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Abstract

Laser surface texturing is one of the methods used for controllable surface structuring
and acquisition of specific surface physical properties. This Ph.D. dissertation is focused on the
characterization of the thermo-physical processes in ultrashort pulse laser surface texturing
(LST) and development of the laser scanning methods for high-speed processing with high
precision and low heat accumulation.

In the first part of the dissertation, a review of LST for several applications is presented:
in biology, material engineering, medicine, optics, semiconductor electronics and other areas.
The different physical mechanisms of ultrashort laser pulse interaction with an irradiated
surface are considered. The physical limitations, such as heat accumulation and shielding
effects, are discussed. The current state of the art of modern LST methods is presented.

Based on the literature review, the aims of the work and main tasks are defined:
measurement and analysis of the thermal IR radiation signals detected during laser surface
processing and comparison with theoretical predictions; the proposal and implementation of
new scanning strategies for high-speed LST; evaluation of the precision, processing rate and
heat accumulation in the LST methods; and practical application of the developed LST
methods.

In the next part, the research methods used in the study are presented. The heat
accumulation and ablated plasma glow duration measurements with fast IR detectors and
data processing methods are described. The new shifted LST method is developed and
compared with classic LST methods. The methods for evaluation of the precision and
processing rate are presented. The semi-planar thermo-physical model for analytical
prediction of surface temperature changes is described.

The next part contains the achieved results and discussion. The laser surface
processing regimes obtained during experiments were characterized by three levels of heat
accumulation: low heat accumulation, critical and overheated. A decrease of ablated plasma
glow duration at higher scanning speeds was detected. The possible reasons for this
dependence are proposed. It was discovered that the shifted method reaches a more than ten
times higher processing rate with negligible microobject geometry deviation. Similar results
were achieved in experiments with depth profile testing on the laser-textured microobject
array. The highest processing rate was achieved with the shifted LST method in burst regime.
The analysis of the temperature regimes shows that the heat accumulation is similar for both
the classic and shifted LST strategies and the overheated regime was not reached. For the
shifted LST method, the heat accumulation is even lower than the critical boundary. The
temperature distribution in material obtained by the analytical model shows a reasonable
agreement with experimental results of the IR radiation measurements. The practical
application of the shifted LST method is presented in comparison with classic methods.

The conclusion and proposals for further research are presented at the end of the
dissertation. The benefits of the IR radiation signal analysis and shifted LST method are
underlined.



Anotace

Laserové texturovani povrchu je jednou z metod pro kontrolované strukturovani a
ziskavani specifickych fyzikdlnich vlastnosti povrchu. Disertaéni prace je zaméfena na
charakterizaci termofyzikalnich procesu laserového texturovani povrchu (LST) s ultrakratkymi
pulzy a vyvoj laserovych skenovacich metod pro rychlé zpracovani povrchu s vysokou presnosti
a nizkou akumulaci tepla.

V prvni Casti prace je uveden prehled laserového texturovani povrchu pro nékolik
aplikaci: v biologii, materidlovém inZenyrstvi, mediciné, optice, polovodi¢ové elektronice ad.
Jsou zvazovdny rhzné fyzikalni mechanismy interakce ultrakratkych laserovych pulzi s
ozarenym povrchem a predstavena fyzikalni omezeni, jako je akumulace tepla a ucinky stinéni
plazmatem. Rovnéz je prezentovan aktudlni stav modernich metod LST.

Na zakladé literarni reSerSe jsou definovany cile prace a hlavni Ukoly: méfeni a analyza
tepelného infracerveného zareni detekovaného pfi laserovém zpracovani povrchu a
porovnani s teoretickymi predpovédmi; navrh a implementace novych skenovacich strategii
pro vysokorychlostni LST; vyhodnoceni presnosti, rychlosti zpracovani a akumulace tepla
v rlznych LST metodach; prakticka aplikace vyvinutych metod LST.

V dalsi ¢asti jsou uvedeny vyzkumné metody pouZzité v praci. Jsou popsdna méreni
akumulace tepla a doby ablacniho zareni pomoci rychlych IR detektord a metody zpracovani
dat. Novd posuvnd metoda LST je vyvinuta a porovnana s klasickymi metodami LST. Jsou
uvedeny metody pro vyhodnoceni presnosti a rychlosti zpracovani. Je popsan polorovinny
termofyzikalni model pro analytickou pfedpovéd zmén povrchové teploty.

Dalsi ¢ast obsahuje dosazené vysledky a diskusi. ReZimy laserového zpracovani
povrchu ziskané béhem experimentl byly oznaceny tfemi drovnémi akumulace tepla: nizka
akumulace tepla, kriticka a pfehfata. Bylo zaznamendno snizeni doby ablaéniho zareni pfi
vyssich skenovacich rychlostech. Jsou navrzeny mozné diavody takové zavislosti. Bylo zjisténo,
Ze posuvna metoda dosahuje vice nez desetkrat vyssi rychlosti zpracovani se zanedbatelnou
odchylkou geometrie vytvorenych mikroobjektd. Posuvna metoda dosahla nejmensi odchylky
geometrie v experimentech s laserovym vytvarenim hloubkového profilu povrchovych
mikroobjektl. Nejvyssi rychlosti zpracovani bylo dosazeno s posuvnou metodou LST v reZzimu
seskupeni laserovych pulzl (burst). Analyza teplotnich rezim( ukazala, ze akumulace tepla je
podobna pro klasickou i posuvnou strategii LST a pfehraty rezim nebyl dosazen. U posuvné
metody LST je akumulace tepla dokonce nizsi nez kritickd hranice. Rozlozeni teploty v
materidlu ziskané analytickym modelem ukazuje pfimérenou shodu s experimentalnimi
vysledky méreni IR zareni. Ve srovnani s klasickymi metodami byla prezentovana i prakticka
aplikace posuvné metody LST.

Zavér a navrhy na dalsi vyzkum jsou uvedeny na konci prace. Jsou zdUraznény vyhody
analyzy infracerveného zareni a posuvné metody LST.
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Designations

a energy exchange rate between electron gas and lattice
QAtn thermal diffusivity

A absorption of the surface

c speed of light

Ce electron specific heat

C lattice specific heat

Cp specific heat capacity

Ag goal diameter of laser-textured microobjects

Af goal depth profile

Amajor,i length of major axis of laser-textured microobject
Aminor,i length of minor axis of laser-textured microobject
Amax,i ith Object diameter deviation from major axis length
Amini  Lth Object diameter deviation from minor axis length

AR depth deviation of ki, profile from a goal profile form

fe fraction of water-solid contacted area divided by the projected area
ftrg external trigger frequency

F laser fluence (or energy density)

Fy fluence in the center of the laser beam

Fin threshold laser fluence

Freat residual heat after laser surface ablation

F, absorbed laser fluence

fpuise  laser pulse frequency

h Planck constant

h; vertical distance between measured iw profile and goal profile lines
AH hatch distance

Lp summation indexes

AlL interlace distance

1(1) IR radiation emitted by the laser heated surface

1(t) time distribution of the laser intensity in a laser pulse

ke thermal conductivity of electron subsystem

k, thermal conductivity of phonon subsystem

k thermal conductivity of material

ky Boltzmann constant

lirg distance between laser spots formed with external trigger
l, absorption depth

lin thermal penetration depth

l step value along horizontal direction on profilogram

Abal ballistic electron penetration depth

Aopt optimal wavelength

A light wave length

Ath heat conductivity



number of rows in an array of microobjects

number of microobjects in one row of array

number of recorded values in the sequence without laser influence
number of signals analyzed in the closest to the next laser pulse segment
fraction coefficient

number of objects (laser spots, microobjects or laser pulses)
full number of laser pulses in a sequence

amount of data for shifted method

amount of data for classic method

parameter of the laser spot geometry

number of a laser pulse applied over a fixed point

laser pulse overlap

laser average power

laser pulse full energy

laser pulse energy absorbed in material, before ablation
residual energy absorbed by material after material ablation
line energy

laser energy distribution in irradiated surface

factor representing increase in the wetted surface area

full number of analyzed segments in data sequence
distance from laser spot center

distance from heat source

laser spots distance

mass density

penetration depth

incubation coefficient

distance between pulses in the laser beam scan direction
standard deviation

relative diameter deviation of i, object from goal diameter
mean value of the relative diameter deviation at one speed
relative depth profile deviation

tensile strength

laser pulse duration

period between laser pulses

electron temperature

lattice temperature

evaporation temperature

surface temperature

melting temperature

critical temperature

time

time from application of n laser pulse

time moment, which corresponds to the signal value index i
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tw plasma glow duration time

tg time moment when the integral signal lower from boundary limitation
ty time moment when the plasma glow signal higher from boundary limitation
AT residual temperature after laser pulse

ATg,.m, residual temperature after sequence of laser pulses

0; contact angle for flat surface

0, contact angle measured on real rough surface

Uy background signal level

Up,i background signal detected at time moment ¢;

U, mean value of residual heat signal

Uy value of it residual heat signal recorded in time moment ¢;

U, heat accumulation signal

Unmp difference between absolute peak maximum and background level
Unr difference between absolute maximum and resistive heat signal
Vg laser beam scanning speed

Vpr processing rate

AV ablated volume

w laser spot radius

Ysg solid-gas surface tension

Ysi solid-liquid surface tension

Yig liquid-gas surface tension

z depth coordinate

Zabl ablation depth
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Abbreviations

AFM

AOD
bcc
DLIP
EDX
EOD
IR

LIPSS
LP
LSP
LST
NDT
NIR
SLM
SLMs
SD
SLST
™
XTT

Atomic Force Microscopy

Acousto-Optic Deflector
body-centered cubic

Direct Laser Interference Patterning
Energy-Dispersive X-ray Spectroscopy
Electro-Optic Deflector

Infra-Red

Laser-Induced Periodic Surface Structures
Low Pass

Laser Shock Peening

Laser Surface Texturing
Nondestructive Defect Testing
Near Infrared Radiation
Selective Laser Melting

Spatial Light Modulators
Standard Deviation

shifted Laser Surface Texturing
Two-Temperature Model
Tetrazolium Salt
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1. Introduction

Laser Surface Texturing (LST) offers the most promising concept in terms of industrial
improvement of surface functionalization. The small size of a laser spot with significant energy
density becomes an excellent tool for the formation micro- or nanoobjects on material
surfaces [1]-[4]. Laser-controlled material ablation gives the possibility to form surface
microobjects with high precision and specific geometry: dimples, columns, riblets, polygonal
or hierarchical structures [5]-[8]. The consequent location of microobjects in an array on a
material surface provides wide area LST. Such laser-textured arrays of microobjects are able
to change the physical, chemical or biomedical properties of processed surfaces. Currently,
LST is one of the most flexible methods for forming new functional surfaces: hydrophobic,
antibacterial, adhesive, self-cleaning, light absorbing, wear resistance or low frictional [9],
[10]. One of the popular ways of forming functional surfaces is laser texturing with mimicry of
an existing natural surface, like lotus leaves, insect’s wings or eyes, gecko’s legs or shark skin
[11]-[13].

For many cases, the desired functional properties of laser-textured surfaces are
predefined by the correct geometry of laser-formed microobjects. High precision of material
processing is often limited by the dynamic parameters of a laser beam deflection system, such
as inertia of the mirrors and mirror positioning control. For the most popular galvanometer
scan systems, this is the main limitation for achieving high precision at higher scanning speeds.
Moreover, the quality of the resulting surface is affected by physical effects, which are
initiated under laser-pulsed surface machining: heat accumulation, surface shielding by
ablated materials or incubation effects [14]—[21]. Such effects are limiting for application of
high-frequency lasers with high scanning speed and high precision of the laser surface
micromachining.

This work is devoted to the characterization of thermo-physical processes in scanning
surface processing with ultrashort laser pulses and definition of the principal limits of existing
LST strategies of surface texturing with a galvanometer scanner. The next goal is to propose
an improved scanning strategy for overcoming the physical and principal limitations of existing
methods of LST and real application of the developed LST methods on different functional
surfaces.
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2. Current state of the art in the laser surface texturing (LST) of functional surfaces
2.1. The main principles of the LST with material ablation processes

In this work, the concept of LST described as forming a wide array of microobjects by laser
beam scanning surface modification with a series of laser pulses (Fig. 2.1, a). The geometry of
the output surface structure depends on laser beam scanning strategy and physical processes
under every laser pulse irradiation. The initiated physical processes in an irradiated surface
depend on the parameters of the laser pulse, such as intensity, wave length and pulse duration
[22], [23]. There are several intermediate physical processes from the laser pulse surface
absorption till the post-ablation surface cooling: reflection, scattering, plasma plume and
ablating material explosion, shock and pressure waves spreading, energy dissemination by IR
radiation and convection (Fig. 2.1, b). The correct choice of laser pulse parameters and the
scanning method of LST is the key solution for production of functional surfaces with uncial
physical properties.

Laser pulses Laser beam

particles =
X eat conductio

a b
Fig. 2.1. The basic principles of LST: a — laser-pulsed surface texturing with formation of the
microobjects array; b — physical processes occurring under laser pulse interaction with a solid
state substrate.

In this chapter, the best known applications of LST for laser surface functionalization
are described. The most attention will be paid to the current state of the art for functional
surface micromachining by scanning laser systems in pulsed mode. The physical phenomenon
of laser ultrashort pulse interaction with metals in connection with laser scanning techniques
will be presented in the two last sections of this chapter.

2.1.1. Wettability of textured surfaces

One of the best known examples of laser material surface functionalization is preparing
superhydrophobic structures, where the water contact angle is higher than 150° [24]-[26].
The main principle of preparing superhydrophobic structures lies in forming micro-columnar
structures [27]. Physical principles of wettability decreasing for textured surfaces can be
explained by the Cassie-Baxter model [28]. It can be explained by comparison of the
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wettability of a flat surface with that of a textured surface. On a flat surface, contact angle 6
is in direct dependence on surface tension [29]:

Ysg = Vst + Vigcosty, (2.1)
where yg, — solid-gas surface tension, y; — solid-liquid surface tension and y;4 — liquid-gas
surface tension.

On a textured surface, two opposite scenarios can be observed. If roughness is not high
and water drops are in contact with the tops and bottoms of the textured structure, then the
surface obtains hydrophilic properties [27], [30] (Fig. 2.1.1, a). In this case, the energy of the
system decreases for a smaller measured contact angle 6,,,, which can be defined from the
Wenzel equation [31]:

coSOy, = Tyq " cOSOy, (2.2)
where 7;,, — factor representing an increase in the wetted surface area. Such structures can
be applied for forming self-cleaning, cell manipulation, adhesion enhancement, anti-fogging,
fluid flow control, evaporative cooling and others [30], [32]-[34].

o o
~ ﬂmﬂﬂl’fﬂj (I
a b
Fig. 2.1.1. Wetting of a textured surface. a— wetting of a low roughness surface; b -
hydrophobicity on a surface with high density of textured microobjects [27].

Increasing the surface roughness with a higher density of textured microobjects leads to
the appearance of hydrophobic properties. In this case, the water drop does not have direct
contact with the bottom surface between microobjects (Fig. 2.1.1, b). A decreased contact
area of water drops with the solid surface leads to an increase in interfacial energy between
water and gas. The contact angle of such a heterogeneous surface can be defined by the
Cassie-Baxter equation:

costy, = fecosbpge + fo — 1, (2.3)
where f, —is the fraction of the water-solid contacted area divided by the projected area. This
dependence of the real contact angle on the textured microobject’s density gives the
possibility to form superhydrophobic surfaces, when the contact angle becomes larger than
150° [25]. The main advantage of superhydrophobic surfaces was inspired by nature. When
water drops absorb particles of dust from a textured surface without wetting it, is well known
the Lotus effect [13], [35]-[37].

The flexibility and precision of modern laser technologies allows us to combine surface
microtexturing with nanometric texture to form a hierarchical structure. This application of an
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LST method is the most popular technology for formation of superhydrophobic surfaces on
different materials (Fig. 2.1.2): metals [24], [38]-[42], glasses [43], [44], polymers [45], [46],
ceramics [47] and so on [48]—[50].

Fig. 2.1.2. Superhydrophobic laser-textured surfaces on: a — metal (AlSI304) [41]; b — glass
(silica glass) [43]; ¢ — polymer molded in laser textured form (polypropylene) [27].

There are several methods for achieving hydrophobicity on metallic surfaces. One of the
well-known way of superhydrophobic surface formation is the application of laser beam
writing with a nanosecond pulses. Commonly, a laser is used together with a galvanometer
scanner system for machining of arrays of square pillars or microgrooves. In the series of the
papers of V.D.Ta et al. [24], [38], the nanosecond laser texturing of superhydrophobic
surfaces was reported. The spot size in these experiments is w = 20 um and pulse duration
inthe range of t,, = 4 + 200 ns, pulse frequency 20 + 100 kHz and peak power in the mJ range
[24], [38], [39], [50]. Distance between microgrooves or pillars is about 10+100 um [24], [51].
The scanning speed for such applications is not high and commonly is smaller than 1 m/s [24],
[52]. Superhydrophobic properties of nanosecond laser-scanned surfaces are explained by the
formation of burrs and debris from molten material [24], [53]. It is difficult to predict the goal
geometry of the surface texture with a nanosecond laser. For the direct forming of the surface
microtextures, ultrafast lasers are widely used [24], [42], [54]—[59]. Laser machining with pico-
and femto-second lasers gives the possibility to achieve a predefined geometry of
microobjects more precisely. In this way, unusual wetting properties of functional surfaces
can be formed. For example, there can be a combination of superhydrophobic and
superhydrophilic properties on the same surface [60].

2.1.2. Friction and wear resistance

The presence of a lubricant between two sliding surfaces is the main way to decrease the
friction forces between them. This is the main reason for application of LST for sliding bearings
[61], [62]. An array of dimples on the sliding surface can work as a field of pockets for the
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lubricant and is able to change hydrodynamic flows between sliding areas [63]—[66]. The
correct distribution and form of laser-textured microobjects on sliding surfaces is able to
significantly change the dynamic character of the sliding bearing [67]. Several factors have an
influence on the optimal friction surface texturing geometry. It can be affected by sliding
speed, oil pressure, temperature and viscosity [68]. An optimal laser-textured dimple size is
basically determined by tribology experiments. Fig. 2.1.3 is shows an example of experimental
results obtained by pin-on-disc tribology tests with a laser-textured C85 balls section (Fig.
2.1.3, a) [69]. In these tribological tests, it was specified that the minimal value of the friction
coefficient corresponds to the diameter 40 um of the laser-textured dimples. A friction
reduction up to 80% was possible with the optimal diameter for certain sliding speeds of the
bearing surface (Fig. 2.1.3, b) [69].

0.20 ———ry . ——rt
x _ 1=100°C; p = 3 MPa; PAO
8‘ a - -m- - polished
= 0.15 - % g w,  polished reference © 15 .
=5 A 30
= A % g x - -40
k) ‘Q 2 u v 45
£ 0.10 W8 o 50
Q @ 8 \x < 80
3 AR AL > 100
c A go‘\x o 150
£ 0.05 1 X 82 w o 200
kS W8 g + 500
- 40 pm dimple diameter *‘Q._g E\\,Tx o %
0.00 . e
100 1000
sliding speed [mm/s]
a b

Fig. 2.1.3. LST for tripological tests: a — laser-textured surface of C85 steel; b— friction
coefficient plotted against the sliding speed of laser-textured surfaces with different diameter
of dimples 15+800 um [69].

Exploiting the flexibility and micrometric accuracy of laser-scanning systems gives the
possibility to realize complex micro-structural modifications of bearing surfaces. The form and
relative location of microobjects in the laser-textured array has a great influence on the
friction coefficient. A rectangular dimple-textured pad exhibited an overall lubricated friction
coefficient which was approximately 20% lower than the elliptical dimple counterpart. The
improved tribological performance was ascribed to the better morphology of the rectangular
dimples. Partial texturing of a bearing surface with a lattice of finite-sized grooves with a
certain angular misalignment to the sliding direction is able to reduce the friction too [70],
[71]. Such non-uniform surface texturing allows development of a new generation of so-called
“super-bearings”, with unique and enhanced tribological performances that, in addition, can
be tailored according to the sliding direction (Fig. 2.1.4) [71], [72]. Another possibility for
decreasing the friction coefficient is the application of a combination of different textures. In

17



the work of Segu et al., a multi-scale textured surface which showed a three times smaller
friction coefficient in comparison with a polished surface was created [73].

Fig. 2.1.4. Non-uniform surface texturing of a bearing surface: a — laser-textured rectangular
microobjects in non-uniform alignment [71], [72]; b — multi-scale textured surface with high
density of 20% of the surface [73].

An additional feature of laser-textured surfaces is increase in wear resistance. On a flat
surface, the wear particles keep rolling between sliding surfaces (Fig. 2.1.5, a) [74]. This leads
to longitudinal erasure of contact areas and increasing friction leaks and temperature. The
oxidation of the bearing surfaces under lubrication-starved conditions can be observed [75].
In contrast, the laser-textured surface is able to prevent this. Laser-machined microobjects on
such surfaces work as traps for wear particles (Fig. 2.1.5, b) [74], [75]. This benefit of laser-
textured surfaces can be obtained even in the case of dry friction [76], [77] (Fig. 2.1.5, ¢).

Fig. 2.1.5. Wear particles: a — between flat sliding surfaces [74]; b — between flat and laser-
textured surfaces [74]; ¢ — laser-textured surface in dry friction test. The wear particles are
trapped inside of laser-textured microobjects; texture depth 5.5 um, object size 500-250 um
[76].

Wear resistance of soft materials, like plastics, is achieved with laser surface texturing
with hierarchical structures. In this method, a sequence of two LST techniques is applied —
microtexturing with the next nano-texturing [78]. In this way, the weakest nano-texturing will
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be protected against mechanical damage. On such hierarchical structures, only the upper part
will be damaged, but the nano-texture remains protected in the bottom parts of the
macrotexture. A similar technique can to be applied to a wide range of materials:
polycarbonate [79], metals [80], [81] and glasses [82] (Fig. 2.1.6).
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\ BREES

Fig. 2.1.6. Hierarchical structures on different materials: polycarbonate [79], metals [80] and
glasses [82].

Improving wear resistance by using LST has great potential due to the flexibility of the
laser technologies. This two-level LST gives the possibility to create persistent surface
structures with unusual physical properties [83]. This clever solution can find application
everywhere, when the specific surface properties should be kept at least partially: in medicine,
metal production, bearings or the chemical industry.

2.1.3. Optical properties

The application of LST on photovoltaic elements is one of the common ways of improving
the optical properties of laser-processed surfaces [6], [84]-[87]. Multiscale texturing of a
surface can cause significant deviations in how light is reflected and scattered, leading to
enhanced absorption unlike with flat smooth surface. For surface features with dimensions
greater than several wavelengths of light, this enhancement can most easily be described
using the principles of ray optics. A portion from a ray of light will specularly reflect from a flat
surface and have no further interaction with the material. But the protruding features can
reflect and scatter light back onto the surface. Light can effectively become trapped in crevices
and holes with multiple reflections. Once inside these protruded structures, multiple internal
reflections can guide the light into the bulk. Refraction at the surface of these structures also
leads to transmission at oblique angles, effectively increasing the optical path length,
enhancing absorption. The degree of enhancement depends on the particular geometry and
dimension of the surface features (Fig. 2.1.7, a) [84], [88], [89]. After laser texturing of
polycrystalline silicon solar cells, the reflection from their surface was reduced by up to
14 + 18% (Fig. 2.1.7, b) [85], [87].
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a Incident light

Fig. 2.1.7. LST of antireflective surfaces: a — principle of light waves propagating on a laser-
textured surface [88]; b — laser-textured surface of a photovoltaic multicrystalline silicon
element [87]; c— the butterfly Morpho with iridescent blue wings due to sophisticated
periodic microstructures of the wings [9]; d — iridescent color of a platinum sample with
femtosecond laser-induced periodic structures [9].

In the case of LST of metals, the optical properties of a surface can be dramatically
changed. Ultra-high light trapping structures are in the literature called “black” metal [9], [88],
[90]. Such LST structures on TC4 titanium are able to increase surface absorption 10 times.
Another application of metal LST is “colorization” of a surface. An example of structural
coloration in nature is the wing of the Morpho butterfly (Fig. 2.1.7, ¢, d). Its metallic, iridescent
blue color is not caused by pigments, but originates from light interference and diffraction on
complicated periodic microstructures [9], [91], [92].

Similar principles of changing optical parameters with LST can be applied for other optical
devices — detectors, emitters, light guides, Bragg gratings and photonic crystals [6], [9], [93]—
[95]. For all these applications, the precision of material processing should be at wavelength
scale. Specific materials of optical devices often have a temperature-sensitive structure. For
example, diamond-based detectors and grates should be processed with minimal heat
degradation to prevent laser transference into the graphite phase [96]—[99].

2.1.4. Biomedical laser-textured surfaces

Laser surface functionalization has also found its application in biomedicine [100].
Texturing of bone implants is one of the most known techniques for increasing
biocompatibility of allenthesis surfaces [101]-[104]. Such an application of LST improves
mechanical interlocking of implants in a bone [105], [106]. It was shown, that selective laser-
modified titanium implants have a 250% increased removal torque [107]. Study of cell
attachment of laser-textured surfaces has shown that cell density is very sensitive to the
geometry of the surface pattern [101], [108]. Kumari et al. [101] found that there was
increased bioactivity on an LST-treated Ti6Al4V surface. As expected, LST did not produce any
cytotoxic substances reflected by an XTT (C22H19N7Na2014S>) assay test. It was shown that cell
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adherence preferred ridges and corners and was less present in dimple-textured surfaces
(Fig. 2.1.8, a), in respect of linear-textured surfaces (Fig. 2.1.8, b), cells were preferentially
attached along the direction of texturing in the textured zone.

Fig. 2.1.8. Scanning electron micrographs of the surface of laser-textured Ti—6Al-4V using an
ArF excimer laser in air with a — dimple geometry (laser fluence of 3.2 J/cm2, repetition rate
of 200 Hz, number of laser pulses of 100) and b — linear geometry (laser fluence of 2.4 J/cm?,
repetition rate of 200 Hz, number of laser pulses of N = 50 (pulse overlap in laser scan
direction) [101].

Laser surface texturing of an implant can be used for improving surface biocompatibility:
cell adhesion, cell spreading, proliferation, actin cytoskeleton and focal adhesion organization
[101]-[103], [109]. Anisotropic surface texturing promotes driven cell orientation and cell
motility [110]. Initial studies using laser-generated grooves demonstrate that direct-write
laser-machined grooves lead to contact guidance for osteoblast cells (Fig. 2.1.9 a, b) [42],
[111]. LST of titanium-based alloys shows no toxic effect and good cell viability [101].

Fig. 2.1.9. Titanium-based alloy direct laser texturing for bioapplications: a — demonstration of
laser-formed surface grooves; b — contact guidance by linear grooves causes elongation of the
cells (left) as compared to a polished surface (right). (Images by Laralonescu) [111].

The behavior of the cells on a surface is largely affected by the amount and direction of
stress on the cytoskeleton, which, in turn, depends on the surface chemistry and surface
topography. Changing different laser-scanning parameters, such as speed or power, creates
different narrower or sharper surface structures. Additional application of external triggering
for laser generation gives the possibility to form secondary surface structures. Peak distance
on a scanned surface controlled by laser on/off trigger frequency and beam movement speed:

ltrg = vsc/ftrgf (2.4)
where [, — distance between laser spots formed with external trigger, vy, — laser beam

scanning speed, f;-4 — external trigger frequency. At the same time, it is possible to control
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the width of the laser-processed segments by laser on/off trigger delay settings. In this way,
laser pulse bursts with millisecond intervals of inburst pulses will be formed. Correct
combination of laser scanning speed, power and burst length leads to the generation of
surface ripples (Fig. 2.1.10). Such laser-induced surface ripples improve the cell attachment
and differentiation by 50% [112].

a b c
Fig. 2.1.10. Laser-triggered formation of ripples inside the grooves, along the direction of laser
scan bursts: a — grooves formed at constant speed; b — cell spread and cytoskeleton structures
on burst-textured surface; ¢ — cell spread and cytoskeleton structures on untextured surface
[112].

As the cell cytoskeleton has low stiffness, getting attached to a surface with sharp features
can induce the type of stress, which can be beneficial for cell activities. A surface with such
feature dimensions can be effective in influencing the cellular activities on the surface and
thus enhancing the biocompatibility.

2.1.5. LST for adhesive bonding

There are several laser adhesive bonding techniques, where the LST plays a key role. The
main idea of this technology is to improving adhesion forces by increasing the active area and
interlocking the two connected surfaces [113] (Fig. 2.1.11). One popular application of laser
surface adhesive bonding is the thermal connection of metal with plastic or composite. In this
case, the surface of the metallic substrate should have a specially prepared structure. It can
be rows, dimples or an array of random cones [114]-[116].

Laser-
Laser- beam
beam

Meta ——

Micro- Heat Conduction Hybrid-Polymer-
gructuring Joining Metal-Joint

Fig. 2.1.11. Process chain of the laser-based polymer-metal connection [113].
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Another application of the laser texturing of a substrate can be found in spray coating
technology. Pre-treatment of the material by laser texturing involves physico-chemical and
mechanical modification on the surface with a significant increase of the surface contact area
between the coating and substrate [117]. Pattern dimensions of LST for thermal spray coating
should be chosen depending on the spray process (powder size and material viscosity) [118].
Moreover, correctly choosing the laser texturing strategy gives the possibility to exclude voids
[119]. This was demonstrated in an application of nanosecond laser pulses for metal LST for
thermal spraying [120], [121]. In this case, incorrect laser parameters leads to the covering of
surface texture by recast material and blocking of the laser-drilled holes (Fig. 2.1.12).

Fig. 2.1.12. LST of 1.4401 steel with application of 50 laser pulses per hole: a — at fluence
29 J/cm? and 40 kHz repetition rate holes stay open; b — at fluence 20 J/cm? and 56 kHz
repetition rate holes are blocked [120].

In the known literature sources, the diameter of the textured holes for thermal spray
applications has 60 + 80 um. Distance between holes is about 100 + 200 um with depth
30 + 80 um. Such parameters of the surface texture correspond to the particle volume and
the particle diameter [120], [122]. The diameter of the texture’s open area needs to be larger
than the particle diameter [123]. On the other hand, increasing the holes’ diameters makes
the filling of the cavities more difficult. This might be due to the fact that the bigger amount
of laser surface ablated products goes to fill the cavities during the spraying operation [117].
However, the application of the laser texturing with correct pattern geometry is able to
increase the adhesion stress 2 + 3 times [119], [124].

2.2.  Physical principles of laser surface processing with ultrashort laser pulses

Ultrashort laser pulse ablation, that is, the removal of matter from solid surfaces, has
great interest for experimental and theoretical research [125], [126]. Experiments have shown
that with ultrashort irradiation a better controllability and precision in material modification
can be achieved as compared to longer pulses [127], [128]. From the theoretical point of view,
the ultrashort time of interaction allows the separation of the involved processes as excitation,
melting, and material removal. The precise mechanisms of laser ablation for different
materials are still debated, especially for ultrashort picosecond and femtosecond laser pulses
[125], [129]-[132]. In the following text, the general physical principles of phase
transformation and ablation processes under ultrashort laser pulse irradiation will be
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discussed. The physical processes of laser pulse interaction with material will be discussed in
relation to applied laser pulse intensities.

2.2.1. Thermal energy transfer in ultrashort laser pulse metal ablation

The energy of the irradiating laser is mainly absorbed by the electrons of the solid. The
laser therefore initiates a transient non-equilibrium of the electron gas with the lattice [125],
[133], [134]. If the intensity of the laser pulse is below the range < 103 - 10 W/cm?, then
the free-carrier number density has not achieved the critical value and non-thermal ablation
does not appear [125], [129], [135]. In this case, the energy transport from electrons to the
lattice can be described by the Two-Temperature Model (TTM) [125], [126], [129], [136],
[137]. In the TTM, the laser initiates a transient non-equilibrium of the electron gas with the
lattice, which was first noted by S. |. Anisimov et al. [133]. During a short period of a few
picoseconds or less, the lattice remains at its considerably lower temperature. The energy
exchange between electrons and the lattice can be described by the equations [125], [133],
[138]:

aT, aT,
G5 = _Cea_te = a(T, —Tp), (2.5)
where T,, T; and c;, c, are the electron and lattice temperatures and specific heats,
respectively; a is the energy exchange ratio between two subsystems. Temperature changes

in the laser irradiated surface are affected by heat transport of energy to both subsystems:

ce 2 = div(k,VT,) — a(T. = T) +Q, (2.6)
and

¢ 5t = div(k,VT,) + a(T, — Ty), (2.7)

where @ is the laser pulse energy absorbed in a material, and k., and k, are thermal
conductivities of the electron and phonon subsystems, respectively. Equations 2.5—-2.7 in
combination with electrodynamic, hydrodynamic and solid state physics allows to analyze the
ablation process in detail [131], [136], [139], [140]. The TTM model is able to predict time
intervals, when the consequent physical mechanism of energy transformation will be
activated [132], [141]. Due to the limited value of the energy exchange ratio a between
electrons and ions in the metals (Eqg. 2.5), the subsystems stay be in a nonequilibrium state
more than 10 ps [125]. Heat transfer in such a nonequlibrium state is different from classic
thermal diffusion, and it can be described by an specific model, like wave or parallel heat
diffusion [142], [143].

2.2.2. Ultrashort laser pulse surface modification at different energy fluencies

When a metal is subjected to an ultrashort light pulse, a fraction of the electrons are
excited from below the Fermi energy to above (Fig.2.2.1) [125], [144]-[146]. Strong
interaction between electrons leads to forming local equilibrium in the electron gas at a few
femtoseconds. A variety of thermal and structural effects are temporarily gaped from the
initial photon absorption by the target (yellow region line in Fig. 2.2.2) in a timescale of tens
of picoseconds. Under such early non-thermal processes, the lattice of the target remains
intact during the pulse [146]. High-speed phonon emission leads to overheating of the
subsurface metal layer at a couple picoseconds to the depth of 100 nm [125], [141], [147]. The
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next evaluation of the surface ablation depends on the absorbed energy density [148]. The
possible ablation mechanisms will be discussed in the subsequent text ascending to the
absorbed energy density.

At energy density slightly higher than the melting threshold (F =~ 100 + 170 mJ/cm?), the
overheated subsurface layer has a temperature of more than T, = 1.5-T,, and has no
temperature gradient, due to ballistic electron transport [125], [147], [149], [150]. As a result,
the overheated crystal lattice will be melted by homogeneous nucleation of the liquid phase
in the bulk of a highly superheated solid [149]. Such fast resolidification of the metal surface
can be used for forming a new phase of the solid called metallic glass [132]. In this process,
the laser-induced periodic surface structures (LIPSS) might occur because of laser beam
interaction with scattered light or by hydrodynamic effects [130], [151], [152].
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Fig. 2.2.1. The physical mechanism of laser ultrashort pulse electron excitation in metals: initial
state of electron gas (1), rapid generation of non-equilibrium state by ultrashort laser pulse (l1),
electron thermalization to a new high temperature state (lll), energy transfer to the lattice at
a few picoseconds (1V) [125], [144].

For intensities close to 170+200 mJ/cm?, the fast homogeneous melting can be followed
by a much slower heterogeneous melting. As a result, the additional 15+50 nm layer within
~500 ps will be melted and resolidified in several nanoseconds (Fig. 2.2.2.) [153]-[155]. Such
a high speed of the resolidification initiates high tensile stresses and photomechanical
spallation of surface layers [136], [153], [156].

At energy densities higher than 200 mJ/cm? and laser pulse intensities < 103 W/cm?, a
temperature can be reached up to the region of overcritical fluid formation [141], [146], [157],
[158]. In this case, ablation will start at 20+100 picoseconds after laser excitation, due to the
time of energy transfer from electrons to lattice ions [150], [159], [160]. The dynamic of
surface explosion was measured in a series of experiments with detection of Newton rings
(Fig. 2.2.3) [150], [159], [160]. It was shown that ultrafast solid-to-liquid phase transition
appears in the first few hundreds femtoseconds [150]. But material expansion is detected at
a later time, after 10+20 picoseconds [145], [150], [159]. Exposed materials are able to achieve
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a great speed, more than 8+10 km/s [136], [161]—-[163]. The ablation plume ejected at the
highest speed in the phase explosion regime and contained atomic clusters in the front part
of the plume. The following part of the ablated plume has slower medium-size clusters (up to
10,000 atoms) that have ejection velocities of less than 4 km/s and droplets that are slower
than 3 km/s [136]. The pressure in the front shock wave typically has 100+200 atm and decays
close to ambient pressure at about 100 ns [164]. Under the ablated area remains thin
remelted layer with a number of point defects and dislocations produced by ultrafast cooling
[130], [165].
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Fig. 2.2.2. Scheme of early processes during laser-metal interaction (adapted from [166]).

0.5 ps 2 ps 10 ps 20 ps

Fig. 2.2.3. Snapshots of the Newton rings formed after 35 fs laser pulse ablation (energy
density 1.5 J/cm?). The surface deformation and the first Newton ring forming is detected at
10 ps after laser pulse irradiation. See detailed information in the source [145].

At the higher laser pulse intensities > 103 — 10'* W/cm? (=1 J/cm? in femtosecond laser
pulses), it becomes possible to achieve electrostatic laser ablation of a material [135], [146],
[153], [155]. It is an extreme non-equilibrium and non-thermal mechanism of metal ablation
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removal when the energy of the electrons is much higher than the lattice ions’ temperature
(kgT, > kgT;) [167]. The energetic electrons escape the solid and create a strong electric
field due to charge separation from the parent ions. It should be underlined that electrostatic
ion removal has a different nature from the Coulomb explosion, when electrons are swiftly,
faster than the Coulomb force action, removed from the parent ions [146]. The electrostatic
ablation process occurs in time shorter than the plasma expansion time, the heat conduction
time and the electron-to-ion energy transfer time [135], [167].

High-speed plasma expansion initiates great subsurface stresses, more than 10 + 20 GPa,
which is higher than the ultimate tensile strength for most materials [125], [146], [164]. The
pressure shock wave causes plastic deformation of subsurface layers and the generation of
dislocation nets [168], [169]. Such material processing leads to increasing surface hardness up
to four times [170]-[172]. This laser pulse stimulated surface hardening is called laser shock
peening (LSP) and it is widely used in industrial applications [173], [174].

Afterwards, the laser-irradiated surface contains an upper resolidified layer with some
amount of point defects and a subsurface plasticity shock wave deformed layer [130], [165],
[168], [175]. The ablated plasma plume and following vapor explosion create a shielding
effect, when the irradiated surface remains covered by ablation products at 2 + 3 us [157],
[163]. Then the output laser-irradiated surface will be contaminated by precipitation of the
shielding dissipation products and associated oxidation of the upper surface layers [176]—
[178]. In most cases, the surface ablation process has a semi-thermal character (kgT; = €5),
for example by Gaussian distribution of energy in the laser spot. In this case, even the
ultrashort laser-pulse irradiation is able to leave residual heat in the subsurface layer by
secondary effects: heat conductivity from upper layers, ballistic and diffusion effects,
convective and radiating energy exchange between the ambient and solid target, and shock
wave spreading [134], [136], [146], [176], [179]. These residual effects have a great influence
on the quality and efficiency of LST in a high-repetition multi-pulse regime. The influence of
laser pulse parameters and residual effects on LST will be discussed in the follow section.

2.2.3. Efficiency and quality of LST with ultrashort laser pulses

The laser microstructuring manifests between the efficiency and quality of processed
surface. Correction of pulse duration is one of the possible ways to optimize the laser-
processing parameters. It should to be noted that a bigger ablation depth will be achieved by
deeper thermal penetration at longer laser pulses (ns + us). But in this case the main part of
the material will be ablated by undesired thermal effects with deeper material melting [128].
Ultrashort laser pulse (ps +fs) material processing will reduce thermal damage and melt
accretions of the workpiece [128]. The efficiency of the ultrashort laser-induced material
ablation depends on the ablated volume per laser pulse [180], [181]:

AV =27 w? 68 In? (&) (2.8)
4 Ftn

where AV —ablated volume, w — spot radius, § — penetration depth, F,, — fluence in the center
of the laser beam, and F;;, — threshold laser fluence. The ablation efficiency can be evaluated
as ablated volume per time unit or per applied energy. At short and ultrashort laser pulses the
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efficiency directly depends on penetration depth. The penetration depth of the laser pulse
energy can be realized in two ways, optically and thermally [136], [179]:

6 =1+ L, (2.9)
where [, — absorption depth and [;;, — thermal penetration depth. In the case of the short
laser pulses, the absorption depth of the laser energy is about tens of nanometers for metallic
surfaces and it is much smaller than the thermal penetration depth. But for ultrashort laser
pulses the ballistic electrons should be taken into account. It is possible to do this with a simple
approximation that the ballistic electrons merely contribute to the heat-penetration length.
The laser energy distribution term in the irradiated surface then becomes [182]:

Al(t)e~22 /0% g=2/(latApan) (2.10)
th =

7’

la+Apan
where A — is the absorptivity of the surface, I(t) — the distribution of the laser intensity in a
laser pulse, r —the distance from the laser spot center, A;,,;; — the ballistic electron penetration
depth and z — the depth coordinate inside of the irradiated sample. The energy transport by
ballistic electrons increases the penetration depth up to hundreds of nanometers and this was
confirmed by experiments with ablation depth detection [182]. Deeper injection of the energy
inside of the irradiated metal may explain the significant decrease of the threshold laser
fluence and better ablation efficiency for ultrashort laser pulses [135], [181], [183]—[185]
(Fig. 2.2.4). A further reduction of pulse duration below 10 ps is expected without significant
effect on thermal behavior for metals, but shorter laser pulses are able to activate nonlinear
effects. The nonlinear effects can be undesired due to the decreased precision of laser surface
processing [179].
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Fig. 2.2.4 Penetration depth detected by cross-section of a scanned line for AISI304 steel
versus pulse duration at fluence 3.62 J/cm? and fixed scanning speed: a — penetration depth
at 10 ps; b — penetration depth at 30 ps; ¢ — penetration depth at 50 ps [183].

The TTM is able to predict logarithmic dependency between absorbed fluence F, of the laser
pulse, the laser pulse penetration depth and the ablation depth z,;; [126], [134]:

Zapl = 5-1n (Fa/Fth)' (211)
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The threshold fluence F;, is described as the minimum energy which is needed to ablate
material. For the metals the threshold fluence varies between 0.5 J/cm? for stainless steel and
1.7 J/cm? for copper [186].

The penetration depth and threshold fluence are parameters of the material and they
are depend on the surface state and structure. The laser pulse interaction with the material
involves a lot of physical changes on the surface and in the subsurface layer of the material
[130], [153], [165], [187]-[191]. Repeated application of laser pulses on the same surface has
several advantages for effective material processing. Laser irradiation of the surface is able to
increase the surface absorptivity several times [59], [98], [159], [192], [193]. Hafner et al.
found that the absorptivity significantly increases already after the second pulse application.
At a higher number of applied laser pulses, upto N = 1000, the absorptivity will be increased
seven times, due to incubation effects [19]. The absorptivity of the surface has a strong
influence on the depth distribution of the laser pulse energy in subsurface layers of irradiated
material (see Eq. 2.10.). Increasing the laser pulse number induces a decrease of the threshold
fluence ten times and more [20], [183], [192], [194] (Fig. 2.2.5, a). Decreasing the threshold
fluence with a higher number of laser pulses is defined in exponent form [181]:

Fen(N) = Fp(1) - N571, (2.12)
where F;, (N) — threshold fluence after N pulses, N — number of applied laser pulses, F;;, (1)
— the single shot ablation threshold and S — the incubation coefficient. The typical value for
metals is § = 0.8 + 0.9 [186]. The reason for the incubation effects with multipulse laser
material ablation is described as the accumulation of subsurface defects from pulse to pulse
[183], [195]. The incubation effects can be increased at higher repetition rates with
microsecond intervals between laser pulses [183], [194] (Fig. 2.2.5, b).
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Fig. 2.2.5. Decreasing threshold fluence during multipulse laser ablation of stainless steel: a —
decreasing fluence threshold depend on the laser pulse number (pulse duration 650 fs and
10 ps at 1 MHz) [192]; b — decreasing fluence threshold at infinity pulse number as a function
of repetition rate (pulse duration 10 ps) [194].

2.2.4. Heat accumulation in ultrashort laser surface ablation

The reason for decreasing threshold fluence during multipulse material processing was
suggested as a heaping of laser-induced defects and heat accumulation [14], [20], [181], [186],
[194], [196]. When the repetition rate becomes higher, then the heat accumulation leads to a
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decrease in of surface quality and processing efficiency. The reason for such a negative
influence of heat accumulation lies in the undesired increase in residual surface temperature
higher than melting or boiling point [197]. Uncontrolled heat accumulation at a very high
repetition rate and low scanning speed leads to the onset of melting, oxidation, and pileup of
material [14], [198]-[200].

There are several research results where a higher efficiency was determined to be a
result of material processing at optimal high repetition rates [201]-[204]. It was found that
the efficiency has a maximum at a specific repetition rate and this was explained by the
beneficial change in the thermo-physical properties of the preheated surface state after a
previous laser pulse and before the next one in the pulses sequence [3], [203], [204]. Reaching
the maximal ablation efficiency is highly material dependent and it can be described as
positive heat accumulation [205]. For steel, a major positive effect (+80%) was detected at
frequencies up to 2 MHz (Fig. 2.2.6., a) [204], [206]. Moreover, there are some papers where
it was noted that a higher repetition of laser pulses leads to achieving a higher quality of the
laser-processed surface (Fig. 2.2.6., b) [207]-[210]. The achievement of a smoother output
surface at higher repetition rates is not fully explained yet. One of the possible mechanisms
of surface smoothing is described as a result of thermo-fluidic phenomena with material
replacement, driven by temperature gradients [21], [211]. The other parameters of the laser
surface processing, such as fluence or laser spot spacing, should be taken into account for
optimization of the ablation process [210], [212].

The residual temperature after application of one laser pulse can to be determined
from this well-known heat conduction equation [14], [213], [214]:

__rs? 2.13
AT — Qr e 4-ath-t' ( )

pep |(Eman )"

where AT — residual temperature after laser pulse, Q, — residual energy absorbed by the

material after material ablation, 7y — distance from the heat source, ¢, — specific heat capacity,
p — mass density, ay, = k/(p . cp) — thermal diffusivity, k — thermal conductivity, t — time
after laser pulse irradiation and n, — parameter of the laser spot geometry (equals 1 for flat
heat flow, equals 2 for elongated heat source and equals 3 for point heat source). The heat
accumulation is determined as the sum of the residual heat from all laser pulses in a laser
pulse sequence [14], [198]:

T 0 = 5 AT (r, e+ il ), (2.14)

where T'(r, t) — temperature in the point r at the time moment t, Ny — full number of the laser
pulses in the pulse sequence, AT; — residual temperature after i-th laser pulse and fpy5e —
laser pulse generation frequency. The calculated temperature increase due to the heat
accumulation under pulsed laser beam scanning gives the possibility to evaluate the critical
saturation temperature for AISI 304 stainless steel equal to Ty, = 607 °C. At this temperature,

the character of the laser surface machining is changed and the output surface becomes
smoothed (Fig. 2.2.7) [215].
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Fig. 2.2.6. Influence of positive heat accumulation on ultrashort laser pulse processing of
metals: a— ablation efficiency as a function of repetition rate (kHz) for stainless steel,
aluminum, copper, and molybdenum [204]; b — roughness versus the repetition rate, copper
[183]; ¢ — decrease of efficiency at higher fluencies [212]; d — efficiency and roughness at
different laser spot overlapping, stainless steel (2w = 58 um, A = 1064 nm, P = 270 W,
7 =10 ps, maximal pulse energy 180 pJ) [210].
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Fig. 2.2.7. Maximum temperature value plotted as a function of time for a fluence of
0.37 J/cm?, a spot diameter of 50 um, a repetition rate of 800 kHz and different scanning
speeds [215].

The pulse overlap is another important parameter for quality surface processing with
ultrashort laser pulses [206], [210]. The spatial overlap P, is defined by scanning speed vy, and
laser pulse frequency fpyse [168]:

v
Po =1- Fspculse. (215)

There are many studies provided for determination of an optimal value of overlapping
between laser pulses [16], [209], [212], [216]—[218]. In the detailed study of Jaeggi et al., it
has been shown that minimum surface roughness is achieved with a distance from pulse to
pulse of half to one spot radius, i.e. a spatial overlap of 50 - 75% [219]. The optimal pulse
overlapping is described as a basic limitation for application of high-power lasers, due to the
limited scanning speed [181].

In most cases, the experimental evaluation of heat accumulation and laser pulse
overlapping was controlled by microscopy or profilometry [56], [198], [220]—-[222]. Whereas
it is possible to determine the laser pulse overlapping directly by microscopy, the heat
accumulation is evaluated indirectly by EDX measurements of oxygen concentration, surface
relief evaluation or deformation of the laser-processed substrate [14], [194], [198], [199],
[220].

Direct monitoring of heat processes initiated by laser irradiation was performed using IR
photodiodes. The pioneer work of noncontact direct detection of temperature changes under
laser pulse with a Ge photodiode was provided by Xu Xianfan et al. [223], [224]. The main idea
of such measurements lies in evaluation of the IR signal emitted from a laser-irradiated surface
[225]. Laser-induced changes of the phase composition of the surface, the IR emissivity and
plasma emission affect the waveform of the IR response. Analysis of IR signals gives the
possibility to detect characteristic peaks and plateaus on time dependences of the IR
response. J. Martan et al. [226], [227] have used this technique for investigation of laser
melting of Cu, Mo, Ni, Si, Sn, Ti, steel 15330 and stainless steel 17246 samples. The laser beam
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from a KrF excimer laser (A = 248 nm, t,, = 27 ns) was homogenized and focused on a
surface in a spot with a 2.1x1.8 mm area (Fig. 2.2.8). The IR signal was detected by a liquid-
nitrogen-cooled HgCdTe photodiode. This photodiode detector, battery-powered and
coupled with a Ge filter, has sensitivity in the spectral range 1.8-12 um, with the frequency
range DC-100 MHz. The IR radiation signal was recorded by a digital oscilloscope. Additionally,
the signal from a reflected He-Ne CW laser was recorded by a photodiode with a narrow-band
interference filter. Solidification of the laser-melted surface was detected as plateaus in the
nanosecond resolved record of the IR radiation signal which appeared after laser irradiation.
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Fig. 2.2.8 Schematic representation of the experimental system for detection of the melted
phase using a KrF excimer laser [226]

In later studies, the process of metal resolidification of stainless steel under nanosecond
laser pulses was performed with two fast PIN Si photodiodes [228]. The benefits of application
of the PIN Si photodiodes are a higher response frequency, up to 500 MHz, and not needing
to use liquid-nitrogen cooling. The IR signal was recorded by a SI PIN photodiode (Hamamatsu
S5052) with a short-pass filter FES1000. The triggering of IR recording was provided by a
second PIN Si fast photodiode without optical filter. The measurement system with two PIN Si
photodiodes and a galvanometer scanning head was applied for providing time-resolved
temperature tracking of the laser marking process. Similar to previous studies [226], the
crystallization process was identified by detection of plateaus on a IR time-resolved signal.
Application of this method allows one to explain the optimal parameters for corrosion
resistant laser marking of stainless steel.

2.3. Scanning methods for providing LST
2.3.1. Scanning techniques applied for LST

Increasing the throughput of LST technology stimulates development of new strategies
for high-speed laser surface processing. There are several scanning technologies for high-
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speed laser beam deflection: galvo scanners, polygon scanners, piezo scanners, static and
resonant scanners, micro-lens scanners, electro-optic deflectors (EOD) and acousto-optic
deflectors (AOD) [221], [229], [230]. The inertial scanning systems have a maximal deflection
angle and number of resolvable spots on the scanned surface [229]. There are two traditional
techniques for high-speed laser surface machining with a large processing area —
galvanometer beam scanning and polygon optical scanning systems (Fig. 2.3.1) [231], [232].
The maximal scanning speed of the available galvanometer scanners lies in the range
10 + 40 m/s, whereas the polygon scanner is able to achieve a scanning speed of more than
1000 m/s [233]-[235]. The higher speed of the polygon scanners is a great benefit for fast
provision of LST on large areas. However, the polygon scanners do not provide the smooth
wall profiles of vector scans for cutting circumference or trepanning large holes, greater than
50 - 150 um. The laser beam deflection in polygon scanners should be corrected by an
additional galvanometer scanner. For LST, when the processed area is smaller than 15% of the
working field, the polygon scanners are not cost-efficient and alternative techniques will be
more suitable [234]. Correct choice of the scanning strategy helps to improve the laser-
processed surface quality and precision of the laser pulse delivery.
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Fig. 2.3.1. Inertial laser scanning systems a) galvanometer scanner b) polygon scanning
technique (adapted from [229], [231]).

The output processing rate of LST is depends on a favorable choice of the
combination of the scanning strategy with different scanning techniques (see Appendix A,
rows 1 and 2). The maximal processing rate of 9000 cm?/min for direct laser interference
patterning (DLIP) was found by a team from Fraunhofer Institute IWS [236]-[239]. The period
and distribution of laser surface textured objects with DLIP is directly dependent on the
wavelength of the laser beam [240]. This limitation makes it difficult to apply the DLIP for
texturing surfaces in cases of irregular structure or complex nonsymmetrical textures. It was
shown that a combination of the DLIP technique with dynamic systems decreases the
processing rate down to 0.7+10 cm?/min [241], [242]. The benefit of the combination of DLIP
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with regular micro-texturing techniques gives the possibility to create unique hierarchical
structures [242].

Submicron surface structures might be created by laser scanning formation of LIPSS
[243]. In this case, the laser scanning parameters, such as laser spot overlapping and scanning
speed, have a key role for highly regular LIPSS (see Appendix A, rows 3 and 16). The achieved
processing rate for LIPSS formation directly depends on the applied scanning speed. For
example, |. Gnilitskyi et al. [244] have reported processing rate of LIPSS forming on stainless
steel equal to 6.3 cm?/min with scanning speed 3 m/s. The last study predicts several times
higher processing rates with polygon scanners [245]. LIPSS forming is competitive with
industrial standards of nano-manufacturing (~1 cm?in 10 s) [41]. Like the DILP technique, LIPSS
might be applied for formation of hierarchical surface structures in combination with micro-
texturing. But, in this solution the period of the upper LIPSS is smaller than half of the laser
wavelength [41].

Another highly productive LST strategy is forming an array of microobjects by dividing
the laser beam with diffraction or shadow masks [217], [246]-[248] (see Appendix A, rows 12
and 17). This scanning strategy is used in cases when the pulse energy is high enough to divide
into several beams. The distance between laser spots is given by mask parameters. In the case
of application of a solid state static mask, the spot distance is constant and part of the laser
beam energy will be lost. Application of spatial light modulators (SLMs) gives the possibility to
change the laser spot distribution of the scanning process, but the average power will be
limited to under 300 W [249]. However, a processing rate of up to 1800 + 5400 cm?/min in a
multibeam scanning solution can be achieved [249], [250].

LST by straight hatch lines is the most suitable strategy for the polygon scanner
technology (see Appendix A, rows 13 — 16). In this case the laser beam scanning speed
achieves high values, up to 800+2000 m/s [210]. The polygon scanner has several times higher
throughput in comparison to galvanometer scanners [211]. But providing LST with a polygon
scanner needs to involve a correlation between mirror position and laser pulse generation for
precise formation of microobjects. This imposes a restriction on the scanning speed for LST.
The maximal processing rates up to 7680 cm?/min were achieved for linear texture and this
was done at 320 m/s [251]. But for polygon scanners, the problem of processing arrays of
microobjects with specific geometry remains unresolved [252]. It is difficult to control laser
drilling of microobjects with high-speed scanning, because there is a lot of data about large
arrays with small objects or microobjects, up to 800 MB per second [235]. Additionally, there
is not enough time for precise control of laser spot distribution inside every microobject in the
array. Moreover, the ultra-high-speed laser beam processing with polygon scanning involves
artefacts like jitter, banding, bow and other problems characteristic for these systems. These
artefacts involve two components: periodical and random. There are several hardware
techniques for reduction of polygon scanner artefacts, but known classic methods of laser
beam processing of the array of objects in ultra-fast scanning systems do not have a fully
finished solution of the mentioned problems and scanning techniques still must be improved
[252], [253].
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The galvanometer scanner has a possibility to create curved lines purposefully with the
fast swinging of two deflection mirrors (Fig.2.3.1, a). This technique was applied in direct laser
formation of an array of microobjects with different structures (see Appendix A, rows 6 — 11).
The galvanometer scanner is able to achieve a processing rate up to 428 cm?/min for forming
an array of microobjects with a one-beam simple scanning technique at one pulse per object
[254]. The high precision formation of surface structures with hatch filling of more complex
microobjects reduces the processing rate down to 25 cm?/min [255]. Noticeable higher
processing rates with galvanometer scanners might be achieved by splitting the laser beam
into several spots. In this case, a processing rate of up to 5400 cm?/min is reached. A
multibeam solution has potential for industrial applications, especially where there is a need
to create a wide array of periodical surface microstructures [249].

2.3.2. Classic methods of laser beam scanning

The precision of laser surface machining is reached by continuous control of the laser
beam movement. Mirrors’ inertia in galvanometer scan heads requires additional time for
acceleration and deceleration. Incorrect delays in laser switching on and off leads to floating
of the overlapping at the edges of the scanning paths (Fig. 2.3.2, a). Correction on the laser
path edges is provided by sky-writing or by additional synchronization between laser mirror
position and laser pulse generation. Strong correction between laser pulse delivery and
scanning mirrors’ position improves the precision of LST close to 1+2 um [221], [233]
(Fig. 2.3.2, b - ¢). On the other hand, every additional correction of the scanning parameters
may lead to escalation of the processing time up to 50% [233], [256].
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Fig. 2.3.2. Precision and quality of bar texturing (from top to bottom: laser spots disposition,
3D and section profilometry): a) without sky-writing; b) with sky-writing; ¢) synchronized
system (10 ps, diameter 5.7 um, 120 mW, 300 kHz, 1 um pitch, 60 layers) [219], [220].
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The quality of laser surface machining also depends on the applied laser beam paths’
arrangement [193], [257], [258]. There are several main scanning strategies for filling the
laser-textured objects by laser spots: straight hatching, path filling, interlaced filling, criss-
cross texturing, unidirectional or bidirectional scanning, angular hatching, wobble scanning
and their combinations [199], [200], [221], [237], [259]-[263] (Fig. 2.3.3.).

s .

Fig. 2.3.3 Scanning strategies for laser surface machining with different laser beam movement
arrangements (adapted from references): a) straight line hatching [264], b) path filling [200],
c¢) angular hatching [262], d) filling by Lissajous carves [263], e) filling by Hilbert curves hatching
[264].

The correct choice of scanning method significantly affects the efficiency and quality
of laser material processing. Dold [263] has provided a detailed study of the influence the
different scanning strategies on the ablation rate, roughness and processing time of the laser

surface machining (Fig. 2.3.4).
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Fig. 2.3.4 Evaluation of different hatch geometries: a) matter removal rate; b) average
roughness analysis (4.5 W, 800 kHz, 1, = 10 ps, diameter 34 um, 0.63 J/cm?, hatch overlap
1.7 um, 25 scans. Adapted from [263]).

It was shown that the highest efficiency of laser surface processing with scanning by
straight hatching lines has more than two times higher efficiency in comparison to fractal
filling. The quality of a laser processed surface depends not just on the laser beam filling
strategy, but on the direction of the scanned lines — is it in a vertical or horizontal direction.
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This distinguishing feature of horizontal and vertical directions can be explained by the
difference in the dynamics of X-scanning and Y-scanning galvanometer mirrors.

2.3.3. Interlaced method of laser beam scanning

The distance between hatching lines and their ordering becomes important in the case
of laser machining of temperature sensitive materials. For example, in selective laser melting
(SLM) technology, composite materials treatment, and formation of biocompatible structures
[14], [265]-[267]. There is not only heat accumulation between inline laser spots responsible
for the thermally damaged results. There are several types of heat accumulation leading to
material damage: pulse-to-pulse-, rerun-, and geometry-density heat accumulation [268]—
[270]. Overcoming the heat accumulation at high repetition rates of laser pulse surface
processing can be achieved with the interlaced mode, when scanning lines do not have
sequential ordering (Fig. 2.3.5) [199], [260], [271]. Application of the interlaced scanning
method is able to improve the ablation rate up to 13 times in comparison to the classic
sequential method (Fig. 2.3.6, a).
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Fig. 2.3.5 Straight line laser scanning strategies: a) classic unidirectional sequential; b)
unidirectional interlaced. Meaning of symbols: AH — hatch distance; AS — distance between
pulses in the laser beam scan direction; AlL — interlace distance [260].

The interlaced method of laser beam surface scanning of stainless steel was studied by
Neuenschwander et al. [199]. In the interlaced method, the distance between laser spots is
the same as for classic scanning methods, but the time interval much longer. With the
interlaced method, the time interval is not equal to the period of the laser pulses, but it is
given by the full scanning time of one pattern. The classic sequential surface scanning initiates
heat accumulation and the processed surface is damaged by cavity formation (Fig. 2.3.6, b).
Unlike with classic method, a surface machined with the interlaced method with the same
spot distance between two neighboring spots shows a good surface quality (Fig. 2.3.6, c).
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Fig. 2.3.6 Application of the interlaced scanning method with a polygon scanner: a —increasing
the ablation rate 13 times as compared to the classic sequential method (adapted from [260]);
b — surface machined with a pitch 4.9 um with the sequential method c) surface machined
with a pitch 9.8 um with four interlaced patterns [199].

It can be concluded that the interlaced method has great potential for laser surface
processing with high repetition rates of several 10 MHz. For overcoming heat accumulation,
the lateral distribution of the laser spots should be comparable to the laser spot diameter. It
requires great scanning speeds — several hundred meters per second. At such scanning speeds
laser switching for controllable pulse picking will definitely not be possible any more [199],
[259].

2.4. Summary of the literature review

The literature overview presented in this chapter has shown the wide area for
application of laser-textured surfaces in biology, materials engineering, medicine, optics,
semiconductor electronics, etc. Although there are some exceptions, the one feature the laser
micro-textured functional surfaces have in common: periodic distribution of the laser-formed
microobjects with equal geometry. The three main types of laser-formed microobjects for
surface micro-texturing can be identified: straight lines, dimples and rectangles. The typical
size and distance between the laser-textured microobjects lies in the range of 10 + 200 um,
with structure depth from ten nanometers to hundreds of micrometers.

Application of ultrashort laser pulses for LST allows minimalization of the heat affected
zone in the laser surface processing. The physical processes activated under ultrashort laser
pulses can be predicted by a two-temperature physical model. The interaction of the
ultrashort laser pulses with metals is described as stage-by-stage evolution of the surface
ablation. At low fluencies, ultrashort laser pulses are able to remelt thin surface layers in the
pre-ablation regime: fast homogeneous melting (F = 100+ 170 mJ/cm?) and slower
heterogeneous melting (F =~ 170 + 200 mJ/cm?). For the fluencies higher than 200 mJ/cm?,
the ablation will occur in 20 + 100 picoseconds after laser excitation, due to the time of energy
transfer from electrons to lattice ions. A shorter time of laser material explosion can be
achieved at intensities higher than = 103 - 10 W/cm? (F = 1 J/cm? in a femtosecond laser
pulse). The extremely high intensity of laser pulses leads to electrostatic laser ablation or even
Coulomb material explosion. Higher intensities lead to activation of the nonlinear processes
which can be undesired for high-precision laser surface processing.
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The laser pulse overlapping at a high repetition rate of the laser source is different
from single-pulse laser surface ablation. The coupling between successive laser pulses may
have a positive effect with a decrease of the ablation threshold due to ablated materials’
dynamic and incubation effects. Heat accumulation is another phenomenon which is
characteristic for laser surface processing with high repetition rate lasers. The heat
accumulation has two opposite effects. With non-controlled increasing of the laser-processed
surface temperature, the undesired high heat accumulation appears and it leads to surface
degradation, oxidation in the air atmosphere and pileup of the melted material. But a fine
adjustment of the scanning speed with repetition rate and pulse energy leads to achieving an
optimal thermo-physical state of laser pulse interaction with the processed surface. The
positive effect of optimal heat accumulation may lead to increasing the ablation efficiency by
80%. Similar to this, the optimal overlapping of laser pulses 50+75% leads to an increase the
laser surface processing quality with low roughness of the output surface.

There are several indirect methods for detection of heat accumulation in laser surface
processing — surface roughness measurements, oxidation level detection or laser-processed
crater analysis. The direct detection of heat accumulation may be performed with fast PIN
photodiodes. An experimental setup with two PIN Si photodiodes gives the possibility to
detect temperature changes with time resolution close to 2ns. The time-resolved
measurement of heat accumulation was already used for determination of an optimal regime
of laser surface marking of stainless steel.

The quality of the laser-processed surface depends not only on correct choice of laser
pulse parameters, like duration, intensity and fluence, but also on a successful scanning
strategy. A successful scanning strategy is able to increase the efficiency more than two times
at the same parameters of the laser source. The quality of the output surface also depends on
the selected scanning strategy. The correct filling strategy may have a 3+4 times lesser
roughness of the laser-processed surface in comparison with other classic filling methods.

At the present time, several groups work on optimization of laser surface scanning
strategies for overcoming heat accumulation and for high quality laser surface processing. The
interlaced method of laser beam scanning paths arrangement has shown good results in laser
surface processing. Decreasing the negative heat accumulation with the interlaced laser
scanning strategy leads to an increase in the ablation rate by several times. Application of the
interlaced laser beam method with a high-speed polygon scanner achieves a high quality of
laser-processed surface. Unlike the interlaced method, the classic hatching method leads to
cavity formation on the output surface due to heat accumulation at a high repetition rate of
laser pulses. As was mentioned, the interlaced method will demand high scanning speeds of
several 100 m/s and laser repetition rates up to tens of MHz. In that case, controllable
switching of laser pulses will become a very tough issue.
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3. The aim of the Ph.D. dissertation

The dissertation is focused on the characterization of thermo-physical processes in ultrashort
pulse laser surface texturing (LST) and the development of laser scanning methods for high-
speed processing with high precision and low heat accumulation.

The main tasks of the research presented are:

1) Proposal of new scanning strategies for a high-speed LST method based on inertial
laser scanners.

2) Implementation of the LST method with a picosecond laser and galvanometer
scanner.

3) Elaboration of evaluation methods for precision of LST and induced heat
accumulation.

4) Evaluation of heat accumulation and ablated plasma glow processes during LST by
IR radiation measurements and comparison with theoretical predictions.

5) Evaluation of precision, processing rate and thermo-physical processes in the
different LST methods.

6) Application of the developed LST method for preparation of functional surfaces.
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4. Methodology and materials
4.1. Laser equipment

For the LST experiments, a PX25-2-G solid-state ultrashort laser with InnoSlab technology
(EdgeWave GmbH) was used. This laser has wavelength 532 nm, pulse duration 10 ps, average
power P = 13.8 W, maximum pulse energy 128 pJ and beam quality M2 <1.1 with horizontal
polarization vector in the abscissa direction. The frequency of the laser generator applied in
the experiment was in the range 140 kHz + 1.2 MHz and the pulse energy used was
10 + 100 . A full laser data sheet can be found in [272]. Scanning of the laser beam was
provided by an intelliSCAN Il 14 galvanometer scanhead (SCANLAB GmbH) [273] with
laserDESK software (version 1.4). Laser beam focusing was provided by an F-Theta objective
with 255 mm focal length. This combination gives a maximal laser beam scanning speed equal
to 8 m/s. The scanning surface positioning in the focal plane was provided by z-positioning
high-resolution vertical translation stage (resolution 0.8 nm) MLJ150/M from Thorlabs. The
surface machining setup with ultrashort pulsed laser and galvanometer scanner is presented
in Fig. 4.1.1.

Gavanometer

scanhead \“\\“\\ -

Fig. 4.1.1 Laser surface micro-processing station with galvanometer scanhead.

4.2. Methods of laser surface texturing

Thermo-physical processes were studied in two strategies of laser beam surface scanning:
one-dimensional linear scanning and two-dimensional LST with formation of circular
microobjects (dimples). The linear surface-scanning was applied for detection of heat
accumulation regimes and determination of speed limitations of laser scanning beam
treatment.

Another two-dimensional surface texturing (lateral) was performed in the form of a dimple
array. The equidistant dimples on a laser-scanned surface is the simplest method of two-
dimensional LST with laser formation of microobjects. The precision of microobject’s planar
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geometry and their depth profile depends on the successful choice of the applied scanning
method. In this work, four scanning methods of lateral LST were analyzed: classic scale, classic
hatch, shifted path filling and shifted burst. The last two LST methods — shifted path filling and
shifted burst — were specially developed in this study for high-speed laser surface processing.
The detailed description of all the applied methods of LST are presented in the next
paragraphs.

4.2.1. One-dimensional laser surface scanning strategy

The one-dimensional laser surface scanning strategy was performed with a linear
raster. The linear raster is the basic strategy of scanning laser surface treatment. The simplest
raster with straight lines is presented in Fig. 4.2.1. Only one scanned line from the raster was
in use for IR radiation signals detection after adjustment of the scanning and measurement
systems. The distance between laser spots depends on applied laser frequency and scanning
speed. For example, at a fixed frequency and low scanning speed the laser spots are
overlapped (Fig. 4.2.1, a). Increasing the scanning speed ten times with the same laser
frequency leads to a ten-fold increase in the distance between laser spots, and overlapping
between them disappears (Fig. 4.2.1, b).

Laser Overlapping Laser
4 spot | /spot
—OSses eSS ISINENENINENEEEENES > o —0—0—0—>
—aSSSiteeis SN EENNNIEENNENESEENNS—> o —————0— 00—
—OSSsN SN ENNISINENENINNNENENeNe > o —0— 90— —
R T T P T

*r———0—0
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a b
Fig.4.2.1 Linear raster formation with different scanning speeds: a — linear raster with low

scanning speed and the laser spot overlapping; b — linear raster with high scanning speed and
distant laser spots.

4.2.2. Classic two-dimensional LST methods

Two-dimensional LST was done by two different classic methods of microobjects

(dimples) filling: classic path filling and classic hatch. The in this section the principal features
of the both classic LST methods will be discussed.

The first classic-path filling method of a dimple array formation is similar to helical
scanning with several concentric circles (Fig. 4.2.2, a). The dimple texturing is performed
consecutively, as every next dimple in the array is formed only after all the filling paths inside
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the previous dimple have been completely finished. The short length of the laser beam paths
inside every microobject can increase the interline heat accumulation in addition to the inline
heat accumulation.
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Fig. 4.2.2 Laser pulse distribution for different scanning strategies for laser writing of
microobjects: a — classic path filling; b — classic hatch; ¢ — shifted path filling; d — shifted burst.

The second classic method is hatch scanning of microobjects in an LST array. The
dimples on the textured surface are formed by straight scanning of the laser beam through all
the microobjects in one row (Fig. 4.2.2, b). This means that one hatching line belongs to the
several dimples in the scanned LST array in one horizontal direction. The next hatching line is
started only after fully finishing the writing of the previous hatching line in a row. Inline laser
pulse generation should be stopped after writing one hatching segment and again started on
the next dimple hatching segment.

The classic methods of LST described in the previous paragraphs have several
disadvantages. In both these methods, the processing rate vy, is a slowdown of LST speed by
“on-fly” synchronization between mirrors’ position and laser pulse generation. In the case of
the classic path filling method, the inertia of the galvanometer mirrors becomes an additional
limitation of scanning speed [274]. Application of the classic LST methods with high repetition
rate lasers is additionally limited by physical effects, such as heat accumulation, plasma
shielding effects and non-effective short laser spots distance. Moreover, there are some
technical limitations of the application of the classic LST methods at high scanning speed: low
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precision and a large amount of data needed to be processed in a short time [221], [235],
[274].

4.2.3. Developed two-dimensional shifted LST methods

The classic methods’ limitations can be overcome by using a non-synchronized surface
scanning method. This method, called shifted Laser Surface Texturing (sLST) was developed
for fast laser writing of array microobjects with continual movement of the scanner mirrors
[275]. The shifted scanning method should help to overcome the physical and technical
limitations of the LST by specific ordering of the laser beam paths and inactivation of the on-
fly synchronization of the scanner.

The algorithm of the sLST can be explained in detail on an example with an LST array
of triangles. Scanning is done on straight lines and laser pulsing has a continuous character
during processing of the whole scanning line. In this approach, the laser pulses are rapidly
rasterized on the whole processed surface by applying only one laser spot per one microobject
in the array (Fig. 4.2.3, a). The scanning raster is slightly shifted on the surface at every next
application of the raster (Fig. 4.2.3, b). The sequence of shifts along a triangular shape produce
an array of triangular microobjects (Fig. 4.2.3, c).

Formed

Laser Laser beam Raster First Second Raster -
ftrlangles
o * -

/ spot scanning path / shift /| raster [ raster gshifits

[
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Fig. 4.2.3. The shifted LST method of triangle array formation: a — linear raster with one shot
per one microobject location; b — one small shift of the linear raster to the next position; c —
formation of triangular objects in an array by two sequenced raster shifts.

The presented shifted LST can be applied for writing different arrays of small objects
(dimples, cylinders, cones, donuts, micro-cubes, etc.) on a surface or inside of a material.
“Writing” refers to any process induced by a laser which produces a material change, e.g.
engraving, marking, recrystallization, melting, foaming, or film removal. The whole array of
objects is produced by repeated linear raster laser processing with sequential shifting of the
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linear raster between each repetition of the scanning process. Each object in the array is
formed by a sequence of laser spots — one spot during each raster repetition. One laser spot
contains one laser shot (one-shot mode, Fig. 4.2.2, c and Fig. 4.2.3) or several shots per one
spot (burst regime, Fig. 4.2.2, d). The distance between spots in the line of the raster is defined
by the speed of laser beam scanning and by the period between the laser pulses (usually
defined by the pulse repetition frequency). The overlapping of the spots inside of the objects
is defined by a shifting vector value of the linear raster replacements. There is not a direct
determination of the location for every object in the whole array, but the form of objects,
distance between spots in the objects and delays between shots are defined by the sequence
of shifts between linear rasters. The depth of objects drilled in the shifted LST is generally
controlled by repetition of the whole sequence of shifts between linear rasters. For an array
of objects with a simple depth structure, the sequence of shifts of the linear raster is the same
in all repetitions. For an array of objects with a complex structure or a combination of objects
inside the array, the sequence of shifts and rasters is different — in dependence on the target
structure and depth profile of the objects.

The data value needed for processing the task is significantly reduced by the shifted
method. The amount of data for the shifted method Ny, is given by x and y positions of the
start and end of M lines (2 - 2 - M) multiplied by N rasters on shifted positions (N corresponds
to the number of spots in an object) (Fig. 4.2.3, c):

Ng, =4M - N. (4.1)
It is not necessary to know exactly the position of every object in the array and not necessary
to know the number of the microobjects in a row M,. The amount of data for a classic methods
N, is given by the number of rows M multiplied by the number of x and y coordinates of the
objects in one row M, and x and y positions of N spots:

Ny=M-2M,-2N. (4.2)

As a result, the shifted method needs M, times less data than classic methods and it

can be more than two orders of magnitude less. In practice, the classic method does not have

direct control of the position of every laser spot. The amount of data remains in the order of

M, for microobject array formation, because there is a need to know the coordinates of all

the filling segments. For example, a textured area of 10 cm? with 25 objects per mm? and 50

spots per one object with the path filling classic method needs more than six times the amount
of data transfer in comparison with shifted LST.

The equidistant position of the equal objects in LST allows the application of indirect
control for the laser object formation at the highest speed of the scanning system. In this way,
the laser beam scanning is achieved by continual movement of the scanning mirrors without
interruption of laser pulse generation at a constant repetition frequency. The emission of
required laser pulses is provided by a fast shutter asynchronously with the inline mirror
position (Fig.4.2.4). The shutter is based on a Pockel Cell with switching speed on the order of
50 ns and frequency up to 100 kHz [276]. Such a high-switching speed of the shutter forms
strongly defined ends of the segments with laser spots on the processed surface. For

46



commonly used precise galvanometer scanners with a scanning speed of 8 m/s, the tolerance
in the length of the segments will be around 0.1 um.
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Fig. 4.2.4. Equidistant straight segments formed by: a — classic hatch strategy. It is necessary
to control the mirror position and laser switching for every object in the array; b — shifted LST
in burst regime. No need to know the position of every object. Synchronization between laser
and mirrors is provided only at the start and finish positions on the scanning field.

Unlike in the pulse on demand solution (PoD), in the solution presented here the
shutter works asynchronously with the laser generator and mirrors’ positions. This means that
the position, length and distance between passed segments with laser spots is controlled
entirely by the switching of the shutter. No laser pulse will be applied on the scanned surface
in the areas which correspond to the closed state of the shutter. The laser pulses will be only
inside the allowed segments. For laser pulse generation in the MHz range, the laser pulses
inside the scanned segments can have a microsecond delay. This means that the maximal jitter
length for the galvanometer scanner with maximal scanning speed 8 m/s can reach up to
8 um. But the mean value of the laser pulse deviation in scanned segments’ ends will be near
4 um. Such a limitation indicates a technical deviation of the segments length for an LST
strategy.

The application of the shifted scanning method may lead to overcoming the physical
limitations mentioned before. The heat accumulation effect should regress, because
overlapped spots are applied with a time interval equal to one scanning process. The plasma
shielding effect decreases, because each two laser spots in a sequence are applied on distant
positions on the surface. There is no need for additional computational resources, because
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there is not a direct determination of each object in the array. And finally, precision at high
scanning speeds is possible because no acceleration/deceleration is necessary and the laser
pulse generation works in a stable manner on one of its internal frequencies. The method was
submitted in a patent application [274], [277].

4.3. Experiments of laser surface scanning

The combination of laser pulse energy, generation frequency and beam scanning
speed is responsible for the level of heat accumulation on a scanned surface. In this study, the
three parameters of laser beam surface scanning were changed: time interval between laser
pulses, energy of laser pulses and scanning speed.

The time interval between laser pulses was changed by setting the frequency or by
involving a switching trigger in the optical path of the laser beam. The switching trigger was
built on the Pockels effect with fast rise times (about 50 ns). The energy of the laser pulses
depends on the frequency of the main laser pulse generator and only three pulse energy levels
were applied: 10 W, 30 wJ, 100 . The scanning speed was regulated by electric current in the
galvanometer motors, which were driven by control card RTC5. The same card was used for
control of the laser generation parameters and external trigger switching.

4.3.1. Parameters of the one-dimensional laser surface scanning strategy

At the low scanning speed speeds and high frequency of laser pulses, the spot distance
is at the nanometer scale. The big laser spot overlapping can initiate high heat accumulation
and material degradation. When the speed of the laser scanning is high enough and the laser
has low frequency, then the laser spot distance on the scanning line becomes more than 57
micrometers and this is twice as wide as the applied laser spot size. Heat accumulation
disappears, because the laser spots have not overlapped. All the applied scanning speeds,
frequencies and energies in the laser pulses for the straight lines laser scanning experiments
are presented in Table 4.1.

Table 4.1. Scanning parameters and laser spot distances for three different frequencies of
laser pulse generation.

Speed vy, (m/s) 0.007; 0.03; 0.07; 0.15;0.3; 0.7; 1; 2; 3;4;5;6; 7; 8
Energy Q, (W) 10; 30; 100

Frequency fpuise (kHz) Laser spots distance 7 (um)

1176 (for 10 wJ) 0.006; 0.03; 0.06; 0.1;0.3; 0.6;0.9; 1.7; 2.6; 3.4; 4.3, 5.1, 6.0, 6.8

454 (for 30 wJ) 0.02;0.1;0.2;0.3;0.7;1.5; 2.2, 4.4, 6.6; 8.8; 11.0; 13.2; 15.4; 17.6

140 (for 100 W) 0.1; 0.2; 0.5; 1.1; 2.1; 5.0; 7.1; 14.3; 21.4; 28.6; 35.7; 42.9; 50.0;
57.1
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For the laser beam surface scanning, the heat accumulation depends on the linear
energy density arriving on the material surface. The line energy is defined as the total laser
pulse energy applied per length unit on the scanned surface:

Ql = P/USCI (43)
where P defines the average power of the applied laser pulses and v, is the laser beam
scanning speed.

4.3.2. Parameters of two-dimensional laser surface scanning strategies

The dimples’ size used was equal to 80 um, with the periodicity of LST microobjects
equal to 200 um. The chosen geometry has practical sense and it can be used in several
applications, like LST of oiled sliding parts or adhesion surface modification [278], [279]. There
are five common parameters for the LST methods with dimples applied in this study:

inline spot overlapping is equal to 7 um with optical trigger pulse switching;

- scanning paths overlapping is equal to 10 um;

- the energy in the laser pulse is equal to 10 pJ, 30 W and 100 Ww;

- thelateral precision of the LST methods was tested in a wide range of scanning speeds:
0.02, 0.04, 0.05, 0.06, 0.07, 0.15, 0.3, 0.7, 0.08, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 1,
2,3,4,5,6,7,8;

- the laser-textured array has a rectangular form with 10 mm length in the laser beam

scanned direction and 2 mm height.

The classic path filling LST and shifted path LST methods were applied with three circles
with increasing diameters: 20 um, 40 um and 60 pum. This corresponded to the distance
between scanning round paths equal to 10 um. The overlapping between laser spots was 7 um
and it was controlled by external trigger frequency in connection with scanning speed. The
periodical distribution of 200 um of the dimples was set directly with the repeat function of
the laserDESK software.

In the classic hatch and shifted burst methods, the distance between hatching paths
was equal to 10 um. The inline overlapping of 7 um in the hatching lines for the classic method
was controlled by the external trigger, similar to the classic path filling. The process of the
laser pulse generation was driven by the galvanometer control board with correction between
mirrors’ position and laser pulse generation for every microobject in the LST array.

Another series of experiments was done without the application of an external trigger
for the classic LST methods. The overlapping of the laser spots was directly dependent on the
applied scanning speed and frequency. The combination of these two parameters gives the
distance between laser spots, similar to the one-dimensional laser surface processing
(Table 4.1).

Every LST experiment was performed minimally five times for statistical evaluation of
the results. The wide rectangular scanning area of 2.4 x 170 mm? and multiple repetition of
the scanning process were applied for processing rate evaluation of the different LST methods.
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4.3.3. Laser control software for application of sLST methods

The classic methods of LST are possible to implement with standard available laser
driving software, like LaserDesk or Scaps. The new shifted methods of LST have not been
implemented yet in the standard functions of the software for programming of a
galvanometer or polygon scanning head. The application of the shifted methods was done
with specially developed software LaserControl (Fig. 4.3.1, a). The main principle of the sLST
was applied in the algorithm of the LaserControl software for decreasing data transfer
between the galvanometer scanner and laser source. The scanned area is represented by one
wide scanning rectangle without a full description of every microobject in the laser-textured
array. Only global parameters are in use, like scanning speed, number of rows and laser pulse
frequency. In contrast, the classic methods need to represent every scanned microobject
directly (Fig. 4.3.1, b) and this leads to an increase of LST processing time (compare Eq. 4.1 for
sLST with Eq. 4.2 for the classic LST).

B ComraDr 2000 TS0 p v Cortrl =

a B
Fig. 4.3.1. Software interface for providing LST with a galvanometer scanner: a — LaserControl
(the texturing array in the sLST method is described as one raster); b— LaserDesk (every
microobject in the array is described with detailed path scaling parameters).

The LaserControl software has several special functions for providing shifted path
filling LST, shifted burst LST and their variations. One of the most original functions is
formation of inverse structures — concave dimples or protruding columns. Another uncommon
function is the gradient and formation of the microobject array by monotonically increasing
the distance between them. The gradient textures are useful for the optimization of the LST
process for achieving the desired functional properties of the laser-textured surface.

4.4. Materials

The experiments presented in this thesis were conducted on stainless steel metal sheet
X5CrNi18-10 (1.4301, AISI 304) with 1 mm thickness. The samples were factory polished with
protective foil and cut in a rectangular form with size 50x15 mm?. The chemical composition
of the stainless steel is: Fe(base), 0.03% C, 0.3% Si, 1.2% Mn, 17.2% Cr, 9.3% Ni, 0.2% Mo
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[280]. The physical properties of the steel are presented in Table 4.2. The temperature hanges
in the physical properties of the AISI 304 stainless steel are presented in Appendix B.

Table 4.2. Physical properties of stainless steel AlSI 304.

Properties Value Source
Absorption (4, 527 + 532 nm) 40% [281]
Roughness (R,) 0.01+0.02 um Initial
Thermal conductivity (k) 14.92 W/(m-K) [282]
Specific heat (c,) 0.477 ki/kg-K [14], [283]
Density (p) 7.90 g/cm? [284]
Thermal diffusivity (e, = k-p~* - cy?) 4-10°m?/s [285]
Melting range (T;,,) 1.399-1.421 (°C) [284]
Evaporation temperature (T,) 3000 (°C) [14], [286]
Tensile strength (o in range 21 + 815 °C) 620-160 (MPa) [284]
Ablation threshold (F;, for 532 nm) 0.5 J/cm? [186]

In experiments with evaluation of the LST method’s precision, the stainless steel
samples were covered by high-emissivity LabIR® paint (Fig. 4.4.1) [287]. The first series of
samples were painted all together at once to ensure equal paint thickness. The thickness of
the paint was 8 + 10 um. The pulse energy corresponds to a paint removal spot with a
diameter equal to 20 um (effective spot size). The second series of samples were used without
LabIR® paint for LST on a polished surface (R, = 0.01 <= 0.02 um). These clear samples
(without paint) were used for experiments for evaluation of the volumetric precision and
efficiency of different methods of LST.

i

U

VIR 2.

Fig.4.4.1. Preparation of a surface for detection of the precision of a laser-scanning strategy:
a — source stainless steel samples; b — low-temperature high-emissivity LabIR® paint [287].

Several other materials have been used fin these experiments or different practical
applications of LST: nickel-based superalloy AM1, aluminium oxide, silicon carbide, aluminium
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alloys and steel molding forms, titanium and tungsten, glasses, etc. Several types of the
surface texturing already were used in real-world applications.

4.5. Surface geometry analysis

The LST surfaces were analyzed using different methods of microscopy and profilometry.
The measured data was statistically processed using different mathematical methods and
software equipment. In the next sections, the methods of data processing and the evaluation
of results are presented. The statistical data were processed with a MATLAB® processor and
profiles of the LST were analyzed with MountainsMap® software (ISO 4287). There are several
supporting programs were created for data conversion and preprocessing.

4.5.1. Microscopy and profilometry measurements

The first examination of laser-textured surfaces was performed with digital microscopy
Dino-Lite AM4515T8 (700 —900x). The contrast imaging and optical profilometry were
performed with 3D microscope HIROX KH-7700. Black and white high contrast images from
LablR®-coated steel samples were taken at a long exposure time regime (1 ms, Fig. 4.5.1, a).
The contrast images were collected from three different areas (left-edge, center and right-
edge) with 12 + 17 microobjects in an area.

The primary depth profiles analysis of laser-textured surfaces was done using a
multifocal algorithm with the 3D HIROX optical microscope. The detailed analyses of the laser-
textured surface relief were done using a contact surface profiler, KLA-Tencor P-6 Profiler. The
laser surface processed textures were measured in parallel lines with a length of 400 um and
a separation distance of 8 um. The profiler tip angle was 60°, its radius 2 um, used load 1 mg
and speed 50 um/s. Texture depth measurements were taken from three areas (left-edge,
center and right-edge) with four scanned microobjects (Fig. 4.5.1, b).

< 5 3 T4 §_
&.?0‘ SN \
0 Q Py
20 SSQ N
“ (7 ‘Q W
S
a b

Fig. 4.5.1. The LST analysis: a— high contrast long exposure time microscopy; b— 3D
profilometry of laser-textured area with 4x microobjects.
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Surface structure and chemical analyses of the laser processed surfaces were studied
with SEM FEI Quanta 200 with an EDS (Energy Dispersive Spectrometer). Subsurface structure
of the LST on the stainless steel samples was provided by high resolution SEM (JSM 7600F
from JOEL). This SEM has maximal magnification up to 1,000,000x and it was used for analysis
of the bottom structure of the laser-textured microobjects.

4.5.2. Evaluation methods of LST microobjects diameter deviation

The different scanning strategies of LST were applied on the LabIR® paint-surface covered
samples with subsequent surface microscopy with constant exposure time of 1 ms. The
contrast image of the lateral LST was used for determination of the microobjects’ geometry
on the processed surface with a morphological reconstruction [288]. A similar contrast
method was applied for the entrance diameter of the laser-drilled microobjects used by
M. Ghoreishi et al. [289]. The three textured areas were analyzed for statistical processing of
the LST precision. The principal scheme of the evaluation of the LST precision can be described
as a logical chain with six steps (Fig. 4.5.2).

LST input parameters:
- laser spot size

- goal diameter

- period.

Conversionto binary
format

Mean value
of diameter

de\.riationg_r

Board detection ™

Amax, N 52 N—1

A

bt L] San Standard

Laser textured Associating with Determination of Forming of relative deviations
surface circumscribed ellipses diameter deviations deviation for axes

Fig. 4.5.2. Block scheme of the evaluation of the LST precision with binary conversion.

l. In the very first step, the galvanometer scanhead was programmed for providing LST
based on effective laser spot diameter 20 um and goal diameter A, of the textured
microobjects 80 um with periodicity equal to 200 um (Fig. 4.5.2, step I).

II.  Inthe next step, the microscopy images of the laser-textured surfaces were converted
to binary format (Fig. 4.5.2, step Il). The obtained binary arrays were inspected by a
morphological reconstruction algorithm [288], [290]. The detected boards were
associated with circumscribed ellipses with corresponding major and minor axes
(Fig. 4.5.3). The following evaluation of the LST precision is defined as the value of the
axes length deviation from the goal size, and it was done in the next four steps.
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Fig. 4.5.3. Laser-textured surface and board detection with major (red line) and minor
(blue line) axes. The analysis was provided only for fully detected microobjects (red dotted
ellipses).

lll.  The maximal and minimal diameter deviations were calculated as the difference of
the major and minor axes from goal diameter value A4:

Amax,i = |Ag - Amajor,ilr Amin,i = |Ag - Aminor,ilr (4.4)
where Ay,qj0r,i — l€ngth of major axis of laser-textured microobject, Ap,inor,; — length
of minor axis of laser-textured microobject, A,,,,; — object diameter deviation from
major axis length, A,,;, ; — object diameter deviation from minor axis length.

IV.  Defining the relative deviation ¢ from goal diameter for all N objects. Two values of
relative deviation from one object are defined:

$1 = Amax,i/A ;
§2 = Dmini/ Dy (4.5)
$on = Amin,N/Ag.

V. Defining the mean value of the relative deviation ¢ through all measurements for one

speed:
=61+ &+ +&n)/2N. (4.6)
VI.  Defining the standard deviation for selected scanning speed:
1 _vy2n =12\ 4.7
s= (=0 @E-92) (4.7)

The processed results give the possibility to estimate the speed limits of the tested LST
methods, to observe the influence of speed on the precision of LST and to predict speed
efficiency for the different LST methods.

4.5.3. Depth profile analysis of LST microobjects

There are several factors that have an influence on the tapper angle and the depth of the
laser-formed surface dimples [291]. The shape profile analysis gives information about the
efficiency and accuracy of the volumetric material ablation in LST [185]. In this study, the
depth profile of the laser-textured microobjects was analyzed by comparative evaluation of
the cross-section area. Similar to lateral LST evaluation, the depth profiles for 500 textured
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microobjects array (2 x 10 mm?) were analyzed. The main difference of the depth profile
evaluation is in laser processing of a non-painted steel surface. The profiler lines were scanned
perpendicular to the laser scanning direction. A 3D surface profile was reconstructed from the
linear profiles (MountainsMap Imaging Topography software). The linear depth profile of each
dimple was obtained from the 3D profile by placing the line at a 45° inclination (diagonal). This
inclination was used to include data and errors from both laser scanning and profiler scanning.
The accuracy of the LST depth profiles was evaluated in comparison with the goal profile area.
The goal profile had a diameter of 80 um at the surface and the goal depth of the laser-
textured microobjects was taken as 6.5 um. A similar texture depth was performed by LST on
several types of functional surfaces [71], [108], [292]—[294]. The shallow depth of the dimples
corresponds to a tapper angle of 70° and it is in the range of tapper angles from other
experimental works [185], [266], [291]. The comparison method of laser-textured dimple
profile accuracy can be presented in a block scheme with six steps, similar to the lateral
evaluation (Fig. 4.5.4).
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LST input parameters: Depth profiles
- upper diameter; extraction
- goal depth;
- tapper angle.
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Fig. 4.5.4. Block scheme of the evaluation of the LST accuracy with depth profile subtraction.

Determination of
depth profile area

l. The first step determines the repetition count of the LST for achieving the goal
depth of the texture. The profile depth was considered as achieved when the depth
profile of the laser-textured microobjects has minimal deviation from the goal
profile. The planar geometry of the LST was kept the same as in the lateral
evaluation. The depth profiles were taken from four microobjects from three areas
on the textured surface (4 x left side + 4 x central side + 4 x right side).

Il. The profiles of microobjects were taken in a 45° direction from the stylus scanning
direction. The output profile data were overlayed with the goal profile area
(Fig. 4.5.5, a). The difference between the measured profile area and the goal
profile was defined as vertical semi-trapezoids (Fig. 4.5.5, b).
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Fig. 4.5.5. Evaluation of the LST depth profile accuracy: a — depth profile area with overlayed
ideal profile form (markers correspond to the entrance diameter and crossed profiles; the
arrow shows the zoomed area); b — deviation between the measured profile and the goal
profile was determined from vertical semi-trapezoids (b, one integral trapezoid is marked by
red color).

Il. The measured profile deviation AP from the goal profile was calculated in integral
form:

AR=%N1-h, (4.8)
where k — is the order number of profile, i — is the order number of point on the
profile line, N —is the full number of points on the profile line, [ —is the step value
along the horizontal direction on the profilogram and h; — is the vertical distance
between corresponding points on real and goal profiles.

V. The next step is defining of relative deviation & from goal profile Ag for all N
profilometry scanned objects:
$1 = Alla/APJ
& =A% /Mg (4.9)
N = AII;/AS-

Steps V and VI have the same logic as in lateral LST evaluation (Eq.4.6 and Eq. 4.7,
respectively).

The processed results give the possibility to evaluate the depth precision, ablation
efficiency and depth processing rate of applied LST methods for repeated laser scanning.

4.6. IR surface radiation detection and analysis

4.6.1. Evaluation methods for induced heat accumulation and plasma glow
radiation analysis

The laser-induced temperature changes and ablation plasma glow detections were carried
out using an improved measurement scheme, similar to laser marking experiments [228].
There are three parallel detection channels (Fig. 4.6.1) [295]:
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1) The low temperature heat accumulation was detected on channel 1 by a variable gap
HgCdTe semiconductor photodiode (A,,; = 6 pm, PVI-3TE-6, VIGO system) with 3-
level Peltier cooling and a MIPDC-F-5 control unit (power supply and preamplifier). The
optical area of the photodiode is 1x1 mm?. The photodiode was used together with a
Gefilter (2 + 16 um (IR), 1 mm thick) and the resulting wavelength detection range was
3 + 6 um. The longer wavelength limit 6 um corresponds to the spectral maximum of
surface IR radiation with temperature 483 K (under Wien's displacement law).

2) The high temperature heat accumulation was detected on channel 2 by Si PIN
photodiode S5052 (A,,; = 4.6 um, Hamamatsu) with low pass filter FELO850
(Thorlabs). The effective active area of the photodiode is 7 mm?2. The spectral
sensitivity of the S5052 photodiode with the FELO850 filter is in the range of
0.8 + 1.1 um (NIR). The longer wavelength limit 1.1 um corresponds to the spectral
maximum of surface IR radiation with temperature 2635 K.

3) The integral signal from reflected laser beam irradiation, plasma glow and IR surface
thermal emission from the surface and ablated materials was detected on channel 3
by Si PIN photodiode S5972 (Hamamatsu). The photosensitive area size of the
photodiode is 0.5 mm?. The spectral response range is 0.3 + 1 um.

Galvanometer scanhead Galvanometer scanhead

Laser source

Expander .—— F-Theta objective
szggg%lzz)_\ Channel 1
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Fig. 4.6.1. IR measurement set-up with three IR photodiodes, picosecond laser source and
galvanometer scanner: a — schematic representation; b — experimental equipment.

The light emission from the laser ablated spot was focused by VIS NIR (350 nm + 2.0 um)
50 mm focal length lenses on the Si PIN photodiodes and by a ZnSe (0.55 + 18 um) 25.4 mm
focal length lens with a Ge filter on the HgCdTe photodiode (VIGO). The PIN photodiodes are
operated with voltage 12 V in reverse bias mode (Fig. 4.6.2). The signals from the IR diodes
were recorded by a 1 GHz bandwidth oscilloscope (WavePro 950, Teledyne LeCroy) with a
16 GS/s maximal frame rate. All detectors were directed on a fixed surface point with a
detection area near 1 mm?2. The distance between the detectors’ lenses and the surface was
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near 100 mm, with a 50 degree angle between the scanned surface and the axis of the diodes’
optical line-up. The scanning speed in the heat accumulation detection experiments was in
the range of 0.007 + 8 m/s (see Table 4.1). Three values of laser pulse energy, 10 — 30 — 100 pJ,
were applied for every scanning speed value (all together 36 speed/energy combinations).

Oscilloscope

RN

: 50 0

1kQ SiPIN

12v —— 104 nF

v,

Fig. 4.6.2. Scheme of the Si PIN photodiodes’ connection to the oscilloscope in reverse bias
mode (adapted from [296]).

The reverse bias mode of the PIN photodiode increases the width of the depletion
junction, producing an increased responsivity with a decrease in junction capacitance, and
produces a very linear response. The disadvantage of operating under reverse conditions does
tend to produce a larger dark current and noise, but it can be suppressed by the statistical
data processing, which is described in the next section.

4.6.2. IR radiation data analysis during laser linear surface scanning

The data of IR emission from a laser-processed surfaces were collected by an oscilloscope
with record sampling 0.12+2 ns. The low temperature irradiation data were registered on the
first channel (spectral limit 6 um), the high temperature on the second channel (spectral limit
1.1 um) and the integral signal was detected on the third channel (no filter, spectral range
0.3+1 um) (Fig. 4.6.1). The triggering of the oscilloscope frame was provided on the third
channel, because it has a maximal input signal. The trigger was tuned to a maximum for every
change of experimental parameters (scan speed, energy or frequency of the laser). Laser beam
movement was controlled by a galvanometer scanner with different mirror speeds with three
different values of laser pulse energy (Table 4.1).

Due to the significant value of the dark current and noise signals in reverse bias mode
of the photodiodes’ connection (Fig. 4.6.2), the subtraction algorithm for the data processing
was applied, similar to the “Stamp” method. A full description of the “Stamp” method can be
found in the author’s article [297]. The application of the statistical “Stamp” method for
detection of heat accumulation is described in the next section.

The laser beam passed through the detection area of these three diodes in sequential
order and the reaching of the maximal peak is detected in the order of the channels’ numbers.
The wide recording of the data gives the possibility to determine the relative position of
maximal heat accumulation on every channel (step 100 ns, Fig. 4.6.3, a). The detailed analysis
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of the maximal heat accumulation region was done with a smaller time step in a short
recording (step 0.125+2 ns, Fig. 4.6.3, b).

Fig. 4.6.3. Oscilloscope experimental frames with signals detected from the three
photodiodes: a — long recording of the IR response at 7 mm/s scanning speed and laser pulse
energy 10 Ww; b — short recording of the IR response at 70 mm/s scanning speed and 100 W
laser pulse energy.

The linear raster was created by laser beam surface scanning along equidistant straight
lines. The scanned lines were 5 mm long and the center of the scanned line was matched with
the center of the detected area. After centering the scanning on one line, surface scanning
was applied with detection of the IR radiation response. The background noise level was
defined before heat accumulation IR signal detection as the mean value of the dark voltage:

1
Up = 3-2it1 Uni (4.10)

where Up, — mean value of the background signal, N, — number of the recorded values in the
sequence without laser influence, U, ; — value of the background signal voltage recorded in
the time moment ¢t; and i —index of the signal value. In the next step, the signals from all three
diodes were recorded at the moment when the laser beam scanned on the surface. The signals
from all channels were recorded in the 200 ms wide region with the triggered signal in the
center (Fig. 4.6.4, a (center part)). Detection of the heat accumulation was performed during
the 40 ps interval close to the maximal achieved signal. According to the “Stamp” method, the
residual heat signal is detected as the mean value from the equidistant signal segments in the
closest time intervals to the next coming laser pulse regions (Fig. 4.6.4, b):

Uy = o S8 B0y Ur, (4.11)
where U, —mean value of the residual heat signal, N, —number of signals which were analyzed
in the closest to the next laser pulse segment, R — full number of the analyzed segments, U,.;
— value of the residual heat signal recorded in the time moment ¢;, p — index of the analyzed
segment and i — data index in the signal segment.
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Fig. 4.6.4. Determination of the heat accumulation in the first channel at scanning speed
7 mm/s and laser pulse energy 30 w: a — determination of the background signal level U,; b —
determination of the residual heat signal U, and maximal peak signal value U,,,,. Heat
accumulation Uy, is detected as a differential value.

The resulting heat accumulation U, was defined as the difference between the
residual signal and the background signal mean values:

Uh = Ur - Ub' (412)
In a similar way, the maximal value of the signal for all channels U,,;, was detected as the
difference between the absolute maximum in the signal and the background level:

Umb = Umax - Ub; (4.13)
where U,,;, —value of the relative maximum and U,,,,,, —absolute maximum value in the signal.
The difference between the absolute maximum and residual heat will be indicated as Uy,

Unr = Unax — Uy (4.14)
The measurements with a short time step are provided in two stages. The data about the
background signal level U, were collected before the laser started to scan the observed area
on the surface. After this, the measurement was performed with detection of the residual
heat signal U,. during the laser surface scanning. The heat accumulation is again defined as the
difference between residual heat U,. and background signal U, (Eq. 4.12).

The signal from the third channel is integral: mainly it contains the plasma plume glow
and partially the IR radiation from the laser spot. The duration of the plasma glow was
measured as the distance between two boundaries: arising before the plasma maximal peak
signal and decreasing after it, where the value of the signal is 102 times lower than the upper
limit of the measurements (Fig. 4.6.5). This corresponds to the boundary signal on channel 3

equal to Uy, = 78 mV.
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Fig. 4.6.5. Determination of the plasma glow duration for ablation with laser pulse energy
30 w and 0.07 m/s scanning speed.

The determination of the plasma glow duration can be described mathematically as
the difference between the time of detection limited signal on the downward part and the
time of the detection limited signal on the ascending wing:

tw =tg — tu, (4.15)
where t,, — plasma glow duration over boundary signal 78 mV, t; — time moment when the
plasma glow signal becomes lower than the boundary limitation, t,, —time moment when the
plasma glow signal becomes higher than the boundary limitation.

For all channels, the measurements were taken five times. The standard deviation was
established in the same way as for precision control experiments (Eq. 4.7). Before every next
measurement, a new area of the sample surface was exposed the laser scanning.

4.6.3. IR radiation data analysis during two-dimensional LST

The heat accumulation during laser formation of a dimple array was detected with the
same methodology as for straight line scanning. The classic LST strategies were compared with
the shifted LST, in the order described in the previous sections 4.3.1 and 4.3.2 (Fig. 4.3.1). The
precision limit of the acceptable LST was selected equal to 5% in diameter deviation (Eq. 4.6).
The reason for the acceptable precision limit value of 5% can be explained by the technical
parameters of the laser scanning system. The applied electronic module based on the Pockels
Cell has a real response time in combination with the RTC card of about 0.2 +0.5 ps. It
corresponds to the start-stop jitter length <4 um at maximal scanning speed 8 m/s [276],
[298]. This technical limitation was detected in experiments with LabIR® paint and it was used
for speed selection in the applied LST methods: 0.15 m/s for classic path filling, 8 m/s for path
filling sLST, 0.7 m/s for classic hatch and 8 m/s for burst sLST. Similar to the straight line
experiments, the heat accumulation for LST with microobject formation is detected as the
residual signal mean value before every next laser pulse (Eq. 4.12).

The heat accumulation was detected for two regimes of laser pulse generation. The first
regime was applied with the laser pulse delivery controlled via an external trigger with
constant overlapping of laser spots. In this regime, the trigger allows only specific pulses,
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which in compliance with the distance between laser spots on the scanned surface in an
applied LST method 6.8 +7 um. This corresponds to the optimal overlapping of 65%
(Fig. 4.2.2). The shifted burst has the fixed 6.8 um pulsed step at 10 W only, due to the
increasing in the pulse period at higher pulse energies (Table 4.3). The external trigger gives
the possibility to achieve fine control of laser spot overlapping with a time interval between
laser shots of 1 us only, but this regime leads to a dramatic decrease in the output power. The
classic scanning strategies have lower output laser power in comparison with the
corresponding shifted strategies. The trigger application for the shifted path filling regime has
an accentuated feature: the period between laser pulses is about a thousand times longer
than in the other methods. The heat accumulation for this method will be minimal even at
higher power in contrast to the low frequency classic path filling method.

Table 4.3. Output laser power applied with three laser pulse energies and an external trigger
regime of laser spot overlapping control.
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Classic 0.15 21 47.6 0.21 0.63 2.1
path filling
Shifted 8 40 17.4-103 0.4 1.2 4
path filling
Classic 0.7 100 10.0 1.0 3.0 10
hatch
Shifted 8 40 0.85;2.2;7.14 11.7 13.6 13.8
burst

The second regime of the LST is provided without an external trigger controlling the
laser spot overlapping for the classic methods. In this case, all laser pulses are emitted and the
laser power is maximal for the applied generator frequency. The classic path filling and hatch
strategies have low scanning speeds, and higher heat accumulation can be detected. This
regime has a considerably smaller laser spot distance for classic strategies of surface texturing.
In shifted strategies, the external trigger remains in use, because it is needed for the
microobjects’ inline distribution distance control (see Fig. 4.3.1, ¢, d and Fig. 4.3.3, b). For the
laser generation frequency 1.17 MHz (pulse energy 10 W), the spot distance is minimal and it
is only about 0.13 um for the classic path filling strategy and 0.6 um for the classic hatch
strategy (Table 4.4). For lower frequencies 454 kHz and 140 kHz (pulse energy 30 W and
100 W, see Table 4.1), the laser spot distances become bigger. In the classic path filling
method, the spot distances become 0.33 um and 1.07 um and for the classic hatch method
they become 1.54 um and 5 um, respectively.
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Table 4.4. Output laser power applied with three laser pulse energies without external trigger
control of the laser spot overlapping regime.
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path filling
Classic hatch 0.7 - 0.6 0.85;2.2;7.14 10 13.6 13.8
Shifted burst 8 40 7 0.85;2.2;7.14 10 13.6 13.8

The output power in laser scanning without an external trigger becomes equal for most
of the scanning strategies. Only the shifted path filling strategy has low output laser power,
but this limitation is dictated by the maximal speed value of the applied galvanometer
scanner. The constant laser spot distance in combination with maximal high scanning speed is
the main feature of the shifted path filling strategy, in contrast to the classic methods. Modern
galvanometer scanners are able to produce scanning speeds up to 30 + 40 m/s [299], [300].
At such speeds, the shifted path filling strategy would be able to use up to 50 W of power. In
combination with laser beam dividing technology, for example with ten beams, the applied
power escalates up to 0.5 kW.

4.6.4. Thermo-physical model of heat accumulation in laser-scanned surfaces

The heat accumulation can be evaluated from the thermo-physical model as summed
heat from a sequence of applied laser pulses (Eq. 2.14). This model does not include full
aspects of ultrashort laser pulse interaction with material as phase transformations and
ultrashort time heat transfer like in the TTM model, but describes the heat accumulation as
post-ablation temperature changes in the laser-scanned subsurface layers. In the calculations
with laser beam scanning along the surface, the heat source should be described with
consideration of the spot overlapping. The combination of scanning speed and laser pulse
frequency defines the value of the spots overlapping. Especially, when we need to know
temperature changes under a fixed surface point with laser beam scanning across the surface.
In this case, every next laser pulse brings to the analyzed surface point a different value of the
thermal energy, according to the Gaussian distribution [301], [302]:

F =F, e %/Wo, (4.16)
where F — laser fluence in the fixed point on the scanned surface (J/cm?), F, — laser fluence in
the center of the laser spot, which is given by F, = 2 P/(m - w3), P — total energy in the
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beam, r — distance from the laser spot center to the fixed surface point. The ultrashort
duration of the laser pulse and the small lateral gradient of the laser fluence along the laser
spot give the possibility to divide the one temperature distribution task into several semi-
planar tasks [125]. Temperature distribution from the laser spot at a certain point distance r
from the center will be described as temperature distribution from the planar heat source
with fluence F, which is defined in Eqg. 4.16. This assumption helps to reduce the temperature
distribution problem to the well-known instantaneous planar surface source task (Fig. 4.6.6)
[214], [303].

Scanning direction

Fig. 4.6.6. The scanning laser spot area divided into thin rings with an internal radius r, where
the fluence was defined as instantaneous plane surface source F [304]. Every next laser spot
has a different fluence F in the fixed surface point.

Laser pulse-induced energy is reduced by the reflection of the beam and dissipation in
the ablated material. The residual heat Fj,:, which remains in the post-processed surface,
can be defined by the fraction coefficient:

N = Fpeat/F. (4.17)
The fraction coefficient 77 is assumed to be a constant value equal to 12.5%. The selected value
of the fraction coefficient was fitted by comparison of the experimental results of material
laser drilling with theoretical prediction of the heat accumulation [14]. The resulting equation
for the temperature history for any surface point inside of a single laser spot has the form:

2r _ 72 (4.18)

nFe Wo At

pcmat
The temperature changes in a fixed surface point under a multi-pulsed scanned laser beam is
described as the summed temperature history from all laser pulses applied in the investigated
surface point:

AT(t,z) =

2rn 22
ATeum(t,2) = (n-F/p-c-Vm-a)-Li_1e ™o ‘““/\/t —ty, (4.19)
where n — order number of laser pulse applied over a fixed point, N — full number of laser
pulses over a fixed point, which were applied till actual time t, 1;, — distance between the fixed
point and the center of the applied laser spot, t,, — time, when the laser pulse with index n
was applied.
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The described thermo-physical model of heat accumulation in a fixed point on a
scanned surface has a viewpoint different from the models presented in the literature. In the
known literature sources, the heat accumulation is defined for a static laser surface drilling or
as the temperature changes under the first leader spot in the laser beam scanning path [14],
[215]. The approach presented here is more suitable for the characterization of temperature
changes recorded by IR radiation detectors. The temperature changes predicted in this model
for a nickel-based alloy has an evident maximum, similar to the IR radiation recorded from a
fixed IR detector (Fig.4.6.7; compare with channel 1 in Fig.4.6.3, a and results from the
literature in Fig. 2.2.7).
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Fig. 4.6.7. Predicted surface temperature changes and heat accumulation temperature
increase in a fixed point on the surface of a nickel-based alloy for two different laser beam
parameters (red: fyyise = 2 MHz, Q, = 5.79 yJ, vsc = 8 m/s; blue: f,5c = 4 MHz, Q, =
2.09 yJ, vg. = 8 m/s) [302].

For the calculations, temperature dependencies of thermal and mechanical properties
of stainless steel AISI304 (from MPDB [285]) were applied. Minimal geometry discretization
steps were set at Ax, Ay, Az = 500 nm and the time step was equal to 0.1 ns. The depth
temperature distribution was analyzed at five equidistant subsurface layers to a maximal
depth of 5 um. The calculations of residual temperature which were done by the algorithm
presented here were compared with calculations from analogous models from the literature.
The semi-planar model presented here and results known in well-cited works of F. Bauer and
R. Weber have a deviation of 50 + 100 degrees only [215], [305].

The results of the heat accumulation calculations can be compared with direct IR
measurements by conversion of the analytically evaluated temperature to the thermal
radiation intensity. The fundamental principle of this conversion is lies in Planck’s law for
emitted electromagnetic radiation [306]. The intensity of the IR radiation (1) emitted by the
laser-heated surface has exponential dependency on temperature:

T 2
IWaa =2 (4.20)
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The conversion of surface temperature to IR radiation intensity makes a comparison of
experimental measurements with analytical calculations more relevant. It is necessary to note
that the intensity of the thermal radiation from real materials has dependence on emissivity
and wavelength. There is no need to set a precise value of the surface emissivity, since the
evaluation of temperature regimes of laser surface processing with different scanning speeds
and frequencies is a more relevant concept. However, the emissivity in the analytical model
of the heat accumulation was set equal to a realistic value for stainless steel equal to 0.149
[303] in order to improve the theoretical predictions. The spectral radiance was calculated for
wave length A = 3 um and this corresponds to the shorter wavelength limit of the IR detector
on channel 1. This value of the wavelength is close to the lower limit of the PIN photodiode
on the second channel.

4.7. Summary of experimental methods and analytical modeling

In this section, the experimental and evaluation methods of laser surface scanning are
described. The InnoSlab laser with 10 ps pulse duration and 532 nm wavelength was used. The
laser beam delivery was done with a galvanometer scanning head and an F-Theta objective
with a 255 mm focal length objective. The laser surface scanning was carried out with one-
dimensional and two-dimensional strategies. A new two-dimensional scanning shifted LST
method was developed for achieving higher speeds and higher precision of laser surface
processing. The methods of evaluating LST microobject diameter deviation and depth profile
evaluation are described.

The heat accumulation evaluation method and plasma glow process analysis are
described for an experimental setup with three IR photodiodes. The procedure of heat
accumulation evaluation is based on a statistical subtraction algorithm. All together
experiments: heat accumulation detection, speed limits assessment and plasma glow
evaluation takes more than a thousand measurements. The thermo-physical model of heat
accumulation in a fixed surface point under a laser beam scanning line is presented for
comparison of the experimental results with theoretical predictions.
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5. Results and discussion

5.1. Characterization of laser surface scanning regimes
5.1.1. Heat accumulation in one-dimensional laser surface scanning
Dependence of the residual heat IR signal on scanning speed

One of the simplest methods of LST is laser beam writing of straight lines on a
processed surface. In this part, the results of heat accumulation evaluation from the IR
radiation signal detected in the linear laser surface scanning are presented. The experiments
with straight lines were intentionally applied at the slowest scanning speed for definite
determination of the heat accumulation IR radiation signal in the laser-affected area. The
minimal applied scanning speed was 0.007 m/s, with distance between laser spots ~10 nm
only (Table 4.1). Such a short distance between laser spots corresponds to the maximal laser
spot overlapping, almost full laser spot size. As expected, the high laser spot overlapping
initiated noticeable heat accumulation and high IR emission from the laser-scanned surface.
The detected heat accumulation IR signal U, was analyzed using a subtraction algorithm
(Eg. 4.12). The heat accumulation IR radiation signal at minimal 0.007 m/s scanning speed was
15 times greater than the signals at the higher speeds (Fig. 5.1.1). The IR heat accumulation
signal value promptly decreases with speed increasing to 0.07 m/s. In the region of the speeds
0.07 + 3 m/s, the heat accumulation IR signal slowly decreases to a minimal value and it can
be described as a region with medium heat accumulation. At higher speeds, the heat
accumulation IR signal is slightly increased and this can be explained by less plasma and
ablation cloud shielding at the wider distance between laser spots.
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Fig.5.1.1. Residual heat accumulation IR radiation signal detected on channel 1 with linear
raster LST (markers with SD bars) and IR radiation predicted from the analytical model (lines).
The vertical lines indicate characteristic regions of heat accumulation.
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Characteristic speed regimes in one-dimensional laser surface scanning

The data about residual heat, which were obtained from the IR radiation signal by
application of Eq. 4.12, were compared with predictions of the analytical model of the heat
accumulation (section 4.6.4). In Fig. 5.1.1, the IR signal predicted from the analytical model is
marked by lines and experimental values by markers. The thermal regimes of the laser surface
scanning are classified by predicted temperatures. The first area corresponds to the lowest
speed and indicates the scanning regimes where the predicted temperature exceeds the
evaporation point (Table 5.1, red color). The analytical model did not include phase effects,
radiation area extension and other optical changes which occur at the extremely high
temperatures and low scanning speeds. The calculated temperatures in this case have an
approximate character and are presented as indicating values (placed in brackets in Table 5.1).

Table 5.1. The characterization of the laser surface processing by the IR radiation signal and
predicted heat accumulation temperature (colors categories are described in the text).

Energy (pJ) 10 30 100

Speed (m/s) Uy, (mV) T (°C) Uy, (mV) T(°C) Uy, (mV) T(°C)

0.07 0.70 (1906) 0.55 (2354) 0.85 (2318)
0.15 0.57 (1472) 0.32 (1762) 0.65 (1712)
0.3 0.47 1200 0.34 1397 0.53 1382
0.7 0.29 918 0.32 1071 0.45 1063
1 0.24 803 0.29 963 0.44 956
2 0.24 607 0.39 735 0.49 645
3 0.31 501 0.35 604 0.60 356
4 0.20 435 0.22 528 0.50 107
5 0.25 383 0.21 463 0.46 52
6 0.13 342 0.12 404 0.47 33
7 0.23 319 0.23 347 0.35 29
8 0.11 299 0.11 293 0.38 28
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The scanning speed region between 0.3 + 3 m/s lies under liquid phase appearing and
corresponds to the heat accumulation above the critical temperature regime (Ty = Ty, =
607 °C). The boundary speed 3 m/s of the critical temperature regime varies for the different
pulse energies and it has maximal value for the laser pulses with 30 W energy (Table 5.1,
orange color). The lower temperatures at the boundary speed 2 m/s were predicted for the
two opposite pulse energies 10 W and 100 pJ, whereas the IR signal is higher for the last one
(Table 5.1, yellow color). The average power for all three values of the laser pulse energy is
nearly the same, 11 + 13 W. The higher IR signal value at 100 w can be explained by increase
of the spot size and electron ballistic depth penetration at the higher laser pulse energy. The
predicted temperature decrease and lower detected IR signal have a similar tendency at
higher speeds. This makes it possible to identify the common principles of laser material
processing with low heat accumulation:

- heat accumulation can be overcome at speeds higher than 2 +3 m/s, even with
overlapping larger than 10% (compare with Table 4.1);

- with the application of equal average power, lower heat accumulation can be achieved
rather with a higher frequency and lower pulse energy, in contrast to a higher pulse
energy and lower frequency.

Comparison of the evaluated heat accumulation data with literature sources

The second result, regarding application of equal average power, is opposite to the
theoretical predictions published by Weber et al. [14], where higher heat accumulation
occurred at a higher frequency of laser pulses. Such a difference can be explained by including
the relative movement of the Gaussian laser beam across a fixed surface point. In the
theoretical models reported in the literature, the heat accumulation is analyzed in a moving
surface point under a scanning laser beam or in percussion drilling [14], [215]. Unlike those,
in the model presented here the temperature changes are analyzed under a fixed point on the
scanned surface. This relative difference of our model gives an unusual result: that maximal
heat accumulation in the fixed spot can be higher at the moment when the direct hit of a laser
pulse is already gone and one later pulse is applied — the third, fourth or even later laser pulse.

Dependence of the maximal temperature IR signal on the laser beam scanning speed

The heat accumulation affects the maximal temperature changes in the fixed point on
a scanned surface. The dependence of the relative maximum U,,; on the scanning speed is
presented in Fig. 5.1.2. The thermal IR radiation shows a nonlinear difference between the
three applied pulse energies 10 W, 30 wJ and 100 W (Fig. 5.1.2). At the slowest scanning
speeds 0.007 +0.15 m/s and laser pulse energies 10 w and 30 W, the value U,,; has the
exponential character of temperature decreasing. For the highest frequency (1176 KHz and
10 W), this effect is most expressed. The maximal value U,,,;, = 11.250 mV at speed 0.007 m/s

and the later value U,,;, = 3.95 mV at 0.3 m/s show decrease in the maximal temperature,
dropping more than 300%. This result demonstrates the greater influence of heat
accumulation on the maximal achieved temperature at higher frequencies of the laser pulses.
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The reduction of maximal temperature was detected in the experiments with 100 W
pulse energy. In the middle scanning speed region 0.3 +2 m/s, the reduction can be explained
by the plasma and ablation products’ shielding effects with laser pulse overlapping. The higher
maximal IR radiation signal at scanning speeds 2 + 8 m/s can be explained by the increase of
the laser spot distance up to the distant distribution of the laser pulses at speeds vy, = 3 m/s
(see Table 4.1). As a result, the shielding effects have a small influence and the maximal
temperature under the laser spot becomes higher with the detection of the higher IR radiation
peak signal.
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Fig. 5.1.2. The dependence of the maximal IR radiation signal from the laser processed surface
detected on channel 1 in linear scanning.

Higher temperature NIR signal changes in one-dimensional laser surface scanning

The NIR radiation signal recorded on channel 2 was evaluated by the same algorithm
as it was done for channel 1. The photodiode on channel 2 detects the higher temperature IR
signal (lower spectral limit is 1.1 um, corresponding to 2635 K under Wien's Displacement
Law). The residual IR radiation signal of heat accumulation is low, about microvolts only, and
it is near the noise value (Fig.5.1.3). The very low level of the residual IR signal on channel 2
indicates that the laser ablated surface has enough time for cooling. Unlike with the
application of short laser pulses [228], the laser surface processing with ultrashort pulses is
not characterized by a long-term phase plateau of IR radiation and this indicates that there is
no melted surface layer remaining between laser pulses.

The maximal NIR radiation signal on channel 2 (Fig.5.1.4) has less expressed
dependence on scanning speed in comparison with the first channel, even for the slowest
scanning speeds (Fig.5.1.2). Above all, an increase of the SD (Standard Deviation) on channel
2 with the maximal laser pulse energy 100 p was detected. In the literature review, it was
mentioned that ablated materials after irradiation by ultrashort laser pulses have great
speeds, up to 8 +10km/s [136], [161]-[163]. The ablated material is distributed with
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formation of protuberances [307]. The variety of the NIR temperature signal from the high
temperature channel at the highest pulse energy and wider distance between laser spots can
be explained by the variable shielding of every next laser pulse by the tattered edge of the
ablated cloud.

0.3
100
=30
0.2 AlOW
=
E
>
0.1
Iy ' 1 1
- I A
[¢m | ! }
0.0 tA " : " 8] T ! =
0 2 4 6 8

Speed (m/s)

Fig. 5.1.3. The dependence of the heat accumulation IR signal detected on channel 2 in linear
scanning.
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Fig.5.1.4. The dependence of the maximal IR temperature signal from the laser-processed
surface detected on channel 2 in linear scanning.

Keynotes of heat accumulation in one-dimensional laser surface scanning

At the end of this section, four keynotes can be specified from the IR radiation signal
analysis of the linear surface scanning and the comparison of the experimental data with the
theoretically predicted temperature changes:

1. A high IR radiation signal was detected at scanning speeds lower than 0.07 m/s and
this indicates an overheated regime (see Table 5.1).
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2. At speeds higher than 0.07 m/s, the heat accumulation and maximal IR radiation
signals have equal values, with a slight increase at higher speeds.

3. The heat accumulation was not detected on the second channel and this indicates that
the real residual temperature has not reached above melting point.

4. The predicted temperature of IR radiation has reasonable agreement with the
detected IR signal. Three levels of heat accumulation were defined for the applied
scanning speeds: low heat accumulation (3 +8 m/s), critical heat accumulation
(2 +0.07 m/s) and overheated (< 0.07 m/s).

The defined scanning speed regions are similar to the different laser pulse energies and this
can be explained by the different applied frequencies of the laser pulses. At the surface
scanning with laser pulse frequency reduction by an external trigger, the speeds of the critical
and low heat accumulation regimes can be lower.

5.1.2. Dependence of plasma glow duration on scanning speed in one-dimensional
laser surface processing

Interesting results were obtained from analysis of the data on the third channel (Ch 3).
On this channel, the time duration of plasma glow was analyzed instead of the signal level. A
time analysis of time-depended function is better in this case, because the maximal signal on
the third channel is integral and affected by the laser pulse reflection. The detected plasma
glow was long, 100 + 250 ns, for most of the applied laser beam scanning speeds (Fig.5.1.5).

The plasma glow at lower scanning speeds v,. < 1 m/s has the longer duration t,,~250 ns
(Fig.5.1.6, a). In the scanning speeds region 1 + 3 m/s, the residual temperature of the laser-
scanned surface is higher than the critical value (see Table 5.1) and the ablated plasma glow
duration has nearly the same duration ~200 ns. At the higher speeds, the plasma glow
radiation signal duration becomes shorter and it drops down to 150 ns and shorter (Fig.5.1.6,
b).
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Fig. 5.1.5. Ablated plasma glow duration in dependence on the laser beam scanning speed in
linear scanning (channel 3).
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Fig.5.1.6. Examples of ablated plasma glow duration for laser pulse energy 100 W and for
different linear scanning speeds: a — glow duration 249 ns (scanning speed 0.15 m/s); b — two
times shorter glow duration 102 ns (scanning speed 8 m/s).

The decrease of the laser-ablated plasma glow duration for the higher scanning speeds
can be explained by the different state of the irradiated surface with lower heat accumulation.
At lower scanning speeds, the processed surface is in a preheated state between sequential
laser pulses. This leads to change in several of the physical parameters of the laser pulse
interaction with the material, like the absorption value or ablation threshold. As a result, the
ablated plasma plume can have a higher part of the absorbed laser pulse energy and a longer
time period stay to be exited.

The next feature of laser surface scanning with sequential laser pulses is the presence
of the post-ablated materials over the scanned surface. The ablated microparticles and vapors
after the previous laser pulse remain in the closest volume to the next laser pulse position.
The inhered ablated particles and partially ionized vapor are able to change the laser-matter
interaction mode from absorption in a solid to stronger and more localized absorption on a
plasma density gradient [308]. Such interaction of the laser pulse with a surface covered by a
vapor-particle cloud has a different nature than the single-pulse interaction with a clear target.
In these conditions, the ablation threshold can decrease and the ablated plasma glow contains
a bigger amount of energy. And again, the higher energy in the ablated plasma plume leads to
increase in glow duration.

The decrease of the plasma glow duration at higher scanning speeds can be explained
by the mentioned physical principles of the higher energy of the ablated plume from the post-
ablated material surface. At higher speeds, every next laser pulse meets the scanned surface
with a lower temperature and lower density of the post-ablated cloud due to the wider
distance between laser pulses. In other words, the inline energy density becomes lower and
as a result, the ablated plume contains a smaller part of the heat energy which was inherited
from the previous laser pulses. The total energy of the ablation plume becomes smaller at
higher speeds and this leads to the shorter duration of the plasma and ablation products’ glow.
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Near the critical and low heat accumulation (see Table 5.1), the amount of the residual heat
in the plasma plume will be relatively small and the decrease of the plasma glow duration does
not express dependence on the scanning speed. This assumption is supported by
measurements of the maximal value of the signal U,,; on the first and second detectors
(Fig. 5.1.2 and Fig. 5.1.4). The maximal value of the IR signals has a similar tendency on both
channels — it tends to increase at the speeds up to 3 m/s. The ablated plasma glow duration
has an inverse dependence and noticeably drops at the speeds higher than 3 m/s (Fig. 5.1.5).
This correlation between plasma glow duration and the maximal value of the thermal IR signal
can be considered an alternative way to registration the undesired heat accumulation in the
laser surface ablation processes.

Another plasma characteristic can be seen in the dynamics of the plasma glow
decrease. The plasma glow signal decrease is affected by both: electron transitions between
energy levels in the exited atoms and by the decrease of the particle density in the ablated
plasma plume [309]. The process of the spontaneous emission of the exited atoms described
by Einstein coefficients and typical of the decay time for such processes is less than 10 ns
[310]. A similar decay time of the plasma plume can be achieved by the extremely high
expansion speed of the ablated products up to 8+10 km/s ([136], [161]-[163]) from the high
initial density of 10?2 particles per cm? (initial density of the solid). For the differentiation of
these two effects, high-speed spectral analysis needs to be applied. Such measurements, in
combination with detection of IR radiation from the post-ablated surface, can be used in an
comparative analysis in follow-up studies.

5.2. Scanning parameters of the two-dimensional LST methods
5.2.1. Lateral precision and speed limits in laser texturing of micro-dimples
Classic path LST and shifted path LST methods

The processes of laser surface texturing with the formation of a micro-dimples array on a
surface are presented in two parts. In this part, results of the detection of laser scanning speed
limits for the classic and shifted LST methods are presented. The speed limits were evaluated
by detection of the laser-formed microobjects on LabIR® painted surfaces (Fig. 4.3.1). In the
classic path filling method, a diameter deviation E bigger than 5% was already observed at
scanning speeds V. > 0.15 m/s (Fig. 5.2.1). The main reason for such low precision at low
scanning speeds can be explained by the inertia principle of the galvanometer scanner and
the small radius vector of the microobjects in the classic path method. The microobjects’
circularity deviation E can be detected already at low laser beam scanning speeds as an
unclosed outline (Fig. 5.2.2, left column, speed 0.7 m/s). For the classic path filling method,

the diameter deviation E rise to more than 20% at the scanning speeds v, higher than 0.7 m/s
and follow-up evaluation experiments were not done for this method. The standard deviation
s in the classic path filling has a minimal value of 1.73% at minimal speed and it increases to
more than 5% at higher speeds. The increase of the standard deviation indicates that the laser
beam movement in the classic LST with higher speeds becomes unstable. The inability of the
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classic path LST method to correctly close the filling paths at higher speeds is caused by the
inertia of the mirrors for correct bending of the scanned path at small curvature vectors.
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Fig. 5.2.1. Diameter deviation of the laser-textured dimples performed by classic path filling
(blue circles) and shifted path filling (orange circles) methods. The vertical bars show the SD
of the corresponding LST methods.

The shifted scanning method with path filling has a minimal scanning speed of 0.4 m/s
since the limitation of the external trigger frequency is equal to 1 kHz. The diameter deviation
E for this scanning method remains smaller than 5% up to maximal scanning speed
Vs = 8 m/s. The SD of the shifted LST remains near 2.5% for all tested speeds. This indicates
that the shifted LST process is more stable than classic path filling in the whole range of
speeds. The dimple perimeters remains similar, as is demonstrated in Fig. 5.2.2 (right column).
Only the relative position of the microobjects in the array rows is changed, due to phase
changing of the laser external trigger generator at the different scanning speeds. The relative
position of the laser-textured microobjects can be tuned up by length or relative shifting of
the scanned rows in the LST raster.
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Classic path LST method
Shifted path LST method

Fig. 5.2.2. Lateral LST with dimples formed by classic path filling (left column) and shifted path
filling (right column).

The results define the maximal acceptable limits of the laser scanning speeds for the
path filling with classic and shifted LST methods. The classic path filling LST method has
achieved a precision limitation at v, = 0.15 m/s, while the shifted LST has satisfactory
precision also at maximal scanning speed v,. = 8 m/s. These two speeds were used in

experiments with detection of heat accumulation for the corresponding classic and shifted LST
methods.

Classic hatch LST and shifted burst LST methods

The precision of the next two methods, the classic hatch LST method and the shifted
LST method in burst regime, were analyzed by the same logic. The results of the diameter

deviation E measurements of the classic hatch method show higher precision than the classic
path filling (Fig. 5.2.3). Similar to the classic path filling, the classic hatch method shows
destabilization of the laser beam movement at higher speeds. The SD of the classic hatch
method becomes bigger than 14% at higher speeds. The precision of the microobjects’
circularity becomes unacceptable at speeds higher than v,. = 0.7 m/s. The analysis of the
microobjects’ shapes has shown that the classic hatch LST method is not able to keep the
correct position and length of the hatch segments inside of the dimples (Fig. 5.2.4, classic
hatch LST, at the bottom).
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Fig. 5.2.3. Diameter deviation of the laser-textured dimples formed by the classic hatch (blue
circles) and shifted LST in burst regime (orange circles) methods. The vertical bars show the
SD of the corresponding LST methods.

Classic hatch LST method
Shifted burst LST method

Fig. 5.2.4. Lateral LST with dimples formed by the classic hatch LST method (left column) and
the shifted burst LST method (right column).

The shifted LST method in the burst regime (or shifted burst LST) has acceptable
precision in almost the whole range of the tested speeds, including maximal speed 8 m/s,
when the diameter deviation vy, remains near the 5% limit. The laser beam movement
remains stable because the SD value stays under 3.5% for the whole range of the speeds.

Moreover, in the shifted burst method, the diameter deviation E decreases at higher speeds
of the surface scanning. The low SD and smaller diameter deviation at higher speeds indicate
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a positive influence of the mirrors’ inertia with application of the shifted LST methods
(Table 5.2). The difference in the diameter deviation of the shifted path LST and shifted burst
LST methods can be explained by different trigger settings for both scanning methods.

Table 5.2. Influence of the mirrors’ speed movement on LST stability in the application of the
shifted LST methods.

Shifted path LST method Shifted burst LST method
Speed v,  Diameter deviation SD Speed  Diameter deviation SD
(m/s) € (um) s (%) Vge (M/s) Z (um) s (%)
0.4 3.53 2.42 1 6.81 3.46
0.8 3.97 2.28 1.5 3.66 2.62
1 2.81 1.66 2 2.70 1.69
2 4.30 2.40 3 3.40 1.95
3 4.24 2.18 4 3.98 2.59
4 4.98 2.89 5 3.60 2.70
5 4.25 2.47 6 3.30 2.21
6 3.94 2.37 7 2.68 1.67
7 2.99 2.21 8 3.82 2.52
8 4.42 2.62
5.2.2, Precision in the depth profile of laser-textured micro-dimples

The next evaluation of the laser-processed surface geometry was the depth profile
analysis of the laser-textured dimples. The results of the depth profile deviation for the
different texturing methods are shown in Fig. 5.2.5. The results presented on the diagram
were achieved at the highest acceptable scanning speed (speed limit of the LST methods). For
all methods, the depth profile deviation ¢ is lower or around 10%, so the precision of the
shifted method in both variants is comparable or even better than that of classic methods,
although done at a much higher scanning speed v,.

Typical examples of measured depth profiles and deviations A" from the goal depth
profile Ag are shown in Fig. 5.2.6. The most significant distortion of the depth profile was
observed for the classic hatch-texturing method. The dimple bottom is not flat and is inclined
by 1+ 2 um. The inclined bottom can be seen also in 3D profile views in the vertical direction
of the profiles (Fig. 5.2.7). The difference in the profiles’ forms can be explained by the effect
of heat accumulation and incubation effects.
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Fig. 5.2.5. The relative depth profile deviation for the different laser scanning strategies at
their highest allowed scanning speeds.

The incubation effect means a decrease in the ablation threshold with the number of
pulses reaching the same surface area. This can be explained by the change in the
energy/optical penetration depth, reflectivity/absorptivity, roughness [19], accumulation of
damage (defects) or surface chemistry [311]. If the ablation threshold is decreased, more
energy goes into the material removal, when the same pulse energy is used. This means that
the surface ablation process is different at the start point on a scanned segment and at the
end of the scanned segment. As a result, the ablation depth is different at different places and
the slope at the dimple bottom is formed with its deeper part at the end of the scanned
segment. The laser ablation process with heat accumulation is faster and the depth of the
dimple increases at the side with a higher starting temperature (end of hatch line or last line
in the dimple). An interesting fact is that the depth change at the bottom is mainly in the laser
beam scanning direction (ordinate on Fig. 5.2.7). This shows the important role of the inline
heat accumulation on the incubation effects during laser scanning, while the effect from the
previous lines is almost negligible.

On the other hand, when the time interval between neighboring laser pulses is
optimally short, then better thermal conditions of the laser surface processing will be
achieved. This can be seen in the burst regime with a flat output surface at the profile bottom
(Fig. 5.2.7, shifted burst). In the classic methods, the thermo-chemical reactions, like surface
oxidation, have more time to develop in the time period between laser pulses t;,. The time
interval between laser pulses t;;, remains short enough to sustain the higher residual
temperature of the laser-scanned surface (Table 4.3). In the high-speed shifted path method,
the situation is similar: the laser pulses are divided by long time intervals. But, in the shifted
path method the laser pulses are divided by a thousand times longer period, more than ten
milliseconds. The heat accumulation between laser pulses becomes negligibly small and the
thermo-activated chemical processes cannot be sustained, unlike in the classic path method.
This difference between path LST methods would explain the difference in the bottom
structure of the micro-dimples obtained by these two strategies, even for the same laser spot
distribution (Fig. 5.2.7, classic path and shifted path).
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Fig. 5.2.6. Comparison of depth profiles of dimples produced by different laser texturing
methods (scanning strategies) at their highest allowed scanning speeds. The dark blue areas
present deviation A" of the surface profile from the goal depth profile.

For the classic path method, the central part of the dimple is deeper (bottom is
narrower, Fig.5.2.6). This correlates with the highest temperature and higher incubation
effects in the center, where most of the laser pulses occur in a short time. For the shifted burst
method, the heat accumulation (or incubation) is forming at a different time scale (fast
scanning and high repetition frequency) than for the classic hath method and probably takes
place immediately after a few pulses and is stable during most of the line inside the dimple.
The resulting dimple is well machined and so the heat accumulation temperature here is under
the threshold critical temperature of material degradation of the material and the effect of
heat accumulation and incubation is not negative.

The number of repetitions of the texturing process for complete depth was different
for the different LST methods. It was defined after several tests in order to obtain the desired
depth profile. For classic path it was 45 repetitions, for shifted path 60, for classic hatch 85
and for shifted burst 90 repetitions. The classic path method gives a narrower dimple at the
bottom part (Figs. 5.2.6 and Fig. 5.2.7) and this is explained by the heap effects in the central
part for the classic path method, which, on the other hand, means a higher ablation rate and
correlates with the lower number of repetitions needed for obtaining the desired depth (45
scans in comparison with 60 scans for the shifted path method).
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Fig. 5.2.7. Comparison of depth profiles of dimples produced by different LST methods
(scanning strategies) at their highest allowed scanning speeds. Images are taken from three
places in the 170 mm long textured area: L — left, C — center, R — right.

The profiles’ variability detected for every LST method can be seen from the depth
profiles measured from three different parts of the textured surface (Fig. 5.2.7): left, center
and right. It can be seen that for each method the process is repeatable with only small
changes. The variability in the profiles’ imperfection depends on the applied LST scanning
strategy. The statistical analysis of measured depth profiles is shown in Fig. 5.2.5 as error bars
for different texturing methods. The smallest difference and thus the highest repeatability of
depth profiles was found for the shifted burst method.

5.2.3. Processing rates of LST methods
Processing rate of the classic and shifted LST methods measured in the experiment

The results of the precision evaluation were used in the next series of experiments for
defining the processing rate and detection of the heat accumulation in the lateral LST
methods. Four scanning speed limits were observed, as was already stated in section 4.5.4.
Since the scanning speed vy, of the classic methods is more than ten times lower than that of
the shifted methods, the processing rate v, has a similar difference. Table 5.3 presents the
processing rates vy, of the tested LST methods, which were measured in one layer surface
scanning.

Table 5.3. Processing rates defined in one scanning layer with the different LST methods.

Method Beam speed v, Frequency LST time for Processing rate
(< 5%) fpuise (kHz) ~ 10* objects Vpy (cm?/min)

Classic path LST 0.15 m/s 21 47 sec 5.11

Shifted path LST 8m/s 40 14 sec 17.14

Classic hatch LST 0.7 m/s 100 37 sec 6.49

Shifted burst LST 8m/s 1143 1.5 sec 160.0
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The shifted burst LST has a maximal processing rate of v,,, = 160 cm?/min and this is
comparable with polygon scanner technology (see Appendix A). The processing rates of the
lateral shifted LST methods is more than 24 times faster in comparison with classic LST
methods. The advantage of the shifted LST is the laser pulse being delivered in an
asynchronous way. The asynchronous character of the shifted LST eliminates the limiting
connection between the laser generator and mirror movement. The processing rate benefits
of the shifted LST methods for the depth texturing is discussed in the following comparison.

One scanning layer is able to remove a thin surface layer from the stainless steel
samples and the depth of texturing will be 100 + 200 nm only. The formation of a deeper
surface texture profile, down to a 6.5 um depth of the dimples, needs an application of 45 + 90
scanning layers in dependence on the chosen LST method. In Fig. 5.2.8, the processing rates
obtained from a smaller area (2 x 10 mm?) are presented in comparison with a larger texturing
area (2.4 x 170 mm?). The time of the laser surface texturing is measured for complete dimple
processing to the goal depth and for corresponding speed limitations of the LST methods. The
highest processing rate was found for the shifted method in burst mode,
Vpr = 146 mm?/ min. The processing rate v,, = 12.6 mm?/min for the classic path LST
method was found. The lowest processing rate was found for the classic hatch method,
Upyr = 3.4 mm? /min. This is a huge difference — the shifted burst method is 43 times faster
than the classic hatch and more than 11 times faster in comparison with the classic path LST
method. The processing rate was also calculated from the software prediction of the elapsed
time (Fig. 5.2.9).

The calculated time of the surface texturing is shorter than the experimental
measurements. For example, the calculated processing rate for the classic hatch method is

the more favorable v, = 6.8 mm?/min in comparison with the experimental value

3.4 mm?/min, but it is still the lowest speed in contrast to the other LST methods. The
difference between the software prediction and the real measured production time highlights
that the synchronization processes have slowed the texturing speed. For the shifted burst
method, the predicted processing rate (177 mm?2/min) is also higher than the one obtained
from the experiment. For the classic path and shifted path methods, the predicted and
measured processing rate v, is in agreement. The improved laser systems and
synchronization schemes can decrease the duty cycle, but it does not affect the principal
limitations of the different LST methods.
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Fig. 5.2.8. Processing rates v, obtained for the different laser-texturing methods (scanning

strategies) at their highest allowed scanning speeds and texture depth 6.5 um. The data are
based on measured processing time for two processed areas.

An explanation of the processing rates of the classic and shifted LST methods

A wider size of the processed area involves increasing the processing rate for both
shifted methods. For the classic methods, there is almost no difference for the different size
of the processed area. This result can be explained by the principal difference between these
two strategies. For the classic path method, the explanation is clear: the texture is processed
one object after the other (all circles in one dimple and then move to another dimple), so the
full processing time of the whole textured area is roughly equal to the formation time of one
object multiplied by the number of objects. A small decrease of the processing time of the
classic methods can be achieved by correct setting of the laser scanning system used. In the
classic methods, it is important to have fine-tuned the deflection mirrors” movement for the
chosen scanning speed v,. and minimal time delay for the laser synchronization with the
scanner. For the shifted methods, the correct settings of the scanning system need to be
tuned-up at the beginning of the scanning line only (one side of the processed area). Unlike
this, for the classic hatch method synchronization will be done before each dimple in the LST
array. This is the reason for the lowest processing rate v, for the classic hatch method
independently of the scanned area size. This time dissipation at the beginning of each scanning
path looks like the principal limitation for all classic methods with inertial scanning systems.
This explanation is also supported by the trend of processing rate v, being in dependence on
scanning speed v, (Fig. 5.2.9). The processing time has linear dependence on the scanning
speed v, for the other three methods, but for the classic hatch method it has a certain limit
and does not rise any more.
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Fig. 5.2.9. Processing rate calculated for different laser scanning speeds and for different laser-
texturing methods (scanning strategies). The data are based on processing time calculated by
the scanning software for the processed area 2.4 x 170 mm?.

The loss of time at the beginning of each line is also an explanation for the increase of
the processing rate with the increase of the processing area length for the shifted method (in
both variants). For the shifted path method, there are more scanning lines (one line — one
pulse per object) in the process than for the shifted burst method (one line — burst of pulses
per object), so the effect of area size becomes more important for the first method (52% in
comparison to 36%). The dependence of the processing rate on area size for the shifted
method can be a limiting factor for its application on small areas. Moreover, the shifted
methods can be unusable for a small scanning area with a submillimeter perimeter.

Finally, the productivity of the scanning methods and their potential in the future were
compared. The highest processing rate v, from the classic methods was experimentally
observed for the classic path method (12.6 mm?/min) and its increase is not permitted
because it would result in a loss of precision. The only possible increase in this method would
be by including hardware with a higher acceleration of the mirrors (e.g. electro-optical
deflectors or acousto-optical deflectors [229]. The processing rate of the classic hatch method
increases with the higher scanning speeds and accompanied by a loss of precision. Increase in
this method would need an advance in synchronization (hardware and software) between the
laser and the scanning head and elimination of the stopping of scanning between dimples.
The presented shifted method solves/eliminates many of the mentioned problems (e.g. need
of high acceleration, stopping between pulses). In comparison with the best result from the
classic methods, the shifted path method has a 2.2 times higher processing rate,
Vpyr =28 mm?/min. The shifted burst strategy has a clear advantage in the processing rate
value v,,.: more than 11.6 times higher than the best results of the classic LST.

The processing rates can be compared with the literature. Recently published results
[237] using another promising method, DLIP, have shown a processing rate of 7 — 15 mm2/min

84



for ferritic stainless steel and similar depth of texture (4 — 12 um). The present here results of
the processing rate are comparable or even higher better in the case of the shifted burst
method.

From the software prediction, it can be seen that there is a linear dependence between
processing rate v,,- and scanning speed v, for the shifted method, and the limitation related
to scanning speed was not observed here. So if we assume continuation of the linear
dependence and the use of a fast galvanometer scanning head with 50 m/s scanning speed
(e.g. excelliSCAN), the processing rate v, would be 175 mm?/min for the path variant and
912 mm?/min for the burst variant. If we assume the use of a polygon scanning head with
1 km/s scanning speed and 71% time efficiency [312], the processing rate 1, would be
2500 mm?/min for the path variant and 12900 mm?/min for the burst variant. The laser
process would need a 5 MHz repetition frequency and 55 W average laser power in the path
variant and a 143 MHz repetition frequency and 1570 W average laser power in the burst
variant. Such a processing rate would be much closer to industrial applicability of laser surface
texturing for functional applications and would enable the opening of new markets for this
technology. Other improvements are possible using a combination of this method with other
methods, like multibeam processing.

5.3. Thermo-physical processes in LST methods
5.3.1. Surface heat accumulation and plasma glow duration in micro-dimple LST
Heat accumulation in experiments with constant overlapping (with external trigger)

The results from precision and heat accumulation measurements in linear scanning
were used IR radiation signal detection experiments on lateral LST with an array of
microobjects. The applied LST methods of micro-dimple array formation have been described
in section 4.3, and the corresponding speed limits were detected. In this section, the
experimental results of LST with their maximal allowed speeds and constant overlapping are
presented (triggered regime of laser pulse delivery, see Table 4.3).

The heat accumulation temperature IR radiation signal U, has a tendency to increase
with application of higher energy in the laser pulses (Fig. 5.3.1). The highest heat accumulation
was detected in the classic hatch method. The heat accumulation value can be compared with
energy delivered per scanned line unit, or simply line energy, which was applied for different
LST methods [228]. The average power is reduced in the case of the laser pulse selection by
the external trigger with the frequency fi,; < fouise for keeping constant overlapping of 65%
(ltrg = T4 = const). The line energy was maximal for the classic hatch LST method and it was
equal to 14.3J/m (Table 5.4). The real energy density can be higher due the mirrors’
acceleration/deceleration on the edges of the laser beam path segments (see Figs. 4.3.1, b
and 4.3.3, a).

The lowest heat accumulation temperature IR signal was detected at minimal pulse
energy. For most of the LST methods the detected IR signal is low and it can be concluded that
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the LST process falls in the non-overheated and low heat accumulation regime, when the IR
signal is lower than 0.85 mV (compare with Table 5.1). The predicted heat accumulation
temperature for the triggered surface processing was maximal for classic hatch LST and it was
equal to 951 °C with 100 wJ. For the same pulse energy, the heat accumulation temperature
496 °C was predicted for the classic path method. The minimal predicted temperature was
defined with the same energy in the laser pulse 100 W for the shifted burst method: 28 °C
only. An interesting feature, is that the shifted path method has a slightly higher heat
accumulation temperature of 55 °C, even with thousand times longest time period between
laser pulses and energy 100 ) (Table 4.3). For the lowest laser pulse energy 10 pJ, the heat
accumulation temperature has an inverse character —it is maximal for the shifted burst regime
and equal to 299 °C, whereas for the classic hatch LST, the predicted temperature is lower and
equal 138 °C. This opposite character of the heat accumulation can be explained by the higher
line energy and more than 10 times shorter pulse period for the shifted burst LST method.
Such a prediction of the relative relation of the heat accumulation is in agreement with the
experimentally detected residual IR signal Uy, (see Uy, value for 10 W and 100 W in Fig. 5.3.1).

Table 5.4. Line energy applied for the different LST methods with an external trigger.

Scanning strategy

Laser power P (W)
Laser power P (W)
Laser power P (W)

Scanning speed
at 10 wJ

Vge (M/s)

Classic path

filling 0.15

o
N
=

Shifted path

filling 0.4

Classic hatch 0.7 1

Shifted burst 8 10
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Fig. 5.3.1. The heat accumulation IR temperature signal detected on channel 1 from a stainless
steel surface processed by different LST methods (triggered).

The measured peak thermal IR radiation signal U,,,;, achieves the maximal value in the
classic path filling LST method with 100 pJ pulse energy (Fig. 5.3.2). A similar value of IR signal
U,np Was detected with the classic hatch LST method with the same pulse energy. Both shifted
methods have smaller or similar values of the maximal IR signal detected on channel 1. The
detected maximal values are in agreement with results obtained in linear scanning
experiments (compare with Fig. 5.1.2). The agreement of the detected maximal U,,,;, IR signal
and low heat accumulation Uy value confirms that the LST methods have not reached the
overheating regime.
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Fig. 5.3.2. The maximal IR temperature signals detected on channel 1 from a stainless steel
surface processed by different LST methods (triggered).

87



Dependence of higher temperature NIR signals in applied LST methods (with external trigger)

The absence of long-term boiling or a liquid phase on the laser-scanned surfaces was
confirmed by measurements of high temperature heat accumulation on channel 2 (Ch 2). The
residual heat NIR signal had a small value comparable with the background noise level
(Fig. 5.3.3). A similar result was obtained from the linear surface scanning (Fig. 5.1.3) and this
means that the temperature between laser pulses is able to fall, under melting point, and
every next laser pulse arrives on the solid material surface state.
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Fig. 5.3.3. The heat accumulation IR temperature signal detected on channel 2 from a stainless
steel surface processed by different LST methods (triggered).

The maximal NIR temperature signals from channel 2 have shown that the surface
temperature increase is similar for all the tested LST methods (Fig. 5.3.4). The resulting data
are similar to the linear scanning experiments and this underlines the fact that there is no high
temperature heat accumulation detected, even for localized beam movements in the classic
path method.
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Fig. 5.3.4. The maximal IR temperature signals detected on channel 2 from a stainless steel
surface processed by different LST methods (triggered).
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Dependence of plasma glow duration for different LST methods (with external trigger)

The maximal plasma glow duration increases at the highest pulse energy for all tested
LST methods (Fig. 5.3.5). This corresponds to the assumption of the dependence between
plasma glow duration and the full energy of the ablation plume. Both classic methods have
noteworthy higher values of the plasma glow duration at maximal laser pulse energy, but this
difference is comparable to the SD level of the measurements. The maximal duration was not
achieved in the case of the classic hatch LST method, where the detected heat accumulation
signal U;, was maximal. This shows that heat accumulation is not the main factor which has an
influence on the ablated plume full energy.

The LST with microobject formation has a shorter plasma glow duration in comparison
with linear surface scanning measurements. This difference can be explained by the discrete
character of surface scanning in the LST with microobjects. Instead of one overlapping
distance along scanning direction r,;, the surface texturing with microobjects has an interline
overlapping AH parameter additionally. Inside of the laser formed microobjects, the laser
pulse interacts with the already affected surface from the neighboring line. The laser beam
interaction with the partially scanned surface has other physical parameters of the ablation
process, like the absorption coefficient or ablation threshold.
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Fig. 5.3.5. The ablated plasma glow duration in dependence on the laser pulse energy in
different LST methods (channel 3, triggered).

The application of an external trigger decreases the mean laser power. For example,
in the application of the classic path filling method with 100 pJ, the laser pulse frequency will
be 21 kHz with an external trigger and fixed spot distance 7 um. The mean power of the laser
in this case is equal 2.1 W only. In contrast, the application of the classic path filling without
an external trigger has a frequency of laser pulses equal to 140 kHz and 13.8 W of laser pulses
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(compare Table 4.3 with Table 4.4). Increasing the laser power should increase the heat
accumulation in the textured surface. The next series of experiments were performed for
detection of heat accumulation without an external trigger for the classic methods of surface
processing.

Heat accumulation in experiments without constant overlapping (no external trigger in classic
LST methods)

In the experiments without external trigger control, the heat accumulation IR radiation
signal and plasma glow duration in the classic methods should be similar to those in linear
scanning. The difference is only in the presence overlapping between scanning lines, in
addition to inline laser spot overlapping. In both cases, the combination of the scanning speed
>0.07 m/s and laser pulse frequency was not enough to reach the overheated regime (see
Table 5.1). A noticeable increase of the heat accumulation IR signal was detected for the
classic path LST method with 10 uJ, in comparison with the triggering mode (Fig. 5.3.6,
compare with Fig. 5.3.1). This can be explained by the nearly fifty times higher applied line
energy of the classic path LST without a trigger, in comparison with triggered LST (Tables 5.4
and 5.5).

Table 5.5. Line energy applied for different LST methods without an external trigger.
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The maximal heat accumulation temperature of LST was predicted for the classic path
method: 1949 °C, with the laser pulse energy 30 w. For the laser pulse energy 100 uJ, the
predicted heat accumulation temperature is equal to 1910 °C. The classic hatch method has
the maximal predicted heat accumulation temperature of 1172 °C. This temperature is closer
to the melting point in comparison to the triggered method with laser pulse energy 100 pJ.
The unexpected lower value of the heat accumulation IR signal U;, can be explained by the
change of surface emissivity inside the laser beam hatched dimples in comparison with the
single-line scanning. Another possible reason for the residual heat signal decreasing can be
explained by the shorter time between laser pulses. The shorter interval between laser pulses
leads to an increase of the ablation cloud shielding effects, with lower laser pulse affection of
the scanned surface. The highest heat accumulation IR radiation signal, U, = 0.57 mV, was
detected in the application of the classic path filling method, even when the other methods
have the same power (Table 4.4). This fact underlines the greater influence of the line energy
on the heat accumulation rather than the applied power of the laser source (Table 5.5).
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m Shifted path
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Fig. 5.3.6. The heat accumulation IR temperature signal detected on channel 1 from a stainless
steel surface processed by different LST methods (without a trigger for the classic LST
methods).
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Fig. 5.3.7. The maximal IR temperature signal detected on channel 1 from a stainless steel
surface processed by different LST methods (without a trigger for the classic LST methods).

The detection of the maximal heat peak signal on channel 1 shows that the achieved
maximal temperature in the processed area has similar values for both classic and shifted LST
methods (Fig. 5.3.7). The values of the detected signal U,,;,, < 130 mV corresponded to the IR
radiation signal detected in the straight-line scanning experiments (see Fig. 5.1.2).

Dependence of high temperature NIR signals in applied LST methods (no external trigger in
classic LST methods)

The NIR signal, which was detected on the second channel without triggering of the
laser pulses, shows results similar to those of the triggered regime. There is no high-
temperature heat accumulation and the value U, did not increase above 0.1 mV (compare to
Fig. 5.3.3). The same holds true for the maximal detected IR signal on the second channel U,,,j,.
The maximal detected value U,,,;, did not exceed 40 mV (compare to Fig. 5.3.4).

Dependence of plasma glow duration for different LST methods (no external trigger in classic
LST methods)

The ablated plasma glow signal falls in the same range of duration time as detected in
the LST without triggering of the laser pulses (Fig. 5.3.8). For the lowest pulse energy 10 W,
the plasma glow duration t,, becomes longer in comparison to the classic LST with an external
trigger. At the middle pulse energy 30 W, the plasma glow duration becomes shorter for the
classic path and longer for the classic hatch LST methods. At the maximal laser pulse energy
100 pJ, the value t,, becomes shorter for both classic LST methods without an external trigger.
The difference in the plasma glow duration for these two regimes can be explained by the
deviation in the measurements or by stronger shielding effects in multiline surface processing.

92



300

H Classic path

250 ' mShifted path

200 m Classic hatch
m W Shifted burst T
< 150
i

100

50
O _

10 30 100
Pulse energy (W)

Fig. 5.3.8. The ablated plasma glow duration in dependence on laser pulse energy in the
different LST methods (channel 3, without trigger for the classic LST methods).

As a summary of this section, the main results can be pointed out. The shifted and the
classic LST methods achieved a similar maximal temperature in the surface processing with
ultrashort laser pulses. For all the analyzed LST strategies, the heat accumulation signal has a
similar value to the same energy of the laser pulses and the overheated regime was not
achieved. However, two benefits from application of the shifted methods should be
underlined here. The shifted LST methods have more than ten times higher scanning speed
and, as a result, more than ten times higher processing rate. The heat accumulation in the
shifted LST methods lies under the critical boundary 607 °C even when the laser pulse
frequency has exceeded 1 MHz.

5.3.2. Subsurface temperature gradients in the LST methods

The intensity and efficiency of the laser material ablation depends on the state of the
processed surface. For example, a surface with higher roughness has higher absorptivity. In a
similar way, the ablation depth and material removal speed can be affected by the inherit
temperature state of the laser-scanned surface. The laser material processing with ultrashort
laser pulses initiates extreme high temperature gradients in subsurface layers. Application of
the different scanning speeds and laser frequencies is able to noticeably change the heat
accumulation distribution in the subsurface layers. The difference of the surface temperature
state between laser pulses in a sequence affects the efficiency and quality of ultrashort laser
surface processing [313]. After the laser surface ablation is finished, the upper surface layer
of the material is in the preheated state with a higher temperature in comparison with deeper
subsurface layers. The temperature gradient in the subsurface material layers, under the laser
beam scanned surface, is able to express the difference in the ablation threshold for the upper
and lower layers. The different thermo-physical states of the upper and lower layers affects
the ablated depth and process quality of the output surface.

The model of heat accumulation under a scanning laser beam described in section
4.6.4 is able to predict the temperature distribution in the material subsurface layers.
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Eg.4.18 - 19 includes the depth parameter z and it gives the possibility to observe
temperature changes in subsurface layers in the different time moments. In this work, the
depth distribution of the temperature fields under the laser-scanning beam was evaluated for
stainless steel for two LST methods. Heat accumulation was defined for the burst and classic
sLST methods for several points fixed in equidistant subsurface layers down to 5 um depth.
Calculations were done for the speed of 0.7 m/s for the classic hatch method and 8 m/s for
the shifted burst LST method. The inline spot distance 7 um at this speed corresponds to 10 us
and a delay 0.85 us between laser pulses for the classic hatch and shifted burst LST methods,
respectively (see Table 4.3). The evolution of the temperature fields under these scanning
regimes is presented in Fig.5.3.9 (dashed straight line corresponds to maximal heat

accumulation on the scanned surface, the full laser pulse energy Q,, = 11 pJ).

The values in the colors mean depths under the fixed surface point. Since the laser
beam is scanned on the surface across this fixed point, the temperature increases at the start
and then, after a direct hit, slowly decreases, longer than 150 us for the classic hatch and 15 ps
for the shifted burst LST methods. The maximal predicted heat accumulation surface
temperature for the classic method is low, about 100 K only. The depth temperature gradient
is not higher than 1 K/um and the temperature is nearly the same for all subsurface layers to
the 5 um depth. The shifted burst LST method has the maximal heat accumulation value of
ATgym (4.25 ps, 0 pm) ~ 350 K on the top surface (z = 0 um). Nearly the same value of heat
accumulation is obtained for the next subsurface point (z = 1 um) AT, (4.27 us, 1 um) =
330 K. The temperature gradient at the moment of achieving the maximal surface heat
accumulation t = 4.25um is about 20 K/um. At the same moment, the subsurface
temperature for the deeper layers is noticeably lower, ATgy;m (4.25 s,z = 2 um) < 270 K.
This means that the temperature gradient between upper layers with depth z < 1 um and
deeper subsurface layers z = 2 um is more than 60 K/um.
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Fig. 5.3.9. Temperature changes on the surface and in subsurface layers of stainless steel in
the fixed point under the laser-scanning beam: a) classic method (vs. = 0.7 m/s, fpyise =
100 kHz); b) shifted burst sLST method (vs. = 8 m/s, fyu15e = 1143 kHz) [314].

The difference in the temperature state of the thin surface layer and deeper
subsurface layers under the scanning laser beam can be the reason for the lower roughness
of the laser-processed surface with higher heat accumulation. The measured dimple bottom
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roughness which was processed by the shifted burst LST method was R, = 0.03 =+ 0.06 um.
The same structure formed by the classic hatch LST method with lower heat accumulation has

roughness R, = 0.134 =+ 0.241 pm. The lower roughness of the laser-processed surface
with higher temperature on top and contrasting lower subsurface temperatures can be
explained by the specific state of the scanned surface. Heat accumulation of 380 = 360 K in
the upper layers corresponds to a temperature region where the tensile strength of AISI 304
becomes lower (Appendix B) [284]. This preheating regime of laser material processing leads
to softening of the upper layer of the sample material. The ablation processes, like spallation
and phase explosion, will be more preferred in these thin pre-heated surface layers and less
preferred for the deeper and cooler layers with higher strength. The accentuated temperature
gradient between upper and deeper surface layers leads to smoother laser material removal,
and this can be described as soft exfoliation of the upper layers by laser ablation. This
temperature field is achieved in the burst regime and is presented as an optimal condition
with positive heat accumulation. The positive heat accumulation in these experiments has not
led to the higher efficiency of ablation processes, but gives lower roughness of the output
surface.

5.4. Application of the developed LST methods for preparation of functional surfaces
5.4.1. Formation of functional surfaces for real applications

In this section, several real applications of the shifted LST methods are presented. The
first example of a shifted LST application is the laser formation of hydrophobic surfaces. The
square columns on an aluminium alloy Al2017 substrate were created by a cross linear raster
with 5 um length of the shifting vectors. The cubic structure on the aluminium surface is able
to increase the contact angle more than 130° and up to superhydrophobic angles 8,,, > 150°
[26] (Fig.5.4.1). The hydrophobic LST surfaces were represented as a special pattern for
molding forms. The main goal is to decrease the normal force in order to easily remove the
molded object and at the same time increase the tangential forces to avoid self-debonding.

a b
Fig. 5.4.1. Formation of a hydrophobic structure on aluminium alloy: a) SEM image of a
hydrophobic peak structure; b) optical image of wettability a test of the textured aluminium
alloy surface [275]

Another example of shifted LST application is the formation of thermal spray
substrates. The formation of the surface structures should increase the bonding forces
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between the substrate and thermal-sprayed layer. Unlike with the traditional blast sanding,
the LST method is able to create an optimal surface structure without cracks. Fig.5.4.2
presents surfaces of tungsten and Al;Os after application of the shifted LST method for the
thermal spray coating. The wide spectrum of topography parameters can be easily improved
to the desired structure by changing the laser-scanning parameters — periodicity, depth, inner
structure of the bottom, concave or convex curvature.

Fig. 5.4.2. Functional surfaces formed by shifted LST for improving thermal-sprayed layer
adhesion: a) 3D optical microscopy of the column structure on a tungsten surface formed by
shifted LST in the burst regime (textured for Institute of Plasma Physics, CAS, Prague) [315]; b)
SEM image of toroidal structures on Al,O3 formed by shifted path filling LST (textured for
LERMPS-UTBM, France).

It should be underlined that formation of the convex structures is an untypical task for
classic methods of LST. The formation of such structures in the literature are described as the
application of laser beam interference and other optical effects in combination with self-
organization of laser-ablated material [27], [242], [258], [316]-[318]. The geometry of the
microobjects in such LST methods is limited by physical principles of the applied laser-
processing technique. The shifted method of LST gives the possibility to control directly the
geometry and distribution of the microobjects. The diameter, form and periodicity of the
columns can be defined by shifted vectors, raster period, scanning speed and laser pulse
frequency. The formation of convex microstructures, like a column array on the laser-textured
surface, leads to increasing the contact area. For example, for a chemical application the laser-
textured surface needed to have shallow depth structure of 10 = 15 pum for complete
covering by a thin chemical coating. The period of the structure was set equal to 50 um; the
diameter of the textured microobjects was 30 pum. Such a structure was created by the shifted
LST method and it has no gaps or holes in the crossing points of the rows (Fig. 5.4.3, a). The
similar dimple and column structures were created for distancing the bottom surface from the
upper contact surface of a tool. In this way, the wear resistance of the surface can be increased
by application of LST on complex 3D technical tools (Fig. 5.4.3, b).
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a b
Fig. 5.4.3. Formation of column structures for different applications: a) substrate for a
chemical covering application; b) bonding structure for improving surface wear resistance.

Laser machining of sliding bearings is among the most cited applications of LST. The
same application is used for the shifted path filling LST method on ring and half-bearing
surfaces Fig 5.4.4. In one of our experiment, the surface relief was formed by raster scanning
across the bearing sliding direction. The distance between the laser-textured micro-dimples
was set at 78 um, the depth varied between 6.5 + 7 um and the texture area density was 12%.
The tribological experiments show that bearings with a laser-textured surface have smaller
torque momentum. The lower measured torque in the initial stages of the star-stop test could
be explained by faster oil film formation during rotation running [292].

——

a b
Fig 5.4.4. Application of the shifted LST method for sliding bearings: a) laser-textured Timken
A4138 bearing ring; b) bi-metal textured half bearing [292] (in the top-right corner is the
zoomed texture).

There are several other functional surfaces which were textured by the shifted LST
method in our laboratory. These functional surfaces were formed for biology, thermal and
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semiconductor applications. At present, they are under testing for better understanding of
the relief-sensitive physical processes which take place in the laser-formed surface layers.

5.4.2. Processing rate comparison of shifted and classic LST methods

An application of the shifted LST method was compared with surface texturing using
the classic scanning method in an independent laboratory. The classic LST was provided on a
commercial proposed five-axis computer numerical control (CNC) machine. For both LST
methods, the parameters of the applied laser source and optical path system were the same.
On stainless steel and tungsten surfaces, an array of micro-columns was formed on an area of
5 mm x 10 mm. In both cases, the column structure has a similar geometry (Fig. 5.4.5). The
goal height of the micro-column structure was set at 80 um, with the distance between micro-
columns about 70 um. The structure is formed by sequential ablation of material around the
micro-column peaks.

Fig. 5.4.5. SEM images of the lateral array of micro-columns formed by different scanning
methods a) classic LST method; b) shifted burst LST method.

The processing time which was achieved with the classic method is more than five
times longer in comparison with the shifted method for creating the same texture. The
explanation of such a difference in the processing time is not only in the physical principle of
the laser pulse distribution, but in the noticeably higher number of synchronization cycles.
Every next instruction in the command list for the galvanometer scanner slows the scanning
speed and the average laser power becomes lower with the increase in the number of duty
cycles.

A similar difference in the processing rates was detected in experiments with
formation of a dimple array. The area of the dimple array was the same as for columns, but
subsequent material ablation occurs inside of the dimples, leaving the material around the
dimples. The distance between dimples was set at 250 um and the depth of the dimples was
around 80 um. In Table 5.6, the processing rates achieved by the classic methods in the
independent tests and shifted methods from our laboratory are presented. It is necessary to
underline that the maximal technical scanning speed limit was the same 8 m/s for both sets
of galvanometer scanner equipment.
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Table 5.6. Processing rates achieved by the shifted method and the classic method of LST on
a tungsten surface with structured area 5 mm x 10 mm.

Method Texture Processing Data transport Data Processing rate
type time time value Vpy (MmM?/min)

Shifted Burst Columns  18.2 min <1sec 4 kB 2.8

Shifted Burst Dimples 17.5 min <1sec 13.7 kB 2.9

Classic Columns  105.0 min <1 min 15 MB 0.5

Classic Dimples 70.1 min 1.2 min 46.7 MB 0.7

The processing rate value of shifted and classic methods decreased with the required
depth of the structure, 80 um, by multilayer scanning up to a thousand times. The multilayer
manner of depth profiling for achieving the desired structure decreases the processing rate.
Although the processing rate of the shifted burst LST method is more than five times higher
than in the classic method, the achieved value of 2.8 mm?2/min can be improved. In the
previous section, it was noted that there are several ways to increase the processing rate with
application of the shifted LST methods. This can be achieved by higher scanning speeds — up
to thousands of meters per second, higher pulse energy, ablation in the burst regime with GHz
and THz frequency, the multi-beam technique of surface scanning or their combinations.

5.5. Summary of the main results

In this section, the experimental results of laser surface processing with ultrashort pulse
laser scanning methods are discussed in comparison with analytical predictions. Three
regimes of heat accumulation for laser surface processing were identified: overheating, critical
heat accumulation and low heat accumulation. The analytical model predicted a temperature
increase up to boiling point, and this regime was labeled as overheated laser surface
processing. This overheated regime was detected as an extensive IR radiation signal increase
in the scanning speed region of 0.007 + 0.03 m/s. The scanning speed region from 0.03 m/s to
3 m/s is described as a critical heat accumulation regime, and it corresponds to the predicted
residual surface temperature higher than 607 °C. The low heat accumulation regime was
observed for speeds from 3 m/s to 8 m/s.

The plasma glow duration was analyzed in dependence on the laser surface scanning
speed. An ablated plasma glow duration as long as ~ 200 ns was observed for the lowest
scanning speeds, where the heat accumulation is maximal. At the higher scanning speeds, the
plasma glow duration drops to < 100 ns. Two possible mechanisms of this dependence were
discussed. The first one is the higher energy of the laser-ablated plume from the preheated
state of the processed metal surface. And the second one is the higher density of ablated
products in the nearest to the previous laser spot area (particles, ions and vapors). It was
mentioned that a deeper understanding of the physical reason for the longer plasma glow
duration at lower speeds needs the application of faster radiation detectors in combination
with spectral analysis.
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The laser surface lateral texturing was analyzed in applications of the different LST
methods. The maximal scanning speeds for acceptable precision of 5% in the formation of a
circular dimple array were defined. The established speed limits are: 0.15 m/s for the classic
path, 8 m/s for the shifted path, 0.7 m/s for the classic hatch and 8 m/s for the shifted burst
methods. The precision of the dimple depth profiles of the laser formation was analyzed. The
shifted burst LST method achieved maximal precision with the fastest processing rate. The
maximal lateral processing rate was found in the shifted LST method: 160 cm?/min for one
scan layer and 146 mm?/min for multilayer surface texturing with the depth of microobjects
at 6.5 um. For comparison, the maximal processing rate in the classic LST method was
6.49 cm?/min for one scan layer and 12.6 mm?/min for multilayer scanning to the depth of
6.5 um.

The heat accumulation and ablation plasma glow duration were analyzed for the classic
and shifted LST methods. For both types of laser surface scanning, it was shown that the
overheated regime does not appear. For the shifted LST methods, the predicted heat
accumulation temperature did not achieve the critical value of 607 °C and the measured IR

residual heat signal was U, < 0.65 mV. This result is in accordance with detection of surface
heat regimes at different scanning speeds. The detection of the maximal residual IR radiation
signal for classic methods was explained by the increased line energy in the scanning process
with lower scanning speeds. For both the classic and shifted methods, the heat accumulation
IR signal remains under U, < 0.9 mV and this shows that the overheated regime of laser
surface processing was not achieved.

At the end, several applications of the developed shifted LST methods were presented.
The processing rate of a practical application of the shifted LST method was also compared
with the application of a classic LST method in an independent laboratory. The shifted LST
method shows a five times faster processing rate for formation of a 50 mm? columns surface
texture.

One of the special features of the shifted LST method with equidistant distribution of the
laser pulses is the uncommonly long interval between laser pulses on a local position — it is
about one thousand times longer than in other methods (see Table 4.3). Such a long interval
between laser pulses does not slow down the scanning speed, but, on the contrary, the higher
speed is desirable for stable beam movement and higher frequencies. The millisecond range
of the laser pulse interval makes the shifted scanning strategy a promising method for
applications where heat accumulation should be avoided: the processing of biomaterials, 3D
printing, microelectronics, microscale thermography or laser NDT methods.

100



6. Conclusion

This dissertation is devoted to the characterization of thermo-physical processes in
ultrashort pulse laser surface texturing (LST) and the development of laser scanning methods
for high-speed processing with high precision and low heat accumulation. The different types
of LST and their applications are reviewed in the first part of the dissertation. It was shown
that the precision and effectivity of the scanning beam laser surface processing depend not
only on parameters of the laser pulses, but also on the correct choice of the scanning speed
and the strategy of the laser beam movement. The high-speed surface scanning leads to a
decrease in precision, but low-speed scanning involves unusual heat accumulation in the laser
processed material.

In this research, the heat accumulation and plasma glow duration from a laser-processed
surface were measured with fast IR and NIR detectors. The main benefit of the IR radiation
detection is that it is a highly sensitive and noncontact direct measurement of temperature
changes. The thermo-physical processes of the laser surface scanning were evaluated in terms
of the achieved level of the heat accumulation. The heat accumulation was detected as a
residual IR radiation signal emitted from a laser-scanned surface between neighboring laser
pulses. The influence of laser pulse energy on the heat accumulation was analyzed in a wide
range of scanning speeds. The material temperature changes were predicted by a semi-planar
model of laser surface scanning and then were compared with experimentally detected IR
radiation signals. Three regimes of laser surface processing were defined: overheated laser
surface processing with a quick increase in the residual temperature and predicted
temperature exceeding the evaporation point; laser surface processing with critical heat
accumulation (Tg > Tyy); and the low heat accumulation regime (Ts < Tty,).

Analysis of the plasma glow duration has shown that application of higher scanning speeds
leads to a decrease in plasma glow duration. Two possible mechanisms of the plasma glow
duration dependence on the laser surface scanning speed were discussed. One explanation is
based on the additional energy of the plasma plume acquired from the heat accumulation in
the laser-scanned surface layer at low speed. Another possible reason for the longer plasma
plume glow duration is the presence of the inherited particles and partially ionized vapor after
the previous laser pulse ablation. The interaction of the laser pulse with a surface covered by
a vapor-particle layer can decrease the ablation threshold and then the ablated plasma glow
contains a larger amount of energy. It was noted that a deeper investigation of the plasma
plume evolution in conditions of laser multi-pulse surface scanning needs a combination of
fast IR measurements with high-speed spectral analysis.

In this dissertation, a newly developed shifted LST method is described in detail. The
shifted surface texturing is performed with sequential application of equidistant laser pulses
in a linear raster. Sequential application of the linear rasters on the shifted positions along
geometrical primitives (circles, triangles, squares, etc.) leads to forming an array of
microobjects. The asynchronous manner of laser pulse delivery leads to achieving a high
processing rate in the shifted LST methods at maximal possible scanning speed with the
galvanometer scanner.
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The precision, thermal regimes, speed limitations and processing rates of the shifted
scanning methods were compared with two corresponding classic LST methods. The shifted
methods show a higher processing rate in applications with a dimple array formation. The
shifted LST method in burst regime has a processing rate more than 11 times faster in
comparison with classic LST methods. The precision deviation of the shifted LST methods
remains lower than 5% at the maximal hardware-limited scanning speed. The upper speed
limitation of the classic methods is slower than one meter per second only.

The IR radiation measurements for all tested LST methods have shown that the heat
accumulation does not reach the overheated regime of laser surface processing. In the shifted
LST methods, the heat accumulation temperature is lower than the critical value in whole
range of the tested energies of the laser pulse. For the classic methods, the maximal heat
accumulation was detected for the classic path filing method in the triggered regime
(controlled laser pulse overlapping). In the regime without application of the external trigger,
the maximal heat accumulation was detected for the classic hatch filling. The detected heat
accumulation corresponds to the maximal applied line energy on the scanned surface for
these two regimes of laser pulse generation. The corresponding analytical calculations are in
accordance with this result. The predicted temperatures of the heat accumulation in the
classic LST methods exceeded the melting point and this corresponds to the overheated
regime of material processing.

The analytical model was applied for a thermo-physical explanation of the difference in
the output surface quality for the classic hatch and shifted burst LST methods. The stronger
temperature gradients at higher scanning speeds were offered as an optimal regime with
positive heat accumulation, when the output surface has lower roughness. This regime of
high-speed surface processing was explained by laser-stimulated differentiation of thermo-
physical properties between the upper and lower surface layers of laser-scanned material.

The developed shifted LST methods were applied for the surface functionalization of
different types of materials. One application of the shifted LST method the formation of
periodical structures on metallic and ceramic substrates for thermal spray coatings. Similar
structures were created for improving the wear resistance of an industrial tool with a large
working area. The array of micro-dimple structures was formed on the sliding surface of a
bearing and the results of tribological tests were presented. It was found that the laser-
textured bearing surface has decreased torque momentum.

The processing rate achieved in surface functionalization using the shifted LST method was
compared with the application of a classic LST method in an independent laboratory. The
application of the shifted LST method shows a more than five times higher processing rate for
creating the same column structure.

The described method of IR radiation signal detection will be used for analysis of thermo-
physical processes in applications with other types of lasers. In particular, measurements will
be provided for microsecond, nanosecond and femtosecond laser pulses. Additional
improvement of the heat accumulation detection and plasma glow analysis can be done with
high-speed spectral recording of the IR radiation and the application of other types of
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photodiodes. The analytical model can be extended by an integration algorithm of IR signal
analysis from a larger area of the laser-processed surface. The next step in the evolution of
this IR radiation signal analysis of the thermo-physical processes can be a combination of laser
beam holographical modulation and high density spectrometry.

The developed shifted LST method can be used in other applications, where precision and
higher scanning speed are principal factors of laser surface processing. Especially, the shifted
LST can be useful in applications with equidistant laser pulse distribution in the possible low
heat accumulation regime. For example, in biomedicine or selective laser melting technology.
The shifted method can be useful for decreasing of lateral macroscale thermo-mechanical
gradients and noticeably increasing the speed for the filling grades formation in 3D laser
printing. Application of the shifted LST method with the high-speed IR detectors and spatial
light modulation opens new perspectives for high-speed laser microscale thermography.
Further combination of the shifted LST method with multi-beam surface scanning will be able
to increase the processing rates up to ten times.
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9.1.

9. Appendices

APPENDIX A. Surface processing rate of different scanning strategies

. Scanning technique Interval Processing rate Scanning speed Reference
Scanning strategy .
(cm?/min)
DLIP-head, interference pattering Sample movement ~A/2 100 + 9000 1m/s [236]-[239]
(343+1064 nm)

DLIP-head, dynamic interference Galvanometer ~1/2 0.7+10 0.16+6.8 cm/s [241], [242]
pattering scanner (532+1064 nm)
LIPSS Galvanometer 0.9 um 6.3 3m/s [244]

scanner
Array of square microobjects with ~ Sample movement 0.8 um 0.01 300 mm/s [319]
inner nano-structure (200 nm) —
multishot per object
Array of complex microobjects on Sample rotation and 250 um ~46.8 1.5 m/s (rotation) [206]
cylinder — multishot per object acousto-optic beam 40 m/s (AOD

deflection scanning)
Array of circle microobjects — Galvanometer 12.5+200 pm 1.8+428 25+400 cm/s [254]
one shot per object scanner
Array of circle microobjects with Galvanometer 30 +40 um 0.4+0.75 ~5+20 cm/s [43], [87]
inner micro/nano-structure — scanner
multishot per object
Array of square microobjects with ~ Galvanometer 2 mm 0.15+0.20 0.5m/s [320]

inner micro-structure —
multishot per object

scanner
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microobjects

with mask

130

9 Complex irregular microstructure Galvanometer 50 um 1.2 400+2000 mm/s [321]
scanner

10 Straight hatch lines Galvanometer 4 um 8+25 4.5+17.1 m/s [216]
scanner

1 Straight interlaced lines Galvanometer 1.2+6 um 0.017 +2 24+600 mm/s [260]
scanner

12 Straight hatch lines Multibeam 0.5 mm 5400 20 m/s [249]
galvanometer scanner

13 Straight hatch lines Polygonscanner 14.5+40 ym 148 + 7680 60+800 m/s [233], [234],

[251]

14 Complex regular structure Polygonscanner 10 um 840 10+200 m/s [210]

15 Spike formation Polygonscanner 1+12 um 0.03, approx. 60 25 m/s [257]

16 Ripple structures Polygonscanner 40 pm 43 15 m/s [322]

17 One pulse per array of Sample movement 20 um 1800 — [110], [250]



9.2. APPENDIX B. Thermo-physical properties AlSI 304
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Fig. B1. Temperature dependency of physical properties AISI 304: a) tensile strength [284]; b) specific heat [285].
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Fig. B2. Temperature dependency of physical properties AlSI 304: a) heat capacity [285]; b) heat diffusivity [285]
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Errata for Ph.D. Dissertation

Denys Moskal

This document lists errors found in the printed version of Ph.D. dissertation “Thermo-
physical processes and ultrashort pulse laser scanning methods in surface texturing”, together
with corrections where applicable. Only errors that matter from a mathematical view point
are listed.

Location Original text Correction
Page 63, F =Fy-e 2/ F =F,-e-2"/w
eq. (4.16)
Page 64, _2r_ z% _2r?  z?
e Wo 4-a-t . . w2 4eappt
eq. (4.18) AT(t,z) = AT(t,7) = n-Fy-e %o
p C- VT[ a - p.c. /4,.7T.ath.t
Page 64, ATSum(t’ Z) = (n . F/p . C . 1/7-[ . a) ATSum(t Z) —_—
eq. (4.19) N o (77 FO/(p c ,/4 > ath))
Z e Wo 4-a- t/\/t — tn

N
»



