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Symbols and abbreviations

Cp

Da
davi
dc
dc
dn

do

Ep

/B
o

J/(kg'K)
pum
pum
pum
pum
pum
pum

pm

pJ or mJ

pJ or mJ

kHz

kHz

absorptivity

mass-specific heat capacity
beam diameter

mean deviation from the targeted net shape
ablation diameter

cavity width

groove width

hole diameter

beam diameter on sample surface
Euler’s number

burst energy

pulse energy

focal length

burst repetition rate

pulse repetition rate

number of pixels in x-direction
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g - integer for numbering of pixels in x-direction

H - number of pixels in y-direction

h - integer for numbering of pixels in y-direction

hv J/mm? volume-specific enthalpy for heating and vapori-
sation

j - integer for numbering the pulses during one scan

Jablm - maximum number of pulses contributing to abla-

tion during one scan

k - integer for numbering the parallel lines during one
scan

M? beam propagation factor

m, M - number of scans

n, N number of pulses

Nocams - number of beams

No - number of parallel lines

Np - number of pulses per line

Noppb - number of pulses in burst

Nr - number of reflections until an incident ray leaves

the V-shaped groove again

P Y average laser power



Px

Ra

Fabl
rH
r2)
S *

Sa

To

Verit

Vx

Wiens
wo

w(z)

pum

pm

pm

pm

pm

pm

°C

°C

m/s

mm?/min

spatial offset between the impact locations of two
consecutive pulses

spatial offset between parallel hatching lines

arithmetic average roughness measured along a
line

ablation radius

hole radius

radius along the hole depth z
incubation coefficient

arithmetic average roughness measured over an
area

temperature
ambient temperature

critical scanning speed below which heat accumu-
lation effects occur

scanning speed in x direction
material removal rate

beam radius on the focusing lens
radius of the beam waist

beam radius along the z direction
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X pm cartesian coordinate perpendicular to the propaga-
tion direction z of the laser beam and perpendicu-
lar to the hatching direction y

Xe pum location of the centre of the beam along the x-co-
ordinate

X pm location of the centre of the beam at the time at
which the /" pulse hits the workpiece

X0 pm location of a point with respect to the direction of
x

y pm cartesian coordinate perpendicular to the propaga-
tion direction z of the laser beam and perpendicu-
lar to the scanning direction x

Ve um location of the centre of the beam along the y-co-
ordinate

z um cartesian coordinate in propagation direction of
the laser beam

Zabl um ablation depth

Zabln pum depth ablated by the n'™ pulse

Zablmj um depth ablated by the /" pulse during the m™ scan

Ze pm location of the focal plane of the beam along the
z-coordinate

zc pm cavity depth

ZGm um groove depth after m scans

ZG,max um maximum achievable groove depth
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ZH

ZH;n

ZH,max

ZR

ZS,m

ZT

AV

AVE

A VE,max

5eff

NAG

HAGxo

HAHn

pum
pum

pm

pum
pum

pum

rad

px

pm3/pJ
pm3/plJ

nm

hole depth
hole depth after n pulses

maximum achievable hole depth for high-quality
holes

Rayleigh length
accumulated depth ablated by the m™ scan

target depth

solid angle

length of the normal segment

volume ablated by a single pulse
energy-specific volume

maximum energy-specific volume

effective penetration depth

absorptance in the V-shaped groove
absorptance of a groove machined with o scans
absorptance in a drilled hole after n pulses

angle of inclination of the normal segment perpen-
dicular to the described line
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o ° angle of inclination of the pixel with the highest
brightness in the §-#-Radon space matrix

K mm?/s thermal diffusivity

AL nm wavelength of processing laser

Ao nm wavelength of OCT probe beam

P kg/m? mass density

On-1 - ratio of the hole’s opening to the complete surface
area of the hole including the opening

2 psor fs pulse duration

B(x) J/em? radiant fluence on the sample surface along the x-
coordinate

1169) J/em? radiant fluence on the sample surface along the y-
coordinate

oa(2) J/em? absorbed fluence along the hole depth z

PAGmj J/em? radiant exposure in the tip of the groove by the ;™
pulse during the m™ scan

PAHN J/em? absorbed fluence at the hole’s tip

dAth J/ecm? absorbed ablation threshold fluence

Pa0 J/em? absorbed peak fluence

P J/em? ablation threshold fluence

$o J/em? irradiated peak fluence
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¢O,opt J/em?

Qx -

Al
AlSil0Mg
AR
ASTM
CCD

CFRP

CVD
cwW

DIN

fs

optimum peak fluence with regard to energy-spe-
cific volume

pulse overlap in scanning direction

line overlap perpendicular to the scanning direc-
tion

aluminium

aluminium alloy

anti reflection

American Society for Testing and Materials
charge-coupled device

carbon fibre-reinforced plastics

copper

chemical vapour deposition

continuous wave

Deutsches Institut fiir Normung (German industry stan-
dard)

femtosecond

helium
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Symbols and abbreviations

HR
kHz
LCI
LIPSS
LPBF
LSM
MEMS
MEZ
MHz

N2

OCT
ps
RMS
SEM
SNR
sub-ps

THz

high reflection

kilohertz

low coherence interferometry
laser-induced periodic surface structures
laser powder bed fusion

laser scanning microscope
micro-electro-mechanical systems
matrix evaporation zone
megahertz

nitrogen

nickel

optical coherence tomography
picosecond

root-mean-square
scanning-electron-microscope
signal-to-noise ratio
sub-picosecond

terahertz
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Ti

Ti6Al4V

VARI

pum

3D

titanium

titanium alloy
vacuum-assisted resin infusion
micrometre

three dimensional






Kurzfassung in deutscher Sprache

Die Lasermikrobearbeitung mit kurzen und ultrakurzen Laserpulsen ermdglicht eine
besonders hohe Prézision und Qualitdt bei der Erzeugung verschiedenster Geomet-
rien im Mikrometerbereich auf unterschiedlichen Materialien. Die Bandbreite der
Verfahren und Geometrien reicht vom Perkussionsbohren von Mikroldchern tiber
das Gravieren von Nuten bis hin zum Lasermikrofrisen von einfachen Taschen oder
komplexen Geometrien. Die Tiefe bzw. das Aspektverhéltnis (Tiefe/Breite) der er-
zeugten Geometrie hat dabei meist einen groflen Einfluss auf die Funktionalitét der
jeweiligen Anwendung.

Im Rahmen dieser Arbeit wurden Lasermikrobearbeitungsprozesse mit Zieltiefe im
Hinblick auf die drei Aspekte analytische Modellierung des Tiefenfortschritts, tie-
fengeregelter Materialabtrag und Skalierung des Durchsatzes beim Volumenabtrag
untersucht.

Die analytische Modellierung des Tiefenfortschritts ermdglicht die Berechnung der
Bearbeitungstiefe in Abhéngigkeit der Prozessparameter, um damit vor dem Bear-
beitungsprozess die Prozessparameter entsprechend auslegen zu koénnen. Zur Be-
rechnung des Tiefenfortschritts von Geometrien mit hohen Aspektverhéltnissen
(Tiefe/Breite) wurden zwei analytische Modelle hergeleitet:

Das Modell fiir perkussionsgebohrte Mikrolocher basiert auf den Annahmen eines
konisch geformten Lochs, eines zunehmenden Einkoppelgrads mit zunehmendem
Aspektverhiltnis aufgrund diffuser Mehrfachreflexionen innerhalb des Lochs und
der Annahme, dass die absorbierte Bestrahlung linear mit der Tiefe des Lochs zu-
nimmt. Die theoretische Vorhersage des Modells stimmt gut mit experimentellen
Ergebnissen fiir Locher mit einer Tiefe von bis zu 1,5 mm in Edelstahl iiberein, die
mit Pikosekunden-Laserpulsen gebohrt wurden.

Das Modell fiir gravierte Nuten basiert auf den Annahmen einer V-formigen Nut-
form, eines zunehmenden Einkoppelgrads mit zunehmendem Aspektverhéltnis auf-
grund von spekuldren Mehrfachreflexionen innerhalb der Nut und der Annahme,
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dass die absorbierte Bestrahlung linear mit der Tiefe der Nut zunimmt. Die theoreti-
sche Vorhersage stimmt gut mit den experimentellen Ergebnissen fiir Nuten bis zu
einer Tiefe von 624 um in einer Ti-Legierung iiberein, die mit Femtosekunden-La-
serpulsen erzeugt wurden.

Die Messung und Regelung der Bearbeitungstiefe wiahrend der Mikrobearbeitung
stellt sicher, dass die entsprechende Zieltiefe durch Anpassung der Prozessparameter
erreicht wird. In der vorliegenden Arbeit wurde ein tiefengeregelter Materialabtrag
durch eine in-situ Messung der lokalen Bearbeitungstiefe mittels optischer Kohé-
renztomographie und entsprechender Ansteuerung der Strahlquelle realisiert und
dessen Potenzial anhand von zwei Anwendungen demonstriert:

Mittels pulverbettbasiertem Laserschmelzen generierte Metallbauteile erfordern auf-
grund von Materialiiberschiissen aus Stiitzstrukturen, Abweichungen von der ange-
strebten Nettoform und hohen Oberflachenrauhigkeiten meist eine Nachbearbeitung.
Das tiefengeregelte Abtragen mit ultrakurzen Laserpulsen ermoglichte die Detektion
von liberstehendem Material sowie einen lokal angepassten Abtrag. Dadurch konn-
ten automatisiert Blockstiitzstrukturen entfernt sowie die Formabweichung und
Oberflachenrauhigkeit um 63% bis 81% auf 15 pm bzw. 5 um reduziert werden.

Bei der Reparatur von Bauteilen aus carbonfaserverstirkten Kunststoffen ist ein
schichtgenaues Abtragen der geschidigten Bereiche als Vorbereitung fiir den Wie-
deraufbau des Bauteils mit passgenauen Reparaturlagen erforderlich. Die in-situ
Messung der Oberflichentopographie beim Abtragen von carbonfaserverstiarkten
Kunststoffen ermoglichte die bildverarbeitungsbasierte Bestimmung der lokalen Fa-
serorientierung. Die Bestimmung der Faserorientierung mit einer Winkelgenauigkeit
von besser als +4° wiederum erméglichte die zuverldssige Erkennung des Ubergangs
zwischen zwei benachbarten Schichten, um damit den Abtragsprozess stoppen oder
die bearbeitete Geometrie verdndern zu kdnnen, ohne die jeweilige Schichtdicke o-
der Zieltiefe im Voraus zu kennen.

Die Skalierung der Mikrobearbeitungsprozesse zu hohen mittleren Laserleistungen
unter Beibehaltung der geforderten Qualitdt und Prizision ermdglicht einen hohen
Durchsatz und das Erreichen der Zieltiefe in einer kurzen Prozesszeit.

Mit einem am Institut fiir Strahlwerkzeuge selbstgebauten Ultrakurzpulslaser mit ei-
ner mittleren Leistung von tiber 1 kW wurde das Laserabtragen von Silizium und
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Metallen untersucht. Durch Anwendung geeigneter Bearbeitungsstrategien wie
Bursts, niedrigen Bestrahlungen und hohen Scangeschwindigkeiten konnte der
Durchsatz beim Abtragen bei gleichbleibend hoher Oberflichenqualitét deutlich er-
hoéht werden. Am Beispiel von Silizium konnte in dieser Arbeit die Volumenabtrags-
rate im Vergleich zum Stand der Forschung um mehr als den Faktor 224 auf
230 mm?*/min gesteigert und gleichzeitig eine niedrige Rauheit von <0,6 um bis zu
mehreren hundert Mikrometern Bearbeitungstiefe beibehalten werden. Mit dersel-
ben Strategie konnten auch hohe Volumenabtragsraten von 180 mm?®/min,
174 mm?/min und 126 mm?/min bei der Bearbeitung von Edelstahl, Aluminium und
Kupfer erzielt werden.



Extended Abstract

Laser micromachining with short and ultrashort laser pulses enables particularly high
precision and quality in the creation of a wide variety of geometries in the microme-
tre range on different materials. The range of processes and geometries extends from
percussion drilling of microholes and engraving of grooves to laser micromilling of
simple pockets or complex geometries. The depth or aspect ratio (depth/width) of
the generated geometry usually has a major influence on the functionality of the re-
spective application.

In this thesis, laser micromachining processes with target depth were investigated
with regard to the three aspects of analytical modelling of the depth progress, depth-
controlled micromachining and scaling of the throughput in volume ablation.

The analytical modelling of the depth progress enables to predict the machining
depth depending on the process parameters which helps to design and plan a given
process. Two analytical models were derived to calculate the depth progress of ge-
ometries with high aspect ratios (depth/width):

The model for percussion-drilled microholes is based on the assumptions of a coni-
cally-shaped hole, increasing absorptance with increasing aspect ratio due to diffuse
multiple reflections within the hole and the assumption that the absorbed fluence
increases linearly along the depth of the hole. The theoretical prediction of the model
agrees well with experimental results for holes with a depth of up to 1.5 mm in stain-
less steel drilled with picosecond laser pulses.

The model for engraved grooves is based on the assumptions of a V-shaped groove,
increasing absorptance with increasing aspect ratio due to specular multiple reflec-
tions within the groove, and the assumption that the absorbed fluence increases lin-
early along the depth of the groove. The theoretical prediction agrees well with the
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experimental results for grooves with a depth of up 624 pm in a Ti alloy engraved
with femtosecond laser pulses.

Measuring and controlling the depth during micromachining ensures that the corre-
sponding target depth is achieved by adjusting the process parameters. Depth-con-
trolled material removal was realised in the present work by the in-situ measurement
of the local depth using optical coherence tomography and the corresponding control
of the beam source, and the potential was demonstrated by means of two applica-
tions:

Metal components generated by laser powder bed fusion usually require post-pro-
cessing due to excess material from support structures, deviations from the targeted
net shape and high surface roughness. Depth-controlled laser milling with ultrashort
laser pulses enabled the locally adapted machining based on the measurement of the
excess material. This made it possible to automatically remove block support struc-
tures and to reduce the shape deviation and surface roughness by 63% to 81% to
15 pm and 5 pm, respectively.

When repairing components made from carbon fibre-reinforced plastics (CFRP), it
is necessary to remove the damaged areas with layer accuracy in preparation for re-
building the component with precisely fitting repair layers. The in-situ measurement
of the surface topography during laser milling of CFRP enabled the image pro-
cessing-based determination of the local fibre orientation. The determination of the
fibre orientation with an angular accuracy of better than £4°, in turn, enabled the
reliable detection of the transition between two adjacent layers, so that the laser mill-
ing process could be stopped or the machined geometry changed between layers
without knowing the respective layer thickness or target depth in advance.

Scaling the micromachining processes to high average laser powers while maintain-
ing the required quality and precision enables high throughput and reaching the tar-
get depth in a short process time.

Laser milling of silicon and metals was investigated using an ultrafast laser with an
average power of over 1 kW developed at the Institut fiir Strahlwerkzeuge. By ap-
plying suitable processing strategies such as bursts, low fluences and high scanning
speeds, the throughput of laser milling could be significantly increased while main-
taining high surface quality. For the example of silicon, the volume removal rate was
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increased by more than a factor of 224 to 230 mm?/min compared to the state of the
art while maintaining a low roughness of <0.6 um up to a machining depth of several
hundred micrometres. The same strategy was also used to achieve high volume re-
moval rates of 180 mm*/min, 174 mm?*/min, and 126 mm?*/min when machining
stainless steel, aluminium, and copper, respectively.



1 Introduction

1.1 Motivation

The strong individualisation of products under the conditions of flexible production
is an essential component in order to actively shape the fourth industrial revolution
of the German future project Industry 4.0 [1]. The flexible production of individual-
ized products enables new business models, such as mass customisation [2,3], and
the production of spare parts on demand [4]. Flexible production requires highly
flexible manufacturing systems that can address different processes for the pro-
cessing of different materials. As a universal tool, the laser can cover at least one
process from each of the main processing groups defined in DIN8580 — primary
forming, forming, separating, joining, coating, and changing material properties [5].
In the area of separation, laser micromachining with short and ultrashort laser pulses
offers particularly high precision and quality in the creation of a wide range of ge-
ometries on the micrometre scale in different materials. The bandwidth of processes
and geometries ranges from percussion drilling of microholes to engraving of
grooves to micromilling of simple pockets or complex geometries [6,7]. The depth
or aspect ratio (depth/width) of the machined geometry often has a major influence
on the functionality of the respective application: Microholes with a high aspect ratio
are required in spinnerets to be able to draw the thinnest possible microfibres and at
the same time to be able to use the required material thickness for a stiff spinneret
[8]. Lower cutting forces and shorter chips can be realised in mechanical machining
of aluminium with cutting tools by grooves with high aspect ratios engraved on the
cutting edge [9]. For the fabrication of transmissive silicon optics for high-power
THz radiation by laser milling, the design depth must be achieved at every point of
the fabricated optical elements so that the THz radiation is diffracted as desired [10].

The concept of "first time right" from the field of quality management [11] is partic-
ularly relevant in the context of mass customisation, because here a start-up phase to
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optimise the production process for each product variant, as typically required in
series and mass production, is not economical. For manufacturing by means of laser
micromachining, this means that the laser parameters must be set accordingly for
each target geometry or target depth and each processed material already at the start
of the machining process. The amount of material removed during laser microm-
achining depends on the properties of the laser beam (e.g. wavelength, pulse dura-
tion, pulse energy) as well as the optical and thermophysical properties of the work-
piece (e.g. absorption, energy penetration depth, vaporisation enthalpy) [12]. The
exact prediction of the required process parameters as well as the resulting machin-
ing depth is difficult due to the interplay of the different parameters. However, a
good estimate can be made in a short calculation time with the help of analytical
models in order to design the process parameters accordingly. In case of the need for
an increased precision of the machining depth, the prior estimation by analytical
models can be combined with the measurement of the local ablation depth to adjust
the process parameters during machining. The latter also offers the advantages of
automation as well as the possibility to assign a measured quality proof to each ma-
chined geometry [13,14].

A correspondingly high productivity is required in manufacturing of each product
variant for profitable mass customisation [15]. The geometries created by laser mi-
cromachining must therefore not only meet requirements for quality and precision
but must also be realised with a high throughput [16], which corresponds to achiev-
ing the target depth in the shortest possible time. The machining processes should
also be designed to be energy-efficient due to the limited laser power of industrially
available laser beam sources in the range of a few 100 W [17] and against the back-
ground of sustainable, energy-saving manufacturing processes [18].

The following three aspects are therefore relevant for the production of mass cus-
tomized products "first time right" with simultaneous high throughput by means of
laser micromachining: First, the analytical modelling of the depth progress for pre-
dicting the machining depth in advance in order to be able to set out appropriate
process parameters. Secondly, depth monitoring and control during the microm-
achining process to ensure that the corresponding target depth is reached with the
required precision by adjusting the process parameters. Thirdly, the process scaling
to high average laser powers and throughputs while maintaining the required quality
and precision to achieve the target depth in a short process time. The state of the art
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is described in the following for each of these three aspects to show the need for
research and the objectives for this work in the respective field.

1.2 Analytical models for predicting the depth in mi-
cromachining with ultrashort laser pulses

1.2.1 State of research

Micromachining with ultrashort laser pulses has become a reliable tool for industrial
applications that require locally selective material removal with high precision [7].
Micromachining with a relative movement between the laser beam and the work-
piece enables the fabrication of different geometries. A selection of common geom-
etries and the relative movement required is shown in Figure 1.1.

Percussion drilling describes a drilling process with a static beam and results in con-
ically-shaped holes with a diameter du and a depth zu. The depth of a hole can be
increased by applying multiple pulses at the same location. Engraving with a moving
beam with a pulse spacing of p. leads to V-shaped grooves with a width ds and a
depth zg. The depth of a groove can be increased by multiple passes over the same
contour. Laser milling with a moving beam along multiple parallel lines with a spac-
ing of py results in cavities with a width dc and a depth zc. The depth of a cavity can
be increased by making multiple passes along parallel lines.

Predicting the amount of material removed during laser micromachining of these
geometries is difficult due to the interplay of the process parameters (e.g. wave-
length, pulse duration, pulse energy, ...) and material properties (e.g. absorption, en-
ergy penetration depth, vaporisation enthalpy, ...) [12]. However, the machining
depth can be well estimated using analytical models by making some simplifications,
e.g. specifying vaporisation-based material removal. The fundamentals of material
removal with single and repetitive ultrashort laser pulses are presented in the follow-
ing. The state of the art of analytical models for predicting the depth in percussion
drilling of holes, engraving of grooves and laser milling of cavities is then presented
and compared with experimental results for each process.
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a) Percussion drilling of holes AL s el

Xu y
z

b) Engraving of grooves

P

Figure 1.1 Different machining strategies (left) to create different geometries (right): a) Percus-
sion drilling with a static beam results in conically-shaped holes with a diameter dy
and a depth zy;. b) Engraving with a moving beam in the x-direction with a pulse
spacing of p, leads to V-shaped grooves with a width dg and a depth zg. ¢) Laser
milling with a moving beam in x-direction along multiple parallel lines with a spac-
ing of p, results in cavities with a width dc and a depth zc.

1.2.1.1 Laser beam parameters

Micromachining of geometries with dimensions in the pm-range requires a corre-
sponding size of the tool. Thus, a given laser beam with a wavelength AL and a beam
propagation factor M? has to be focused by a lens with focal length f'onto the surface
of the sample that is to be machined. The radius of the waist of the focused beam is
given by [19]
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M hf (1.1)
7 Wiens

Wo

for a collimated beam with a beam radius wiens on the focusing lens. As the input
parameters are usually known from data sheets of the applied laser and optics,
Eq. (1.1) allows for a fast calculation of the beam waist radius wo. The beam waist
radii are typically in the order of a few um up to a few hundred pm for industrially
available ultrafast lasers and focusing optics for infrared radiation with a wavelength
of AL = 1 pm [20-24]. The beam radius wiens on the focusing lens can be adapted by
means of a telescope to further increase the range of available beam waist radii. The
evolution of the beam radius is given by [19]

(z=z) , (12)
A

w(z)=w0~ 1+

where z - zc denotes the axial distance from the position of the waist and where

2
=T W (1.3)
M?* A

Zr

is the Rayleigh length [19]. At A=1 um, the Rayleigh lengths for the exemplary
beam radii from a few pm up to a few hundred um range from a few tens of pm up
to a few hundred of mm, respectively. The wide range of possible beam radii and
Rayleigh lengths highlight the potential geometric differences in beam propagation
depending on the choice of laser system and optics.

The cross-sectional distribution of the energy density per unit area of a circular
Gaussian laser beam is given by the fluence

2 2 2
¢<x,y,z):¢o-[ o } ~exp[—2(x_x°) =) J (1.4)

w(z) w2 (z)




28 1 Introduction

where x — xc and y - yc are the distances from the axis of the laser beam located at (xc,
ye) and ¢o denotes the peak fluence

PR (15)

W

where Er is the energy of the irradiated laser pulse [19]. The distribution of the irra-
diated fluence at normal incidence and for a sample located in the plane of the waist
(z = zc = 0) is therefore given by

2 2
¢(x’y):¢o_exp[_2(x_xc) (y-.) J 06

2
Wo

1.2.1.2 Single-pulse ablation

Material removal by ablation occurs when the locally irradiated fluence ¢(x,y) ex-
ceeds the value of the material-specific ablation threshold

b, = 5effA' hy (1.7)

where Jefr is the effective penetration depth of the absorbed energy density, 4v de-
notes the enthalpy required for heating and complete vaporisation of the material and
A is the material-specific absorptivity at the wavelength AL of the incident radiation
at normal incidence on a flat surface. The effective penetration depth Jerr and thus
the ablation threshold ¢n are dominated either by the optical penetration depth or by
the diffusion length of hot electrons depending on the irradiated fluence. Two re-
gimes were observed in experimental investigations. In the low-fluence regime, the
penetration depth is shorter and determined by the optical penetration depth. In the
high-fluence regime, the penetration depth is longer and determined by the diffusion
length of hot electrons [25,26]. In practice, the effective penetration depth is usually
determined experimentally for the given processing setup since the effective pene-
tration depth cannot be easily calculated. Not only vaporisation but also melt for-
mation and spallation occur during ablation [27] and can result in a differing effec-
tive process enthalpy depending on the duration of the laser pulses and the absorbed
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fluence. The absorptivity 4 can be calculated using the Fresnel equations, the refrac-
tive index and the extinction coefficient for an ideal flat surface without contamina-
tion [28]. In practice, the absorptivity can however vary depending on the surface
conditions of the irradiated material, such as the surface roughness and the presence
of an oxide layer [12].

Material ablation occurs when the locally irradiated fluence ¢(x,y) exceeds the abla-
tion threshold ¢m. When a Gaussian beam is used at normal incidence the local abla-
tion depth can then be expressed by [29]

2, 2
Za (%) = O {m(%}—z-#} (1.8)

‘th o

As aresult, craters of parabolic shape are generated on the sample surface. The max-
imum depth [25]

Zapl = Oy 'IH{Z_O} (1.9)

th

is obtained in the centre of the crater (x = y = 0) whose transversal dimension is given
by the ablation radius [30]

A %-m[ﬁ]. (1.10)

The values of the ablation threshold and energy penetration depth in the case of the
irradiation with ultrashort laser pulses were experimentally determined and are re-
ported in numerous publications [26,31,32] for commonly processed metals such as
stainless steel, copper, aluminium and titanium. Using the method presented in [30],
the ablation threshold ¢ for single pulses was determined at a wavelength of 1 pm
to be in the range 0.2 J/em? < ¢ <3.5 J/cm? depending on the irradiated metal. The
effective penetration depth for single pulses was measured to be Jerr < 100 nm [32].
The maximum crater depth z.» in metals resulting from irradiation with a single pulse
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is therefore typically <1 um, even for fluences ¢o about 100 times above the ablation
threshold ¢ (cf. Eq. (1.9)).

1.2.1.3 Incubation

The limited depth achieved with single pulses means that a location has to be irradi-
ated by multiple pulses for micromachining of geometries with a depth >1 pm. Irra-
diation with multiple pulses changes the surface condition of the irradiated sample
due to the accumulation of laser-induced structural and chemical changes and plastic
deformation of the surface [26,33]. As a result, the experimentally determined abla-
tion threshold decreases with increasing number of irradiated pulses. This so called-
incubation effect was first described by Jee et al. with the empirical model [33]

b (1) = oy 0" (1.11)

where ¢un(n) denotes the ablation threshold after a number of n irradiated pulses, ¢,
is the ablation threshold for a single pulse and S* is the incubation coefficient that
characterizes the extent to which incubation influences the material. For $* =1 no
changes occur in the material and the ablation threshold remains independent of the
number of pulses [33]. An incubation coefficient in the range 0.77 < S* <0.92
[26,31,34] was measured for metals and at low pulse repetition rates, resulting in a
reduction of the ablation threshold by a factor of about four to five between the first
and the hundredth pulse. However, the model described in Eq. (1.11) converges to
zero for an infinite high number of pulses, which is not physically correct and which
is also not confirmed by experiments with up to n = 250,000 pulses in [34]. In reality,
the measured ablation threshold converges to a constant value and does not signifi-
cantly change after more than 1,000 pulses. Modified empirical models that take into
account the convergence to a constant ablation threshold for up to an infinite number
of pulses are described in [34-36]. From Eq. (1.7) it can be deduced that the reduc-
tion of the ablation threshold with an increasing number of pulses can be attributed
to a reduction of the effective penetration depth or an increased absorptivity or both.
A direct correlation between the measured ablation threshold and measured effective
penetration depth was observed in the experiments presented in [36] for copper and
it was concluded that the incubation effect is mainly driven by a change in the effec-
tive penetration depth. Absorptivity measurements on gold samples irradiated by a
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different number of pulses however showed an increased absorptivity of up to a fac-
tor of four when irradiated with up to 1,000 pulses. The increased absorptivity was
attributed to an increased roughness resulting from laser-induced surface structures
[37]. The experimental results show that the cause for the incubation effect has not
been conclusively clarified yet but seems to be a superposition of different material
properties changed by irradiation with multiple pulses.

1.2.14 Heat accumulation

Only a fraction of the energy absorbed from each laser pulse contributes to the va-
porisation and the ablation of the irradiated material and another fraction remains in
the surrounding area as residual heat. When this fraction of residual heat 7res from
the first pulse has not completely dissipated into the sample by heat conduction be-
fore a second pulse is applied, the second pulse interacts with preheated material and
the residual heat of this second pulse heats the surface even further. The heating of
the surface from subsequent pulses is commonly referred to as heat accumulation
[38,39]. The temperature increase resulting from multiple repetitive pulses can be
calculated as a function of the process parameters and material properties with the
model presented in [38]. Assuming a point source on the surface of a half-infinite
body with a 3D heat flow, the temperature immediately before the incidence of the
(N+1)" pulse is found to be [40]

o 32 N
T(n)=T,+ 2 Br oo 0 | (1.12)

p~cp~(4'7r~K)3/2 .n=1 2

where 7o is the ambient temperature, 7s denotes the fraction of the pulse energy that
remains in the surrounding area as residual heat, fp is the pulse repetition rate, p is
the mass density, ¢p is the specific heat capacity, and « is the thermal diffusivity. For
a given set of process parameters and a specific material, the model allows to deter-
mine the process limits, e.g. a critical number of pulses that can be applied to a loca-
tion before the melting temperature is reached on the surface [40]. Exceeding the
melting temperature would lead to a melt-dominated machining process, whose re-
sult would significantly deviate from the prediction of an analytical model based on
vaporisation-dominated material removal.
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1.2.1.5 Laser percussion drilling of holes

The consequence of the reduction of the ablation threshold ¢w(n) with increasing
number of pulses n due to the incubation effect is that the dimensions of holes that
are percussion-drilled by multiple pulses also depend on the number of applied
pulses. The diameter du(n) of a hole drilled with a Gaussian beam with a peak fluence
$o, a radius wo, and n pulses is given by [41,42]

dy (n) =21 (n)=2-w, %m{#zn)] (1.13)

For holes drilled with n > 1,000 pulses, the diameter does not increase further with
increasing number of pulses 7 [43], as the ablation threshold remains almost constant
for a higher number of pulses. According to [44] the depth zu of the percussion-
drilled hole can be expressed by

ZH(n):n~5eff~ln[Z—o], (1.14)

th

which would imply a linear depth progress and that the hole depth can be unlimitedly
increased by simply increasing the applied number of pulses. In practice, an approx-
imately linear depth progress was however only observed for shallow holes in metals
and semiconductors with up to a few thousand applied pulses and with a depth of up
to a few hundred pm [13,45-47]. Drilling beyond this depth is characterized by an
irregular drilling process with gradually decreasing drilling rate until the drilling pro-
gress ceases and the maximum hole depth is reached [45,46]. Conical hole geome-
tries are formed during percussion drilling of deep holes with ultrashort laser pulses
[43,47-50]. This led to the definition of a depth limit when the local fluence is equal
to the ablation threshold everywhere on the walls of the conically-shaped hole [49].
A simple model for the estimation of the depth limit was introduced in [49] and is
given with minor modifications made in [17] by
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It can be seen from Eq. (1.15) that the maximum achievable depth zymax of @ hole in
a specific material with the absorptivity 4 and ablation threshold ¢ is determined
by the peak fluence ¢o or the pulse energy Ep (cf. Eq. (1.5)) and the beam radius wo,
which is defined by the laser beam source and the focusing setup (cf. Eq. (1.1)).

1.2.1.6 Laser engraving of grooves

Grooves are micromachined by means of a relative movement between the laser
beam and the workpiece, which is created either by deflecting the laser beam over
the processed surface using a scanner system or by moving the workpiece past the
stationary beam by means of a linear axis. Moving the beam over the surface with a
speed vy results in a distance

p, =2 (1.16)

between the impact locations of consecutive pulses with a repetition rate fp. The dis-
tance px in direction of movement should not exceed the ablation diameter 2-7ab1 to
fabricate a groove with a continuous centre line. In order to obtain a groove with a
constant width

dg =214 =2w," %m[ﬁ} (1.17)

cf. Eq. (1.10), px should be significantly smaller than the ablation diameter since the
laser beam and thus the ablated area are usually circular. The overlap
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 =1--L (1.18)
: 2w,

can be used to express the degree of overlap of the area irradiated by consecutive
pulses in the feed direction x. An approximately constant groove width dg is achieved
in single-pass micromachining when Q. > 70% [51]. In practice, multiple scans over
the same contour are often required to produce grooves with a desired depth while
avoiding heat accumulation defects that can result from multiple pulses during one
scan. In multi-pass micromachining, a constant groove width dc can already be
achieved at lower pulse overlaps Q. > 30% [51], which facilitates the avoidance of
heat accumulation defects from multiple pulses during a scan. An analytical model
for the calculation of the groove depth zc based on the ablation of multiple overlap-
ping craters is proposed in [52]. The groove depth zg(y) in the cross-section of the y-
z-plane (perpendicular to the scanning direction x) can be calculated as a function of
the process parameters with this model. With the assumption of constant material
properties and using the modification made in [44] for multiple scans m one finds

ZG(y):m.m. h{ﬁ]}yz [%[m[ﬁ]%}@ (1.19)
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The maximum groove depth is obtained in the centre of the groove at y = 0. As in
the case of the calculation of the hole depth (cf. Eq. (1.14)), Eq. (1.19) also implies
a linear depth progress and that the groove depth can be unlimitedly increased by
simply increasing the number of scans m along the contour. Again, a constant deep-
ening rate was however only observed for micromachining of shallow grooves with
depths in the range of tens of pm [53,54]. Micromachining beyond these depths is
characterized by a V-shaped groove geometry and a machining process with gradu-
ally decreasing deepening rate until the depth progress ceases and the maximum
groove depth is reached [53-55].
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1.2.1.7 Laser milling of cavities

Cavities are micromachined by means of a two-dimensional relative movement be-
tween the laser beam and the workpiece in a rasterized manner. The scanning of
parallel lines with a respective line spacing py results in the degree of overlap

Q =1--Lr (1.20)

in the direction of y perpendicular to the propagation direction z of the laser beam
and perpendicular to the scanning direction x. Analogous to the overlap Q., homo-
geneous ablation with a minimized influence of the circular beam shape and Gauss-
ian intensity distribution can be achieved with overlaps Q, > 70% [56]. The width dc
of a cavity is given by

de =(Np=1)-p, +2 1> (1.21)

where N is the number of parallel lines. As in the case of grooves, multiple scans
along the parallel lines are often required to produce cavities of a desired depth while
avoiding heat accumulation defects. An analytical model for the calculation of the
cavity depth zc(x,y) based on overlapping craters is proposed in [57]. According to
this model, the cavity depth zc(x,y) can be calculated as a function of the process
parameters and for the assumption of constant material properties by

3 o) 2vrken,) 1.22
ZC(X’y):m'ZZ Sefr - ln(;—OJZ(JH'J Px) _ (y+ py) (

2 2 ’
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where Np is the number of pulses per line and j and & are integers numbering the
successive pulses and parallel lines, respectively. A region of constant depth can only
be achieved in the central area of the cavity since a tapered wall is formed due to the
Gaussian fluence distribution [58]. Eq. (1.26) implies a linear depth progress and that
the cavity depth can be unlimitedly increased by simply increasing the number of
scans along the parallel lines. In contrast to holes and grooves, the constant deepen-
ing rate predicted by this model has been experimentally confirmed in numerous
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publications for different process parameters, for different materials, and cavity
depths of up to several millimetres: A constant deepening rate was measured in mi-
cromachining of cavities with ¢o = 5.3 J/cm? and with up to m = 200 scans for dif-
ferent metals (Ti, Al, Cu) and cavity depths exceeding 350 pm [59]. Almost constant
depth progress was also measured for micromachining of cemented tungsten carbide
with ¢o = 17.3 J/em? and with up to m = 100 scans for cavity depths exceeding 4 mm
[60].

1.2.2 Research needs

The constant deepening rate observed in drilling of shallow holes, in engraving of
shallow grooves and in milling of cavities can be explained by constant processing
parameters: As long as the bottom of the ablated geometry is flat, the irradiated laser
beam is absorbed at normal incidence and the absorptivity 4 and fluence ¢ remain
constant (assuming zr >> zc). It can, however, be assumed that this behaviour is lim-
ited to a certain aspect ratio of the respective geometry, which is indicated by the
cross-sections of laser-milled cavities shown in [59,60] with a decreasing width of
the area of the bottom and increasing width of the tapered walls. The aspect ratio
remains zc/dc < 2 during laser milling of cavities with typical depths in the range of
a few micrometres up to a few hundred micrometres [59,60]. The analytical model
shown in Eq. (1.22) therefore provides a useful tool to predict the cavity depth in a
wide range of commonly milled depths.

The constant deepening rate observed in drilling of holes was limited to aspect ratios
(zn/dn) in the order of 2 to 5 [45-47] and the constant deepening rate observed in
engraving of grooves was limited to aspect ratios (zc/dc) in the order of 1.5 to 3
[53,54]. In both cases, the decreasing deepening rate at higher aspect ratios can be
explained by changing processing parameters. The irradiated area and the angle of
incidence increase with increasing depth of the geometry due to the formation of
tapered walls during micromachining with a Gaussian fluence distribution. The ta-
pered walls are responsible for the characteristic cone-shape of holes and V-shape of
grooves observed in drilling and engraving, respectively. The increasing angle of
incidence with increasing depth changes the absorptivity according to the Fresnel
equations [28]. Raytracing simulations revealed that rays reflected from the tapered
walls can be absorbed multiple times along the walls of the hole or the groove, which
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increases the total absorptance and changes the distribution of the absorbed fluence
[61].

Analytical models for the calculation of the processing depth as a function of process
parameters and material properties have been published only for shallow holes and
shallow grooves with low aspect ratios and constant deepening rate before the start
of this thesis. There is a need for research in the development of analytical models
for the calculation of the depth progress of holes and grooves, which take into ac-
count the decreasing and ceasing deepening rate and thus enable the calculation of
the depth progress from holes and grooves with high aspect ratios.

The first objective of the present work was to develop and experimentally verify an
analytical model for calculating the depth progress of percussion-drilled holes in
metals based on the assumptions of a conically shaped hole throughout the drilling
process and an increasing absorptance as the aspect ratio of the hole increases.

The second objective of this work was to develop and experimentally verify an ana-
lytical model for calculating the depth progress of micromachined grooves in metals
based on the assumptions of a V-shaped groove throughout the micromachining pro-
cess and an increasing absorptance as the aspect ratio of the groove increases.

1.3 Process monitoring and process control in laser
micromachining of demanding applications

1.3.1 State of research

Analytical modelling of the depth progress is a valuable tool for estimating the result
obtained with a given set of process parameters and given material properties. While
the properties of the laser beam can be precisely characterized by corresponding
measurement devices, some material properties, such as the effective penetration
depth Jesr and thus also the ablation threshold ¢, are not easy to determine and re-
quire involved experiments. The accuracy of the experimental determination is lim-
ited due to the limited precision and reproducibility of the measurements. For exam-
ple, the measured ablation threshold ¢ differed by almost 80% with ¢m = 0.28 J/em?
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reported in [62] and ¢m = 0.50 J/ecm? reported in [31] when using the method reported

n [30] for similar process parameters of 1030 nm <. <1064 nm, z» =10 ps,
100 <n <128, and 10.0 pm < wo < 13.5 pm on flat copper samples. Relative uncer-
tainties regarding the values of material properties in the two-digit percentage range
can cause high absolute uncertainties regarding the depth of up to some tens or hun-
dreds of micrometres, especially in micromachining of deep geometries with depths
of up to a few millimetres as demonstrated in [60]. The limited knowledge about the
values of process parameters and material properties thus leads to a limited accuracy
of prediction with analytical models and uncertainties in open-loop micromachining
processes. The precise determination of the process parameters and the material
properties poses an even greater challenge in industrial applications for the pro-
cessing of complexly shaped components and the usage of advanced materials. Com-
mon challenges of laser micromachining in application-oriented environments with
target depth are depicted in Figure 1.2.
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Figure 1.2 Key challenges of laser micromachining with target depth in application-oriented en-
vironments: a) Deep geometries with Az > zg. b) An unknown surface topography z.
¢) A free-form surface and thus locally varying process parameters (e.g. fluence). d)
A heterogeneous workpiece consisting of two materials (M1 and M2) with different
material properties. €) An initially unknown value of the target depth zr due to the un-
known thickness of layer 1 that is to be ablated.
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Challenges in terms of component geometry include machining of deep geometries
with Az > zr between initial surface zo and target depth zr (Figure 1.2 a), an unknown
surface topography and thus an unknown amount of material to be removed at a
given location (Figure 1.2 b), and free-form surfaces and thus locally varying pro-
cess parameters (e.g. fluence) due to different angles of inclination (Figure 1.2 c).
Challenges related to the material to be machined include a heterogeneous workpiece
consisting of two materials with different material properties such as effective pen-
etration depth Jerr and ablation threshold ¢ (M1 and M2 in Figure 1.2 d), and an
initially unknown value of the target depth due to the unknown thickness of layer 1
that is to be removed (Figure 1.2 e).

Additional tools and techniques are required to measure and control the uncertainties
resulting from the aforementioned challenges to reliably achieve the targeted depth
and for parts produced “first time right”. The different challenges of laser microm-
achining in an industrial environment and the corresponding techniques for process
monitoring and process control to overcome these challenges are presented in detail
in the following.

1.3.1.1 Micromachining of deep geometries

The process parameters can change with increasing machining depth due to the beam
divergence. The beam radius on the machined surface increases from wo to w(z)
(cf. Eq. (1.2)) with increasing machining depth zc when the beam waist was set on
the original surface. The increasing beam radius in turn leads to a reduced local flu-
ence (cf. Eq. (1.4)) and thus changes the depth and width ablated by each pulse
(cf. Eq. (1.8)). As a consequence, the machined depth per scan was significantly re-
duced for micromachining of cavities with a depth >200 um in steel [63].

A constant depth progress was achieved up to over 700 um in the same study by
shifting the position of the beam waist with increasing machining depth [63]. The
position of the beam waist in relation to the surface of the sample can be determined
by various methods, e.g. by measurement of the acoustic emissions [64], the plasma
intensity [65] or the optical path distance [66]. The measurement of the acoustic
emissions with a microphone during micromachining of ceramics allowed to detect
signals of the airborne sound spectrum. The highest amplitude of the signals was
measured when the beam waist was positioned on the sample surface, which allowed
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determining the position of the beam waist in relation to the sample surface with an
axial accuracy of 50 pm [64]. The plasma intensity emitted from the micromachining
of aluminium was detected with a CCD camera in [65]. The highest brightness was
measured when the beam waist was positioned on the surface during micromachin-
ing, which allowed to determine the position of the beam waist in relation to the
surface with an axial accuracy of approximately 50 pm. In [66], the optical distance
between the axial position of the beam waist and the surface of the sample was meas-
ured using low coherence interferometry (LCI) with a Michelson Interferometer dur-
ing closed-loop micromachining of a bovine tooth. Real-time adaption of the posi-
tion of the beam waist in relation to the surface of the sample allowed the machining
of grooves with a constant depth and width on a bovine tooth, which had a relief
amplitude over ten times the Rayleigh length zr of the laser beam.

1.3.1.2 Micromachining of an unknown surface topography

During the design process of a part the targeted dimensions are specified with toler-
ances, due to fluctuations in material properties and uncertainties in the machining
process of each processing step. The different kinds of shape deviations are catego-
rized in six different scales according to DIN 4760 [67]. Deviations of the first order
affect the characteristic dimensions of the part, such as length or height. Second-
order deviations correspond to waviness with aspect ratios between the wavelength
and amplitude in the range of 1000:1 to 100:1. Deviations of the third-order can be
periodic or non-periodic deviations with aspect ratios between the wavelength and
amplitude in the range of 100:1 to 5:1. Fourth-order deviations correspond to the
surface roughness and are in the micrometre scale. The fifth-order and sixth-order
deviations relate to the microstructure and crystalline structure, respectively. Only
the first four orders of shape deviations (also known as surface defects) are usually
relevant in industrial manufacturing processes [67]. Achieving the targeted depth at
a specific location on a workpiece with unknown surface topography is challenging
when open-loop laser micromachining is used since the number of pulses that needs
to be applied is unknown. Furthermore, the local surface roughness of the workpiece
influences the local material properties, such as the absorptance [12,68] and the ab-
lation threshold [69], which results in an additional uncertainty with regard to the
selection of the appropriate process parameters.
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One approach to address these challenges is to measure the surface topography be-
fore and during micromachining in order to identify at which locations further ma-
terial has to be removed and to apply locally adapted machining parameters, e.g. with
regards to the number of applied pulses. Distance measurement by optical coherence
tomography (OCT) is a non-destructive technique to evaluate a surface before, dur-
ing and after laser micromachining. A measurement setup based on OCT was pre-
sented in [70]. The surface topography of a stepped geometry with a depth of up to
8 um that was produced by laser micromachining could be measured within a scan-
ning field of 0.3 x 0.3 mm? with an axial resolution of up to 0.13 um and a lateral
resolution of 2.5 um at an acquisition rate of 1.4 kHz. The measurement setup re-
ported on in [71] is based on LCI. The surface topography of different geometries
with a depth of up to 59 pm that were produced by laser micromachining could be
measured within a scanning field of 30 x 30 mm? with an axial resolution of up to
0.22 um. The measurement setup reported on in [66] is also based on LCI and was
used to measure the surface topography of a bovine tooth with height variations ex-
ceeding 1 mm within a scanning field of up to approximately 5.5 x 1.0 mm?, with an
axial resolution of 6.8 um and a lateral resolution of 9.4 um at an acquisition rate of
4 kHz.

1.3.1.3 Micromachining of free-form surfaces

Industrially manufactured components with function-oriented designs often have
free-form surfaces. Laser micromachining of such components at normal incidence
is not always possible due to the limited accessibility of the free-form surface, which
is why machining of inclined surfaces may be necessary. Locally varying angles of
incidence lead to locally varying process parameters [72,73]: The irradiated area in-
creases with increasing angle of incidence, which in turn reduces the locally irradi-
ated fluence [72]. The angle of incidence also influences the absorptivity according
to the Fresnel equations [28] and the effective penetration depth [73]. These condi-
tions make it difficult to predict suitable process parameters for achieving the desired
depth at a given location on a free-form surface with open-loop micromachining.

In principle, the techniques mentioned in the previous section are also suitable for
micromachining of inclined surfaces. Closed-loop depth-controlled micromachining
can compensate for locally varying material removal due to locally different process
parameters caused by locally different angles of incidence. The targeted depth can
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therefore be achieved on inclined surfaces by measuring the local depth and applying
pulses as long as the locally absorbed fluence exceeds the local ablation threshold.

1.3.14 Micromachining of heterogeneous materials

Composites such as carbon fibre-reinforced plastics (CFRP) are heterogeneous ma-
terials that are commonly used in aeronautical applications [74] or the automotive
industry due to their light weight, high strength, and high stiffness [75]. CFRPs con-
sist of two different materials, the load-bearing carbon fibres and the plastic matrix
that holds the fibres in place. The unknown and locally varying distribution of the
fibres and the matrix poses a challenge for the prediction of the machined depth, as
both materials have strongly differing thermophysical properties: The latent heat for
vaporisation of carbon fibres and plastic matrix amounts to 79.6 J/mm*® and
1.3 J/mm?3, respectively [76]. As a consequence, inhomogeneous material removal
occurs even with uniform irradiation with constant parameters, which led to local
deviations exceeding 50 pum at an average micromachining depth of 100 pm and to
local deviations of more than 300 um at an average micromachining depth of 1 mm
in [77].

In-situ measurement of the machined depth during ablation of heterogeneous mate-
rials enables locally adapted processing. The approach in [78] combines a depth
measurement system based on OCT with a central wavelength of 1030 nm with a
nanosecond laser emitting at a wavelength of 1060 nm. Both beams were superposed
using a beam splitter and were guided through a Galvanometer-scanner and an F-
Theta lens. The setup allowed alternating ablation of CFRP and subsequent depth
measurements to determine the areas that require further machining [78]. Inline co-
herent imaging was achieved in [14] with a depth measurement system operating at
a wavelength of 843 nm, which was combined with a picosecond laser emitting at a
wavelength of 355 nm. Closed-loop depth-controlled micromachining allowed for
the fabrication of a spiral geometry with a depth of up to 200 pm on a heterogeneous
sample consisting of latewood with a dense cell structure and earlywood with a large
cell structure. The final topology showed a root-mean-square (RMS) deviation of
35 um/pixel from the targeted geometry. An average ablation depth per pulse of
9 um was obtained for the whole sample. The authors state that the depth obtained
with open-loop micromachining would have been 56% too shallow for areas made
from dense latewood and 67% too deep for areas made from earlywood, due to the
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different machining rates of 4 um for latewood and 14 pm for earlywood, respec-
tively [14].

1.3.1.5 Micromachining with an initially unknown value of the target
depth

The layer-accurate removal of one or several layers of a multi-layer component is a
challenge when there are production-related variations or tolerances in the manufac-
ture of the layers that can lead to deviations in the thickness of the respective layers.
Hence the target machining depth cannot be known in advance when the ablation is
meant to stop exactly between two layers. An exemplary application is the local re-
moval of the top layer of a solar cell or battery to reveal an underlying conducting
layer as the functional path [79].

Process monitoring is required for the machining of multi-layer materials when the
target depth is not known in advance, in order to detect a change of layers during
ablation and thus be able to locally adjust or stop machining. Laser-induced break-
down spectroscopy (LIBS) was e.g. used for the determination of the processed ma-
terial during laser micromachining in [79]. The emission from the plasma generated
during laser ablation was analysed by a spectrometer in order to determine the pro-
cessed material by comparing the measured spectrum with the characteristic emis-
sion lines of the respective material. The transition from carbon to copper could be
detected using this approach during micromachining of a carbon-coated copper foil.
LCI was used in a different approach to measure the depth progress during percus-
sion drilling of a bimetal coin. The bimetal coin consisted of a top layer made from
bronze with a thickness of 34 um attached to a steel substrate. The different depth
progresses measured during drilling up to a depth of 35 pm and during drilling
deeper than 35 um allowed to detect the transition from the bronze layer to the steel
substrate [66].

1.3.2 Research needs

The in-situ measurement of the local depth with LCI and OCT for closed-loop depth-
controlled machining has proven to be a suitable technique to address and master the
aforementioned challenges for the manufacture of parts produced “first time right”.



44 1 Introduction

Two promising applications for which processes to overcome the respective chal-
lenges have not yet been developed are the automated post-processing of complexly
shaped and additively manufactured metal parts and the layer-accurate removal of
components made from CFRP. Both applications and the need for research in these
applications are described below.

The first of the two applications is the automated post-processing of complexly
shaped and additively manufactured metal parts. Additive manufacturing by laser
powder bed fusion (LPBF) can be used to generate parts from slices of selectively
molten powder. The process offers high flexibility for the generation of individual-
ized and lightweight metal parts [80,81]. Post-processing is required since the LPBF
process does not allow the production of parts that are directly ready to use: The
parts have to be produced with support structures with a height of up to several mil-
limetres in order to fix the produced part to the base plate and enable the generation
of overhang structures [82]. The produced parts typically deviate from the targeted
net shape to some extent and exhibit a high surface roughness R. in the order of
10 pm to 20 um due to the layer-by-layer generation [83] and partially molten pow-
der particles adhering to the surface of the part [84]. The achievable precision is
limited by the size of the powder particles, which determine the minimum thickness
of the individual layers [85]. Post-processing of LPBF-generated parts by means of
laser micromachining therefore addresses the challenges described in sections
1.3.1.1 to 1.3.1.3. In current work on laser-based post-processing of additively man-
ufactured metal components, often only components with flat surfaces and simple
geometries are machined and only individual defects such as surface roughness are
addressed [84,86—89]. The removal of support structures is mainly done by manual
and mechanical processes such as cutting, grinding or milling, which in turn limits
the geometric freedom of the part [82] and can lead to damage in the case of thin-
walled parts due the mechanical stress of machining [90,91].

The development and investigation of a technique for the automatic post-processing
of complexly shaped LPBF-generated components is therefore desirable. The objec-
tive of this work was to investigate and demonstrate the post-processing capabilities
of depth-controlled laser micromachining monitored by OCT for LPBF-generated
metal parts with regard to reducing the surface roughness and reducing deviations
from the targeted net shape, milling of deep and complexly shaped geometries, and
removing support structures from these parts.
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The second application is the layer-accurate removal of components made from
CFRP. Structural components made from CFRP can be damaged during their service
lifetime and then need to be repaired [92]. The damaged areas are selectively re-
moved in a stepped geometry to prepare for the rebuilding process with repair plies
that precisely fit into the removed volume [93,94]. Each step of the stepped geometry
corresponds to a layer with a specific orientation of the fibres. Layer-accurate mi-
cromachining is required to maintain the structural strength of the repaired part, as
damage to an underlying layer leads to reduced adhesion of the repair plies [94]. This
means that micromachining should always stop at the interface between two layers
and not somewhere within one layer. Layer-accurate micromachining of CFRP is not
only impeded by an inhomogeneous material removal, but also by manufacturing-
related variations or tolerances in the manufacture of CFRP layers, which can lead
to variations in the thickness of the respective layers of up to £29% [95]. Hence the
target machining depth cannot be known in advance and when the ablation is meant
to stop exactly between two layers. Layer-accurate machining of CFRP parts with
thicknesses of up to several millimetres therefore addresses the challenges described
in sections 1.3.1.1, 1.3.1.4 and 1.3.1.5. A process for the automated and layer-accu-
rate machining of stepped repair geometries in CFRP by means of laser ablation has
not been successfully demonstrated until the start of this thesis.

The development and investigation of a method for the in-process detection of a
change of layers during laser micromachining of CFRP is therefore required. The
objective of this work was to develop an image-processing-based method that uses
the depth measurements generated during depth-controlled micromachining to reli-
ably detect a change of layers with unknown layer thickness, allowing machining to
be stopped at the interface of two adjacent layers for layer-accurate and stepped re-
pair geometries.
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1.4 Process strategies for high-throughput laser mill-
ing with high energy efficiency and high surface
quality

1.4.1 State of research

The outstanding precision, quality, and flexibility offered by micromachining with
ultrafast lasers make this technology competitive for many applications. Most often
it is necessary to achieve the targeted depth in a short time and thus with high
throughput to make laser micromachining economically attractive in an industrial
environment. The requirements for the desired surface quality after machining must
also be met in addition to the high throughput. The processed area and the local dif-
ference between the initial surface height and the target depth define the total mate-
rial volume to be removed. The time required to remove the material volume in turn
determines the achieved throughput.

14.1.1 Throughput and energy-efficiency in laser milling

The volume ablated by a single pulse from a Gaussian beam with a beam radius wo
and a peak fluence ¢o can be calculated by [96]

AV:LWg.(gff.mZ(?’_oj, (1.23)
4 ¢

e
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where Jefr is the effective penetration depth and ¢ the ablation threshold. The vol-
ume AV ablated by a single pulse and the pulse repetition rate fp of the laser define
the material removal rate [96]

V:AV-fp, (1.24)
provided that subsequent pulses are absorbed under the same conditions as their re-

spective previous pulse. It can be seen from Eq. (1.23) and Eq. (1.24) that the mate-
rial removal rate ¥ can be increased either by increasing the peak fluence ¢o, which
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means increasing the pulse energy Er (cf. Eq. (1.5)) or by increasing the pulse repe-
tition rate fp. The maximum available average laser power

P=fy-Ep (1.25)

therefore limits the material removal rate 7 and thus the achievable throughput by
laser micromachining, which has led to intensive efforts to optimize the energy effi-
ciency of micromachining processes in recent years [62,96,97]. Energy efficiency in
laser micromachining is often characterized by the energy-specific volume [97]

AVE:K:L. et 12[%] (1.26)
P2 ¢ Pun

which relates the achieved material removal rate to the average laser power used for
micromachining. Increasing the ablated volume by increasing the peak fluence ¢o
seems interesting due to its simplicity, but it is not optimal with respect to energy
efficiency, since a pronounced maximum is found for the energy-specific volume
AVe. Figure 1.3 illustrates this relation with the corresponding graphs for the ablated
volume per pulse AV (cf. Eq.(1.23)) and the energy-specific volume AVE
(cf. Eq. (1.26)) as a function of the peak fluence ¢o and the ratio of go/¢m. Typical
parameters for micromachining of a metal substrate were taken for this example with
a beam waist radius wo = 25 pm, an effective penetration depth defr= 10 nm, and a
threshold fluence ¢m = 0.1 J/cm? The ablated volume per pulse AV (blue dashed line)
monotonically increases with increasing peak fluence ¢o for go > ¢n. The energy-
specific volume AVE (green line) increases with increasing peak fluence ¢o until the
“optimum fluence” [97]

Poopt = e (1.27)

with regard to the maximum energy-specific volume [97]

AV max = (1.28)

6'2 ¢th
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is reached. The energy-specific volume AV decreases for go > do,opt. It is therefore
critical to choose an appropriate peak fluence for each material to achieve high en-
ergy efficiency in laser micromachining.
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Figure 1.3 Ablated volume AV per pulse (blue dashed line) and the energy-specific volume
AVg (green line) as a function of the peak fluence ¢, and the ratio of @o/¢y for the
exemplary parameters wo = 25 pm, der = 10 nm, and ¢y, = 0.1 J/em?. The optimum
fluence @ o Where the maximum energy-specific volume is reached and the maxi-
mum energy-specific volume AVg . are indicated by red dotted lines.

1.4.1.2 Surface quality in laser milling

Findings from the industrial environment show that high-quality laser milling of ho-
mogeneous materials such as silicon or metals is often associated with an average
surface roughness of about S, < 1 um after machining [98,99]. One example is the
fabrication of transmissive silicon optics for THz radiation, which require low rough-
ness to achieve low scattering and thus high transmission [100]. The highest trans-
mission of up to over 50% in the spectral range of 2.5 THz to 4.7 THz is achieved
for a surface roughness Sa < 1 um. The transmission is still in the double-digit per-
centage range with a roughness of 1 um < S, < 3 um, but decreases strongly at higher
roughness values Sa >3 um [100]. Another example is the susceptibility of metal
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surfaces to corrosion by exposition to salt fog in marine applications, where a low
and moderate corrosion rate was measured for Sa = 0.1 um and S, = 1.4 pm, respec-
tively. In contrast, a high corrosion rate was measured for the roughest surface with
Sa=5.8 um [101].

The surface morphology and thus the surface roughness obtained from laser milling
of silicon and metals with ultrashort laser pulses depends on the processing parame-
ters: The peak fluence determines the resulting surface morphology, which can range
from fine ripple structures with a spatial period in the scale of the laser wavelength
at low peak fluences to several micrometre large cones and holes at high peak flu-
ences [102—104]. In the case of silicon, additional defects such as nanoscale solidi-
fication cracks were observed at high peak fluences [105]. Another processing pa-
rameter that influences the surface morphology is the scanning speed. Irradiation of
a spot with multiple pulses within a short time causes heat accumulation
(cf. Eq. (1.12)) and can result in the formation of a bumpy surface morphology,
which increases the roughness [39,106]. Multiple scans over the machined area can
also result in the formation of a coarser surface morphology, which again corre-
sponds to higher surface roughness [10,103,106].

Smooth surfaces with low surface roughness S. <1 um and thus high quality are
generally obtained by laser milling at peak fluences in the range of the optimum
fluence ¢o.opt and a pulse overlap of Q. = 75% [39,107,108]. Machining with the op-
timum fluence @oope therefore leads not only to high energy efficiency but also to
high surface quality.

14.1.3 Strategies for high-throughput milling with ultrafast lasers at high
average laser power

The material removal rate can be increased by increasing the repetition rate fp while
machining at the optimum fluence go.opt (cf. Eq. (1.24)). Excessive heat accumulation
has to be avoided however to maintain high quality, as explained in the previous
section. A simple technique to avoid heat accumulation defects in micromachining
is to limit the number of pulses radiated to a spot and thus to limit the overlap Q. by
exceeding a critical speed of the beam as it moves over the surface of the sample
[39]. The critical speed verit can be calculated by inserting Eq. (1.16) into Eq. (1.18)
and solving for the speed, which yields
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vcrh:zlw()'(l_Qx)"fP' (129)

Scanning speeds in the order of several tens or hundreds of m/s are thus required to
maintain an overlap Q. = 75% for common beam diameters of a few tens of micro-
metres and typical repetition rates of up to tens of MHz. Galvanometer-scanners are
limited to scanning speeds of a few tens of m/s [109] when used in combination with
typical focal lengths in the range of several tens to several hundreds of millimetres
[24]. Higher scanning speeds of up to 880 m/s can be achieved with a Polygon-scan-
ner system [ 110], which is however accompanied by a reduced flexibility with regard
to the scanning strategy as compared to Galvanometer-scanners.

Another approach to increase the material removal rate is to use a laser system with
a fixed repetition rate fp and to scale to higher average powers by means of increasing
the pulse energy Er (cf. Eq. (1.25)). With common focus diameters of a few tens of
micrometres the peak fluence go however exceeds the optimum fluence for metals or
semiconductors of ¢oopt = 1 J/cm? already at a pulse energy of a few tens of uJ. Fur-
ther strategies must therefore be pursued to maintain the optimum fluence and max-
imize the removal rates with high-energy lasers:

1) Temporal splitting of the pulse energy using bursts of pulses [60,108,111,112]:
The laser pulse and thus the pulse energy Ep is temporally split into a number Nppb
of pulses with a short temporal distance in the order of one to thirty nanoseconds,
whereas each pulse has an energy of Ep/Nppv. The local fluence can be reduced by
the divider Nppb using this technique.

2) Spatial splitting of the pulse energy using beam-splitting techniques [113-115]:
The laser beam and thus the pulse energy Ep are spatially split up into a number
Nveams Of beamlets arranged in an array, whereas the pulses in each beamlet have a
pulse energy of Ep/Nveams. The arrangement and spacing between adjacent beams de-
termine whether parallel grooves or a continuous area are machined as the beams
move across the surface. The local fluence can be reduced by the divider Noeams using
this technique.

3) Spatial distribution of the pulse energy on the surface of the sample by shifting
the beam waist above or below the surface [106,116]: The pulse energy Ep is spatially
distributed by exploiting the divergence of the beam to increase its radius on the
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sample (cf. Eq. (1.2)). The local fluence can be reduced by the factor w(z)*/we? with
this technique.

4) Spatial redistribution of the pulse energy using advanced beam shaping [44,117—
119]: The pulse energy Ep is redistributed with a beam shaping element, which al-
lows for processing with arbitrary beam shapes and constant fluence distributions
(top hat) instead of Gaussian fluence distributions.

Only the implications of strategies 1) to 3) are discussed in more detail below, since
the focus of this thesis is on analytical modelling and experimental studies of the
ablation with Gaussian fluence distributions. The implications of strategy 4) are not
further discussed in this work and can be found in the work of Hdfner [44].

1.4.2 Research needs

In the following, a simple model is denoted, which takes the implications of strate-
gies 1) to 3) into account. The fluence

#(z)= 2 Ep : (1.30)
Nppb ‘Nbeams 47Z'-W(Z)

in the centre of a Gaussian beam can be adapted by the strategies 1) to 3), where z is
the axial distance of the beam waist to the processed surface. This allows to design
an energy-efficient micromachining process with a high material removal rate for a
given laser system, focusing setup and material. The total material removal rate (in-
cluding all temporally split pulses Nppb and spatially split beamlets Noeams) can be
calculated by inserting Eq. (1.23) into Eq. (1.24) and multiplying by the factors Ny
and Noeams, which yields

V(Z) :%'Wz (Z)'geff 'fP 'Nppb 'Nbeams .an [MJ (1.31)
th

The impact of the strategies on the ablation diameter of each beam can be calculated
based on Eq. (1.10) by
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dyy (2)=2-w(:)- %h{%)] | (1.32)

Figure 1.4 illustrates the consequences of the different strategies 1) to 3) on the ma-
terial removal rate V(z) (cf. Eq. (1.31), continuous lines) and the ablation diameter
davi(z) (cf. Eq. (1.32), dashed lines). Both are shown as a function of the distance z
of the beam waist to the processed surface for the typical parameters of a high-power
ultrafast laser (P =1 kW) with AL = 1030 nm, M? = 1.3, fp = 400 kHz, Er=2.5 mJ,
wo =25 pm and a material with derr= 10 nm, and ¢un = 0.1 J/cm?.

Shifting the beam waist above or below the processed surface (black lines, strat-
egy 3) to increase the beam radius w(z) and thus reduce the fluence ¢(z) requires a
large shifting distance of 27.2 mm in order to reach the maximum material removal
rate V(z) and results in a large ablation diameter of dast = 928 pm. Only large geom-
etries with a width >928 pm can therefore be micromachined using this strategy and
the exemplary parameters. The usage of a pulse burst (grey lines, strategy 1, Nppb = 5)
reduces the necessary shifting distance to 12.1 mm and the ablation diameter to
davt =415 pm and thus allows for micromachining of geometries with a smaller
width at the maximum material removal rate ¥(z). The maximum number of pulses
Nppb in the burst may have to be limited due to heat accumulation (cf. Eq. (1.12)),
e.g. when melt formation is to be avoided to maintain high surface quality. Addi-
tional process parallelisation by multiple beams (blue lines, strategy 2, Noeams = 5)
can further reduce the necessary shifting distance to 5.2 mm and can reduce the ab-
lation diameter to dwv1 = 185 um. As a consequence, the given laser system, focusing
setup, material, and targeted machining width define the strategy, which is best
suited for micromachining with a maximized removal rate. Constant material prop-
erties are assumed in this simple model, whereas experimental studies show that the
ablation threshold ¢ and effective penetration depth Jdefr can change with beam ra-
dius w(z) [120] and the number Ny of pulses in a burst [108]. Nevertheless, the
model allows for a useful estimation of the strategies and process parameters re-
quired to achieve the maximum material removal rate for a given setup and material.
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Figure 1.4 Material removal rate ¥ (continuous lines) and ablation diameter d,, (dashed lines)
as a function of the distance z of the beam waist to the processed surface for the ex-
emplary parameters 2 = 1030 nm, M? = 1.3, fp =400 kHz, Ep = 2.5 mJ, wy =25 pm,
Jer =10 nm, and ¢y, = 0.1 J/cm?.

A high material removal rate is required to reach the targeted depth in a short time.
In the past, the applicability of micromachining with ultrafast lasers has often been
limited due to the low average laser power of only a few tens of watts. This situation
has changed with recent demonstrations of ultrafast lasers with average powers in
the order of kW [121-123] or multi-kW [124]. As a consequence, several new chal-
lenges have emerged in systems engineering and process design for high-quality mi-
cromachining with ultrafast lasers at high average power, such as avoidance of air
breakdown and maintaining the optimum fluence despite the high pulse energy, as
well as minimizing heat accumulation effects during processing at high repetition
rates [17].

Figure 1.5 shows an overview of material removal rates achieved in the past few
years by micromachining of cavities with ultrafast lasers at different laser powers
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and for different materials such as metals, metal alloys and silicon. The different
symbols represent different materials and the different colours represent different
surface qualities quantified by the surface roughness Sa. The different categories of
surface roughness were chosen following the applications mentioned in the previous
section: Green symbols represent a very high surface quality and S. < 1 um, yellow
symbols represent good surface quality with 1 um < .S, <3 pum and red symbols rep-
resent low quality with S>3 um. White symbols refer to data points where no
roughness value was available in the corresponding reference. The values with the
highest material removal rate, the material removal rate at the highest energy-spe-
cific volume and the material removal rate at the lowest roughness were taken when
multiple values for material removal rates were available in a reference.
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Figure 1.5 Overview of the state of the art (in June 2022) of realized material removal rates ¥’
as a function of the average laser power P in micromachining of cavities with ultra-
short laser pulses [60,108,110-112,114,116,125-134]. The symbols represent dif-
ferent materials; the colours represent different surface qualities. No roughness data
were available for white symbols.
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High-quality surfaces with S. <1 pm obtained from micromachining of cavities in
silicon with ultrafast lasers were demonstrated for average laser powers of up to
P=6.2 W [131] and with material removal rates up to ¥~ 1 mm?*min [111]. Aver-
age laser powers of up to P =162 W were used to obtain material removal rates up
to ¥'=16.5 mm*min for micromachining of cavities in metals with a roughness
Sa <1 um [129]. The highest average power used for micromachining of metals was
P =500 W and resulted in a material removal rate of ¥=27 mm?¥/min, however,
without further characterization of the surface roughness [114]. Micromachining of
cavities in silicon or metals with an average laser power over 1 kW has not been
demonstrated prior to this thesis, although ultrafast lasers with average powers in the
range of kW have been available for a few years.

The development of process strategies for machining with ultrafast lasers in the kW-
class is desirable in order to open up further potential fields of application for laser
micromachining in the industrial environment, where the available throughput has
so far prevented the use of this technology [135-140]. The objective of this work
was to develop and demonstrate a micromachining process for high-quality surfaces
on silicon and metals using an ultrafast laser with an average power of over 1 kW to
achieve material removal rates in the range of 100 mm?®/min, as indicated by the grey
hatched area in Figure 1.5.

1.5 Summary of research needs

The research needs for laser micromachining with target depth can be summarized
as follows:

1. Development of analytical models for the calculation of the depth progress
when machining geometries with high aspect ratios (depth/width) using ul-
trashort laser pulses. These models would allow to design the process pa-
rameters prior to the laser machining process and extend the available an-
alytical models for the calculation of the depth progress of holes and
grooves from previously only shallow geometries and constant deepening
rate to deep geometries and decreasing or ceasing deepening rate.

2. Investigation of depth-controlled laser milling for two demanding applica-
tions:
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1. A method for automated post-processing of complexly shaped LPBF-
generated components by depth-controlled laser milling needs to be
developed in order to avoid manual and mechanical processes.

II. A method for the in-process detection of a change of layers during
laser milling of CFRP is required in order to enable layer-accurate ma-
chining of stepped repair geometries.

3. Scaling the throughput of high-quality laser milling of silicon and metals
using an ultrafast laser with an average power exeeding 1 kW to achieve
record-breaking material removal rates in the order of 100 mm?*/min. The
demonstration of high-quality processing while maintaining high through-
put at this elevated power level potentially opens up further fields of appli-
cation for laser micromachining in the industrial environment, where the
available throughput has so far prevented the use of this technology.

The aforementioned research needs are addressed in the following chapters of this
thesis. Chapter 2 presents two developed and experimentally verified analytical mod-
els to calculate the depth progress of percussion-drilled holes and engraved grooves
in metals. Chapter 3 presents and describes technical solutions to the challenges of
two demanding applications, such as post-processing of LPBF-generated metal com-
ponents and layer-accurate ablation of CFRP. Chapter 4 describes the processing
strategy used to demonstrate high-quality, high-throughput laser milling of silicon
and metals to a depth of up to several hundred micrometres using a 1 kW sub-pico-
second laser.



2 Development and verification of analytical
models for the depth progress during mi-
cromachining of geometries with high aspect
ratios

Section 1.2.2 described the need for research to develop analytical models to predict
the depth progress in micromachining of geometries with high aspect ratio using
ultrashort laser pulses. The following section 2.1 describes a developed and experi-
mentally verified analytical model for the calculation of the depth progress of per-
cussion-drilled holes in metals. Section 2.2 describes a developed and experimen-
tally verified analytical model for the calculation of the depth progress of engraved
grooves in metals.

2.1 Analytical model for the depth progress of percus-
sion drilling with ultrashort laser pulses

This section contains a reproduction of the published article [141]. This article is
subject to the "CC BY 4.0 Creative Commons" license (http://creativecom-
mons.org/licenses/by/4.0/). Changes to text, symbols, equations, figures and num-
bering of references have been made solely for unification and consistency in this
thesis. No changes have been made to the content.
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Abstract

A simplified analytical model is presented that predicts the depth progress during
and the final hole depth obtained by laser percussion drilling in metals with ultrashort
laser pulses. The model is based on the assumption that drilled microholes exhibit a
conical shape and that the absorbed fluence linearly increases with the depth of the
hole. The depth progress is calculated recursively based on the depth changes in-
duced by the successive pulses. The experimental validation confirms the model and
its assumptions for percussion drilling in stainless steel with picosecond pulses and
different pulse energies.

1 Introduction

For the manufacturing of parts such as dry metal forming tools with lubricant holes
[142] and spinneret nozzles for direct spinning of microfibers, efficient drilling of
several hundred of high-quality microholes is required in hardened deep drawing
tools [143] and spinnerets [8], respectively. Helical drilling with ultrashort laser
pulses is often used for a defined shaping of high-quality microholes [144—-146].
However, this approach requires special cost-intensive optics. In contrast, percussion
drilling can be performed with a simple setup and allows for efficient and productive
drilling of microholes with a high drilling rate and short breakthrough times, which
is important when several hundreds of microholes need to be drilled into one work-
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piece. Short drilling times in metals can be achieved by percussion drilling at repe-
tition rates in the range of hundreds of kHz or MHz [48,147,148]. However, the
drilling rate at high repetition rates is increased by excessive melt formation
[34,147,149] due to heat accumulation effects [38,150]. Melt formation significantly
reduces the hole quality e.g. with the formation of rims at the hole inlet [48,147,149]
and recast layers within the hole [48]. Quality reducing effects can also occur at
lower repetition rates when high fluences are used. In this case, the occurrence of a
particle-ignited plasma causes a widening of the hole entrance [151,152] and bulge
formation within the hole [49]. The excessive generation of melt and the formation
of particle-ignited plasma during laser drilling must be avoided for demanding ap-
plications such as the manufacturing of the mentioned lubricant holes in dry metal
forming tools in order to achieve high-quality microholes and maintain the specific
properties of the hardened deep drawing tool.

Conical hole geometries are formed during percussion drilling with ultrashort laser
pulses [43,47-50] as long as the thermal defects are avoided. Following Doring et
al., the evolution of the hole’s depth during percussion drilling can be divided into
three distinct phases:

In phase 1, the drilling process is mainly characterized by a high drilling rate and
results in a reproducible hole geometry. The drilling process in phase 2 is dominated
by an irregular drilling progress with gradually decreasing drilling rate and decreas-
ing reproducibility of the hole geometries. Finally, in phase 3, the drilling process is
defined by stagnation with a ceasing drilling progress [45]. Hence, each phase ex-
hibits different drilling rates and hole qualities, as described in [45] for drilling in
silicon. The three phases may be interpreted as a superposition of a regular drilling
process, that dominates in phase 1 and that continues in phase 2 and 3 but with a
decreasing depth growth with increasing number of pulses, and irregular drilling
contributions that start to become noticeable and later dominate the further depth
growth as from phase 2. Hence the evolution of the drilling depth may be described
as a sum of the drilling depth achieved with the regular process and the additional
depth generated by the irregular, i.e. unpredictable, contributions. Both contributions
come to a stop in phase 3. Drilling of reproducible and conically shaped microholes
can be achieved when the drilling process is stopped before the end of phase 1, where
the drilling is still dominated by the regular process without noticeable influence of
the irregular contributions, which led to the definition of a “quality depth limit”
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[45.,49]. An analytical model for the estimation of the quality depth limit of percus-
sion drilling with picosecond laser pulses is presented in [49]. Drilling deeper than
the quality depth limit is not efficient due to the gradually decreasing drilling rate
and stagnation in phase 2 and phase 3, respectively [45]. In addition, the depths ob-
tained in the phases 2 and 3 are increasingly affected by the irregular drilling contri-
butions. Therefore, it is essential to know the drilling rate at any time during the
percussion drilling process when efficient drilling of reproducible and conically
shaped microholes is required. Optical coherence tomography was demonstrated to
be a versatile tool for online monitoring of the ablated depth [153,154] or drilling
rate during drilling with short and ultrashort laser pulses [13]. Appropriate pro-
cessing of the OCT signals allowed for the determination of the hole depth with an
accuracy of £30 um during percussion drilling of stainless steel with nanosecond
laser pulses [155].

An analytical model for the prediction of the regular drilling progress during laser
percussion drilling through all the 3 abovementioned phases is introduced in the fol-
lowing. The model was experimentally verified using a calibrated OCT-based depth
measurement for the case of drilling of blind holes with a depth of up to 1.5 mm in
stainless steel with different pulse energies.

2 Depth progress and hole geometry of percussion-drilled microholes

The model presented in section 3 is motivated by the experimentally observed depth
progress and the resulting geometry of microholes that were percussion-drilled in
stainless steel plates using picosecond laser pulses. The experiments presented in the
following were performed in ambient atmosphere using the setup shown in Fig-
ure 2.1. The processed material was cold-rolled stainless steel of the type AISI 304.
The processing laser with a wavelength of AL = 1030 nm and a pulse duration of 8 ps
was operated at a low repetition rate of 21.4 kHz and the laser beam was circularly
polarized. Optical measurements of the depth of the holes were performed with a
Fourier-domain OCT-based system (CHRocodile 2, Precitec), which provides a
measurement rate of 70 kHz, an axial measurement range of approximately 6 mm
and an axial measurement accuracy of down to = 1 um. The processing laser beam
and the OCT probe beam were coaxially superposed by means of a dichroic mirror
(Layertec), which was HR-coated for the beam of the processing laser at a wave-
length of AL = 1030 nm and AR-coated for the OCT beam centred at a wavelength of
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Jo = 1080 nm. The beams were guided through a Galvanometer-scanner for deflec-
tion and focused by an F-Theta lens with a focal length of /= 340 mm, resulting in
focal radii of wo = 61 + 5 um for the processing laser and of 15 + 5 um for the OCT
probe beam.

Processing laser
A, = 1030 nm

Galvanometer-
scanner

OCT
Jo =1080 20 nm

Dichroic mirror
F-Theta lens

=340 mm

Workpiece

Figure 2.1 Experimental setup for the OCT-based measurement of the depth of the holes during
laser percussion drilling.

The OCT-based depth measurements were recorded during the experiments and an-
alysed after applying two numerical signal-processing filters. First, a signal-to-noise
ratio (SNR) filter was applied in order to remove noise. Second, an “increasing
depth”-filter was applied to the SNR-filtered values. This filter is based on the as-
sumption that the hole depth can only increase and not decrease by drilling with
ultrashort laser pulses and low repetition rates as shown in [13]. Hence, only the
depth values for which the newly measured depth is larger than the previously deter-
mined depth are considered. Application of both filters and linear interpolation be-
tween the depth values yields the evolution of the drilling depth as a function of the
number of incident pulses.

Figure 2.2 shows a filtered OCT-based depth measurement of the percussion drilling
progress as a function of the number of pulses (red line) for a pulse energy of
Epr =143 pJ. Six holes were drilled using the same energy Ep = 143 pJ but with dif-
ferent total numbers of pulses for the verification of the OCT-based depth measure-
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ments by means of cross-sections of the holes. The micrographs of these cross-sec-
tions of holes produced by the application of 10,000 (inset no. 1), 20,000 (inset
no. 2), 50,000 (inset no. 3), and 75,000 (inset no. 4) pulses are shown in Figure 2.2
with the corresponding depth values marked as blue squares. The light blue scale bar

represents a length of 200 pm.
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Figure 2.2 Hole depth zy, as a function of the number of applied pulses n as measured by OCT
(red curve) and as measured from micrographs of cross sections (blue quadratic data
points). The percussion drilling was performed with a pulse energy of Ep = 143 nJ
and a focal radius of wy = 61 um. Corresponding cross sections of some of the holes
drilled with 10,000 (1), 20,000 (2), 50,000 (3), and 75,000 (4) pulses are shown as
insets. The light blue scale bars with the insets represent a length of 200 um.

The hole depth measured by OCT increased with a high drilling rate during the first
approximately 34,000 pulses until a hole depth of about 530 um was reached, corre-
sponding to phase 1 of the drilling process. For higher numbers of pulses, the growth
of the depth achieved by the regular drilling process slows down and finally saturates
and the further growth of the hole is characterized by the irregular contributions in
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phase 2 and 3. A similar behaviour was found for drilling of silicon [45]. The devi-
ations between the depths measured by OCT and the depths obtained from the cross-
sections shown in the micrographs might result from inaccuracies of the OCT-based
depth measurement [155] or more probably to the inaccuracy of the grinding /pol-
ishing process used for the creation of the cross-sections. As the centre of the hole is
not easily hit during grinding and polishing, the depth determined from these cross
sections systematically yield a value that is too small. Nevertheless, the cross-sec-
tions provide important information about the shape of the hole. For percussion drill-
ing of stainless steel with picosecond pulses with a pulse energy of Ep = 143 puJ, a
focal radius of wo = 61 um, and up to a total of 75,000 pulses (inset no. 4), the conical
hole shape clearly dominates the geometry of the drilled holes, indicating a drilling
process within the “quality depth limit” [49].

3 Analytical model of the depth progress during percussion drilling of conically
shaped microholes

Based on these findings, an analytical, recursive model was derived for the calcula-
tion of the depth progress that is achieved by the regular drilling process. The recur-
sive model is based on the assumption that the hole depth zu,, after n pulses can be
calculated by

ZH,n = ZH,n—l + Zabl,n > (21)

where zu,..1 denotes the hole depth after -1 pulses, zab1.» denotes the depth ablated by
the n pulse, and n € 1, 2... N. For the shape of the hole, the simple geometrical
approximation of a cone is assumed, as illustrated in Figure 2.3. This corresponds to
the experimental results shown in Figure 2.2, where the geometry of a high-quality
hole is typically of conical shape. The radius ru of the hole’s opening drilled with a
Gaussian beam is determined by the ablation threshold fluence ¢a.n and is given by
[30,49]

Ty =Wy %-ln[ Pa0 ] , (2.2)

¢A,th
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where ¢a 0 denotes the absorbed peak fluence on the flat workpiece at the centre of
the Gaussian beam at normal incidence and wyo is the radius of the beam on the sur-

face of the workpiece.

Laser beam
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Figure 2.3 Cross section of a cone-shaped hole with an entrance radius 7y and a depth of zy,,
after the application of the n™ pulse. The absorbed fluence of the ™ pulse in the
hole is assumed to linearly increase from ¢, g, at the entrance to ¢ i, at the tip of
the hole. The corresponding ablation leads to a hole depth which is increased by the

amount Zyy , from zy .1 t0 ..

The absorbed peak fluence is given by

A-2-E,
o =38, (2.3)
W

where 4 is the material-specific absorptivity at normal incidence of a beam on a flat
surface. The absorbed ablation threshold fluence ¢am can be calculated by
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¢A,th = §et‘f 'hV ’ 24

where Jerr is the effective penetration depth of the laser beam and /v is the volume-
specific enthalpy required for complete vaporization of the material. The effective
penetration depth Jerr describes the energy transport into the material and is domi-
nated by either the optical penetration depth or electron heat diffusion length depend-
ing on the peak fluence [26]. The ablation threshold fluence decreases with increas-
ing number of pulses, also known as incubation effect. The threshold fluence de-
pends on the material-specific incubation coefficient and is lowered by a factor of
three to four from single pulses to several hundred pulses. As a result, the lowered
ablation threshold causes an increased hole radius according to Eq. (2.2). For more
than 10° pulses, a saturation of the incubation effect occurs and the ablation threshold
fluence is not decreased by further number of pulses [34]. For the sake of simplicity,
the absorbed ablation threshold fluence ¢a.u is assumed to be constant over the entire
drilling process in our model. When considering a drilling process of several tens of
thousands pulses as shown in Figure 2.2, the error caused by this simplification is
negligible.

As explained in Figure 2.3, the application of the n™ pulse in the conically shaped
hole leads to the ablation of the yellow (horizontally) hatched material. By this, the
hole depth is increased by the amount zal, from zma-1 to zia.. For the calculation of
the depth increment zabis achieved by the n™ pulse only the absorbed fluence @a s
reaching the tip of the conical hole is considered. The absorbed energy in the material
volume exponentially drops with the distance to the sample surface, resulting in the
logarithmic ablation law given by [97]

Zn = O In VA_H] 2.5)

A,th

Eq. (2.5) holds for ablation of metals with laser pulses in the picosecond range when
electron heat conduction is neglected [156]. Due to multiple reflections and diffuse
scattering within the hole, the absorbed fluence at the tip ¢an,» cannot easily be de-
termined, but raytracing simulations showed an elevated absorbed fluence near the
tip of the hole [157]. Note that ¢an. is the fluence at the tip of the hole resulting
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from the nth pulse in the geometry of the hole as given after n-1 pulses, which has a
depth of zu.1. As the most simple approximation for an elevated absorbed fluence
near the tip of the hole, a linear increase of the absorbed fluence

9 (2)=bam + (¢A,H,th —Pasm ) — (2.6)

H,n-1

along the depth z of the conically shaped hole is assumed, starting with the ablation
threshold fluence @ at the hole’s opening and ending with the fluence ¢amn.. at the
hole’s tip. This assumption is consistent with the fact, that the regular drilling process
gradually slows down with increasing depth, reaching a final limit when the absorbed
fluence is reduced to the threshold value everywhere on the hole’s wall as already
presented in [49]. The superimposed increase of the hole’s depth beyond the contri-
bution of the regular process (as noticeable in phase 2 and 3) may be attributed to
local irregularities in the hole’s geometry generating more or less random hot spots
of the incident radiation by multiple reflections in the hole [46]. At this state of the
process the ablation only occurs at the location of these hot spots and not on the
whole surface of the hole as caused by the regular process, leading to an irregular
and less reproducible drilling process during phase 2 and 3. The irregular contribu-
tions to the depth growth are not considered by the present model.

As the integral of the absorbed fluence on the surface of the hole equals the total
energy #7aus-1 + Ep absorbed in the hole,

ZHn-1 2 2
J‘ 2'”'\[”H “ZH -1

H(2) Pp(2)dz = gy - Ep 2.7
0 ZH,n-1

where

2.8)

V(Z):VH—I’H’Z
H,n—1

¢an.n is found to be
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3 NamnEp
Papn = = =2Pp > (2.9

2, 2
7T Ty '\/rH T Zun-1

where 77a1.-1 represents the overall absorptance of the n'™ pulse in the hole geometry
that is present after the (n-1)" pulse. The overall absorptance a1 is calculated
based on the model originally introduced by Gouffé [158,159] with the corrections
by Hiigel and Graf[160] and is found to be

1+(1—A)(0n1 —”‘z;j 2.10)

A-(1-0, )+0,

NaH -1 = A

where o1 is the ratio of the area of the opening of the hole to the complete surface
area of the hole including the opening, and a.1is the solid angle under which the
opening is seen from the tip of the hole. For a conical hole geometry ox-1is given by

1
0'7 == —
o 2 @2.11)
H,n-1
1+ [1+ >
Ty

and the solid angle ax-1 is given by

a, | =4-7-sin’ L arctan| ||, (2.12)
2 ZH,n-1

It is noted that the model presented here requires only two generally known laser

parameters, Ep and wo, and three material parameters, 4, derr and hv, which were
determined for different metals in [161] and [162].
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4 Experimental verification

The model for the prediction of the depth progress during percussion drilling derived
in section 3 was compared to experimental results obtained by drilling in stainless
steel with the setup outlined in section 2. The hole radius and drilling progress were
calculated from the given laser parameters, i.e. for a beam radius of wo = 61 um, and
for three different pulse energies ranging from 143 pJ to 412 pJ, which corresponds
to irradiated peak fluences ranging from 2.4 J/cm? to 7.0 J/cm?. The values published
in [162] and [163] for iron were used to calculate #v = 61 J/mm?® and are summarized
in Table 2.1. The absorptivity was taken as 4 = 0.38 [161]. The penetration depth Jetr
was used as a fit parameter. The best agreement for the whole drilling process was
achieved with Jder=20nm and yields an absorbed threshold fluence of
dam=0.12J/cm? (see Eq.(2.4)). The fitted value of the penetration depth
detr =20 nm was assumed to be constant and is consistent with published values of
the optical penetration depth of 21 nm for iron in [161] and 20 nm for stainless steel
in [26].

Material parameter Value

k
Density 7,870~5 [162]

m
Heat ity for solid i 49— 162)

eat capacity for solid iron ke K
Melting temperature 1,811 K [162]
. kJ

Latent heat of melting 247 E [162]

Evaporation temperature 3,134 K [162]

kJ
Latent heat of vaporization 6,26()@ [163]

Table 2.1 Material parameters for iron published in [162] and [163] used for calculating the vol-
ume-specific enthalpy required for complete vaporization of the material /y.

The calculated hole radius according to Eq. (2.2) for the different pulse energies
yields 61 pm for 143 pJ, 69 um for 243 pJ and 76 um for 412 pJ, respectively. The
calculated hole radii were verified using the microscope images of drilled holes with
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a number of pulses >10° to neglect the increasing hole radius due to the lowered
ablation threshold caused by the incubation effect within the first few hundreds of
pulses, which is not taken into account by our model. The calculated hole radii are
in good agreement with the measured hole radii of 63+4 um for 143 pJ, 71+4 pm
for 243 pJ and 73+3 pm for 412 pJ.

The hole depth as a function of the number of pulses for the different pulse is shown
in Figure 2.4. The solid lines correspond to the OCT-measurements, and the dotted
lines to the values calculated with the analytical model presented in section 3.
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Figure 2.4 Hole depth as a function of the number of pulses for different pulse energies as
measured by OCT (solid lines) and as predicted by the model derived in section 3

(dotted lines). Parameters: wy =61 um, 4 = 0.38, der= 20 nm, Ay = 61 J/mm?
(fam=0.12 J/em?).

The depth progress decreases with increasing number of pulses and stagnates when
the fluence in the tip ¢gan1.. converges the ablation threshold ¢am (cf. Eq. (2.5)). It
can be seen that both the depth progress and the maximum drilling depth increase
with increasing pulse energy. Drilling with the highest investigated pulse energy
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Er =412 pJ yields a maximum hole depth of >1.5 mm. The measured depth and
model predictions are in excellent agreement for the examined pulse energies. The
model only describes the drilling progress achieved by the contribution of the regular
drilling process. The calculated curves and assumptions made therefore coincide
very well with the experimental result during the first phase, where the irregular
contributions are still negligible. The minor deviations between the curves at low
numbers of pulses might result from the inaccuracy of the depth measurement [155]
or uncertainties regarding the material parameters used for the calculation, in partic-
ular the value for desr which might differ in the beginning of the drilling process when
the fluence is still far above the ablation threshold. Furthermore, an increased ab-
sorptivity was measured for surfaces covered with surface structures which occur
after a few hundred pulses [164,165] and which were also found on the bottom of
drilled holes [166]. This might lead to a faster than calculated drilling progress dur-
ing the beginning of the drilling process. The deviation between the experimental
and the theoretically predicted hole depth after a large number of pulses which is
especially observed for high pulse energies is attributed to the additional contribution
by the irregular drilling process as from phase 2, which is presumably induced by
local geometrical irregularities, which are not considered by the model. Also not
considered in the model are other physical phenomena that can influence the drilling
rate in ambient atmosphere, such as a saturated ablation plume [167] and material
redeposition [168]. Laser radiation of subsequent pulses is absorbed in the ablation
plume if the temporal distance of the irradiating pulses is smaller than the time re-
quired for dissipation of the plume. In our experiments with the pulse repetition rate
of 21.4 kHz the effect of the ablation plume is negligible as the propagation velocity
of the ablation plume is typically in the range of several hundreds of meters per sec-
ond [169,170]. Material redeposition on the walls of the hole can influence the drill-
ing rate [168] and hole geometry [171]. Geometrical deviations from the conical
shape can also be caused by reflections from the walls of the hole resulting in a
channel formation at the opening of the hole [172]. However, the conical hole shape
clearly dominates the geometry of the drilled holes as shown by the cross-sections
in Figure 2.2.

Hence, the investigations show that the presented model with the assumed conical
hole geometry is suitable for the correct calculation of the hole radius and hole depth
as achieved by the regular drilling process which dominates the first phase of per-
cussion drilling. Knowing the absorptivity A4, the effective penetration depth detr and
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the evaporation enthalpy Av (or hence, gam = 0.12 J/em?), the pulse energy Er and
the beam radius wo, the model allows for the prediction of the depth of reproducible
conical holes as a function of the applied number of pulses.

5 Conclusion

An analytical model for the prediction of the depth progress and hole depth of coni-
cally shaped holes which are percussion drilled in metals with ultrashort laser pulses
was derived. The model predicts the progress of the drilling depth for percussion-
drilled holes in stainless steel with picosecond pulses up to the quality depth limit.
The corresponding assumptions for the model were experimentally validated for dif-
ferent laser parameters using OCT-based depth measurements and cross sections of
the drilled holes.
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Abstract

An analytical model is presented that allows predicting the progress and the final
depth obtained by laser micromachining of grooves in metals with ultrashort laser
pulses. The model assumes that micromachined grooves feature a V-shaped geome-
try and that the fluence absorbed along the walls is distributed with a linear increase
from the edge to the tip of the groove. The depth progress of the processed groove is
recursively calculated based on the depth increments induced by successive scans of
the laser beam along the groove. The experimental validation confirms the model
and its assumptions for micromachining of grooves in a Ti-alloy with femtosecond
pulses and different pulse energies, repetition rates, scanning speeds and number of
scans.

1 Introduction

Laser micromachining of grooves with ultrashort laser pulses is a versatile process
that can be applied for various applications, such as cutting through thin metal foils
[174], dicing silicon wafers [54], engraving implants made of titanium alloy to en-
hance osseointegration [175] or engraving cutting tools to reduce the force and fric-
tion in mechanical machining of aluminium [9]. In micromachining processes with
pulsed lasers, a relative movement between the laser beam and the workpiece is cre-
ated either by deflecting the laser beam over the processed surface by means of a
scanner or by moving the workpiece past the static beam by means of a linear axis.
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In both cases, multiple scans over the same contour are typically performed to fabri-
cate grooves with a required depth. The dimensions of the micromachined grooves,
i.e., the depth and width or their aspect ratio (depth/width), have a major influence
on the performance of the respective application: A complete cut through the sample
is required in the cutting of thin metal sheets [174]. In open microfluidic systems, a
higher flow velocity of liquids is achieved for grooves with a higher aspect ratio
[176,177]. Grooves with higher aspect ratios also enhanced the performance of en-
graved cutting tools in mechanical machining [9].

The laser micromachined grooves with depths of a few tens up to several hundreds
of micrometres typically feature a V-shaped geometry in metals [55,58], semicon-
ductors [53,54], dielectrics [178] and polymers [179]. The resulting width of the
grooves mainly depends on the diameter of the laser beam, the incident peak fluence
and the material-specific ablation threshold [52]. Experimental results revealed the
influence of various processing parameters on the resulting depth of a microm-
achined groove, such as the pulse energy or the irradiated peak fluence, the scanning
speed, the number of scans over the surface [53—55] and the ablation threshold [52].
The groove’s depth can be increased by multiple scans, whereas high pulse energies
[54,55] and low scanning speeds [53] result in a higher increase in the depth for each
scan. The progress of the depth of micromachined grooves exhibited a linear corre-
lation with the number of scans for cutting through thin metal foils with a thickness
of up to 50 pm [174] and for micromachining of shallow grooves with a depth of up
to a few tens of micrometres in semiconductors [53]. A constant deepening rate of
laser-processed grooves was achieved up to an aspect ratio (depth/width) of approx-
imately 1.5 [177], which corresponds to the phase of constant depth progress ob-
served in areal micromachining of metals [59] and silicon [180], where the aspect
ratio is typically <1. The depth progress gradually slows down with increasing depth
of the groove [53,55,177], reaching a limit when the absorbed fluence is reduced to
the value of the ablation threshold everywhere on the walls of the groove [54]. This
behaviour corresponds to the one found for percussion drilling of microholes, where
a decreasing rate of the depth progress was observed with the increasing number of
applied pulses, which finally stagnated at the maximum reachable depth [45,141]. It
is not energy-efficient to process until this maximum depth is reached since the rate
of the depth progress decreases despite the constant applied average power.
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The in situ measurement of the current depth during processing has already been
demonstrated using optical coherence tomography for percussion drilling of micro-
holes [13,141] and for areal micromachining [153,154]. This approach is also suita-
ble for the production of grooves, as shown in [177] for groove depths up to 500 pm.
The prediction of the reachable depth of the grooves or the estimate of the rate of the
depth progress during laser micromachining, which would allow for the design of an
efficient and productive machining process, has proven to be difficult due to the in-
fluence and interplay of various laser parameters, scanning parameters and material
properties, including the groove’s depth itself. A numerical model for the calculation
of the groove geometry is proposed in [181], but the model does not consider the
increased absorptance in V-shaped grooves that is caused by multiple reflections,
which were observed in raytracing simulations [61].

A simplified analytical model for the prediction of the depth progress in laser ma-
chining of V-shaped grooves with ultrashort laser pulses is therefore introduced in
the following section. The model was experimentally verified for the case of laser
micromachining of grooves with a depth of up to 624*%% pm in the Ti-alloy Ti6Al4V

with different pulse energies, repetition rates, scanning speeds and number of scans.

2 Analytical model for the prediction of the depth and width of laser microm-
achined grooves

An analytical, recursive model for the calculation of the depth progress of laser-pro-
cessed V-shaped grooves in metals can be derived in analogy to the model for per-
cussion drilling of conical microholes as presented in [141]. Figure 2.5 illustrates the
assumptions made for the model as seen by the cross section in the y—z-plane per-
pendicular to the scanning direction x.
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Figure 2.5 V-shaped groove produced by a pulsed laser beam which is scanned along the x-axis.
The Gaussian distribution of the fluence of the individual laser pulses is shown by
the red curve. The width of the groove is denoted by dg = 2 r,), which corresponds to

two times the ablation radius r,,. The incrementally increased depth of the groove is
denoted by zg ., where m is the number of applied scans and zs ,, = zG - ZG -1 1S the

incremental increase in the depth produced by the mth scan along the groove. The
cross section of the volume ablated during the mth scan is highlighted by the red
hatched cross section.

The pulses of a Gaussian laser beam are irradiated onto the metal sample (the grey
hatched cross section) at normal incidence (i.e., in the z-direction). At the surface of

the workpiece, the transversal distribution of the incident fluence (red curve) is given
by
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¢(x,y)=¢0-exp[—2 (X—xc)2+(y—yc)2j (2.13)

w

where x — xc and y - y. are the distances from the centre of the laser beam located at
(xc, ye), wo is the beam radius and ¢o denotes the peak fluence, which is given by

2-E
gy = =22, (2.14)

- Wy

where Ep is the pulse energy. At normal incidence, material removal by ablation on
the surface occurs when the locally absorbed fluence 4 - ¢(y), where 4 is the mate-
rial-specific absorptivity at the wavelength of the incident radiation, exceeds the
value

¢A,m = 5eff “hy (2.15)

of the ablation threshold, where Jesr denotes the effective penetration depth of the
absorbed energy density and /v denotes the volume-specific enthalpy required for
heating and complete vaporization of the material. The effective penetration depth
Oefr is dominated either by the optical penetration depth or by the electron heat diffu-
sion length, depending on the peak fluence of the incident radiation [26]. Addition-
ally, Jetr and thus ¢am decrease with increasing number of pulses applied to the sur-
face [36] due to the so-called incubation effect [33]. The incubation effect saturates
after about 100 pulses, whereupon the effective penetration depth and the ablation
threshold are not significantly decreased further by additional pulses [36]. For the
sake of simplicity, the energy penetration depth Jerr and thus the ablation threshold
#am are assumed to be constant over the entire process for the presented analytical
model. The error caused by this simplification during the first 100 pulses is negligi-
ble as typically, more than several thousands of pulses are applied to each location
for the production of laser machined grooves.

The width of the groove dc resulting from material removal corresponds to two times
the ablation radius 71 and is calculated by [141]
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dg =21y = 2wy~ |Son| 200 (2.16)
2 ¢A,th

since no ablation can occur at the locations [y| > r. where the fluence absorbed on
the surface of the workpiece is lower than the ablation threshold. It is implicitly
premised here that the spatial overlap of consecutive pulses along the scan path in
the x-direction is sufficiently large to ensure a constant width of the groove. The
spatial pulse overlap Q. is defined by

0 =1-L (2.17)
2wy
where
v
D, =—= (2.18)
Jp

denotes the spatial offset between the impact locations of two consecutive pulses, vy
is the scanning speed and fp is the pulse repetition rate. A constant groove width dg
is typically achieved with a spatial pulse overlap ranging from 30% to 95% [54].

The proposed recursive model is based on the assumption that the groove depth zg,m
after m € 1, 2... M scans can be calculated by

(2.19)

ZGm = ZGm-1 T Zsm

where zg.»-1 denotes the groove depth after m-1 scans and zs,» denotes the depth ab-
lated by the mth scan (cf. Figure 2.5). The overall absorptance #ac resulting from
multiple reflections inside the V-shaped groove may be calculated assuming specular
reflections of a ray, which is incident in z-direction and is found to be [160]

77A,G (dG ’ZG,m—l ) =1- (1 - A)NR (dG ’ZG,”Fl) (220)
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where Nr denotes the number of reflections of the ray until it leaves the groove again.
This number of reflections depends on the aspect ratio of the V-shaped groove and
is given by [160]

Ng (dG’ZG,m—l): z _l > 2.21)

2
2 -arctan diG
2 ZG,mfl

where [ ] is the rounding up function.

The energy dEam(x;j) absorbed from one single pulse of a Gaussian laser beam during
the mth scan along the groove at the location x in a stripe with the width dx inside
the groove between the edges at y = +dc/2 amounts to

“% (x=x, )+
dEA,m,j(x):dx' _[ UA,G(dGJZG,m—l)'¢O'eXp —2+ dy (222)

7d% Wo

where xc; = - dx is the location of the beam axis along the x-axis at the time at which
the jth pulse hits the workpiece and where j € Z and y. was set to zero for the beam,
which is centred on the groove.

The overall absorptance #7a.6(da, z.m-1) only defines the amount of energy dEam(x)
absorbed in the groove but does not specify the transversal distribution of the fluence
in the y—z-plane (cf. Figure 2.5). As shown by raytracing simulations of V-shaped
capillaries in [61], the effect of multiple reflections causes an elevated absorbed flu-
ence near the tip of the groove. As a simple approximation for the transversal distri-
bution of the absorbed fluence in the groove, it is assumed in the following that the
absorbed fluence linearly increases with the depth along the sidewalls of the V-
shaped groove in the y-z-plane. In analogy to the model presented for percussion
drilling [141] and assuming that multiple reflections only occur normal to the axis
of the groove, the distribution of the absorbed fluence at a given location x along the
groove is assumed to start with ¢am at the edge of the groove (at y = +ds/2) and end
with @a.c.m(x) at the tip of the groove (y = y. = 0). With this assumption, the energy
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dEamj(x) absorbed at the location x from a single pulse j in a stripe of width dx
amounts to

dE, . ; (x)=dx-\Jd% +4-2¢,,, 4 (MJ (2.23)

where /d& +4- Zé,m—l is the length of the two sidewalls together measured in the

y-z-plane (cf. Figure 2.5). As both Eq. (2.22) and Eq. (2.23) describe the same en-
ergy, it follows that

- (—dé +4'Z(2},m—1 '(¢A,th +¢AZ,G,m,j (X)J =dv-npg (dG’ZG,m—l)'¢0
d
_2.(x_xc )2 % -2. 2
. v ed) Y
exp 5 j exp >— .

o 7d(/ "o
2

Inserting Eq. (2.14) and replacing the integral with \/7 wy -erf [ \/, ] , where
"o

erf is the well-known error function, one finds that the fluence deposited at the tip of
the groove with the depth zg»-1 at the location x by the jth pulse during the mth scan
is given by

2.2 UAG(dG:ZGm 1) EP dg
¢A,G,m,j(x) \/7
Jr- W - 1/dG+4 sz 1 2wy
—2-(x—xCJ)2

OXp| —————— |~ Pam-
Wo

(2.24)

Figure 2.6 shows a sequence of distributions of the fluence @ac.m(x) with a spatial
offset of p. each absorbed at the tip of the groove around an arbitrary point xo. For
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the sake of clarity, the figure is divided into two parts showing the pulses with j <0
in Figure 2.6 a) and the pulses with j > 0 in Figure 2.6 b). The pulses are numbered
in such a way that the beam axis coincides with xo at the moment when the Oth pulse
hits the workpiece (xc.0 = x0). Considering this diagram, it becomes evident that from
the perspective of a point (x = xo, y = 0) located at xo somewhere along the centre line
of the groove, the individual pulses of a scan can only contribute to the ablation of
the groove at this point xo as long as the fluence absorbed at the tip ¢a.G.m(x0) > dam
exceeds the ablation threshold ¢. The fluence that is absorbed at the tip of the groove
from each of the pulses j of one scan (withj=...,-3,-2,-1,0, 1,2, 3, ...) at the lo-
cation x = xo is given by the intersection of the fluence distribution ¢a G.»(x) with the
ordinate at x = xo, as indicated by the coloured small arrows in Figure 2.6.

RN S N
a) WA b) G
NN y N N
¢A‘G.méx) b i " P GmfX
/W ‘
/1 ‘ { \¢A"ﬂL ..................
1-p)¥o X
2°p,
3:p, 3-p,
jabLm Py jab].m * Px
<> <+—>

Figure 2.6 Absorbed fluence distributions ¢ g .;(x) along the x axis at y = 0 of the incident
pulses a) fromj =-3 toj = 0 and b) fromj = 0 to j = 3. The coloured small arrows in-
dicate the absorbed fluence at the location x,. The intersection of the fluence distribu-
tions ¢a g,m,(x) with the ablation threshold ¢, determines the maximum number of
pulses jabi,» contributing to ablation in this direction along the x axis.

In the example depicted in Figure 2.6, only the pulses from j = -2 to j = 2 contribute
to material ablation at (x = xo, y = 0), as only their fluences ¢ac.m(x0) exceed the
ablation threshold ¢m, whose value is indicated by the black dotted line. The inter-
section ¢a.Gm(x) = javlm * Px) = ¢am of the fluence distribution @a..mj(x) with the ab-
lation threshold @am determines the maximum number of pulses jabi» contributing to
ablation in this direction. Using Eq. (2.24) and solving for jabL» yields
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\/—77 dg,z Ep -erf
W |1 AG(G Gml) P \/7W0

jabl,m =—-|=In
Py |2 ¢A,th'\/;'wo'\/d(2}+4'ZG,m—1

(2.25)

As a result, the depth ablated by the mth scan zs.. as seen by the spot x = xo located
on the centre line of the groove corresponds to the accumulated depth ablated by the

pulses j = —L jabl,mJ to j= L jabl,mJ and can be calculated by

Ljabl,mJ
Zsm = Z Zabl,m,j(x) (2.26)

m
./:’Ljabl,n7J

where L J means rounding off and za1.m,(x) denotes the depth ablated by the pulse j

during the mth scan. According to the logarithmic ablation law [25,36], the depth
increment ablated by a single pulse is given by

Zablm, j (¥)=0ur -lnﬁﬂz;\”—th(x)} (2.27)

In the present model, a constant absorptance 7a.G (dc, zG.m-1) as given by Eq. (2.20)
and Eq. (2.21) is assumed during one scan over the groove. This induces a negligible
error since 7a.c changes very slowly with an increasing number m of scans as long
as zs,m << da, which is typically the case in micromachining processes with a reason-
able pulse overlap Q. in the range of 30-95%.

With the above equations, the progress of the increasing groove depth zg» can be
recursively calculated as a function of the number m of scans. A useful way to pro-
ceed is by starting with the calculation of the constant parameters that are not affected
by the recursive calculation, such as the spatial offset px between the impact locations
of two consecutive pulses using Eq. (2.18). Furthermore, the peak fluence ¢o and
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ablation threshold ¢a.n can be calculated with Eq. (2.14) and Eq. (2.15), respectively,
in order to determine the width of the groove dc using Eq. (2.16). With the first scan
(m=1) at the beginning of the recursive calculation, a very small value should be
chosen for the initial groove depth, e.g., zG,0 = 1 nm (zc,0 # 0), so as not to divide by
0 in the subsequent calculation of the absorptance 74,6 (da, zc,0) in Eq. (2.20) and
Eq. (2.21). Then, the maximum number of pulses jabni,1 contributing to ablation in
each direction is calculated using Eq. (2.25), followed by the calculation of the flu-
ence ¢a.c,1,(x) deposited at the tip of the groove with Eq. (2.24) for each contributing
pulse j during this first scan. The depth increment zab1,1,/(x) ablated by each pulse j is
calculated using Eq. (2.27) and accumulated according to Eq. (2.26). Then, the ac-
cumulated depth of the first scan zs1 is added to the initial groove depth zg as given
by Eq. (2.19). The calculation of the absorptance #a.G (da, za,1) of the groove with
increased depth zg,1 starts the second loop of the recursive calculation. This proce-
dure must be repeated m times to receive the groove depth zg,» after micromachining
with m scans.

The absorbed fluence ¢a.cm(x) at the tip of the groove decreases with increasing

groove depth due to the increasing length of the sidewalls ‘/dé +4- zé,mfl . This

reduction is partially compensated by an increased absorptance #a.G (da, zG.m-1) due
to the increasing number Nr of reflections within the groove (cf Eq. (2.20) and
Eq. (2.21)). The maximum attainable groove depth zG max obtained after m — oo scans
is reached when the fluence ¢acmj(x =xc) at the tip of the V-shaped groove con-
verges to the value of the ablation threshold ¢u. The maximum groove depth zG.max
can therefore be found with Eq. (2.24) by setting ¢a.c.m,(x = xc) = ¢, and solving for
zG,max, Which yields

2 2 2
_ NG Ep -erf( dg ] dcz‘, (2.28)

where #7a.6.» = 1.6 (da, zG»-1) denotes the absorptance of a groove micromachined
with oo-1 scans. As the absorptance, in turn, depends on the groove depth zGm-1 (cf.
Eq. (2.20) and Eq. (2.21)), the maximum groove depth zGmax cannot be calculated
directly but has to be found by a recursive calculation using Eq. (2.19). Assuming a



2.2 Analytical model for the depth progress during laser micromachining of V-
shaped grooves 83

high aspect ratio zmax/dc of the final groove, the absorptance can, however, be ap-
proximated to be #7a6» =1, and the maximum achievable groove depth zGmax ob-
tained with a given parameter set can directly be estimated using Eq. (2.28) by set-
ting #ace= 1. Eq. (2.28) also shows that the maximum achievable groove depth
does neither depend on the repetition rate fp nor on the scanning parameters such as
the scanning speed v» and that - for a given beam radius wo and with the material-
specific value of ¢am - it can only by increased by increasing the pulse energy Ep. It
is noted that the model for the calculation of the depth progress presented in this
section only requires five generally known laser and scanning parameters, namely
the pulse energy Ep, the repetition rate fp, the radius wo of the laser beam, the scanning
speed vx, and the number of scans m, as well as the three material parameters, ab-
sorptivity A4, energy penetration depth Jer, and the enthalpy Av for heating and com-
plete vaporization of the material.

3 Experimental verification of the analytical model

The model for the prediction of the depth and width of laser micromachined grooves
derived in the previous section was compared to experimental results obtained by
micromachining samples with a size of 50 x 50 mm? and a thickness of 1 mm made
of Ti6Al4V (ASTM Grade 5), a Ti-alloy often used in the aerospace industry and for
biomechanical applications due to the high specific strength, corrosion resistance
and biocompatibility. The ultrafast laser system Pharos from Light Conversion with
a wavelength of 1030 nm was used for micromachining. The laser emitted pulses
with a pulse duration of 260 fs. The circularly polarized laser beam with a Gaussian
intensity distribution had a beam propagation factor of M*<1.3. The beam was
scanned over the surface of the samples by means of a Galvanometer scanner (Scan-
lab, intelliSCAN 30) and was focused by an F-Theta lens (Sill Optics,
S4LFT1330/328) with a focal length of 340 mm, resulting in a focal radius of
wo = 55£5 um. The focus position was always set on the surface of the samples.
Grooves with a length of 10 mm to 35 mm were micromachined in the Ti-samples
with different pulse energies Ep, repetition rates fp, scanning speeds vx and number
of scans m, as summarized in Table 2.2. The spatial offset p. of the impact locations
of two consecutive pulses and the corresponding pulse overlap Q. were calculated
according to Eq. (2.18) and Eq. (2.17), respectively.



84 2 Development and verification of analytical models for
the depth progress during micromachining of geometries with high aspect ratios

Pin | Epin | ¢oin fein | win | pyin | Q Number of
W wJ J/em? kHz m/s um scans m
Pl | 9.05 | 181 3.81 50 1.2 24 | 78% | 300...10000
P2 | 345 69 1.45 50 1.2 24 | 78% | 300...10000
P3 | 6.90 69 1.45 100 24 24 | 78% | 600...20000
P4 | 3.45 69 1.45 50 24 48 | 56% | 600...20000
P5 | 3.45 69 1.45 50 0.6 12 | 89% 150...5000

Table 2.2 Sets of parameters as used for micromachining of grooves with different depths and
widths.

After micromachining, the samples were cut perpendicular to the grooves (y-z-
plane), and cross sections were prepared by grinding and polishing in order to inves-
tigate the shape of the grooves and measure their depth and width using an optical
microscope (Leica, DM6 M). Figure 2.7 shows the cross sections obtained with the
parameter set P1 (cf. Table 2.2).

m =600 |m=800 = m=2000 | m=4000
140 pm 137 pm 4 1 143 pm
<> <> < >

Figure 2.7 Cross sections of grooves micromachined in Ti6Al4V with the parameter set P1. The
depth and width of each groove are indicated by a yellow double arrow and a green
double arrow, respectively.

Five grooves were machined with each of the parameter sets listed in Table 2.2. The
measured values of the depth and width of the five grooves from each parameter set
were used for averaging and calculating the maximum and minimum deviation. As
expected from theory, the width of the groove remained constant at the value of
ds = 138"} pm independent of the number of scans, which is also in good agreement
with the results shown in [54]. The V-shape clearly dominates the shape of the shown

grooves for m > 800. Deviations from the V-shape can be seen for m =300 and
m = 600 due to rough structures at the bottom of the grooves. Bending of the tip of
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the groove occurred for m = 10000, which was also observed in [55] for microm-
achining of deep grooves in a Ni-alloy and drilling of deep microholes in CVD dia-
mond [182]. The cause for the bending of the tip has not been conclusively clarified
yet, but a polarization-dependent behaviour was found in [182].

The material parameters for titanium published in [162,183] were used for the cal-
culation of the volume-specific enthalpy of v =47.1 J/mm?, which is required to
heat and vaporize the material. The values are listed in Table 2.3. The absorptivity
of titanium at normal incidence and at a wavelength of 1030 nm was set to 4 =0.51
[184]. The effective penetration depth was used as a fit parameter. A good agreement
between the calculated and the experimental results was found with derr= 30 nm.
This value corresponds to an absorbed threshold fluence of ¢am=0.14 J/cm?
(cf. Eq. (2.15)). The fitted value of defr = 30 nm is consistent with experimentally de-
termined values of the optical penetration depth of 26 nm for Ti6Al4V [185] and
30 nm for titanium [26].

Material parameter Value
k
Density 4506 —=- [162]
m
Heat capacity for solid titanium | 523 —— [162]
eat capacity for solid titanium ke K
Melting temperature 1668°C [162]
. kJ
Latent heat of melting 440 k_g [183]
Vaporisation temperature 3287°C[162]
. kJ
Latent heat of vaporisation 8305 k_g [183]

Table 2.3 Material properties of titanium, as published in [162,183] used for the calculation of the
volume-specific enthalpy /4y for heating and vaporization.

The groove widths are given by Eq. (2.16) for the peak fluences of 3.81 J/em? (P1)
and 1.45 J/em? (P2) and yield dc = 126 um and ds = 100 um, respectively. The ex-
perimentally determined widths of 1387 um (P1) and 113*} um (P2) are slightly
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larger. The moderate deviations of less than 15% may be explained by the fact that
no incubation effect is taken into account in the model.

The progress of the groove depth zc,» as a function of the number m of scans was
recursively calculated as described above. The calculations are compared to the ex-
perimental results in Figure 2.8. The groove depths as calculated by the model de-
rived in the previous section and as measured from the cross sections for the different
parameter combinations P1-P5 (cf. Table 2.2) are represented in different colours
with dotted lines and data points, respectively. The value of the data points corre-
sponds to the average values measured from up to five grooves micromachined with
identical parameters. The error bars represent the deviation to the maximum and
minimum measured groove depth of each parameter set.
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Figure 2.8 Calculated groove depth (dotted lines, “Model”) and measured groove depth (data
points, “Measured”) as a function of the number of scans for grooves micromachined
in Ti6A14V using the different parameter sets as given in Table 2.2.

Up to an aspect ratio (depth/width) of zc/dc = 1.5, the measured groove depth in-
creases almost linearly with the number of scans. The progress of the depth is found
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to slow down for aspect ratios beyond zc/dc > 1.5. At constant repetition rate fp and
scanning speed vy, higher depth progress and deeper grooves were achieved for
higher pulse energies (cf. P1 and P2). For constant pulse energy Ep and constant
pulse overlap Qx, the groove depth as a function of number of scans is similar (cf. P2
and P3). However, the net processing time is divided in half for P3 in comparison to
P2 due to double the scanning speed vx at a twofold repetition rate fp. At constant
pulse energy Er and constant repetition rate fp, higher depth progress is achieved with
lower scanning speeds v (cf. P3, P4 and P5). The relations observed in this work
regarding the depth progress in micromachining of grooves in Ti6Al4V confirm the
observations made for semiconductors in [53,54] and for a Ni-alloy in [55]: The
groove depth increases with increasing number of scans, and at high pulse energies
and low scanning speeds, a greater increase in depth was observed with each scan.
The maximum groove depth of 62473 pm was achieved with the highest investi-

gated pulse energy Ep = 181 pJ and the highest number of scans m = 10000 for this
parameter combination (P1). The maximum measured groove depth for a constant
pulse energy Er = 69 pJ and different scanning parameters (from P2 to P5) is in the
range of 306", um.

The groove depths as calculated by the model (dotted lines, “Model”) and as meas-
ured by the cross sections with the optical microscope (data points, “Measured’) are
in very good agreement for the different parameter combinations and for the different
number of scans. The depth progress predicted by the model decreases with increas-
ing number of scans and stagnates when the fluence in the tip converges the ablation
threshold, which corresponds well with the results from [54]. As a result, the calcu-
lated groove depths as a function of the number of scans for a constant pulse energy
Epr =69 pJ, but micromachined with different scanning parameters (from P2 to P5)
converge to the same maximum groove depth, which agrees well with the theoretical
prediction of the model of 326 um calculated by Eq. (2.28) for 7a.c.» = 1. Deviations
from calculation and measurement might result from uncertainties regarding the ma-
terial parameters used for the calculation, in particular the fitted value for the effec-
tive penetration depth def, or from deviations of the assumed ideal V-shape, as shown
before in Figure 2.7 for m = 10000, with the bending of the tip. Complete vaporiza-
tion is assumed in the proposed analytical model, whereas additional effects such as
melting and spallation can cause a deviating process enthalpy and thus a different
ablation rate [27].
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Nevertheless, for a broad range of laser and scanning parameters, the V-shape and
calculated groove dimensions by the model correspond to the shape and groove di-
mensions as measured by the cross sections shown in Figure 2.9 for some of the
grooves from P1 to P5 and different number of scans. The coloured triangles were
dimensioned according to the groove depth zc and groove width da, as calculated by
the model derived in the previous section.

a)P1, m= 1500 gb) P2, m = 10000fc) P3, m = 8000 §d) P4, m = 8000 f ¢) P5, m = 500(

Zf"y 100 um

Figure 2.9 Cross sections of grooves micromachined in Ti6Al4V with a) P1, m = 1500, b) P2,
m = 10000, ¢) P3, m = 8000, d) P4, m = 8000, and e) PS5, m = 5000. An isosceles tri-
angle with the dimensions of the calculated depth and width of the corresponding
groove using the model presented in section 2 is inserted for each parameter set in the
respective colour.

Knowing the laser parameters Ep and fp, the scanning speed vx and beam radius wo,
and the three material parameters 4, derr and Av, the model allows for the prediction
of the groove dimensions as a function of the number of scans m and maximum
achievable groove depth.

4 Conclusions

An analytical model for the prediction of the depth and width of V-shaped grooves
in metals micromachined with ultrashort laser pulses was derived. The model pre-
dicts the progress of the micromachining depth for V-shaped grooves in a Ti-alloy
with ultrashort laser pulses as a function of laser parameters, scanning parameters
and material parameters. The corresponding assumptions for the model were exper-
imentally validated for different pulse energies, repetition rates, scanning speeds and
number of scans using cross sections and optical microscopy. The analytical model
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derived in our paper provides a useful tool for the estimation of the groove dimen-
sions, process windows of micromachining with high depth progress and the maxi-
mum achievable groove depth.
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3 Investigation of depth-controlled laser milling
for reliably achieving the target depth in ad-
vanced applications

Section 1.3.2 highlighted the need for research on depth-controlled laser milling to
reliably achieve the targeted depth in two demanding applications. Section 3.1 pre-
sents and describes post-processing of depth-controlled laser milling with ultrashort
laser pulses of LPBF-generated aluminium parts to reduce the surface roughness and
the deviations from the targeted net shape. Additional results with regard to the mill-
ing of deep and complex-shaped structures and removal of support structures are
reported on in section 3.2. Section 3.3 presents and describes a method based on im-
age processing that was developed for layer-accurate laser milling of stepped repair
geometries in CFRP parts.

3.1 High-quality net shape geometries from additively
manufactured parts using closed-loop controlled
ablation with ultrashort laser pulses

This section contains a reproduction of the published article [153]. This article is
subject to the "CC BY 4.0 Creative Commons" license (http://creativecom-
mons.org/licenses/by/4.0/). Changes to text, symbols, equations, figures and num-
bering of references have been made solely for unification and consistency in this
thesis. No changes have been made to the content.
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Abstract

Additively manufactured parts typically deviate to some extent from the targeted net
shape and exhibit high surface roughness due to the size of the powder particles that
determines the minimum thickness of the individual slices and due to partially mol-
ten powder particles adhering on the surface. Optical coherence tomography (OCT)-
based measurements and closed-loop controlled ablation with ultrashort laser pulses
were utilized for the precise positioning of the LPBF-generated aluminium parts and
for post-processing by selective laser ablation of the excessive material. As a result,
high-quality net shape geometries were achieved with surface roughness, and devi-
ation from the targeted net shape geometry reduced by 67% and 63%, respectively.

1 Introduction

Additive Manufacturing comprises a wide range of different manufacturing pro-
cesses. With laser powder bed fusion (LPBF) complex metallic parts are generated
from slices of selectively molten powder. The process offers a high flexibility with
respect to the generation of highly individualized parts, bionic shapes, and light-
weight construction [80,81]. The produced parts, however, typically deviate from
the targeted net shape to some extent and exhibit high surface roughness values Ra
in the order of 10 to 20 um due to partially molten powder [84], build orientation,
non-ideal process parameters, material shrinkage and the staircase effect [83]. In par-
ticular the staircase effect limits the precision of the manufactured parts, while the
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size of the powder particles determines the minimum thickness of the individual
slices [85].

In order to improve precision and surface quality, different post-processing tech-
niques and approaches have been investigated [84,85]. Laser-based approaches such
as laser polishing or laser ablation have the advantage of avoiding significant me-
chanical impact on the post-processed parts. Laser polishing utilizes laser beam melt-
ing of the part’s surface in order to smoothen the surface roughness by material flow.
With this technique the roughness of LPBF parts manufactured from AlSilOMg
powder could be reduced by about 92% to R. = 0.66 um by scanning the surface with
a cw-laser, but the shape of the surface topography remained wavy [89]. Waviness
and roughness can be further reduced with adapted scanning strategies, e.g. multiple
scans with different scanning angles. However, repetitive remelting of the surface
layer by laser polishing causes the formation of a growing heat affected zone [87].
This effect can be avoided using laser ablation with short or ultrashort laser pulses,
thanks to the reduced thermal load outside of the ablation zone. Laser ablation with
a ns-laser allowed to reduce the roughness R. of LPBF-generated steel parts from
19 um to 5 um and demonstrated that the roughness decreases with an increasing
number of scans [86]. An approach using a fs-laser and a CCD-based imaging system
to control the beam position during the ablation of LPBF-generated parts is presented
in [88]. Ablation of multiple layers with adapted focal position allowed to remove
most of the powder particles on the surface and reduced the roughness R. from 22 um
to below 3 um. Furthermore, the circularity of holes that were manufactured in the
LPBF process was improved by the removal of excessive material.

Laser ablation cannot only be used to reduce surface roughness, but also to change
the macroscopic geometry of the parts by an automated process by using optical co-
herence tomography (OCT) in combination with a Galvanometer-scanner in order to
measure the actual geometry of the post-processed part and determine where further
ablation is required [186]. The integration of the OCT-based measurements into a
closed-loop control allowed the automated machining of a fabric texture on the orig-
inal flat steel surface and the reduction of surface roughness compared to open-loop
control. Webster et al. utilized a similar setup but with fixed optics for automated
laser micromachining of heterogeneous materials, e.g. bone and wood. As a result, a
remaining root-mean-square (RMS) deviation of the machined depth compared to
the designed depth of 14 um/pixel for bone and 35 pm/pixel for wood could be
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achieved for a spiral-shaped geometry [14]. The suitability of OCT-based closed-
loop controlled ablation of heterogeneous material has also been demonstrated by
Boley et al. for precise machining of carbon fibre-reinforced plastics (CFRP) with
uni-directional fibres. Compared to the open-loop controlled process, the surface
roughness Sa could be reduced from 60 um to 7 um and the maximum deviation from
the targeted depth was reduced from 200 um to 20 um [187]. In addition, the OCT-
based measurement enables the determination of the fibre’s orientation for layer-
accurate laser ablation of CFRP with multidirectional fibres [188] and the detection
of the position of the processed part in the working area of a processing station, e.g.
during a laser beam decoating process [189].

The described applications show the high potential of OCT-based measurements and
closed-loop control during laser ablation of various materials. In the following we
present OCT-based closed-loop controlled laser ablation of LPBF-generated alumin-
ium parts with ultrashort laser pulses in order to reduce the surface roughness and
improve the geometrical accuracy. The OCT-measurements were used for both, the
precise positioning of the workpiece and to determine the areas where further abla-
tion is required to reach the targeted net shape of the additively produced parts. This
approach combines the advantages of additive and subtractive laser manufacturing
processes in order to create 3D-shaped geometries with high freedom of design and
high precision. Section 2 presents the components and methods that are required for
closed-loop controlled laser ablation of additively manufactured aluminium parts
with ultrashort laser pulses and the analysis of the post-processed parts regarding
their surface roughness and shape deviation. The impact of different peak fluences
on the resulting surface roughness and surface structure of flat LPBF-generated alu-
minium parts is discussed in section 3 in order to determine suitable process param-
eters for the shape enhancement of various 3D-shaped geometries. Finally, the pre-
sented approach is evaluated with regard to the removal of surface defects and the
achievable accuracy of manufacturing different geometries.

2 Methods

The approach of creating precise 3D-shaped geometries by first additive and then
subtractive laser manufacturing processes is shown schematically in Figure 3.1.
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Figure 3.1 The different steps of the used manufacturing process of 3D-shaped parts: a) LPBF
process of the raw part with a cw laser; b) positioning of the raw part with the help of
OCT-measurements to match to the position of the target geometry; c) axial offset of
target geometry; d) Post-processing of the raw part with OCT-based closed-loop con-
trolled ablation using ultrashort laser pulses.

Two different processing stations had to be utilized in order to manufacture the parts
by LPBF (Figure 3.1 a) and post-process the parts by closed-loop controlled laser
ablation with ultrashort laser pulses (Figure 3.1 d). Therefore, selective and local
post-processing by controlled ablation requires precise positioning of the previously
manufactured raw part with respect to the laser processing beam. With OCT-based
measurements, positioning can be achieved with an accuracy of a few microns. This
was achieved with an iterative procedure in which the processing field was meas-
ured, the current position of the workpiece compared with the target position (black
dotted line in Figure 3.1 b), and the part moved and rotated until the deviations of
current position and target position were minimized. The centre of the processing
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field was defined as target position for processing of the part, as large deflection
angles of the OCT-beam caused errors in the OCT-measurements. The target geom-
etry for the controlled ablation process was identical to the one of the LPBF process,
but with an axial offset of z=400 um shifted into the part (Figure 3.1) in order to
assure that the whole part is ablated at least for a few scans, as this removed most of
the powder particles in [88].

2.1 Additive manufacturing of aluminium parts

The parts were manufactured from an A1Si10Mg powder with a particle size between
20 pm and 56 um. The LPBF process was performed in a TruPrint 3000 machine
from Trumpf in the transient regime between heat conduction and deep penetration
welding at an average laser power of 430 W focused onto the powder bed with a
beam diameter of 10045 pm. The beam was moved over the powder bed with a scan-
ning speed of 1300 mm/s and a hatching distance of 180 um generating layer thick-
nesses of about 60 um. Nitrogen was used as inert gas to avoid oxidation. The tem-
perature of the substrate plate was constantly kept at 200°C.

Two different geometries were manufactured. The first one, a simple plane part, was
processed with various peak fluences in order to investigate their impact on the re-
sulting surface topography. The roughness of the plane sample before post-pro-
cessing was measured to be S.=14.1£1.7 um, which is consistent with typically
achieved roughness values of additively-manufactured parts [85]. The second one, a
more complex geometry, is shown in Figure 3.2 and includes different challenges
when creating additively manufactured 3D-shaped parts. Inclined surfaces with dif-
ferent orientations (e.g. cone, pyramid) and inclination angles (e.g. half sphere) are
used to investigate the staircase effect. Sharp edges (e.g. pyramid), steep transitions
(e.g. steps) and thin tip (e.g. cone, pyramid) are suitable to determine the achievable
precision regarding the manufacturing of given geometrical features. The lateral di-
mensions of the sample geometry were § x 8 mm? with a maximum height of
1.5 mm. The grayscale of the geometry shown in Figure 3.2 is linearly scaled be-
tween maximum height (white, 1.5 mm) and minimum height (black, 0 mm).
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Figure 3.2 Grayscale image of the target geometry from plan view and oblique view.

2.2 Closed-loop controlled ablation with ultrashort laser pulses

The setup for post-processing by means of closed-loop controlled laser ablation con-
sists of three major components: The OCT system to detect the location of the sur-
face and the shape of the workpiece, the processing laser system and the control
system. Optical measurements of the surface were performed with the Fourier-do-
main OCT-based system CHRocodile 2 from Precitec which provides an axial meas-
urement range of about 6 mm. The measuring rate was set to 70 kHz. The processing
laser system Femto 30 from Fibercryst used for post-processing of the additively
manufactured aluminium parts in this study emits laser pulses at a wavelength of
1030 nm and linear polarization with a pulse duration of z» = 600 fs and a beam qual-
ity factor M?<1.3. The laser system was operated at the same repetition rate
fr=70kHz as the measuring rate of the OCT in order to be able to measure the
changes of the surface induced by every single applied laser pulse. Pulse energies of
up to 85.7 uJ were used in the ablation experiments, corresponding to a maximum
average power of 6 W.

The beams of the OCT and the processing laser were superposed by means of a di-
chroic mirror as shown schematically in Figure 3.3. The dichroic mirror was HR-
coated for the beam of the processing laser at a wavelength of AL = 1030 nm and AR-
coated for the beam of the OCT centred at a wavelength of Ao = 1080 nm. Both
beams were guided through a Galvanometer-scanner system for deflection. The focal
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length of the used F-Theta lens was 163 mm resulting in focal diameters of 50+£5 pm
for the processing laser and 1545 pum for the beam of the OCT.

Galvanometer-
scanner

Processing laser

Dichroic mirror

F-Theta lens

Aluminium sample

Figure 3.3 Setup of the OCT-based closed-loop controlled laser ablation processes.

The pulse overlap in and perpendicular to the scanning direction was kept at 84% in
order to avoid heat accumulation effects by pulse-to-pulse or scan-to-scan accumu-
lation [106]. This was achieved using a scanning speed of v« = 560 mm/s and a hatch-
ing distance of 8 um. The principle of the control system was already introduced in
[187] and [188].

2.3 Analysis of surface roughness and shape deviation

Six different orders of shape deviations are defined in DIN 4760. The shape devia-
tions are differentiated according to spatial dimensions and range from deviations of
the characteristic dimensions of the part, e.g. increased length or thickness in the first
order to increased surface roughness in the fourth order and the crystal structure in
the sixth order [67]. In this work, the surfaces of the additively manufactured parts
with and without post-processing by OCT-controlled ablation were analysed with
regard to shape deviations of the first and the fourth order using a Keyence 3D-Laser
Scanning Microscope (LSM) VK-9710-K. Furthermore, the surface structure of the
surface was investigated using a scanning-electron-microscope (SEM) Jeol JSM-
6490LV.
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Using an objective with a magnification of 20 on the LSM for the measurement of
the roughness led to a lateral resolution of 0.69 pm/pixel. The axial scanning pitch
was 0.2 pm. The arithmetical mean height
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where z is the height measured at the coordinates x¢ and y» and G and H are the
number of pixels, was determined according to EN ISO 25178 and was used to assess
the effectiveness of the closed-loop controlled ablation with respect to the reduction
of the surface roughness and hence the reduction of fourth-order deviations for ad-
ditively manufactured parts. The effectiveness was investigated for different peak
fluences

d=""2 (3.2)

where Ep is the pulse energy and wy the radius of the processing laser beam. For the
evaluation of the first-order deviations from the net shape an objective with a mag-
nification of 10 was used, leading to a lateral resolution of 1.38 pm/pixel. The axial
scanning pitch was 0.2 pm. The mean deviation was calculated by
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where z7 is the targeted height of the workpiece.

3 Quality enhancement of additively manufactured parts by closed-loop con-
trolled laser ablation with ultrashort laser pulses

3.1 Smoothing of surface topography
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Squared areas of 1 x | mm? were ablated on the plane samples using the setup and
parameters described in section 2.2 with different peak fluences ranging from
0.2 J/em? to 8.6 J/cm?. The targeted ablation depth of the closed-loop controlled post-
processing was set to 100 pum. The number of scans to achieve the targeted ablation
depth varied between 70 and 300, depending on the applied peak fluence. The lowest
peak fluence of 0.2 J/cm? required 300 scans and the highest peak fluence of
8.6 J/ecm? required 70 scans to reach the targeted depth of 100 um. The impact of the
peak fluence on the mean height Sa and the surface structure is shown in Figure 3.4
and Figure 3.5, respectively. The areas for the measurements by LSM and SEM were
manually selected to represent the overall surface of the processed area.
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Figure 3.4 Measured roughness S, as a function of the applied peak fluence. The dashed line
was inserted to guide the eye. The value at 0 J/cm? represents the surface roughness
of a non-ablated area on the test sample. Data points with corresponding SEM im-
ages in Figure 3.5 are marked with a) to f). Laser wavelength ;. = 1030 nm, pulse
duration zp = 600 fs, repetition rate fp = 70 kHz, scanning speed v, = 560 mm/s.

The application of ¢o=0.2 J/cm? leads to Sa= 14.5+3.4 pm, which is close to the
roughness value of Sa = 14.1+1.7 pm of the non-ablated surface. However, the sur-
face structures of these surfaces differ in shape and size, as shown in Figure 3.5 a)
and b). Solidified melt drops, probably due to spatter formation during the LPBF
process, and adhering powder particles are present on the non-ablated surface. The
surface irradiated with 0.2 J/cm? contains no solidified melt drops and shows a coarse
surface with partially removed material, leading to pits with a depth of up to 30 um.
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Figure 3.5 Surface structure of the LPBF-generated test sample measured by the SEM after post
processing with different applied peak fluences between 0.2 and 8.6 J/cm?. Scale bars
represent a length of 20 pm. Laser wavelength 4;, = 1030 nm, pulse duration
7 = 600 fs, repetition rate fp = 70 kHz, scanning speed v, = 560 mm/s.

The application of peak fluences exceeding ¢o = 0.4 J/cm? and ¢o = 0.8 J/cm? signif-
icantly increases the measured surface roughness to S.=25.949.0 pm and
Sa=30.14£3.9 um, respectively. The inhomogeneous material removal results in pits
as deep as 100 pm and the increased roughness Sa (Figure 3.5 ¢). The growth of the
pits is probably partially initiated by particles on top of the protrusions which act as
light scattering centres. Increasing the applied peak fluence to ¢o = 1.2 J/cm? leads
to a significant reduction of the roughness to Sa = 7.8+ 3.9 um, much lower than the
initial value of Sa = 14.1£1.7 um. Homogeneous material removal yields a smooth-
ened surface without large pits and a reduced number of protrusions as can be seen
in Figure 3.5 d). However, individual protrusions remain, which in combination with
observations at lower peak fluence leads to the assumption that the complete removal
of the protrusions require higher peak fluences. Additionally, small holes with a di-
ameter of 3 to 5 um and a depth of up to 10 um can be seen in the grooves on the
surface next to the remaining protrusion in Figure 3.5 d).
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The lowest surface roughness of Sa =4.6+0.3 pm was achieved within the range of
1.7 J/em? < ¢ < 2.6 J/cm?, where no protrusions or large pits remained on the sur-
face, as can be seen in Figure 3.5 ¢). The diameter and depth of the holes on the
surface are increased to 4 to 6 um and 25 pum, respectively.

With peak fluences exceeding 2.6 J/cm?, the measured roughness is increased again
due to the increased diameter and greater depth of the holes. This can be seen partic-
ularly well in Figure 3.5 f) in the form of a fissured surface with holes with diameters
of up to 20 um, leading to a surface roughness of S, = 10.0+£0.5 pm. Furthermore,
solidified melt drops can be seen again on the surface in between the holes, indicating
an explosive melt ejection process, which was also observed in [190] at high irradi-
ated peak fluences. The impact of peak fluences above 1.2 J/cm? on the modulation
period of the surface structure is consistent with the observations for the irradiation
of steel with femtosecond laser pulses shown in [191]. Peak fluences in the range
between 1.7 J/cm? and 2.6 J/cm? should be applied in order to reduce the roughness
Sa by 67% as compared to the original surface.

3.2 Creating high-quality net shape geometries

The additively manufactured part of the 3D-shaped geometry shown in Figure 3.1
was positioned according to the method presented in section 2. The beam was fo-
cused on the highest position of the raw part (z =0 um), where the peak fluence was
set to ¢o = 3.5 J/cm?, as the focus position could not be adjusted within the control
algorithm. The effective peak fluence on the workpiece is reduced with increasing
ablation depth due to the divergence of the beam, but the peak fluence did not fall
below the range of 1.7 J/cm? < ¢ < 2.6 J/cm? needed to achieve the minimum rough-
ness as shown in Figure 3.4. On average about 400 pm were ablated using a peak
fluence of ¢o = 3.5 J/cm? and 1140 scans.

The SEM image of the cone-shaped geometry after the LPBF-process is seen in Fig-
ure 3.6 a). Several powder particles are present on the surface of the raw part and the
tip is rounded off. The quantified deviations of the raw part from the targeted net
shape are shown in Figure 3.6 b). The green colour corresponds to small deviations
of less than = 15 um and represents a high conformity of the manufactured part with
the targeted geometry. Positive deviations of up to 150 um (dark red) reveal exces-
sive material on the surface of the measured part, e.g. adherent, partially molten
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powder particles which are present in the border areas of the image. Correspond-
ingly, negative deviations of up to -150 pm (dark blue) reveal missing material of
the measured part, e.g. a thin tip that is too small to be manufactured in the LPBF-
process due to slicing and minimum size of the powder particles. The slicing also
prevents the manufacturing of smooth inclined surfaces, indicated by the ring-shaped
deviations in Figure 3.6 b). These artefacts are also the reason for the rather high
mean deviation D, = 38.2 um of the raw part compared to D. = 14.3 um of the post-
processed part.

150 pm

100 pm

50 um

Figure 3.6 Cone-shaped geometry: a) SEM image (oblique view) of the raw part manufactured
by LPBF; b) Deviation of the raw part from the targeted geometry measured by
LSM; ¢) SEM image (oblique view) of the post-processed part; d) Deviation of the
post-processed part form the targeted net shape measured by LSM. Scale bars repre-
sent a length of 500 um. Laser wavelength A, = 1030 nm, pulse duration z» = 600 fs,
do = 3.5 J/cm?, repetition rate fp = 70 kHz, scanning speed v, = 560 mm/s.

The SEM image of the post-processed part is shown in Figure 3.6 c). It does not have
any partially molten powder particles adhering to the surface and exhibits a pro-
nounced tip and a smooth conical surface. This visual impression is confirmed by
the quantified deviation chart in Figure 3.6 d). Some remaining excessive material



3.1 High-quality net shape geometries from additively manufactured parts using
closed-loop controlled ablation with ultrashort laser pulses 103

in the order of 20 um to 40 pum and a number of very small spots with deviations up
to =100 um can be seen near the tip. Since these dots are not seen in the SEM picture
¢) it can be assumed that this are measurement artefacts of the LSM.

Powder particles on the surface, a rounded off tip and wavy surface are also seen in
the SEM and the deviation plot of the pyramid-shaped raw part in Figure 3.7 a) and
b).

150 pm

100 pm

50 pm

-100 pm

-150 um

Figure 3.7 Pyramid-shaped geometry: a) SEM image (oblique view) of the raw LPBF-generated
part; b) Deviation of the raw part from the target geometry measured by LSM; ¢)
SEM image (oblique view) of post-processed part; d) Deviation of the post-processed
part from target geometry measured by LSM. Scale bars represent a length of
500 pm. Laser wavelength 4;, = 1030 nm, pulse duration zp = 600 {5, ¢o = 3.5 J/cm?,
repetition rate fp = 70 kHz, scanning speed v, = 560 mm/s.

The edges of the pyramid deviate by -100+£25 um (dark blue). As was the case with
the tip, the cause of the deviations on the edges of the pyramid are again found in the
LPBF-process due to slicing and the minimum size of the powder particles. The ad-
ditional deviations on the edges lead to a significantly higher mean deviation of
D.=43.5 um compared to the cone-shaped geometry with D, = 38.2 um. In contrast
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to this, the mean deviation of the pyramid-shaped post-processed part with
Da=14.9 pm is close to Da = 14.3 um of the cone-shaped geometry, indicating that
edges on inclined surfaces in the target geometry can well be manufactured by post-
processing. This is also revealed by the SEM image and the deviation plot in Fig-
ure 3.7 ¢) and d) that show no significant deviations in the area of the edges.

The SEM and deviation images of the step-shaped geometry are shown in Figure 3.8.

150 pm

100 pm

50 pm

-50 pm

-100 um

-150 pm

Figure 3.8 Step-shaped geometry: a) SEM image (oblique view) of raw LPBF-generated part; b)
Deviation of the raw part from the target geometry measured by LSM; ¢) SEM image
(oblique view) of the post-processed part; d) Deviation of the post-processed part
from target geometry measured by LSM. Scale bars represent a length of 500 um.
Laser wavelength A;, = 1030 nm, pulse duration zp = 600 f5, ¢o = 3.5 J/cm?, repetition
rate fp = 70 kHz, scanning speed v, = 560 mm/s.

High positive and negative deviations with irregular shaped steps of the raw LPBF-
generated part can be seen in the SEM image in Figure 3.8 a). The radii of the dif-
ferent circular steps are about 50 um smaller than specified with the target geometry,
which was caused due to the limited minimum feature size in the LPBF process.
Deviations of £30 um from the targeted step height of 250 um resulted from the
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layer thickness of 60 um, since the layer thickness is not an integer divider of the
step height. The edges of the steps are rounded off due to the surface tension of the
liquid melt in the LPBF process, preventing the manufacturing of sharp edges and
steep flanks. These limits of the LPBF process cause a high mean deviation of
Da=74.7 um which can be reduced to D= 23.5 pum by post-processing. Although
the radii of the raw part were about 50 pm too small, the radii and height of the
different steps of the post-processed part are consistent with those of the target ge-
ometry. This was enabled by the axial offset of the target geometry of 400 pm into
the workpiece, resulting in enough material available for compensation. However, a
taper angle is present on the sidewalls between two adjacent steps, which is repre-
sented as is excessive material (dark red) in Figure 3.8 d). The formation of a taper
angle is a well-known phenomenon from laser drilling and cutting [58] which can be
minimized using helical optics [192].

The SEM and deviation image of the half-sphere-shaped geometry are shown in Fig-
ure 3.9. The deviations of the raw part from the target geometry are mainly caused
by excessive material on the surface, again due to adherent powder particles and the
minimum layer thickness of the LPBF process. The mean deviation was calculated
to be D, =43.2 pm. These deviations were effectively removed by post-processing,
resulting in a smooth surface and a low mean deviation of D. = 9.9 pm.

The investigations confirm the high potential of OCT-based closed-loop controlled
laser ablation with ultrashort laser pulses for manufacturing of different high-quality
net shape geometries from LPBF-generated aluminium parts. Depending on the ge-
ometry, the mean deviation was reduced by at least 63% by selective ablation of
excessive material resulting from the slicing in the LPBF process. Features like thin
tips, smooth inclined surfaces and pronounced edges can be realized using the pre-
sented approach. The results show the great potential that is offered by combining
different laser-based manufacturing processes [5].
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Figure 3.9 Half-sphere-shaped geometry: a) SEM image (oblique view) of the raw LPBF-gener-
ated part; b) Deviation of the raw part from the target geometry measured by LSM; c¢)
SEM image (oblique view) of post-processed part; d) Deviation of the post-processed
part from target geometry measured by LSM. Scale bars represent a length of
500 um. Laser wavelength A, = 1030 nm, pulse duration zp = 600 fs, ¢ = 3.5 J/em?,
repetition rate fp = 70 kHz, scanning speed v, = 560 mm/s.

4 Conclusion

In summary, we have presented a post-processing method for LPBF-generated alu-
minium parts based on OCT closed-loop controlled laser ablation with ultrashort la-
ser pulses that can be used to reduce the surface roughness and the shape deviations.
The surface roughness was reduced by about 67% to S. = 4.6+0.3 um by applying a
suitable peak fluence in the range of 1.7 J/cm? to 2.6 J/cm? in order to avoid cavities
or protrusions on the surface while minimizing surface defects. The OCT-measure-
ments were used for both, precise positioning of the raw part and determination of
the areas where further ablation is required to reach the targeted net shape. Post-
processing by closed-loop controlled ablation reduced the mean deviation of the
manufactured part from the target geometry by 63% to 77% for different shapes such
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as cone, pyramid, steps and a half sphere. Precise manufacturing of geometrical fea-
tures like thin tips, smooth inclined surfaces and pronounced edges was realized us-
ing the presented post-processing method. Future work will include the removal of
support structures and integration of functional structures by laser ablation into the
manufactured parts.
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3.2 Additional results for additively manufactured
parts built with support structures

Depth-controlled micromachining was also used for the removal of support struc-
tures from LPBF-generated parts made from Ti6Al4V and for subsequent smooth-
ening and milling of deep and complexly shaped geometries. The results of the in-
vestigations were published in [193]. Only the main differences in terms of the laser
system and the processed material as well as the main results of this publication are
summarised in the following, since this publication has a similar introduction and
methodology as the publication presented in section 3.1.

The ultrafast laser system Pharos from Light Conversion with a wavelength of
L =1030 nm and a pulse duration of zp = 260 fs was used for micromachining. The
laser beam was linearly polarized and had a beam propagation factor of M? < 1.3.
The maximum average power on the processed surface was 13 W, which corre-
sponds to a maximum pulse energy of Ep =260 uJ at the pulse repetition rate of
fr =50 kHz. The measuring rate of the OCT-based depth measurement system was
set to 50 kHz to correspond to the pulse repetition rate of the processing laser. Both
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beams were superimposed by means of a dichroic mirror, guided through a Galva-
nometer-scanner and focused by an F-Theta lens with a focal length of /= 163 mm.
The resulting focal diameters of the processing laser beam and the OCT probe beam
were 60+£5 pm and 1545 pum, respectively.

The samples were generated by LPBF from a Ti6Al4V powder that had a distribution
of the diameter of particles between 15 um and 45 um. A single-mode fibre laser
with a wavelength of 1075 nm, an average power of 155 W and a beam diameter of
30 um was used to melt layers with a thickness of 20 um in an inert gas atmosphere
of argon without an additionally heated substrate. Block support structures were gen-
erated first to fix the generated part to the base plate during the LPBF process. The
block support structures were built with a wall distance of 700 pm and a wall height
of 800 pm. The part was generated with lateral dimensions of 8 mm and a thickness
of approximately 1.5 mm by hatching with a scanning speed of 1.2 m/s and a line
hatching distance of 60 pm.

An image of the LPBF-generated sample is shown in Figure 3.10 a). The sample was
flipped after the LPBF process to characterize the support structures. Smeared ma-
terial adhered locally between the support structures due to the sample being me-
chanically sawed off the base plate of the powder bed (Figure 3.10 a)). The excess
material from the support structures was detected and measured by OCT-based depth
measurement, as shown by the false colour representation in Figure 3.10 b).

Build
_direction

Part

Support
structures

Figure 3.10 a) Image and b) section of the OCT-based depth measurement of the LPBF-gener-
ated sample made from Ti6A14V built with block support structures. The sample
was flipped after the LPBF process to characterize the support structures.
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The spatial offset between pulses in scanning direction and perpendicular to the scan-
ning direction was kept constant at 15 um during depth-controlled micromachining,
which corresponds to an overlap of 74%. This was obtained by using a scanning
speed of vy = 750 mm/s and a line hatching distance of py = 15 um. The target depth
was set to 100 um below the surface of the actual part in order to completely remove
the excess material. The maximum available average power of P =13 W was used
for the removal of the support structures at a peak fluence of ¢o =20.2 J/cm?. The
axial position of the beam waist of both beams was set to be on the top surface of the
support structures. The support structures were completely removed from the sample
after depth-controlled micromachining with 400 scans over the surface. Figure 3.11
depicts the surface topography before (red coloured area, Figure 3.11 a)) and after
depth-controlled micromachining of the part (yellow coloured area, Figure 3.11 b)).

Figure 3.11 SEM image of the LPBF-generated sample after different stages of post-pro-
cessing, indicated by different colouration: a) No post-processing (red), b) support
structures removed (yellow), ¢) support structures removed and the surface
smoothened (green) and d) support structures removed and different geometries
machined into the sample (blue).
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A lattice-shaped surface structure is visible on the sample marked by the yellow-
coloured area of Figure 3.11 b), with pits with a depth of up to 100 um between the
former support structure and the surface of the sample. The pits are deeper than the
targeted machining depth and presumably result from the reflection of the laser beam
on the sidewalls of the support structures. The formation of rough surface structures
as well as the formation of the pits yield a rather high surface roughness of
Sa=33.7 pm.

An additional smoothing step was therefore applied using depth-controlled microm-
achining at a lower peak fluence of ¢o = 1.9 J/em? and for 2400 scans. The position
of the beam waist was shifted to the surface level of the previous target depth and
the new target depth was set to 600 um below this surface level. The green-coloured
area in Figure 3.11 c) shows the surface topography after the removal of the support
structures and the additional smoothening. A fine lattice-shaped surface structure is
still visible on the surface with pits with a depth of up to 30 um. The surface rough-
ness was reduced by 81% to Sa= 6.3 um compared to the roughness Sa=33.7 um,
which was measured after the removal of the support structures.

Depth-controlled micromachining also allows direct machining of different geome-
tries in addition to post-processing of a predetermined geometry (presented in the
publication in the previous section), removal of support structures and smoothening
of the surface. Geometries with different challenges for an LPBF process such as
sharp contours, thin tips, and inclined surfaces were fabricated after the removal of
the support structures using depth-controlled laser micromachining with a peak flu-
ence of go = 1.9 J/em? and 3700 scans. The result is shown by the blue-coloured area
in Figure 3.11 d). High-quality geometries with well-pronounced features of each
shape and a smooth surface were achieved. The mean shape deviation calculated
from the OCT-based depth measurements across all geometries was low with
D,=16.3 pm.
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Abstract

Layer-accurate and precisely stepped removal of damaged areas is required for the
repairing process of parts made of carbon fibre-reinforced plastic (CFRP) to obtain
a high bonding strength of the repair plies in the rebuilding process. Conventional
techniques are characterized by a high degree of manual labour and mechanical load
of the processed part. Here, a novel laser-based and controlled approach for auto-
mated and layer-accurate removal of damaged areas is presented. In-line depth meas-
urements by optical coherence tomography during nanosecond laser ablation enable
depth-controlled homogeneous material removal with minimum damage <10 um
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and low surface roughness in the range of 7 um to 13 pm. The processed layer must
be detected for an unknown or varying layer thickness to stop the ablation process at
the interface between two layers and not somewhere within one ply. The image pro-
cessing-based determination of the fibre orientation from the depth measurements
allow for a reliable online detection of the processed layer with a maximum error of
4° and root mean square error of 1.1°. As a result, layer-accurate damage removal is
demonstrated for a complex repairing geometry. The suitability of the automated
laser-based approach as preparation for repairing is proven by cross-sections and
scanning-electron-microscopy.

1 Introduction

Carbon Fibre Reinforced Plastic (CFRP) materials are used for structural compo-
nents in aeronautical applications due to their light weight, high strength and stiffness
[194]. Damages that may occur during the service life of these components need to
be detected and removed [92]. The extent of damage in CFRP components can be
detected with techniques such as 3D X-ray tomography [195] or laser-ultrasound
scanning [196]. The damaged area is removed and prepared for the rebuilding pro-
cess in a tapered scarf geometry or stepped geometry [92], whereas the latter is easier
to perform [75] with conventional procedures such as sanding or grinding. Draw-
backs of these conventional procedures are the high degree of manual labour and
thus the dependency on the skills of the worker on the quality of the result [197] as
well as the lack of reproducibility. End milling is a technique that allows for auto-
mated and reproducible removal of damaged areas. However, milling often results
in matrix cracks, damaged fibre-matrix interfaces and partially debonded fibres [198]
which can decrease the structural strength of the processed part. Furthermore, clean-
ing of the processed surfaces is required after mechanical treatment to remove parti-
cle residues and contaminants from the surface which reduce the bond strength of
adhesively bonded parts [198]. Cleaning and pre-treatment of the mechanically pro-
cessed surfaces can be obtained using laser surface activation as shown in [74]. The
oxidation of fibres due to the surface activation improved the wetting and bonding
between fibres and adhesive, which led to a full restoration of the tensile strength of
the part [74].
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A certifiable and cost-effective repairing process for aeronautical applications re-
quires a robust, reliable and repeatable bonded repair technology [92]. One promis-
ing approach for an automated repair process of damaged parts is the laser-based
removal of the damaged area in a stepped geometry [93,94] and laser surface treat-
ment of the interface between original plies and repair plies [74], followed by a re-
building process using repair plies that precisely fit into the removed area [93]. For
this approach to work, layer-accurate laser ablation is necessary to maintain the
structural strength of the repaired part, which means that the ablation should always
stop at the interface between two layers and not somewhere within one ply. This
requirement is hardly achievable with conventional laser ablation, as the direction-
dependent thermal properties of composites lead to inhomogeneous material removal
with depth deviations up to 30% of the average ablated depth [77]. Furthermore,
damaging the underlying ply must be avoided during the removal of damaged layers
as it results in a reduced adhesion of the repair plies and thus reduced bonding
strength [94].

Layer-accurate laser ablation can be achieved using optical coherence tomography
(OCT) for inline depth control as it is already established in medical applications
such as laser ablation of bone [13] and tooth [199] and mechanical engineering, e.g.
surface post-processing of additively-manufactured parts [153] or laser beam weld-
ing of aluminium [200]. An OCT-based depth measurement system in combination
with a Galvanometer-scanner can be used to measure the surface topography of a
scanned sample [201] and detect the sample’s position and orientation within a pro-
cessing station to guarantee reproducible and accurate process conditions, e.g. during
a laser-based decoating process on free-form surfaces [189]. The authors of the pre-
sent work have already reported on a depth-controlled ablation process in previous
publications [187,188] in which a superordinated control system used the data of the
OCT-based depth measurement to determine locations in the processing area that
have not reached the target depth and still need to be processed. In comparison to
conventional ablation without depth control, this allowed the reduction of the result-
ing surface roughness and therefore an improved surface quality when processing
CFRP [187,188]. However, depth-controlled ablation alone cannot ensure the re-
quired layer-accurate ablation that is necessary for the repairing process. Due to man-
ufacturing-related variations of the layer thicknesses, the appropriate target depth for
the controlled ablation process of each layer is usually not known in advance. This
issue can be solved when the fibre orientation of the layer that is being ablated can
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be monitored. Then, a change of the fibre orientation indicates a transition from one
layer to the next. With this the ablation can locally be stopped exactly at the interface
between two layers. To this end, however, the fibre orientation must be detected
during the ablation process to be able to detect the transition from one layer to the
next. It is worth noting that the knowledge about the orientation of the fibres addi-
tionally allows for the implementation of specific CFRP processing strategies to sig-
nificantly increase the surface quality in laser surface treatment of fabric laminate
[202] and enhance the ablation rate when processing multidirectional laminate [203].

In the following we present a holistic laser-based approach for automated and layer-
accurate removal of damaged areas in parts made from CFRP as preparation for re-
pairing. Section 2 will focus on the experimental setup and processing strategy for
the depth-controlled laser ablation process monitored by OCT and requirements and
limits for automated manufacturing of ablation geometries with minimum damage,
high shape accuracy and low roughness. The use of the OCT-based measurement of
the surface topography generated during the depth-controlled ablation process and
the image processing to determine the fibre orientation and thus the processed layer
is described and validated in section 3. Finally, the proposed method is used to
demonstrate layer-accurate stepped laser ablation of a multidirectional laminate
CFRP part in section 4. The suitability of the presented approach for damage removal
as preparation for repairing is proven by cross-sections and scanning-electron-mi-
Croscopy.

2 Controlled laser ablation of CFRP with minimum damage for automated
manufacturing of precise geometries

2.1 Material and experimental setup

The investigated CFRP samples were laminates manufactured by vacuum-assisted
resin infusion (VARI). The multidirectional laminates (CM-Preg T UD) used were
carbon fibres in an epoxy matrix (CP003) with 200 g/m? and a tensile strength (0°)
of 1,900 MPa (DIN ISO 527). The volume fraction of carbon fibres in the CFRP
laminates was 60%. The carbon fibres were arranged in eight layers of different fibre
orientations of 0°, -45°, 45°, 0°, 0°, 45°, -45° and 0° with a total sample thickness of
5.24+0.4 mm. Each layer had a thickness ranging between 500 um and 1000 um with



3.3 Image processing based detection of the fibre orientation during depth-
controlled laser ablation of CFRP monitored by optical coherence tomography 115

variations resulting from the manufacturing process. A matrix layer with a thickness
of approximately 50 um covered layer 1 and layer 8 and was present at the interface
between layer 4 and layer 5. The fabric laminates (CM-Preg F Képer 2/2) used were
carbon fibres in an epoxy matrix (CP003) with 245 g/m? and a tensile strength (0°)
of 1,100 MPa. The volume fraction of carbon fibres in warp direction was 60%. The
carbon fibres were arranged in 20 layers of different warp directions of 0°/90° and -
45°/45° with a total sample thickness of 9.4+0.1 mm.

The laser system used for material processing in this study emits pulses at a wave-
length of AL = 1047 nm with a pulse duration of 60 ns and a beam quality factor
M? <1.3. The maximum average output power was 20 W at a pulse repetition rate
of fp = 15 kHz, corresponding to a maximum pulse energy of £p = 1.33 mJ. The laser
beam was circularly polarized and had a Gaussian intensity distribution. The Fourier-
domain OCT-based depth measurement system CHRocodile 2 from Precitec was
used for optical distance measurements. The superluminescence diode (SLD) of the
measurement system is a broadband light source that emits at a central wavelength
of 1080 nm with a bandwidth of 40 nm and a beam quality factor of M? < 1.1. The
average output power of the SLD was 100 mW and the measuring rate was set to the
maximum of 70 kHz. The depth measurement system provided an axial measure-
ment range of approximately 6 mm with an axial measurement accuracy of down to
+ 1 um. The beam of the processing laser was superposed with the beam of the OCT-
based depth measurement system by means of a dichroic mirror as sketched by Fig-
ure 3.12.

The dichroic mirror was reflective for the beam of the processing laser at a wave-
length of AL = 1047 nm and transparent for the broadband measurement beam cen-
tred at a wavelength of 1o = 1080 nm. The superposed beams were guided into a
Galvanometer-scanner system which deflected the beams for fast movement over
the sample’s surface. An F-Theta lens with a focal length of 163 mm was used to
focus the superposed beams on the sample’s surface. The resulting beam diameters
in the focal plane of this setup were do=45+5 um for the processing laser and
1545 pum for the measurement beam.
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Figure 3.12 Concept of the OCT-based depth-controlled laser processing setup.

CFRP sample

The principle of the OCT-based depth-controlled ablation process is described in
[187] and [188]. In brief, the topography of the sample surface is measured using the
OCT-based depth measurement system to receive the depth value (z-direction in Fig-
ure 3.12) while the measurement beam is deflected across the sample surface (x-y-
plane in Figure 3.12) in a rasterized manner by the Galvanometer-scanner. After
each scan across the sample surface, a 3D-measurement of the surface topography is
generated and compared to the desired target topography by the control system. Lo-
cations with excess material are processed in the following scan, until the measured
topography fits to the target topography within a tolerance of £5 pum. When contam-
inants or other measurable surface defects are present on the surface and above the
targeted depth, the control system attempts to remove the excess material. A signal-
to-noise ratio (SNR) value is assigned to each measured depth value by the OCT-
based depth measurement system, which allows to identify measurement errors with
low SNR and replace these values, e.g. with the median of adjacent valid depth val-
ues. In the experiments, less than 0.1% of the measured depth values had to be re-
placed this way, due to a sufficiently high signal quality.
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2.2 Processing strategy for minimum damage and smooth surfaces

The extent of damage in CFRP laser processing is often measured with the matrix
evaporation zone (MEZ). The minimum achievable damage depends on the absorbed
intensity, which is in the range of 1 um for an absorbed intensity >10° W/cm? [204].
A maximum absorbed intensity up of 10° W/cm? can be achieved with the experi-
mental setup used in this work, due to short laser pulses with a pulse duration of
60 ns and maximum pulse energy of Ep = 1.33 mJ focused to a beam diameter of
do =45 pm and an absorptance for carbon fibres of about 71% for the laser wave-
length of AL = 1047 nm and for circular polarization [204]. For processing of CFRP
with multiple pulses, the extent of the MEZ also depends on the pulse overlap. A
low pulse overlap is required during scanned processing of CFRP in order to avoid
heat accumulation effects by pulse-to-pulse or scan-to-scan accumulation that result
in the formation of a MEZ [205]. The pulse overlap in scanning direction €. can be
calculated by

Q =1-—2_| (34
Jp-dy

where vy is the scanning speed, fp is the pulse repetition rate and do is the beam di-
ameter. Hence, a low pulse overlap Q. for a given beam diameter do can be achieved
using high scanning speeds v» [206] and low pulse repetition rates fp [207]. For the
experiments, a low pulse overlap in scanning direction of Q.= 11% was attained
with the given pulse repetition rate of fp = 15 kHz and beam diameter of do = 45 pm
by using a scanning speed of v« = 600 mm/s. The pulse overlap perpendicular to the
scanning direction €, can be calculated by

o, =1-L, (3.5)
dy

where p, denotes the hatching distance. Hence, a low pulse overlap Q, perpendicular
to the scanning direction for a given beam diameter do can be achieved using high
hatching distances [208]. In the experiments, a low pulse overlap perpendicular to
the scanning direction of Q, =-33% was attained with the given beam diameter of
do =45 pm by using a hatching distance of py = 60 pm.
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Areas of 2 x 2 mm? with a mean ablation depth of 200 um were ablated with the
maximum power of 20 W, a pulse repetition rate of fp = 15 kHz, a scanning speed of

=600 mm/s and a hatching distance of p, = 60 um in order to investigate the ex-
tent of the MEZ in multidirectional laminate. Cross-sections of the sidewalls and the
bottom of the ablated areas are shown in Figure 3.13 with the MEZ marked in green
colour.

Figure 3.13 Micrographs of cross-sections of the MEZ marked in green colour a) on the side-
walls and b) at the bottom of the ablated areas.

A MEZ in the range of 10 pm was achieved on the sidewalls (Figure 3.13 a) and a
MEZ in the range of 5 pm was achieved at the bottom (Figure 3.13 b) of the ablated
areas. Although an intensity >10° W/cm? and low pulse overlaps of Q, = 11% and
Q, =-33% were used, the MEZ is larger than 1 pm. This deviation is presumably
caused by the Gaussian intensity distribution, which is not considered in the model
for the prediction of the MEZ by [204].

Besides a small MEZ < 10 um, high material removal rates are desired for short pro-
cess times and therefore fast repairing processes. For conventional processing of
CFRP, the ablation rate was shown to linearly increase with the peak fluence [77].
The peak fluence ¢ is given by

8- Ep

ﬂ'do

By = (3.6)

where Er denotes the pulse energy and do denotes the beam diameter. Additionally,
an increased deviation of the minimum and maximum ablation depth in relation to
the average ablation depth, which can also be represented by the surface roughness,
was found in [77] with increasing peak fluence. For depth-controlled ablation with a
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target ablation depth of 250 um, the influence of the peak fluence with fp = 15 kHz,
vy =600 mm/s, py = 60 um and scanning directions parallel and perpendicular to the
fibre orientation is shown in Figure 3.14.
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Figure 3.14 Depth-controlled ablation with peak fluences ranging from 11 J/cm? to 168 J/cm?.
Ablated depth per pulse for scanning direction perpendicular (blue dots) and paral-
lel (blue triangle) to the fibre orientation. Surface roughness S, for scanning direc-
tion perpendicular (red squares) and parallel (red diamond) to the fibre orientation.

From peak fluences of 11 J/cm? to 168 J/cm?, which corresponds to average powers
from 1.3 W to 20 W, the ablated depth per pulse is increased from 1.6+0.4 um to
28.944.9 pm (blue dots in Figure 3.14). For comparison, the diameter of a single
carbon fibre is typically in the range of 5 to 10 um. At a peak fluence ¢o = 45 J/cm?,
the ablated depth per pulse is 10.3+1.7 um for scanning perpendicular (blue dot) and
10.8+2.9 pum for scanning parallel (blue triangle) to the fibre orientation. Therefore,
the scanning direction in relation to the fibre orientation has no significant influence
on the ablation rate in depth-controlled ablation. The measured surface roughness Sa
for different scanning directions is also well within the error bars, with
Sa=7.1£1.0 um for scanning perpendicular (red square) and S.=6.7+1.0 um for
scanning parallel (blue triangle) to the fibre orientation. However, in contrast to con-
ventional ablation [77], the resulting surface roughness for depth-controlled ablation
remains constant with values in the range of Sa= 7+1 pm for peak fluences of
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11 J/em? to 168 J/em?. The highest peak fluence of ¢o = 168 J/cm?, which corre-
sponds to an average power of 20 W, seems favourable for automated manufacturing
of flat geometries with high ablation rates and low surface roughness. No significant
influence of the scanning direction on the ablation rate and the resulting surface
roughness was observed.

2.3 Potentials and limits of depth-controlled ablation

In the following, the depth-controlled ablation is used to demonstrate the potential
of automated manufacturing of different geometries in CFRP. A complex geometry
consisting of different shapes such as pyramid, half sphere, cone, and steps was set
as target geometry for processing of the fabric laminate. The shapes represent differ-
ent challenges in manufacturing, such as inclined surfaces with different inclination
angles, sharp edges, and thin tips. The lateral dimensions of the target geometry were
25 x 25 mm? with a maximum height of 5 mm. A photograph of the CFRP fabric
laminate sample from oblique view and the corresponding measurement of the sur-
face topography after the depth-controlled ablation process with ¢o= 168 J/cm?,
fo =15 kHz, v« = 600 mm/s and p, = 60 um is depicted in Figure 3.15.

0 mm

-5 mn

Figure 3.15 a) Photograph from oblique view and b) OCT-based measurement of the complex
target geometry manufactured in fabric laminate CFRP by depth-controlled abla-
tion.

High-quality geometries independent of the targeted shape with the features of each
shape well pronounced and a rather smooth surface for an inhomogeneous material
such as CFRP can be seen in the photograph in Figure 3.15 a) and the OCT-based
measurement in Figure 3.15 b). The latter was used to determine the shape deviation
of the manufactured geometries from the targeted shape, as also shown in [153] for
additively manufactured aluminium parts. A mean shape deviation of below 50 pm
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was calculated for the complex geometry, which is approximately 1% in relation to
the ablated depth of 4.9 mm. The roughness measured on the bottom of the ablated
area, a flat geometry in the x-y-plane, yields Sa = 11 pm. The increased roughness of
the fabric laminate of Sa =11 um in comparison to the roughness of the multidirec-
tional laminate of Sa = 7+1 pum is caused by local ablation of matrix clusters between
warp and weft, resulting in holes with larger depth than in the adjacent area. The
higher mean deviation of 50 um of the complex geometry compared to the roughness
Sa =11 um of the flat geometry results from the inhomogeneous composite structure
in z-direction. In particular, the shape deviations are caused at the transitions of one
layer to another, which is clearly visible for the half sphere geometry in Fig-
ure 3.15 a). Additionally, shape deviations are present in the stepped geometry on
locations with ideally vertical walls, which show a taper angle in the measurement.
Nevertheless, steep walls were achieved with an angle of up to 87.5° between the
original surface and the bottom of the ablated area in 4.9 mm depth.

In terms of machining space as well as processing quality and processing accuracy,
the depth-controlled ablation process is mainly limited by the used experimental
setup and resulting process parameters. For the setup of this work, the maximum
machining space in the x-y-plane (cf Figure 3.12) is the scanning field of the Galva-
nometer-scanner with 120 x 120 mm?. With a fixed position of the focus plane to the
sample surface, the machining space in z-direction is limited to 6 mm by the axial
measurement range of the OCT-based depth measurement system. The SNR of the
measured depth values decreases from 400 to 100 with increasing ablation depths up
to 5 mm, but remained above the minimum quality threshold of 50. As the extent of
the MEZ was <10 um and below the diameter of the OCT measurement beam of
15£5 pm, no significant influence of the MEZ on the SNR of measured depth values
could be detected. The beam diameter of the processing laser is increased from
45 pm on the sample surface to 183 um in 5 mm ablated depth due to beam diver-
gence. As shown by Eq. (3.4) and Eq. (3.5), an increased beam diameter of 183 pm
on the processed sample surface results in increased pulse overlap parallel to the
scanning direction from 11% to 78% and increased pulse overlap perpendicular to
the scanning direction from -33% to 67%, which in turn can cause an increased MEZ
due to heat accumulation effects by pulse-to-pulse or scan-to-scan accumulation
[205]. However, a MEZ < 10 um was measured even in 5 mm ablated depth, as heat
accumulation can be avoided with low pulse repetition rates in the range of
fp =15 kHz [205]. The processing accuracy, e.g. the minimum feature size that can
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be manufactured, is dependent on the beam diameter and the peak fluence ¢o. The
beam diameter and peak fluence define the minimum feature size in the x-y-plane,
which is approximately 50 pum. Furthermore, the peak fluence defines the spatial
resolution of features in z-direction with the ablated depth per pulse (cf. Figure 3.14).
In future work, the machining space could be increased and the processing quality
and processing accuracy maintained for even greater material thicknesses and abla-
tion depths, when the setup described in Figure 3.12 is modified with a 6-axis robot
for flexible positioning in the workspace of the robot as demonstrated in [189].

Within the limitations mentioned before, a wedge geometry with an inclination angle
of 24° was set as target geometry for processing of the multidirectional laminate to
investigate depth-controlled ablation for the automated manufacturing of repair ge-
ometries for tapered scarf repair. A micrograph of the cross-section after the ablation
process with ¢o = 168 J/cm?, fp = 15 kHz, v = 600 mm/s and py = 60 pm is shown in
Figure 3.16.
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Figure 3.16 a) Micrograph of the cross-section of a wedge geometry with an inclination angle
of 24° marked by a white dotted line manufactured by depth-controlled ablation in
the multidirectional laminate CFRP sample. b) The magnified image marked by
the yellow frame shows the transition from layer 3 to layer 4.

In inclination angle is marked with the white dotted line in the micrograph and was
measured to 24° (Figure 3.16 a), which was also confirmed by evaluation of the
OCT-based measurement (not shown here). The mean shape deviation of the surface
topography measured by OCT to the targeted wedge geometry yields 12 um, which
is a sufficiently high shape accuracy for most repairing processes. The magnified
image in Figure 3.16 b) shows the transition from layer 3 to layer 4, with the inter-
face of the two layers marked by a blue dotted line. Although there is a change in
fibre orientation from 45° in layer 3 to 0° in layer 4, the transition between the two
layers remains smooth when using depth-controlled ablation. Hence, depth-con-
trolled ablation is suitable for manufacturing the wedge geometry for tapered scarf
repair of CFRP with a defined inclination angle, high shape accuracy and smooth
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transitions between adjacent layers. For the manufacturing of stepped repair geome-
tries, the target ablation geometry must be adapted to each step and hence to each
layer. However, the targeted ablation depth to achieve layer-accurate ablation is not
known in advance, due to manufacturing-related variations of the layer thicknesses.
This issue can be solved by detecting the transition between the layers with the de-
termination of the fibre orientation for the currently processed layer as described in
the following.

3 Determination of fibre orientation for detection of the processed layer

3.1 Principle of the image processing method

The fibre orientation can be determined using the OCT-based measurement of the
surface topography that is generated during the depth-controlled ablation process to
compare the current topography with the target topography. The measured surface
topography for an ablated area of 1 x I mm? with a mean ablation depth of approxi-
mately 250 um and the fibre orientation of the multidirectional laminate marked as
a red arrow is shown in Figure 3.17 a).

250

Figure 3.17 a) Measured surface topography of an ablated area of 1 x 1 mm? with a mean abla-
tion depth of approximately 250 pm and the fibre orientation marked as a red ar-
row. b) Result of Canny edge detection applied to the measured surface topogra-
phy.
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As the fibre orientation of the first layer of the multidirectional laminate is 0°, the
value of 33° marked by the red arrow in the OCT-based measurement results from a
rotation of the sample around the z axis. In a previous work [188] it was shown that
the 2D-Fourier transform of the measured surface topography yields certain spatial
frequencies only perpendicular to the fibre orientation. These spatial frequencies can
be detected in the measurements of the surface from both depth-controlled and con-
ventional ablation and are in the range of 2 /mm to 5 /mm, which corresponds to
wavelengths between 200 pm to 500 pm. It can be assumed that the waviness is
caused by the fibre rovings that are used in the production process of CFRP and have
a diameter of about 200 pm to 700 um [209]. As the diameter of a single carbon fibre
is typically in the range of 5 pm to 10 pm and the focus diameter of the OCT beam
is 1545 pm, individual carbon fibres cannot be detected with the setup used. As
shown in [188], the 2D-Fourier transform can be used to determine the processed
layer of multidirectional laminate. However, this method does not directly yield the
value of the angle at which the fibres are orientated and can be corrupted by meas-
urement errors and steep edges in the measurement that cause high-frequency noise.
Furthermore, an automated repair process for parts of different materials and differ-
ent surfaces requires a reliable and validated determination process. Therefore, a new
image processing-based approach was investigated and validated for different mate-
rials, original surfaces, image sizes and rotation angles. The image processing mainly
consists of two steps, image preparation and angle calculation. For the preparation
of the image, the Canny edge detection method [210] is used in this work to detect
and extract the orientation of the fibre rovings from the measured surface topogra-
phy. For the calculation of the angles, the Hough transform as presented in [211] or
the Radon transform [212] can be applied to the Canny-filtered measurement. Arte-
facts can occur for angles of 45° or -45° when using the Hough transform [213],
which are values of typical lay-up configurations in CFRP laminates. Hence, only
the Radon transform is used in this work to avoid these artefacts. Furthermore, the
Radon transform was found to be an effective method to determine the fibre orien-
tation from composites in X-ray absorption measurements [214].

The Canny edge detector is an algorithm consisting of multiple steps to extract edges
in an image [215]. To this end, noise that is caused by measurement errors is reduced
in a first step by applying a Gaussian filter to the image. In the second step, the
derivatives in x and y direction are computed to obtain the distribution of the inten-
sity gradients. In the third step non-maximum suppression is applied to find the
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sharpest change of the intensity value for thinning out the edges. In the last step,
hysteresis thresholding is used to reduce the probability of streaking and isolated
false edge points [215]. Applying the Canny edge detection to the 3D measurement
from Figure 3.17 a) yields the binary image with edges marked in white lines shown
in Figure 3.17 b).

Subsequently, the Radon transform [212] is applied to determine the angles of the
lines present in the Canny filtered image. The Radon transform uses the point line
duality to transform a line from the space domain, e.g. x-y-space (Figure 3.17 b)),
into a point in the Radon domain. The lines in the space domain can be described in
the normal form by

y(x)-sin(@) + x-cos(d)— =0, (3.7

with x being the independent variable of the function y(x), 6 being the angle of incli-
nation of the normal segment that is perpendicular to the described line and contains
the point of origin and S as the length of this normal segment. The resulting image
of the Radon transform in the Radom domain yields a -f-Radon space matrix of the
lines occurring in the space domain. Figure 3.18 shows the 0-#-Radon space matrix
of the Canny filtered image shown in Figure 3.17 b). The brightness value of a pixel
for a specific combination of 8 and $ in the Radom space matrix is a measure for
how frequently lines with this combination of § and  are found in the space domain,
high brightness values corresponding to a frequent occurrence. In order to assess the
angle 6 of lines that appear comparably often in the space domain, the 6—f-Radon
space has to be searched for the highest brightness values and their corresponding 6-
values.

The evaluation of the three pixels with the highest brightness values of the example
shown in Figure 3.18 yields #-values of 31°, 34° and 28° in order of decreasing
brightness and hence decreasing incidence in the space domain. The angle coordinate
61 = 31° of the pixel with the highest brightness value deviates only by 2° from the
actual orientation of the fibres in the measured surface shown in Figure 3.17 a).
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Figure 3.18 Radon space matrix obtained by applying the Radon transform to the image that
was filtered by the Canny edge detection from Figure 3.17. The coordinates of the
pixel with the highest brightness value indicate the most frequent combination of ¢
and S of the lines in the space domain and is marked with a red square which
yields 6, = 31° for the analysed image.

3.2 Accuracy of the image processing method

The accuracy of the presented method was validated for different rotation angles and
measurement field sizes of an ablated area of 10 x 10 mm? with a mean ablation
depth of approximately 250 pm. The sample was positioned on a manual rotation
stage that offers a rotation range over 360° around the z-axis and adjustable rotation
angle with an accuracy <0.1°. The sample was rotated in steps of 1° and measured
by the OCT-based depth measurement system in an iterative manner from 0° to 180°.
From each measurement of the surface topography, the centred area with a defined
field size was used for the determination of the fibre orientation. The measured angle
61 of the pixel with the highest brightness value as a function of the rotation angle
for a field size of 2.0 x 2.0 mm? is depicted in Figure 3.19 a).
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Figure 3.19 a) Measured angle 6, of the pixel with the highest brightness value as a function of
the rotated angle using Canny edge detection and Radon transform of a surface
measurement with a field size of 2.0 x 2.0 mm?. b) Deviation of measured angle 6,
from the fibre orientation as a function of the rotation angle for surface measure-
ments with different field sizes of 0.5 x 0.5 mm? (violet dots), 1.0 x 1.0 mm?
(green squares) and 2.0 x 2.0 mm? (red diamonds).

The measured angle 61 increases linearly with the rotation angle from 0° to 180° and
only small deviations to the linear progression are visible. The deviation of the meas-
ured angle 61 to the fibre orientation for different field sizes is shown in Fig-
ure 3.19 b). With the field size of 2.0 x 2.0 mm? (red diamonds), the maximum de-
viation and root mean square error amount to only 4° and 1.1°, respectively. By de-
creasing the evaluated field size to 1.0 x 1.0 mm? (green squares) and 0.5 x 0.5 mm?
(violet dots), the maximum deviation increases to 18° and 37° and the root mean
square error increases to 3.3° and 7.7°, respectively. The increasing deviations with
decreasing field size result from errors in the determination of the fibre orientation
from the fibre rovings. For field sizes of 1.0 x 1.0 mm? and 0.5 x 0.5 mm?, the eval-
uated area for the image processing is in the range of the wavelength of fibre rovings,
which seems to be critical in the analysed surface topography for rotation angles in
the range of 0° to 20° and 90° to 140°. However, it is only necessary to achieve an
angular accuracy and thus a maximum deviation of better than +£22.5° for CFRP parts
with fibre orientations of 0°, -45°, and 45°to reliably distinguish between two layers
of different fibre orientations. Ablation geometries larger than the minimum required
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field size can be divided into smaller field sizes to locally and precisely detect the
fibre orientation with the required accuracy.

3.3 Validation for different laminates and surface conditions

The determination of the fibre orientation using the presented method requires at
least one scan of material ablation to remove the matrix layer on top of the upper
carbon fibre layer and detect the fibre rovings in the surface measurement. However,
for precise positioning of the CFRP sample in the processing area and the fibre ori-
entation-dependent scanning strategy for multidirectional laminate described in
[203] it is necessary to determine the fibre orientation before the first scan of material
ablation. In this case, the sewing threads that are often used for the fixation of the
rovings can be measured by OCT as shown in Figure 3.20 a). Two of the sewing
threads on the CFRP sample are marked with violet dotted lines to guide the eye.
The magnified area (Figure 3.20 b) shows a section of the sewing thread on the sam-
ple with a violet dotted line fitted into the image to overlap the present sewing thread.
The angle of the violet dotted line is rotated 68° with respect to the orientation of the
fibres of the first layer which is marked with a red arrow.

Application of the image processing method introduced before yields an angle of
01 = 68°. This value is perfectly consistent with the rotation determined by fitting the
violet dotted line onto the sewing thread detected in the OCT-based measurement,
hence proving the capability of the presented method for precise determination of
the fibre orientation of non-ablated parts. If no sewing threads are present but the
location and extent of the damaged area have been detected, e.g. with X-ray tomog-
raphy as mentioned in the introduction, and the damaged part is accordingly posi-
tioned below the Galvanometer-scanner in the processing area, one scan of laser ab-
lation is typically sufficient to remove the matrix layer on the surface and expose the
fibre rovings of the first layer. Then, the fibre orientation can again be determined
from the waviness caused by the fibre rovings.
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a)

0 um

-400 pm

Figure 3.20 OCT-based measurement of a) a non-ablated CFRP sample with two of the sewing
threads marked with violet dashed lines and b) a magnified area of the non-ablated
CFRP sample and a sewing thread which is rotated by 68° to the fibre orientation
of the first fibre layer. The fibre orientation is marked with a red arrow.

The method can also be applied to determine the fibre orientation during processing
of fabric laminate. The measured surface topography of the complex geometry
shown in Figure 3.15 was used for image processing and determination of the fibre
orientation. The central area of the complex target geometry with a field size of
3 x 3 mm? in approximately 4.9 mm ablated depth is shown in Figure 3.21 a). Two
different fibre orientations are present in the image, 45° and 135°, each marked with
ared arrow. The orientation of 135° corresponds to -45° in typical lay-up denotation.
Application of Canny edge detection and Radon transform yields Figure 3.21 b). In
this case, the five pixels with the highest brightness values in Figure 3.21 b) were
analysed in order to gain knowledge about multiple fibre orientations in the space
domain (Figure 3.21 a).

The evaluation of the five pixels with the highest brightness values yields 6-values
of 61 =150°, 6, =47°, 6; = 129°, 4 = 53° and 05 = 136°, listed in order of decreasing
brightness and hence decreasing incidence in the space domain. With deviations of
<10°, 61, 62 and 4 are in good agreement with the fibre orientation of 45° and 65 and
s correspond well with the fibre orientation of 135° (or -45°). If a distinct result with
only one dominant angle in the evaluated image is required, the image size can be
reduced to 1.0 x 1.0 mm? as shown in Figure 3.19 b). The lower limit of the image
size is given by the diameter of the fibre rovings.
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Figure 3.21 OCT-based measurement of the central area of the complex target geometry
shown in Figure 3.15 b) with a field size of 3 x 3 mm? and the fibre orientations
marked with red arrows. b) Radon space matrix obtained by applying the Radon
transform after filtering a) by the Canny edge detection. The five pixels with the
highest brightness are marked with red squares and yield angles of 8, = 50°,

6, =47°, 05, =129°, 0, = 53° and 65 = 136°, listed in order of decreasing incidence
in the space domain.

4 Layer-accurate laser ablation for stepped repair geometries

4.1 Manufacturing of demonstration part

Finally, depth-controlled ablation in combination with the determination of the fibre
orientation was used to achieve layer-accurate laser ablation of a complex ablation
geometry on two sides of a multidirectional laminate CFRP demonstration part. One
side of the targeted ablation geometry is shown in Figure 3.22 a) with the fibre layers
numbered according to their position form the top (1) to the bottom (8) side of the
workpiece. Each greyscale represents a different fibre layer and hence a different
targeted ablation depth. The ablation geometry is mirrored on the drawn black line
for the other side of the CFRP part. In contrast to circular scarfing, this ablation
geometry minimizes the ablated volume while maintaining a high bonding strength
of the repair plies after the rebuilding process. After positioning, the CFRP part was
ablated using depth-controlled ablation with ¢o= 168 J/cm?, fp= 15 kHz,
vy =600 mm/s and p, = 60 pm and the targeted geometry shown in Figure 3.22 a).
Every 50 pm ablated depth, the controlled ablation algorithm was paused in order to
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determine the fibre orientation with a measurement field size of 1 x 1 mm?. When-
ever a transition from one layer to the next was detected due to a change of the fibre
orientation, the ablation process was stopped, and the ablation geometry was ad-
justed to the assigned geometry of the respective fibre layer. A camera image after
processing all layers of one side of the CFRP part can be seen in Figure 3.22 b).

a)

e

Figure 3.22 a) Targeted ablation geometry for one side of the CFRP part with each greyscale
representing a different fibre layer and numbered according to their order in the
workpiece. b) Photograph of the layer-accurate ablated geometry on one side of
the CFRP part.

The light reflecting surface in the camera image indicates a smooth surface with a
comparably low roughness. This is confirmed by the measured surface roughness for
the different layers. The achieved surface roughness S. is in the range of 8 to 13 pum,
even in an ablated depth of about 4.7 mm. The low roughness provides a bonding
surface for the repair plies without large gaps between part and repair ply. The layer
thickness varies between 461 and 1008 pm which demonstrates again the necessity
to detect a change of layers during the ablation process for layer accurate laser abla-
tion. The deviation of the detected fibre orientation from its real value was less than
+10°, which enabled a reliable determination of the fibre layers in the case of repair-
ing of CFRP parts with orientations of the fibres of 0°, -45° or 45°. The transition
between layer 4 and layer 5 could not be detected by a change of fibre orientation,
as both have the same fibre orientation of 0°. However, the matrix layer of 50 pm in
between these layers was ablated within one scan and led to a significantly increased
ablation rate and thus significant change of ablated depth, which was detected by the
control system.

After processing the first side, the CFRP part was manually rotated 90° to ablate the
mirrored image of the ablation geometry shown in Figure 3.22 a) onto the second
side of the part. The measurement of the surface topography as shown in section 2
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and detection of sewing threads as presented in section 3 allowed for precise posi-
tioning of the part after the manual rotation. The final result of layer-accurate laser
ablated CFRP part can be seen from the top view in the camera image in Figure 3.23.

P T

A A

Figure 3.23 Photograph (top view) of the layer-accurate ablated geometry on both sides of the
CFRP part as preparation for the rebuilding process.

4.2 Layer-accuracy and surface structure

A cross-section was prepared to investigate the precision of the controlled ablation
process with regard to layer-accuracy. The micrograph of the cross-section from
layer 5 to layer 7 is shown in Figure 3.24. The layers are labelled accordingly and
the interfaces between the layers are marked with blue dotted lines.

The depth-controlled ablation process allowed for homogeneous material removal
and manufacturing of plane steps, which are required in the rebuilding process for
fitting the repair plies into the removed area. The surface of each step is approxi-
mately 50 um below the interface of the related layers, as the fibre orientation was
determined in an interval of 50 pm ablated depth, which corresponds to two scans of
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laser processing. The fibre orientation must be calculated in shorter intervals if
higher layer-accuracy is required. Higher layer-accuracy can be achieved, for exam-
ple, by the determination of the fibre orientation after every scan and reduction of
the peak fluence for a reduced ablated depth per pulse (cf. Figure 3.14) when the
currently ablated layer is almost removed and the ablated depth is close to the esti-
mated transition from one layer to the next.

Layer 5

= Interface 5-6
Layer 6

“i< Interface 6-7
I 50‘0‘-11‘“1 ]» Layer 7
I

Figure 3.24 Micrograph of the cross-section of the ablated multidirectional laminate CFRP
part in the range of layer 5 to layer 7.

With regard to a later repair process, the surface of each layer was investigated using
a scanning-electron-microscope (SEM) after sputtering the part with a thin gold
layer. The SEM images of the surfaces from different layers are depicted in Fig-
ure 3.25. Independent of the fibre orientation and ablated depth the surfaces of the
different layers show stripped fibres with the lower half being embedded in the ma-
trix and the upper half of the fibres being exposed to the ambient atmosphere. Some
of the fibres were partially ablated and are either still embedded in the underlying
matrix (Figure 3.25 c)) or stick to the surface as a fractured fibre fragment (Fig-
ure 3.25 b)). Matrix clusters were also observed locally on the surface (Fig-
ure 3.25 b)). The fibre thinning at the exposed ends of partially ablated fibres indi-
cates local oxidation. Oxidation occurs when the temperature of the fibres exceeds
400°C and oxygen is present in the atmosphere [216]. Both criteria were fulfilled
during the experiments of this work, due to laser processing in ambient atmosphere
with laser-based material removal. In [74], a surface with partially ablated and oxi-
dised fibres was obtained after laser surface activation with similar laser parameters
(pulse duration 100 ns, pulse repetition rate fp = 20 kHz, pulse energy Ep=2.5 mJ
and beam diameter do = 75 pm). The activated surface improved the wetting of the
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fibres with the adhesive in the subsequent rebuilding process with the repair plies
and led to a full restoration of the tensile strength [74]. A similar mechanical behav-
iour after the repairing process is expected for the CFRP demonstration part manu-
factured by layer-accurate laser ablation, due to the partially ablated and oxidised
fibres.
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Figure 3.25 SEM images of resulting layer surface from layer-accurate laser ablation of the
CFRP demonstration part shown in Figure 3.24. a) Layer 2 with -45° fibre orienta-
tion in 650 pm ablated depth. b) Layer 3 with 45° fibre orientation in 1,350 um
ablated depth. ¢) Layer 6 with 45° fibre orientation in 3,640 pm ablated depth. d)
Layer 7 with -45° fibre orientation in 4,230 pm ablated depth.

The approach of this work with an image processing-based detection of the fibre
orientation during depth-controlled laser ablation monitored by OCT allows for au-
tomated and layer-accurate damage removal as a preparation for repairing of CFRP
parts. The technique is suitable for CFRP parts of multidirectional laminate or fabric
laminate with dimensions from few hundreds of millimetres up to several meters
with appropriate systems engineering for processing and positioning of large parts.
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5 Conclusion

In summary, we have presented a novel method based on processing of images of
the surface generated during depth-controlled laser ablation that can be used to de-
termine the fibre orientation during the processing of CFRP in order to achieve layer-
accurate laser ablation.

Depth-controlled nanosecond-laser ablation monitored by optical coherence tomog-
raphy (OCT) was used for automated manufacturing of complex geometries with
minimum damage. High shape accuracy with a mean deviation below 50 pm (about
1% of the maximum ablated depth) and a low roughness S. in the range of 7 um to
13 um was achieved with depth-controlled ablation for different geometries in mul-
tidirectional laminate and fabric laminate. The extent of the matrix evaporation zone
(MEZ) was measured to <10 um with the laser processing strategy of high intensity
and low pulse overlap.

The Canny edge detection method followed by the Radon transform was applied to
the images of the surfaces in order extract the orientation of the fibre rovings of the
currently processed layer. With this approach the fibre orientation of multidirectional
laminate and fabric laminate could be reliably detected for different angles with an
angular accuracy better than +4° when the analysed image size was larger than the
diameter of the fibre rovings, e.g. 2.0 x 2.0 mm?. Furthermore, the orientation of the
sewing threads that are often used for the fixation of the rovings can be detected for
a precise positioning of the unprocessed part before depth-controlled ablation.

The effectiveness of the presented approach was confirmed by the successful layer-
accurate ablation of a CFRP demonstration part with a stepped repair geometry and
different fibre orientations of 0°, -45° and 45°. The investigation of the surface with
SEM revealed partially ablated and oxidised fibres on each layer independent of fibre
orientation and ablated depth, which was previously found to be beneficial to achieve
high tensile strength of the part after the repairing process [74].

The presented approach is a promising technique for automated and layer-accurate
damage removal of damaged parts with dimensions from few hundreds of millime-
tres up to several meters as a preparation for repairing. For the implementation of the
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approach in an environment of automated repairing of structural components for aer-
onautical applications, further optimization with regard to processing and calculation
times is required. Regarding a later repair process, the 3D-measurements generated
during the removal of the damaged areas are also suitable for the design of the repair
plies. The 3D-measurements provide accurate information on the required dimen-
sions of the repair ply for each layer, enabling the manufacturing of repair plies that
perfectly fit into the removed area.
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4 Scaling the throughput of high-quality laser
milling with a 1 kW sub-picosecond laser

Section 1.4.2 described the need for research in developing and demonstrating a ma-
chining strategy for laser milling of silicon and metals using an ultrafast laser with
an average power exceeding 1 kW to achieve material removal rates in the order of
100 mm?*/min. Section 4.1 describes the processing strategy used for the demonstra-
tion of high-quality, high-throughput laser milling of silicon up to a depth of several
hundred micrometres. Additional results with regard to laser milling of high-quality
geometries in metals with high material removal rates are demonstrated in sec-
tion 4.2.

4.1 High-quality high-throughput silicon laser milling
using a 1 KW sub-picosecond laser
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We report on high-quality high-throughput laser milling of silicon with a sub-ps laser
delivering more than 1 kW of average laser power on the workpiece. In order to
avoid heat accumulation effects, the processing strategy for high-quality laser mill-
ing was adapted to the available average power by using five-pulse bursts, a large
beam diameter of 372 um to limit the peak fluence per pulse to approximately
0.7 J/em?, and a high feed rate of 24 m/s. As a result, smooth surfaces with a low
roughness of Sa<0.6 um were achieved up to the investigated milling depth of
313 pm while maintaining a high material removal rate of 230 mm?/min.

Laser processing with ultrafast lasers is a significantly growing field which offers
high flexibility for advanced materials processing [7]. Recently, laser milling of sil-
icon has gained widespread attention for applications such as dry etching of micro-
electro-mechanical systems (MEMS) [217] and manufacturing of optics for THz ra-
diation [10,218]. Most applications require high surface quality with a low roughness
of Sa <1 um and the absence of surface defects, e.g. to achieve low scattering and
hence high transmission in optics for THz radiation [100].

The surface quality obtained from laser milling of silicon with ultrashort laser pulses
depends on various processing parameters. The applied fluence defines the resulting
surface morphology on silicon, which can range from wavelength-sized laser-in-
duced periodic surface structures (LIPSS) for low fluences to several micrometer
large cones [102,103] and holes [111] as well as nanoscale solidification cracks on
the silicon surface [105] for high fluences with single pulses. For equal fluence, pulse
bursts can lead to smoother surfaces without holes in comparison to single pulses
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[111]. The surface morphology is also affected by the ambient environment. For in-
stance, the formation of sharp spikes can be reduced using vacuum, N2 or He [102].
Another processing parameter affecting the resulting surface morphology is the scan-
ning speed. With decreasing scanning speed, a transition from a smooth reflecting
surface to a bumpy dark surface was observed for processed metal surfaces [39]. The
bumpy surface at lower scanning speeds is caused by higher surface temperatures
due to heat accumulation of consecutive pulses [38,39]. Multiple scans over the pro-
cessing area increase the milled depth, but also result in a coarser surface morphol-
ogy [103], which typically corresponds to higher surface roughness values
[10,39,103,111].

In addition to high surface quality, a high ablation efficiency is desired in order to
achieve the maximum throughput with the available laser power. For laser milling,
the ablation efficiency is often defined as the energy-specific volume and the
throughput is defined as the material removal rate. As shown in [108,111], pulse
bursts can significantly increase the energy-specific volume of laser milling of sili-
con. The maximum attainable efficiency increases with increasing number of pulses
per burst, however, accompanied by an increase of the surface roughness [108]. A
trade-off for high quality and high efficiency silicon laser milling is to use five to
eight pulses in burst in combination with a fluence at or slightly below the optimum
fluence of maximum energy-specific volume. A roughness of S:= 0.5 um and an
energy-specific volume of AVe=4.1 um3/uJ was achieved with a five-pulse burst
and a peak fluence per pulse of 1.5 J/cm? as reported in [111]. According to [108],
eight pulses per burst and a peak fluence of 0.7 J/cm? per pulse resulted in a similar
roughness of Sa = 0.6 um, but with a significantly higher energy-specific volume of
AVe=4.9 um?/uJ. However, the throughput was rather low, with material removal
rates of ¥'=0.52 mm*min and ¥ =0.23 mm?*min, due to the low average laser
power of 2.1 W and 0.9 W, respectively. Higher material removal rates of up to
V=20 mm*min have been demonstrated for silicon laser milling with up to 50 W
of average laser power, but without further characterizing the surface roughness
[132]. In the past, the average laser power limited the achievable throughput of ul-
trafast laser processes. With the upscaling of ultrafast lasers to powers exceeding
1 kW, high throughput has been made possible in many applications [219], such as
multi-pass cutting of carbon fiber-reinforced plastics [220], surface functionalization
of steel [221] or single-pass cleaving of glass [222].
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Here, we report on high-quality high-throughput laser milling of silicon with a sub-
ps laser with more than 1 kW of average power, which — to the best of our knowledge
— is the first demonstration of material processing with sub-ps laser pulses at this
power level.

A home-built ultrafast laser emitting pulses at a wavelength of AL = 1030 nm with a
pulse duration of tr < 600 fs was used for the experiments and is presented in detail
in [223]. The ultrafast laser delivered a maximum average power of P = 1110 W with
a beam quality factor of M? < 1.5. The linearly polarized laser beam was guided into
a processing station (Lasea, LS 5-1) for the material processing experiments. The
focusing optic (Scanlab, varioSCANa 40i) with a focal length of 580 mm was
mounted to the Galvanometer-scanner (Scanlab, intelliSCANq. 30) used for beam
deflection. The transmission of the optics within the processing station was measured
to be 91%, which results in a maximum average power of P = 1010 W on the work-
piece. The laser was operated at a burst repetition rate of fs = 500 kHz, correspond-
ing to a maximum available total burst energy of Es = 2020 pJ. In all experiments
presented here, the burst energy was divided evenly over five pulses within the burst
(Nppb = 5). The temporal intraburst pulse distance was 22.7 ns. The focal diameter
was measured to be do =90 £5 um with the technique presented in [103]. The max-
imum available scanning speed was v» = 24 m/s, limited by the dynamics of the Gal-
vanometer-scanner.

The processed samples were single side polished silicon wafers with a diameter of
100 £0.3 mm, a thickness of 1000 £20 um, and a crystal orientation of <100>. The
ablation experiments were conducted in ambient air on the polished side by scanning
squares of 5 x 5 mm? along parallel offset lines with the hatching distance py. The
sky-writing mode of the Galvanometer-scanner was used to ensure a constant scan-
ning speed vx during scanning of the squares, resulting in a constant offset p. between
the impact locations of the individual bursts even at high scanning speeds. Multiple
scans over the same squares were used to increase the depth of the milled cavities.
The processed areas were characterized by means of a 3D-Laser Scanning Micro-
scope (Keyence, VK-9710-K). The measured cavity depth zc was used to calculate
the immanent material removal rate

V:Px'Py'Zc'fB ’ (4.1)
m
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where px and py denote the offset of the impact locations of the bursts on the surface

in and perpendicular to the scanning direction, respectively, fs denotes the repetition
rate and m denotes the number of scans over the processed area. The material re-
moval rate represents the ablated material volume per unit of time and is typically
used to evaluate the throughput of an ablation process, and the definition from
Eq. (4.1) only holds as long as the offsets p. and p, are kept so small to ensure a
uniform ablation depth. The energetic efficiency of the ablation process is defined
by the ratio of the ablated volume and the irradiated energy and is obtained by

av, =2 42)
P

where P denotes the average laser power.

In a first step, we confirmed the advantageousness of a 5-pulse burst and low peak
fluence per pulse of approximately ¢o = 0.7 J/cm?, which were found to be beneficial
in laser milling of silicon with regard to ablation efficiency and surface roughness as
reported in [108,111], also for the pulse duration and repetition rate of our experi-
mental setup, which significantly differs from the ones in [108,111]. The focal posi-
tion was set on the sample’s surface, corresponding to a beam diameter on the surface
of do=90 um. The scanning speed of vi:=10m/s and the hatching distance
py =20 pm led to a burst overlap on the surface of 78% in both directions. The sur-
face structure obtained by processing with m = 20 as measured by scanning electron
microscope (SEM, Jeol JSM-6490LV) is shown in Figure 4.1. The surface is partially
covered with LIPSS and nanoparticles. The period of the LIPSS was measured to
1040 +40 nm, which is close to the wavelength AL = 1030 nm of the irradiating laser
beam and consistent with observations made in [102]. The nanoparticles detected on
the surface vary in diameter from approximately 90 nm to 900 nm. The used param-
eters were suitable to avoid the formation of surface damages such as nanocracks or
melt droplets larger than 1 um in diameter. The impression of the smooth surface
shown in Figure 4.1 was confirmed by the low surface roughness which was meas-
ured to be Sa = 0.5 um. This value is in good agreement with the values published in
[108] and [111]. The energy-specific volume was measured to AVe = 3.1 um?/uJ,
which corresponds to a material removal rate of ¥'=10.6 mm*min at an average
power of P=57 W.
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¢o=0.72 J/cm?

-

Figure 4.1 SEM image of laser-milled surface. Process parameters: 4, = 1030 nm, P =57 W,
f8=500kHz, Eg =114 pl, Ny, = 5, do = 90 pm, ¢o = 0.72 J/em?, v, = 10 m/s,
Py =20 pm, m = 20.

In a second step, the average laser power was increased from P=57 W to
P =950 W, which leads to an increase of the burst energy from Es= 114 uJ to
Es =1900 pJ. By shifting the focus position of the laser beam 17 mm (corresponding
to approximately 4 Rayleigh lengths) below the sample surface, the beam diameter
on the sample surface was increased from do = 90 um to d =372 um to maintain a
moderate peak fluence of ¢o =0.70 J/cm? at the high burst energy of £z = 1900 pJ.
As the surface temperature of the sample determines the formed surface structure,
the increased amount of heat at this increased average power requires an adapted
scanning speed, which was shown to be a critical parameter affecting the accumu-
lated heat on the surface [39]. The influence of the scanning speed on the resulting
surface structure and roughness for laser milling of silicon at the high average power
of P =950 W is shown in Figure 4.2.

The number of scans m were adapted with respect to the scanning speed vx so that
the incident number of pulses and hence the total incident laser energy per unit area
remains constant for all investigated data points. With the large beam diameter of
d =372 um required to keep the fluence at the desired value, the roughness obtained
at a scanning speed of vy =10 m/s amounts to Sa=3.6 um which is significantly
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higher than the one obtained in the aforementioned experiments with P =57 W. At
this low scanning speed the elevated surface temperature caused by the high average
power of 950 W led to the formation of melt, which resulted in a solidified melt film
and nanoscale solidification cracks, as shown in Figure 4.2 b).
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Figure 4.2 a) Mean roughness of the processed surfaces as a function of the scanning speed
with adapted number of scans to keep the total incident energy per unit area at a
constant value of 19 J/mm?. Error bars represent measurement uncertainties of
+20%. SEM images of corresponding surfaces at b) v, = 10 m/s and c) v, = 24 m/s.
Process parameters: 2;, = 1030 nm, P =950 W, f5 = 500 kHz, Eg = 1900 puJ,

Nppo =5, d =372 um, ¢o = 0.70 J/em?, p, = 50 pm.

These surface defects were also observed in [105], however for ablation of craters
with AL=355nm and z»=20ps at a comparably higher peak fluence of
¢o =40 J/cm? and a much lower pulse repetition rate of 50 Hz. With increasing scan-
ning speed, the roughness decreases up to the lowest achieved value of Sa = 0.4 um
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at the maximum available scanning speed of v« = 24 m/s. The surface structure ob-
tained with v» = 24 m/s is shown in Figure 4.2 c). The surface is covered with LIPSS
and nanoparticles without larger surface damage. A major transition of the surface
quality occurs in the scanning speed range of about 14 m/s to 16 m/s, also referred
to as the critical scanning speed [39]. At 14 m/s and below, the roughness was
Sa>1 um and the surface was mainly characterized by solidified melt films and
nanocracks. As shown in Figure 4.2 b), LIPSS are absent on the sample surface for
a scanning speed of vi = 10 m/s due to the strong melt formation indicated by the
solidified melt films. At 16 m/s and above, the roughness was S. <1 pm and the
surface was covered only with LIPSS and nanoparticles. No significant changes in
the diameter and distribution of nanoparticles were observed on the structured sur-
faces at the investigated scanning speeds.

The comparison of the results achieved at high power (P =950 W) and vx =24 m/s
(cf. Figure 4.2 c) with the results achieved at low power (P =57 W) and v = 10 m/s
(cf. Figure4.1) shows similar surface structure and roughness values with
Sa=0.4 um and Sa = 0.5 um, respectively. However, at a power of 950 W the mate-
rial removal rate is increased by a factor of 20 to V=216 mm?3/min, which corre-
sponds to an energy-specific volume of AVe= 3.8 um*/puJ. The increased energy-
specific volume at a similar peak fluence may be caused by defocusing the laser
beam in order to increase the beam diameter on the sample surface. As the energy-
specific volume is sensitive to the energy distribution on the irradiated surface, de-
focusing presumably changed the energy distribution of the defocused non-perfect
Gaussian beam with the beam quality factor of M? < 1.5. An even higher energy-
specific volume of AVE = 9.6 um?/uJ was recently reported in [112] using 1.76-GHz
bursts with 100 pulses in the burst, but this caused an increased roughness of
Sa=1.5 um. The increased efficiency at the expense of quality with GHz bursts re-
sults primarily from a melt-assisted ablation process. For high surface quality with
low roughness, a vaporization-dominated ablation process as demonstrated with our
approach seems favourable.

The depth of the cavity milled with vi =24 m/s and m =24 was measured to be
zc =72 pm. The low roughness and the avoidance of surface defects with diameters
larger than 1 um have to be maintained over a range of the cavity depth from a few
microns up to several hundred microns in order to ensure surfaces that are suitable
for the manufacturing of devices such as MEMS and THz optics. A simple method
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to adjust the cavity depth is the adaption of the number of scans m over the processed
area. The resulting cavity depth and surface roughness using the parameters
P =950 W, ¢o=0.70 J/em? and vx = 24 m/s for different number of scans are shown
in Figure 4.3.
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Figure 4.3 a) Roughness and milled depth as a function of the number of scans. Error bars rep-
resent measurement uncertainties of +20%. b) SEM image of corresponding sur-
faces at m = 100. Process parameters: 4. = 1030 nm, P =950 W, f3 = 500 kHz,
Ep=1900 pJ, Nyp» =5, ¢o = 0.70 J/em?, d = 372 pm, v, = 24 m/s, p, = 50 pm.

Two distinct regimes can be identified with respect to the resulting roughness. The
first regime with a roughness S. < 0.5 um reaches until a maximum of about 40
scans, which corresponds to a cavity depth of zc = 116 pm. The milled depth per
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scan in this first regime is approximately 3.0 um. The second regime exhibits an
increased roughness of 0.6 pm < S, < 0.8 um and ranges from 50 to 100 scans up to
the maximum investigated cavity depth of zc =313 pm. The milled depth per scan
in the second regime is approximately 3.2 um. A coarser surface structure and in-
creased roughness with an increasing cavity depth was also observed for laser mill-
ing of silicon in [103] and [10]. However, in the present work, a low roughness
Sa < 0.8 um and fine surface structure partially covered with LIPSS could be main-
tained up to the maximum milled depth of 313 um (cf. Figure 4.3 b)). Both are re-
quired to avoid scattering and achieve maximum transmission when laser ablation is
used for the manufacturing of optics for THz radiation.

Finally, we also demonstrated laser milling of a chamfer geometry by applying an
average laser power in excess of 1 kW. To the best of our knowledge, this is the first
demonstration of laser processing with sub-ps pulse durations and an average power
of more than 1 kW. For this experiment, the available average power on the work-
piece was increased to P = 1010 W by realignment of the laser system. As the beam
diameter was kept constant, the resulting peak fluence on the workpiece was slightly
increased to ¢o = 0.74 J/cm? The chamfer geometry was milled by decreasing the
width of one side of the initially squared-shaped scanning area after each scan by
50 um, which corresponds to one parallel offset line with the hatching distance of
py=>50 um. A LSM measurement (Olympus, OLS4000) of the manufactured geom-
etry is shown in Figure 4.4.

The evaluation of the LSM measurements reveal low roughness values, with
Sa=0.4 um in the upper area of the chamfer geometry (marked with I in Figure 4.4)
and Sa = 0.6 um in the lower area of the chamfer geometry (marked with II in Fig-
ure 4.4). The surface is again covered with LIPSS and nanoparticles (not shown
here). This is consistent with the results obtained for laser milling of the flat surfaces
shown in Figure 4.3. Furthermore, the flatness of the tilted surface was investigated
by calculation of the peak-to-valley height after filtering the LSM measurement with
a cutoff wavelength of 250 pum. The tilted surface is smooth with a low peak-to-
valley height of 5.7 um over the large area of 3.5 x 3.5 mm?. Although the ablated
depth per scan is about 3 pm, no steps were detected along the offset parallel pro-
cessed lines.
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Figure 4.4 LSM measurement of chamfer milled on the surface of a silicon wafer. Process pa-
rameters: A, = 1030 nm, P = 1010 W, f3 = 500 kHz, E = 2020 pJ, Ny, =5,
¢o=0.74 J/em?, d = 372 pm, v, = 24 m/s, p, = 50 um, m was adapted for each scan-
ning vector, up to 100 scans.

The energy-specific volume of AVe=3.8 pum3/uJ during laser milling with
P =1010 W corresponds to a high material removal rate of ¥ = 230 mm?*/min. To the
best of our knowledge, this is the highest material removal rate reported so far for
laser milling of silicon with ultrafast lasers, while at the same time achieving high
surface quality with S. < 0.6 um and no surface defects with diameters exceeding
1 pm. In comparison to previously reported results for laser milling of silicon achiev-
ing low surface roughness, this is a 740 times higher removal rate than reported in
[108] and a 443 times higher material removal rate than reported in [111]. Hence,
the presented results show that high-power ultrafast lasers in combination with ap-
propriate processing strategies such as bursts, low peak fluence and high scanning
speeds can significantly enhance the throughput of silicon laser milling while main-
taining high surface quality. If small feature sizes are required which cannot be pro-
cessed with a defocused laser beam, other techniques like beam shaping and beam
splitting may be applied to distribute the pulse energy and effectively reduce the peak
fluence on the workpiece.

In conclusion, we demonstrated high-quality high-throughput silicon laser milling
with an ultrafast laser delivering an average power of 1 kW which — to the best of
our knowledge — is the first demonstration of material processing with sub-ps laser
pulses at this elevated power level. To achieve this, a high-power ultrafast laser in
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combination with adapted processing strategies were used. A low surface roughness
Sa < 0.6 um and smooth surface structure with LIPSS and nanoparticles was obtained
at high average power by using pulse bursts, low peak fluences, and high scanning
speeds. Furthermore, a low roughness was maintained up to the maximum investi-
gated milling depth of 313 pm. The energy-specific volume was measured to be
AVe=3.8 um*/pJ at 1010 W on the workpiece, which corresponds to a material re-
moval rate of =230 mm?*min. Hence, high-power ultrafast lasers in combination
with appropriate processing strategies can significantly enhance the throughput
while maintaining high surface quality.

4.2 Additional results for high-quality high-through-
put laser milling of metals

The ultrafast laser with sub-ps pulse duration and an average power of P = 1010 W
was also used for the laser milling of metals. Identical parameters of AL = 1030 nm,
P=1010 W, f5=500kHz, Es=2020 pJ, Npppb =135, ¢o=0.74 J/cm?, d =372 um,
v =24 m/s, py = 50 pm and m = 50 were applied for milling of cavities with an edge
length of 10 x 10 mm? on the widely used metals stainless steel (AISI 304), copper
(Cu-DHP), and aluminium (AlSi1Mg).

The results were published in [224] and are shown in Figure 4.5. The compatibility
of high quality and simultaneously high throughput in micromachining with ultrafast
lasers and average power exceeding 1 kW is not limited to silicon with the developed
processing strategy. Micromachining of metals yielded similar results as microm-
achining of silicon, with a fine ripple structure on the surface as depicted by the SEM
images in Figure 4.5. The surface roughness was measured to Sa = 1.5 um on stain-
less steel, to Sa= 0.8 um on copper, and to Sa=1.1 um on aluminium. The corre-
sponding material removal rates were measured to be ¥ =180 mm*min,
V=126 mm*/min, and ¥ = 174 mm?/min, respectively, and represent the highest re-
ported material removal rates so far for laser milling with ultrafast lasers while
achieving high surface quality with Sa< 1.5 um. Even geometries with lateral di-
mensions up to tens of millimetres and with depths in the order of hundreds of mi-
crometres can be machined with high-power ultrafast lasers in a reasonable amount
of time to achieve high throughput.
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Figure 4.5 Photograph of the micromachined surfaces and SEM image of the corresponding
surface structure of a) stainless steel, b) copper, and ¢) aluminium. Process parame-
ters: AL = 1030 nm, P = 1010 W, f3 = 500 kHz, Eg = 2020 pJ, Ny, = 5,
$o=0.74 J/em?, d = 372 pm, v, = 24 m/s, p, = 40 um, m = 50.

This is illustrated in Figure 4.6 by the institute’s logo, which was machined 1 mm
deep into stainless steel using the aforementioned process parameters.

Figure 4.6 Photograph of the logo of the institute micromachined on a stainless steel sample
with a resulting depth of 1 mm. Process parameters: A, = 1030 nm, P = 1010 W,
Jf8=1500 kHz, Eg = 2020 wJ, Ny, =5, o = 0.74 J/em?, d = 372 um, v, = 24 m/s,
py =40 um, m = 350.
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Laser micromachining with short and ultrashort laser pulses enables the flexible cre-
ation of a wide range of geometries on a micrometre scale in different materials to
influence the functionality of a machined component. Reliably achieving the target
depth in a short time is particularly relevant in the economic manufacture of products
and components where the depth or aspect ratio of the generated geometry deter-
mines the functionality. Each of the three aspects - analytical modelling, process
control and process scaling - must therefore be considered to produce mass-custom-
ized products "first time right" and with high throughput using laser micromachin-
ing. Analytical modelling of the depth progress enables the prediction of the machin-
ing depth as a function of the process parameters, so that the process parameters can
be designed accordingly. Monitoring and controlling the machining depth during
micromachining ensures that the targeted depth is achieved reliably and with high
accuracy by adjusting the process parameters. Scaling the process to high average
laser powers while maintaining the required quality and precision enables high
throughput and to reach the target depth in a short process time.

The overall aim of this work was to advance the capabilities of laser micromachining
processes with target depth by enhancing each of the three aforementioned aspects.

Two analytical models were derived to calculate the depth progress when machining
geometries with high aspect ratios (depth/width) using ultrashort laser pulses:

The analytical model for the calculation of the depth progress of percussion-drilled
holes is based on the assumptions of a conically shaped hole throughout the drilling
process, increasing absorptance with increasing aspect ratio due to multiple diffuse
reflections within the hole, and the assumption that the absorbed fluence increases
linearly from the entrance to the bottom of the hole. The theoretical prediction agrees
well with experimental results obtained from percussion drilling of holes with depths
of up to 1.5 mm in stainless steel using picosecond laser pulses.
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The analytical model for the calculation of the depth progress of micromachined
grooves is based on the assumptions of a V-shaped groove, increasing absorptance
with increasing aspect ratio due to multiple specular reflections within the groove,
and the assumption that that the absorbed fluence increases linearly from the en-
trance to the bottom of the groove. The theoretical prediction agrees well with ex-
perimental results obtained from the engraving of grooves with depths of up to
624 pum in a Ti-alloy using femtosecond laser pulses.

The models derived in this work extend the available analytical models for the cal-
culation of the depth progress of holes and grooves from previously only shallow
geometries with low aspect ratios and constant deepening rate to deep geometries
with high aspect ratios and decreasing or ceasing deepening rate. The models provide
a useful tool estimate the dimensions of the holes and grooves, process windows of
micromachining with a high deepening rate, and the maximum achievable depth.

Depth-controlled laser milling was investigated to reliably achieve the targeted depth
in two demanding applications:

LPBF-generated parts made from AlSilOMg and Ti6Al4V typically require post-
processing due to excess material from support structures, deviations from the tar-
geted net shape, and high surface roughness. The originally unknown surface topog-
raphy resulting from complex geometries with shape deviations, free-form surfaces
or block support structures were measured by OCT in order to quantify the local
amount of excess material. Depth-controlled laser milling with ultrashort laser pulses
allowed for locally adapted machining and automated removal of block support
structures with a wall height of up to 800 um. The shape deviation to the targeted
net shape was reduced by 63% to 15 pm. Furthermore, the surface roughness was
reduced by 81% to 5 pm. As a result, high-quality net shape geometries with a
smooth surface were achieved on LPBF-generated metal parts.

Layer-accurate removal of damaged areas is required in the repairing process of parts
made from CFRP as preparation for rebuilding the part with repair plies that pre-
cisely fit into the removed area. The changing surface topography during laser mill-
ing of CFRP was measured by OCT and allowed to determine the local fibre orien-
tation. Determining the fibre orientation with an angular accuracy of better than +4°
allowed to reliably detect the transition between two adjacent layers and thus to stop
the laser milling process or change the machined geometry between two layers with-
out knowing the respective layer thickness or target depth in advance. As a result,
automated and layer-accurate material removal of CFRP for stepped repair geome-
tries was achieved for parts with a thickness of up to 5 mm.
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Process scaling was performed for laser milling of cavities in metals and silicon with
an ultrafast laser with an average power exceeding 1 kW, which was the first demon-
stration of material processing with sub-ps laser pulses at this elevated power level.
High-power ultrafast lasers in combination with appropriate processing strategies
such as bursts, low fluences and high scanning speeds can significantly enhance the
throughput in laser milling while maintaining high surface quality.

The high-power ultrafast laser in combination with an adapted processing strategy
was used to demonstrate record-breaking material removal rates of
126 mm*/min < ¥ < 180 mm>*min for different metals and ¥ = 230 mm?/min for sil-
icon. Figure 5.1 depicts the achieved values for comparison with the state of the art
(in June 2022).
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Figure 5.1 Overview of the state of the art (in June 2022) [60,108,110-112,114,116,125-134]
and results of this work [180,224]. No data regarding the roughness were available
for white symbols. The results achieved in this work are marked by a blue ellipse.
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High surface quality with a roughness S. < 1 um in stainless steel was obtained with
material removal rates of up to ¥ = 16.5 mm?/min before this work [129]. Compared
to this the throughput was increased by more than a factor of 11 in this work with
only slightly reduced quality with a roughness Sa= 1.5 pm and a material removal
rate of up to ¥=180 mm*min at an average laser power of P=1010 W. The
throughput for micromachining of cavities in aluminium was increased by a factor
of almost 82 to V=174 mm?*/min compared to [112] at a similar surface quality of
1.1 pm < 82 < 1.2 pm. The throughput for micromachining cavities in copper with a
roughness Sa < 1 um was increased by a factor of more than 21 to V= 126 mm?*/min
as compared to [134]. High surface quality with a roughness S. <1 pm on silicon
was obtained with material removal rates of up to ¥~ 1 mm?/min at an average laser
power of P=3.9 W before this work [111]. In this work the throughput could be
increased by a factor of more than 224 to ¥ = 230 mm?3/min at an average laser power
of P=1010 W, while maintaining a surface quality in the high-quality range of
Sa <1 um up to a machining depth of several hundred micrometres.
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