treatment data, especially areal surface roughness parameters of LIPSS topographies,
that proved to be sufficiently effective. In particular, high prediction accuracies were
achieved by MLP classifiers on the detection of laser processing disturbances that
affect the LIPSS generation. MLPs were also used to predict with high accuracy the
functional response, i.e. wettability, of LIPSS treated surfaces.

Regarding the applied ANN tools, using a small experimental dataset augmented with
GAN-created artificial topographies proved to be beneficial for the tool’'s development.
GAN generated data were especially valuable when utilised for feature relevance
analysis employing the evolutionary ANNE algorithm. Even if GAN-based artificial data
reproduced well the statistics of real samples, the GAN generated topographies were
less useful in supporting the MLP generalisation capabilities on the laser processing
disturbances classification task. That was attributed to the GAN insufficient learning
process, especially its premature interruption.

A range of feature selection methods were applied. By combining their capabilities, it

was possible to reduce the number of salient aerial roughness parameters needed to
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characterise the surfaces, without any significant negative effect on the MLP
performance. Specifically, feature redundancy analysis revealed that the initial 21 1SO
parameters can be narrowed down to only 10, and such a small subset of data
attributes was enough to achieve a high MLP prediction accuracy, especially in the
laser processing disturbances classification task. Further trimming of irrelevant
attributes down to an even smaller subsets of 6 or 8 surface parameters led to fairly
similar prediction accuracies. Such substantial scale downs of data attributes can have
a valuable impact on the practical aspects of data acquisition procedures, because it
can reduce the number of costly, time-consuming, and sometimes complex
measurements.

Finally, the ANN validation part on a larger unseen dataset showed that identification
of processing disturbances could be accomplished with accuracy close to 85%. The
wettability of LIPSS treated surfaces was predicted within the static water CA
measurement uncertainty of approximately 10 degrees. Considering those
encouraging findings, it can be concluded that the developed ANN-based tools can
represent a generic approach for monitoring the LIPSS treatment operations. These
tools can map the resulting areal parameters of processed surfaces to any
disturbances present during the process, and consequently also to their desired

functional performance.
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In the previous Chapter available ANN methods were used to pre- and post- process
areal surface roughness parameters obtained from LIPSS-covered surfaces. The
results showed that high accuracy was achieved in both, classifying samples based on
their processing conditions, and in predicting their functional response, i.e. wettability.
For the first time an approach of linking surface topography data from LIPSS through

ANNSs techniques, was proposed.

203



LASER INDUCED PERIODIC SURFACES STRUCTURES: ADVANCES IN MODELLING, PROCESSING AND MONITORING

CHAPTER 8: CONCLUSIONS, CONTRIBUTIONS AND FUTURE

RESEARCH

The aim of the research presented in this thesis was to address four of current barriers
preventing the LIPSS treatments to be used on a broader scale, which are specifically
associated with their generation on thin films, their modelling on freeform surfaces and
two related to their process monitoring. An approach for a synergistic use of two
surface engineering technologies, i.e. LIPSS and DLC treatments, for producing
durable replication masters was reported in Chapter 4 thus enabling, as a potential
application, the serial manufacture of polymer parts with functional surfaces. In
Chapter 5, an ultrafast laser irradiation model was proposed to simulate the varying
processing conditions on freeform surfaces and predict key characteristics of
generated LIPSS. A simple optical setup for tracking the changes of LIPSS
characteristics was presented in Chapter 6 and its potential as an inline monitoring
solution was discussed. Then, use of ANNs tools for pre- and post-processing areal
surface parameters of LIPSS topographies were presented in Chapter 7 as a way to
map them to their functional responses. A pilot implementation of these tools was also

reported and their capabilities were discussed.

The sections below present the main conclusions and contributions to knowledge of

the complete research and also suggest directions for future investigations.
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8.1.Conclusions

A research on femtosecond laser processing of DLC treated substrates was presented
in Chapter 4. The objective was to investigate the effects of femtosecond laser
processing parameters for generating LIPSS on DLC coating. Additionally, it was to
consider this synergistic approach as a potential application for injection moulding
technology since the DLC coating is known for its superior surface properties due to
its low friction coefficients and high wear resistance, as explained in Section 2.4.2.1.
Hence, the LIPSS treatment of DLC coated steel substrate was studied for achieving
functional and, at the same time, durable replication master. Conclusions were made
against the considerations for the injection moulding technology, especially to judge
whether the LIPSS generation on DLC is still suitable for this application. Even if the
mechanical properties became inferior to the as-received DLC, the analysis showed
that they were still higher than a conventional material for the moulds, e.g. mild or

stainless steels.
The following main conclusions could be drawn:

e Uniform LIPSS were generated on DLC without any visible cracks, excessive
ablation or delamination which was evaluated optically when the pulse fluence
used was in the range from 0.07 to 0.13 J/cm? and the number of pulses per
spot was between 28 and 39. All ranges of tested parameters in this study
(detailed in Section 3.2) were from 0.06 to 0.48 J/cm? of pulse fluence and from
13 to 53 of total number of pulses per spot.

e The microstructure analysis confirmed the presence of thin, graphitized surface

layer formed on laser-treated DLC surfaces that did not show any long-range
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ordering (crystallisation) as a result of the femtosecond laser processing (which
is a non-thermal process). However, the samples did not show differences in
Raman spectra or no differences were indicated by GAXRD analysis even if the
samples tested were produced with different laser processing parameters.

e Nano-indentations revealed a significant reduction in hardness from 22 to 9 GPa
for as-received and the laser-treated samples with relatively low fluence,
respectively. A further hardness decrease to 4 GPa was observed on the
sample that was produced with a higher fluence and number of pulses, while it
was still higher value when compared to the stainless steel substrate of 2.5 GPa
which is a conventional material used for the moulds in injection moulding
technology.

e The friction coefficient of laser structured DLC only marginally increased from
0.12 to 0.15, which can still be considered low in the injection moulding process
when compared, for example, to CoF between steel and the same counterpart
material (which is 0.35 [234]), and to similar CoF values between steel surface
and polymers [235]. The increase was attributed to the increase of the contact
area between the sample and the ball due to LIPSS profiles flattening after a

small number of cycles.

The study in Chapter 4 targeted one application area, i.e. injection moulding
technology, where the aim was to produce functional and durable master for the
polymer replication process. The discussion was carried out with this as a potential
application but the applicability can be extended to any area where ultrafast laser
structuring of DLC is required. On top of that, the industrial need for broader use of the

approach will require, for example, that the laser textured master to be also produced
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on more complex geometries and that brings out more open challenges in the LIPSS

generation as a structuring process.

In the next Chapter 5, the second research question, introduced in Chapter 2, was
addressed. The aim was to develop analytical modelling approach for predicting key
LIPSS characteristics on freeform surfaces to help defining processing limits that also
can be potentially used for identifying the limits on their functional responses. This
approach can support the process of efficient strategy development for laser
structuring off such surfaces. The material on which LIPSS were generated was
stainless steel which was more representative to metals with similar optical properties
and it can broaden the use of LIPSS applications, for instance of the ones mentioned

in Section 2.4.1.

The analytical model was developed based on the ultrafast laser irradiation model but
taking into account the actual spatial beam intensity distribution and local fluence
threshold changes. Before, such LIPSS modelling approaches were used to predict
the optimal laser processing parameters but here, for the first time, it was adapted and
developed specifically for freeform surfaces. It accounted for the changes in laser
processing conditions while the 3D disturbances affect the surface, that is FOD and

BIA, as it is in the case for laser structuring of freeform surfaces.

The research on modelling laser structuring/texturing of freeform surfaces (Chapter 5)

led to the following main findings:

e The actual beam spatial intensity was formally defined as a simple astigmatic

Gaussian beam with elliptical cross-sections.
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The beam waist became more elliptical on the surface with the increase of BIA.
The difference was less pronounced for angles up to 40 deg. However, the
beam spot size rapidly increased for higher BIAs up to 80 deg when compared
to the size of the beam in focus and normal to the surface.

The interdependence of LIPSS characteristics to the accumulated fluence, Facc,
was determined by generating LIPSS on stainless steel without any
disturbances and only with a varying peak fluence, Fo. LIPSS reached their
optimum characteristics when Fo varied in the range from 0.11 J/cm?, the
fluence threshold, to a value of 0.25 J/cm?. The periodicity remained unchanged
throughout the investigated Forange.

Simulating the effects of Facc when processing fields with a characterised beam
led to a reduction of LIPSS amplitudes, and consequently to their
disappearance with the increase of processing disturbances influence. The
modelling and experimental results were in line with the validation samples
produced when both BIA and FOD affected the processing conditions. However,
the model could not foresee precisely the LIPSS amplitudes (average error of
20%) along sampling length however the moment where LIPSS started
disappearing, until no longer generated on the surface, was captured (error of
4%). This information can be used for the proposed application of the model,
i.e. defining the limits of LIPSS processing strategies on freeform surfaces.
The decrease of Facc led to a transition of the dominant periodicity Ap- to Ap+
below Facc values of 6 J/cm? and 2 J/cm? for initial Foz = 0.44 J/cm? and Fo1 =
0.25 J/cm?, respectively, which were identified from the modelling of the

processing conditions and measured PSDF values. These numbers are
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important as they define another constraint for the LIPSS limits. The change in
LIPSS periodicity behaviour was captured and that can influence LIPSS

functional performances.

After defining the limits of the LIPSS generation based on the processing conditions
prediction through ultrafast irradiation model, another barrier for successful application
of LIPSS treatments into industrial manufacturing process would be the process
monitoring which is often not a prime focus for LIPSS development areas. Developing
monitoring methods is key in ensuring that any shifts and/or deviations in LIPSS
features are detected because that can ultimately affect the LIPSS functional surface
response. In Chapter 6 a concept was developed based on a simple light-scattering

method and was judged to be suitable for inline monitoring method of the ripples.

The research on monitoring the LIPSS generation by analysing their light diffraction

and reflectance (Chapter 6) led to following conclusions:

e The relative changes in optical response of LIPSS samples, produced with and
without processing disturbances, were effectively detected by implementing a
simple optical setup. Especially, this was achieved by measuring the first-order
light diffraction and the zero-order reflectance while the measurements were
calibrated by using reference SEM images.

e Changes of LIPSS amplitudes due to FOD variations were detected with the
used experimental setup. Especially, the detectable changes within the depth
of focus were 0.5% and 4% per 100 yum when performing diffraction angle and

reflectance measurements, respectively.
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The BIA effects on LIPSS periodicity were quantified by performing light
diffraction measurements and the detectable changes for p- and s-polarizations
were 2% and 0.25% per 1 deg, correspondingly. The accuracy of the rotary
stage of the laser micro processing platform used in the study was 29.1 yrad
according to the specification [236] which correspond to 1.67*102 deg hence
the detectable changes of diffraction measurement were caused by LIPSS
periodicity changes as a consequence of BIA presence. Normally during
manufacturing process the impact on LIPSS generation process could arise
also from other process disturbances, such as insufficient laser beam calibration
or type of focusing lens used. It is worth mentioning that the employed setup
was placed in a laboratory environment however, by deploying commercially
available sensors, the sensitivity could be greatly improved.

The proposed simple and fast measurement method that offer sufficient
sensitivity could be deployed as a cost-effective solution for inline monitoring of
LIPSS generation. In this way, it will be possible to minimise and even avoid the
necessity for time consuming and not practical SEM/AFM

assessments/measurements.

The proposed inline monitoring method targeted detecting relative changes in

LIPSS characteristics when 3D processing disturbances were present during the

generation process. This can be indication that also the LIPSS functional

performance may be changed however it is difficult to quantify it as every

application can have different requirements for the structuring process tolerances

and consequently the LIPSS spatial characteristics. Typically, separate
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experimental studies need to be carried out to establish a relation between LIPSS

topography data and their functional response.

In Chapter 7 use of ANN tools was proposed for the identification of the processing
conditions, present during the LIPSS generation process, based on the surface
topography data, i.e. areal surface roughness parameters, as well as
demonstrating that also surface functionality could be predicted. Employing ANNs

tools for the aforementioned purpose in Chapter 7 led to the following main findings:

e Developed ANN-based tools represented a generic solution for monitoring the
LIPSS treatment operations by identifying the processing disturbances during
their treatments and by mapping the resulting areal parameters on processed
surfaces with their functional performance, i.e. wettability.

e The use of GAN-based data augmentation technique for generating artificial
LIPSS topographies proved to be a reliable tool for generating data sets for MLP
training. By employing this technique, it was possible to minimise the
experimental data necessary, i.e. AFM measurements, to create a MLP
classifier.

e The performed feature selection analysis showed that the full range of
standardized areal surface roughness parameters can be narrowed down to a
group of 6 or 8 most informative ones to achieve high MLP accuracy in laser
processing disturbances classification and when mapping LIPSS to their
specific functional response, that is the static water contact angle values of
LIPSS treated stainless steel.

e Validation of the MLP model performed on a large dataset identified with

accuracy of 85% if the processing disturbances were present during LIPSS
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generation process while the LIPSS wetting property could have been

determined within the CA measurement uncertainty of around 10 degrees.

To conclude, in this thesis four topics related to addressing the use LIPSS on broader
scale were explored. Figure 8.1 shows a schematic portraying how each Chapters fits
within the overall LIPSS developments areas. Applications for LIPSS are developed
because of the flexibility of the technology and the relatively simple and robust
processing setups. To this day, novel applications are being developed for LIPSS and
the search for new functionalities is continuing. Chapter 4 focused on only one
application area through studying the LIPSS treatments on thin film, i.e. DLC, because
it is proven to have low friction and wear resistant properties hence it has the potential
to be applied in the injection moulding technology where this properties are important
for process efficiency and tooling life. As a result, laser structured replication masters
coated with DLC have the potential to reduce the demoulding forces as well as to
improve replication fidelity. At the same time, a functionalized surface is produced that
can be transferred to polymer replicas. Next Chapters focused more on addressing
industrial challenges towards successful transfer of LIPSS technology, including
modelling and monitoring, while considering complex geometries which can be linked
to any functionality or application. The material used in those studies was stainless
steel because it can be representative of metals with similar optical properties but the
approach has the potential to be also applied to a broader range of materials, although
further studies would be required. The developed analytical model in Chapter 5 can be
used as a tool for determining the processing constraints for a laser parameter’'s
domain reducing the empirical studies in order to achieve the required LIPSS

homogeneity and consistency in the functional response when structured on freeform

212



CHAPTER 8 CONCLUSION, CONTRIBUTION AND FUTURE RESEARCH

surface. Then, a concept for inline monitoring method of LIPSS was developed in
Chapter 6 to track changes in LIPSS when disturbances occur during the structuring
process. Additionally, use of ANNSs, as detailed in Chapter 7, also can be employed as
a monitoring tool for LIPSS treatments operations because it allows fast and robust
data analysis. It was possible to achieve, with high accuracy, detection of laser
processing disturbances and prediction of LIPSS functional response, with wettability

as an example, solely based on areal surface roughness parameters.

/ LIPSS application and process developments \
MATERIAL

FUNCTIONALITY APPLICATION
Metals, Structural colouring, light Anti-counterfeiting, optical entryption, optical data
semiconductors, absorption, tribological, storage, optoelectronic devices, solar cells, dental and
glasses, ceramics, antibacterial, cell orthopaedic implants, bio-chip manufacturing, self-
polymers, composites, adhesion, wettability, cleaning surfaces, direct fluid transport, hazardous
thin films anti-icing, etc. metal detection, catalytic activity, etc.
Chaoter 4 Thin film: DLC Low friction, wear Functional and durable master for injection moulding
apter .
P resistant technology
O i
DLC coating DLC coating

_  DLCcoating+LIPSS ¢ &/ * Wi
Substrate " EUSEE i'
(steel) ’

/Industrial manufacturing processes and applications (applicable to complex geometries)\

/;)h Modelling \ monitoring— process control, functionality\
Chapter 5

* prediction |]
Q VE | @ Chapter 6 Inline monitoring method
~
y  FOD BiA

Use of ANNs tools for
Analytical model for predicting LIPSS p prediction of processing
behaviour on freeform surfaces for Chapter 7 conditions and wettability
Q‘ficient processing strategies /

Figure 8.1 Schematic showing the links between the research Chapters 4, 5, 6 and 7

in this thesis on the LIPSS development areas.

213



LASER INDUCED PERIODIC SURFACES STRUCTURES: ADVANCES IN MODELLING, PROCESSING AND MONITORING

8.2.Contributions to knowledge

The objectives of the research were achieved and the contributions to knowledge

claimed in this thesis can be summarised as follows:

The ultrafast laser structuring/texturing of DLC treated surfaces led to two types
of LIPSS, i.e. HSFL and LSFL, after a single spot irradiation when the pulse
fluence and the number of pulses per spot were varied. A range of processing
parameters, i.e. pulse fluence and number of pulses per spot, were established
for generating uniform LIPSS on relatively large surfaces without any DLC
delamination or visible cracks. This was accomplished by controlling precisely
the accumulated fluence, i.e. pulse fluence and total number of pulses per spot.
The mechanical and microstructural analysis of laser treated DLC revealed that
the surface properties for laser treated DLC still can be considered as
appropriate for producing replication masters. The hardness was significantly
reduced from 22 GPa to 9 GPa from as-received DLC to laser structured
samples but the value was still higher when compared to the substrate steel of
hardness of 2.5 GPa that is conventional material used for the injection
moulding technology. The small increase in tribological performance, from CoF
of 0.12 for as-received DLC to 0.15 can still be considered low, because the
typical values for CoF for the mould’s material are 0.35 [234], [235], and hence
will contribute to lower adhesive nature of laser treated DLC substrates. For
comparison the average demoulding forces in micro-injection moulding with
DLC coated tool can be decreased up to 37% when compared to uncoated
surface [95]. Thus, ultrafast laser treatments of DLC on replication masters can

offer an improved wear resistance and demoulding performance and thus
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enable the manufacture of functionalised polymer replicas with sub-micron
surface structures. A wider implication of this synergistic approach is
contributing to the process efficiency improvement of polymers manufacturing
as well as adding to producing polymer replicas with functionalised surfaces that
can be, for instance, employed in food packaging or medical fields.

An ultrafast irradiation model was developed to investigate the effects of
processing disturbances on LIPSS treated freeform surfaces. Compared to
other modelling approaches, the proposed method for calculating the
accumulated fluence, for the first time, takes into account the actual spatial
pulse intensity while assuming a simple astigmatic Gaussian beam.
Additionally, the effects of fluence distribution in processing inclined or curved
surface, while BIA varies, are also accounted for in the model. It was
demonstrated that the processing disturbances, i.e. FOD and BIA, modified the
laser processing conditions, particularly by affecting the pulse fluence
distribution. The beam spot size varies and this leads to changes of local fluence
thresholds. A good agreement between the simulation and experimental results
was achieved and thus the model can be used to identify processing conditions
leading to LIPSS disappearance and transformations. The percentage error
estimated between modelled and measured LIPSS amplitudes values was
around 20.2% but the location where ripples were no longer generated on the
surface was estimated to have the error of 4%. Also, the modelling results can
be used to drive/constrain software tools used for partitioning freeform surfaces
into fields/patches prior to their LIPSS treatments. In this way, the

transformations of LIPSS topographies can be kept within acceptable limits and
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thus indirectly to maintain their respective functional responses within
predefined ranges throughout the processed area. This is relevant to any LIPSS
application area, as discussed in Chapter 2, where the ripples generation is
required to be produced on freeform surfaces. The solution contributes to
developing efficient processing strategy hence reducing the lead time and
improving productivity from industrial perspective. For example, in tessellation
algorithm of a sphere, setting the correct processing disturbances tolerances
can reduce the number of fields to process by 10% when FOD limit is increased
by 0.07 mm [126].

A method for monitoring the LIPSS generation was proposed based on tracking
the relative changes of light diffraction and reflectance on processed surfaces.
The concept was validated by using LIPSS produced on planar surfaces with
set processing disturbances together with a reference one structured in focus
with normal beam and optimised parameters. It was demonstrated that the
LIPSS periodicities calculated by analysing the light diffraction were in good
agreement with those obtained with other methods, such as 2D FFT performed
on SEM and AFM images. In addition, the influences of processing disturbances
on ripples’ periodicities and amplitudes were analysed and the corresponding
changes in their optical response were determined, too. BIA impacted mostly
the LIPSS spatial frequencies that were detected through changes in diffraction
angle, while, FOD affected the average peak-to-valley distance and as a
consequence increased the LIPSS reflectance. The sensitivity of the
implemented setup was judged sufficient to detect even small changes in LIPSS

key characteristics. Detected changes were 4% per 100 um for reflectance
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measurement for FOD variations and up to 2% per 1 deg for the BIA effects.
The proposed method proved to be a very promising solution for inline
monitoring/inspection of LIPSS treated surfaces. It would potentially contribute
to the process control of the LIPSS fabrication process thus ensuring the quality
in process control. It can be paired with commercially available sensors that
have measurement time below 1s and sensitivity root mean square below 0.5
nm [237].

For the first time use of artificial intelligence tools into predicting LIPSS
functional response was combined together. Areal surface roughness
parameters of ultrafast laser structured/textured surfaces were pre- and post-
processed, fed into the already known ANN tools and used for prediction of
functional responses and for classifying the laser processing parameters. High
accuracy could have been achieved in classifying the laser processing
disturbances and predicting the wetting properties of LIPSS treated stainless
steel surfaces based on their respective areal parameters. It was demonstrated
that a small number (from 6 to 8) of areal surface roughness parameters would
be sufficient to identify disturbances affecting the LIPSS generation process
with 85% accuracy, as well as predicting LIPSS surface contact angle within the
measurement uncertainty of 10 deg. The input data, i.e. standardised surface
areal parameters, can be obtained with any surface characterisation method or
measurement instrument. Thus, using them with ANN tools can be deployed as
a solution for monitoring the LIPSS generation and also to judge indirectly about
their functional response. This contributes to process control of LIPSS

fabrications but offers a direct connection between laser structured
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topographies and their functional performance. It is worth mentioning that
trained ANN is well suited for real time systems because it gives fast responses,

potentially within seconds [210].

8.3.Future research

Based on the work presented in the thesis, some directions for further research have
been identified, i.e.:

» Investigation of mechanical properties and microstructural modifications of
laser-processed DLCs showed that DLC and LIPSS treatments can be
considered appropriate for synergistic use for the potential application of
producing replication masters that are more durable than conventional uncoated
tooling and at the same time functional sub-micron topographies are produced.
Further studies should be focused on conducting actual injection moulding tests
to assess the replication fidelity and the wear resistance of laser structured DLC
treatments and also to measure demoulding forces and see if they are reduced.
In this way, quantitative data about the improvements that such a synergistic
use of these two surface engineering technologies could offer will be obtained.
In addition, the LIPSS treated DLC masters should be analysed to see if the
surface cleaning routes between the injection moulding cycles can be reduced
and thus to increase both the replication fidelity and throughput.

» The theoretical model presented in Chapter 5 has accounted for variations in
beam intensity distribution of each pulse in presence of processing
disturbances, i.e. FOD and BIA. Also, the same modelling approach can be

utilised for assessing the ablation efficiency achievable in ultrafast laser
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machining of complex geometries and thus to optimise the processing
parameters. However, the resulting crater profiles after each pulse may need to
be considered while modelling the processing conditions.

» The effects of two processing disturbances, i.e. FOD and BIA, on LIPSS
generation were considered in modelling the laser structuring of freeform
surface and also in validating the proposed in-line monitoring method. The
influences of these disturbances were studied separately or simultaneously on
flat and inclined samples. However, other factors can affect the LIPSS
treatments of complex geometries and therefore they should be considered, too.
Specifically, beam positioning errors as a result of some calibration inaccuracies
may become more prominent and also some other inconsistencies may occur
depending on the type of focusing lenses used, i.e. telecentric or f-theta. So,
identifying and studying the influence of those factors on functional performance
of LIPSS on freeform surfaces can become essential in modelling the process.
Also, if these factors are accounted for, this may bring some further insights into
processing conditions when treating freeform surfaces and thus to set with a
higher confidence the limits and requirements in executing different surface
partitioning strategies.

» The simple setup used to investigate and validate the in-line LIPSS monitoring
solution demonstrated its potential for tracking LIPSS changes based on their
light diffraction and reflectance characteristics. Thus, the next steps should be
focused on designing and implementing a compact sensor for analysing the
optical response of LIPSS on both planar and freeform surfaces. The data

analysis should include real-time measurement of diffraction angle and
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efficiency together with the specular reflection intensity. This would facilitate the
better understanding of interdependences between topographical
characteristics of the ripples and their functional response, especially when
processing disturbances are present. Consequently, the sensitivity of the
method would increase significantly and this together with a faster analysis of
the acquired data could create the necessary prerequisites for its deployment
in laser manufacturing systems. Also, such sensor can offer capabilities for an
instant detection of out-of-control conditions in the LIPSS generation process
even on complex freeform surfaces.

» The use of ANN tools offered capabilities for mapping the areal surface
parameters of LIPSS treated surfaces to their respective functional responses.
The approach can be extended onto the creation of a database that can include
more materials, e.g. polymers, and thus to link the areal surface parameters of
different types of laser surface structures/textures (e.g. hierarchical LIPSS,
dimples, trenches, pillars etc.) to their targeted functional property. With the help
of ANNSs, such data repository could be employed also as a guide for quality
assessment, as an inspection tool or just as an aid in developing and
implementing laser structuring/texturing technologies for new novel

applications.
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