Metal micro drilling combining high power femtosecond laser and
trepanning head

R. Kling ** M. Dijoux ? L. Romoli®, F. Tantussi, J. Sanabri4, E. Mottay®

@Alphanov, 351 Cours de la Libération, batiment A33405 Talence, France
®Dep. of Industrial and Civil Engineering, Univeysiif Pisa Largo Lucio Lazzarino Pisa, Italy
¢ Department of Physics, University of Pisa Largar&r Pontecorvo 3 Pisa, Italy
4 Amplitude Systemes, 11 avenue de Canteranne, Eilg Bhotonique, 33600 Pessac, France

ABSTRACT

Trepanning heads are well known to be efficienhigh aspect drilling and to provide a precise aantf the hole
geometry. Secondly, femtosecond lasers enable mimizie the heat effects and the recast layer oevstls but are
typically used on thin sheet. The combination ahbaresent a high potential for industrial appligas such as injector
or cooling holes where the bore sidewall topologg B major influence on the dynamics of the gas.fla this paper
we present results using this combination. Thecefié pulse energy, repetition rate and revoluspeed of the head on
both geometry and roughness are discussed. Thaygofthe sidewall is checked by roughness measarg and by
metallographic analysis (SEM; chemical etching,rmitardness).
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1. INTRODUCTION
1.1 Motivation

Current drilling and machining processes for fieattires and deep holes are mainly based on EDMp malectro

discharge machining. This is a process to remoyecanductive material by using electrical dischaf§BM uses very
short electrical pulses with high energy dischatgmking at fuel injectors where the blanks ardechlseats’ the hole
diameter is the main parameter that controls thé static flow. On an EDM machine the hole diaméeahe same for
all holes and it is, first of all, determined byeeiode diameter one of the main design limitationsthe process.
Although an EDM machine has the possibility toadince small modifications, for flow adjustment,lwies’ diameters
by changing the run-out of the electrode, it isismall range (10-60 um).

EDM technology has the advantage to be a robustafidknown drilling process, but it has some drawks regarding
productivity: the hole erosion and machining tiraes long (15-60 s) in order to obtain the requiredl quality in terms
of static flow and hole shape (circularity, cylird shape, no burrs and small heat affected zsharp edges). In
addition costs for maintenance are high which m&id@®l an expensive process for daily production.a@iver aspect to
improve over EDM technology is the achieved surfameghness which is in the range of 300nm on tdevgills

depending on the discharge current [30]. Therefbd drilling requires a compromise between drillisgeed and
surface quality.

For passenger cars there is continuous increasmiskions restrictions. This pushes future drili@ghnologies for fuel
injector nozzles toward the possibility to have pbetely flexible spray shapes. In term of seat abiristics this means
individual diameter, length, holes shape, for opted and fully customizable spray distribution aniture formation.
EDM technology couldn't offer the flexibility to pvide 3D shapes. The existing fuel injections negzre based on
100-140um holes. For more effective atomization and fuehbastion and reduction of emissions, smaller hales
needed. The current EDM technology is strugglinthweimaller holes as the electrode lifetime is sraainhd the cost is
significantly higher. Nanosecond pulsed lasers otnmeet the quality requirement. Picosecond ladease
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demonstrated high quality drilling, but the materéanoval rate has been too low due to low avepayeer in the initial
phase.

In the last 20 years, there have been investigatiot different laser sources, with different lhid/machining
strategies. Simple hole configurations have beedyred and compared with EDM reference: by firsalysis,
ultrashort lasers, with a trepanning optic, is ltsan which leads to higher process speed andehnigbality at the same
time. Moreover, this technology provides, with resfpto EDM, interesting advantages: low toolingt¢esy. no wearing
parts), possibility to change hole diameter angshsithout any changeover, and hole by hole onsea¢, possibility to
modify internal hole shape and its conicity, cohtmo internal hole surface roughness. However tilygaict of a HAZ in
terms of creating stress weakness, surface warpirgatering around holes has deterred the reaglivielsiser systems
for practical production. The combination of Laskilling with post EDM machining has been propo$&#l] but not
applied in industrial applications, yet.

1.2 Need for ultrashort pulses

Laser ablation is the process of removing matériah a surface by laser beam irradiation. Shors@uhser ablation is
advantageous since the material can be heatedthp temperature of vaporization in a very shontti This means that
the energy does not have time to spread into tbpeateparts of the material and thereby the enerdpycalized where it
is needed.

Vast resources have been invested in the develdpofigrew laser systems and specifications as fetiairce stability
and power have increased immensely. For industpplications stability is obviously a necessity blgo the average
power must be high since production time is of greancern. For laser surface structuring to be ratustrially
applicable technique, material removal rates ofottueer of 1 mn¥s must be realized.

The growing application of laser systems generatitrgshort laser pulses in the field of materiagessing is based on
the advantages that they offer compared with nanmwgkpulses. Experiments on micro-machining of dewiange of
materials by ultrashort pulses [1-4] have shown timay ensure negligible heat diffusion into thetenial and absence of
plasma during the laser pulse. As a consequeneeglhfation threshold decreases (by one order ohitualg in some
cases [4]) compared with hanosecond pulses, s@thaise sub-micron machining becomes possible mittimization
of the heat affected zone. Indeed, applicationltohshort laser pulses proved to be particularijable for the treatment
of materials having high heat conductivity, e.gtaleeand semiconductors.

Recent studies [5-14] have shown that the procesgesaction of ultrashort laser pulses with matsevery complicated
and is strongly influenced by the parameters of ldser radiation, the properties of the matering processing
conditions, and the environment. Experimental wankdaser ablation of metals [5-7] have indicateat,tin contrast to
the case with nanosecond pulses, the electron #heliffusion can play an important role in the pss of dissipation of
the absorbed energy and the properties of theretegthonon coupling are important for pico- and tlesecond laser
induced damage. It has also been shown that theegsoof ablation can be accompanied by a fast memliphase
transition, such as melting and amorphization [BHd formation of three dimensional structures initime ablation
region [9,10,13] which affect the ablation rate.

Drilling by high laser intensities (}dW/cnf) [15] has shown that some of the advantages afjusitrashort pulses can
be lost. Laser ablation with such intensities carabcompanied by a considerable amount of moltaeriahand high
temperature gradients, leading to stresses, wiginltause deformation, dislocation, or crack foramaiin the material.

The interaction between metals and ultra-shortrlgsdses is still not fully understood: the preseraf different
processes in ultrashort laser ablation makes igorétical modeling difficult. However, some recehtoretical
investigations [8, 15-17], based mostly on molecdimamics simulations, two temperature heat diffusnodels, and
fluid dynamics models, have shown that some ohth&n features of the process could be describecpidined.

1.3 Fundamental considerations on heat effects

The material properties in the interaction zonedua@nged due to laser ablation. Many parameters &avnfluence on
that e.g. wavelength and polarization determining &bsorption behavior. However for the heat effénside the
material predominantly the pulse duration and peaker alter the thermal load which leads to meatarstress and
eventually to defects like micro cracks. Thereftirese two parameters are discussing in the follgwénsome larger
extend.
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Temporal distribution of energy can greatly inflaerthe interaction between the laser and matérfad. heat affected
zone (HAZ) can be controlled by changing the pdigeation. The effect of pulse duration becomes mooeninent as it
changes from nanosecond to picosecond and femtodettAZ zone could be decreased to almost zerohleget
ultrashort pulsed lasers.

According to [18, 21] the effect of pulse duration HAZ can be explained by comparing the pulse tthmarl, with
electron relaxation/cooling time4T{(in the order of 1 picosecond) and the time fexctbn to transfer energy to lattice
Tion (lattice heating time). J and T are proportional to the heat capacity and sineeteins have a much smaller heat
capacity than the lattice thereforg ¥< Tjq,.

There arise three different cases fpmithree different ranges.

For pulses longer than 1 millisecond §T1ms >> T, >> Ty4) or continuous wave lasers, there is sufficiemiti
for the electrons to relax and transfer energyhi® lattice. The lattice can reach equilibrium ahdre is
conduction of heat from the beam spot area to tateral. Melting takes place and small percentagthe
material is vaporized. Material removal mechanisndaminated by melt ejection supported by the agsis
and the vapor recoil pressure. Therefore spattadteand HAZ can be formed upon cooling and sddialifon.

For pulse duration in nano scale range>Lns >> Ty, >> Tg) the electrons absorb energy and have sufficient
time to transfer the energy to the lattice. Thexehiermal equilibrium between electrons and lattitee
material is first melted and if the incident energyhigh enough then evaporation (and plasma foomgt
occurs. Fundamentally, there is slight meltingdakd by quick evaporation. In this case, the malteemoval
mechanism is dominated by vaporization. Howevemesanelted layer still exists and thus a smaller H&Z
witnessed as compared to continuous or long puidsets.

For pulses in the femtosecond range<d Ty << Ti,n) the pulse duration is much shorter than the tiaogiired

for electrons to relax and transfer energy to #tticke. Electrons are heated instantly and in ahquitosecond
they transfer energy to the positive ions. If thergy is high enough, which is common for ultrarsipalses,
the ions get energy which is high enough to bréwmk lattice bonding. Direct solid vapor transitioocors

because of insufficient time to transfer energth® neighboring lattice ions. Heat conduction issthegligible
and HAZ is minimal. Melt free ablation occurs besawf the ultra-short pulse and high pulse enetgimost

all materials can be processed at this time sadaulse absorptivity is less sensitive to the laseelength due
to avalanche ionization and multiphoton absorption.

The second major influence on HAZ is the peak pategrsity on the workpiece determined by the putsergy divided
by the pulse duration and focus spot size. Agaia,iteraction regimes can be classified in magatisns representing
the dominating ablation regimes.

At low power densities with continuous or long lapelses irradiances below 10 MW/cmz2 can be obthine
Due to heat conduction and long interaction timest formation is the dominant ablation mechanisrereH
melt pool dynamics influenced by assisting gas flow the major parameter which determines the hole
geometry and often accompanied by striation effeéstdation on side walls is also an intensely Btigated
phenomenon in laser cutting as it impairs the ¢yali sheet metal cutting and is difficult to supgs.

Between 10 and 100 MW/cm? the incident power dgnedds to a fast transition from the melt to vaploase
reducing the layer of molten material and theretbie HAZ. However side effects like spatter forroatand
recast layers are still present which make it resngsto have post processing like wet chemicaliegcto
meeting the high quality requirements.

In the power density range above 100 MW/cm2 thietligteraction with matter cannot be described l®ans
of statistical parameters like common temperatgrtha gradients in energy are too step to formcailibrium
(LTE condition) [7]. Energy transfer can only besdebed in a fair approximation by the two temperat
model introduced by Anisimov in 1974 [20]. Due tailtiphoton absorption and rapidly increasing electr
density almost any material exhibits optical prdigsrlike metals with strong absorption and highbitity of
electrons [21]. Therefore the direct transitionnfrcsolid to vapor phase is followed by intense pkasm
formation. Different models have been developediascribe this behavior like superheated ejectitiase
explosion and Coulomb explosion, just to name adew e.g. [8]. This regime is accompanied by ségata
effects which can reduce both process efficienay @qmality. Inside the hole the plasma can eithgorove
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surface quality due to ion etching or create dsfdéike micro cracks due to thermal load of the exjiag
plasma. Therefore the pulse energy and repetitibe meed to be chosen carefully to have contrahege
secondary mechanisms. In recent publications thst mocurate control of the hole geometry has been
demonstrated in this regime [22].

Therefore in the current paper we investigate thmkgnation of a high average power ultrashort plllsser with a
trepanning head for high quality hole geometry enplarticular the sidewall roughness.

2. EXPERIMENTAL

2.1 Drilling Setup

In our experiments of stainless steel drilling, wged a trepanning head, combined with a femtoselesed. We used a
new generation of femtosecond Yb-doped fiber I§8angerine from AMPLITUDE SYSTEMES), offering théghest
average power which is commercially available toftayn this kind of laser. It generates pulses wdthration below
500fs and pulse energy up to 150uJ at a laser esagti of 1030nm. Repetition rates can be seleqgtetb 2 Mhz in
standard configuration, but in the present set-was limited to 100kHz due to the high pulse eperg

Figure 1: AMPLITUDE SYSTEMES Tangerine fiber laser

This laser has been combined with a SHG/THG moduhéch allowed us to generate a femtosecond laseelgngth
of 515nm with 80uJ of pulse energy at 100 kHz. phikse energy was controlled with an attenuationesgyscomposed
by A/2 plate and a polarizer cube in order to maingagonstant pulse width and constant beam propédaties| trials.
We also put a\/4 plate to transform the linear polarization iotacular polarization, in order to avoid Fresnesaiption
effects due to different polarization orientatiom thhe sidewalls. Arranging a circular symmetry Ihlaser parameters
the best conditions for a good roundness of the am given. The laser was set to a repetitionafai®, 30 and 90 kHz,
with energies between 30 and 80 pJ. However the duglity was obtained with 10 kHz so only resuMih the
repetition rate are presented.

The laser beam was guided with a set of 4 mirmots fthe trepanning head in the vertical positiore ghecked the
vertical orthogonality of the laser beam at the efthe optical beam line before injecting it irttee trepanning head.
Then we made sure to align the laser beam alongpttieal axis of the head components.

The motorized trepanning head (model Type 3) has Ipeovided by Laser-und Medizin-Technologie Be(liMTB)
[23]. This Type 3 head has a separate controlling which enables the operator to dynamically adjhe current
position of the optical elements inside the heddke ©ptical unit is made up of a plane-parallel @lahd a variably
adjustable wedge plate. This unit is rotated byieedmotor to enable a circular path shaped defieatf the beam. The
motor speed is continuously adjustable from 500 t@rh0,000 rpm. In order to minimize vibration rethead the speed
was set to 2,600 rpm. With this setup, we have gbssibility to independently adjust the hole diagneand the
inclination angle of the rotated beam. This way lead enables to drill cylindrical bore holes aisb gositive and
negatively tapered holes. The focusing unit hagheation decoupled mounting and is equipped witkres of 100mm
focal length. Details of the head are given in [28gentle flow of Argon across the surface wasliegpas a shielding
gas.
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Additional samples of drilled holes have been piledi by GFH GmbH. These samples were drilled wittHGF
trepanning system “GL.trepan”. The system bases loigh rotating and fine balanced precision spindt@ch contains
a telescope of cylindrical lenses. The diametertaadaper of the hole can be automatically adjubtecontrolling the
position and the angle of the telescope’s inputbeath two cnc driven mirrors. The optical setugdgs the focussed
beam on the working piece with the desired diamateltaper and additionally forces the beam taedta profile. The
optical rotation speed can be set continously uB@00rpm. Pressurized air was used as procesggng The laser
source for drilling the samples was a Trumpf picosel laser with 1030nm. The laser operated atealfiepetition rate
of 200 kHz with pulse energies between 150 puJ &0d.Q.

The two drilling setups were run under differentgraeter sets like rotation speed and repetitic kahich do not allow
a direct comparison of processing results. Thentide of this publication is merely to evaluate thele quality of
ultrashort pulsed lasers in terms of recast layelr surface roughness than to compare the laseceor trepanning
heads.

2.2 Sample preparation

The material selected for experiments is AlSI 44p@-hardened and tempered). This stainless steeimmonly used
in automotive industries for the fabrication of lfilgiectors since it combines its high hardness godd resistance to
chemical corrosion. Samples to be drilled are guivivse-EDM from a cylindrical bar with the thicknresf 300 um and
700 um, to avoid the occurrence of residual stréd$e samples were mounted on controlled X-Y-Z nipéar
translational stages (AEROTECH pro series) undetripanning head.

After laser drilling samples are cross-section@mh@lthe hole axis to analyze the generated inméaicgi Cross sections
are obtained by a preliminary milling process aadsequently finished with a rotating grinder. Tojeration is carried
out under a stereo microscope (maximum magnifinatid0x) in order to identify the position of micala as well as

the presence of residuals (burrs or contaminati@esiduals of the preparation process are remowvddgla final step

of ultrasonic cleaning in ethanol (20min). Holesgesections are then analyzed by using Scannirgré&feMicroscopy

(SEM) to visualize the generated surface texturtktarcharacterize the geometrical features aloadithe axis. Finally,

SEM is used as a cross check measurement of aediffanaging technique to afford the robustnesthefmeasuring

equipment.

2.3 Experimental procedure

We tried different drilling strategies during thests, in order to avoid heat affected zone, burdsumeven edges. We
fixed the diameter of each hole between 100 andu20@t the exit side. The aim was to reach a perfaohd and
cylindrical hole, or a negative tapered hole. Asgtfiwe drilled focalizing the beam at the top scefaf the material. In a
second attempt we drilled focalizing the beam 300pside the material in order to be more efficienthe ablation. We
also tried moving the Z position in a continuousyvlarough the hole during drilling to the bottordesiof the material.

At the end, we tried an alternative strategy sejpayahe process in two steps: first, creating alshwle of the size of
the focalized beam by percussion drilling, and tkafarging the diameter by moving automatically phen parallel
plate of the trepanning system, which allowed better evacuation of the heat, in order to minintieeheat effects and
ameliorate the shape and the edges.

1@kl

Figure 2: Bottom side of drilled test pattern toifyethe statistical error in diameter and roundn@sFH).

Proc. of SPIE Vol. 8608 86080F-5



2.4 Roughness measurements

Nanoimaging and surface roughness analysis on thpaped samples are carried out by a specificallyceived
scanning probe method based on the Shear Forceddmpy (SHFM). Since from the introduction of Atentiorce
Microscopy (AFM), many instrumental configuratiolmgve been proposed and used in order to recongtnect
morphology of micro-machined surfaces with sub-oniceter spatial resolution [24].

Despite of its extremely large sensitivity, whiciinclead to atomic spatial resolution, two majouéssare relevant in
practical applications of AFM-based techniques &xhined workpieces. The first one deals with thesflal size of the

probe, typically shaped in the form of a cantilew#h a small pyramidal tip at its end. Analysisonfrved surfaces, such
as those obtained by micro-drilling, is typicallunsbersome because of possible undesired collisietseen the

cantilever and the surface. The second issue ixiated with the operation mode of the AFM. Eveouih non-contact
operating modes have been developed based on gap@n on a periodical modulation of the tip-toface distance,

intermittent contact occurs leading to probe bhuptiThe effects of tip wearing, well investigatesiane of the most
relevant problems in the frame of nanoindentati®®l],[ are clearly detrimental in terms of spatiadaletion. On the

other hand, the use of ultra-hard tips, e.g., dizsnmade, while preventing such artifacts can leadnwanted surface
modifications and scratching [24].

In order to overcome such limitations, a scannirgpp microscope based on the shear forces occureitvgeen a sharp
tip metal probe (oscillating parallel to the sugaand the surface was designed and applied [2@&].rfain mechanism
responsible for the shear forces in the actualaijmey conditions of the experiment is related t® ¥iscous behavior of
the thin air layer between the tip and the surfaeeong the effects of the shear forces, a drand&tioping of the forced
oscillation is measured at tip-to-surface distarioghe few nanometers range. The setup, schertptifeown in figure
3, employs a piezoelectric actuator to force theillation and a piezoelectric transducer to meaghee oscillation
amplitude.

scanner

~Ay

— ©

1N ¥ piezodriver
oscma@_>\ tuning fork
fiber probe

— substrate

Figure 3. Sketch of the SHFM used in the experiment

In particular, the actuator consists of a PZT lagiewen by a sinusoidal signal and able to prodpeak-to-peak
displacements in the few tens of nm range. Thesthacer is a quartz tuning fork of the kind typigaimployed in clock
oscillators. A tip, produced by electrochemicahatg of a 0.125 mm diameter tungsten wire, is jditeone arm of the
tuning fork. The resonance frequency of the tipxigrfork system is around 33 kHz. The sample is miedi on a three-
axis closed-loop nanopositioner (Physik-Instrumd®it®17,3CL) which allows for a maximum travel @0lum in the
in-plane (x,y) directions and 3@m in the vertical (z) direction. The nanopositioredriven by a controller for scanning
probe microscopy (RHK SPM 100).
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The SHFM approach enables significant advantagesrifpared to conventional AFM. The length of thedan be in

fact made large enough (0.2-0.5 mm) to penetrate the specimen under investigation without suffgriany

mechanical interference. Moreover, since shearefare used, true non-contact operation is achiewidg out any

effect due to tip wear. Surface morphology is retarcted by keeping constant the oscillation amgétto a predefined
value, a fraction of the free-oscillation amplituydleus ensuring that the tip-to-sample distanosoisstant at a few nm
value during the whole sample scan. To this aim,ascillation amplitude is continuously monitorediaised to drive a
feedback circuit which acts on the vertical (z)ptheement of the piezoelectric nanopositioner. $hiE-M reconstructs
the topography map of a sample as a h(x,y) matbtained while scanning the sample in a raster. fiatpically, the

matrix consists of 256x256 points.

The spatial in-plane resolution depends mostlyhentip size. For the maps presented here, whege Ere scans are
considered, it can be evaluated in a range bettaenand hundreds of nanometers. The verticab&jlution, affected
by the oscillation amplitude measurement accurawy lay the sensitivity of the nanopositioner, can be less than
10 nm.

The laser-drilled hole is analyzed in three différareas (50pmx50um), as reported in Fig. 4: oogecto drill starting
point (entrance area), one in the center (centesl)aand the third one at the end of the hold g®ia, where the drilling
process ends). In all maps, the row by row rasten starts from the top and progresses slowly twa bottom. The
sample is mounted in order for the rows to be gitmal with respect to the hole main axis.

Laser entry
side

Laser exit
side

Figure 4. Different investigated areas of the samible entrance area (1), central area (2) andxiarea (3).

To measure the surface texture inside a semi-aytialdhole, the global curvature due to the circdhape of the hole
has to be removed. Taking into account that thdall@urvature is uniform throughout the hole, thevature is

evaluated through best fitting data to a two-din@ma parabolic function by using an image manipata software

[27], and removed from the whole map in order ttaobthe topography surface projected over a flahg The color
palette is then readjusted between the minimunn@etto zero) and the maximum height.

2.5 Metallurgical Analysis

A further analysis practiced on the cut samplehemical etching to check the presence of a mgirlan the inner wall
of the laser drilled hole. At this purpose, sampiesss sections are included in thermoplastic rasith prepared for
metallurgical analysis by chemical attack with Adétching. This practice commonly adopted to detecast layer in

case of EDM drilled holes did not reveal on theeinwall metallurgical structures which differ fraime base material. It
is worth mentioning that the impossibility to n&tia uniform melt layer on the machined surface ao¢smply the total

absence of liquid phase formation during lasetidgilas it is reported in SEM pictures in the feliag paragraphs.

3. RESULTSAND DISCUSSION

The combination of complex trepanning system togetith femtosecond pulses promises very high pieci
machining in both geometrical accuracy and surfaish. However at the same time it imposes varipitfalls which
are discussed separately in the following sectiéirst we analyzed the geometrical aspects of tileshin terms of
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roundness, taper, entrance and exit edge qualilypatential micro cracks. Then in the second sactie explicit
surface topology and roughness has been examirdifférent sections of the bore as it is of cruamaportance for fluid
dynamics of high pressure nozzles. As a genematitrge obtained high quality holes with both setapen though the
laser parameters in terms of repetition rate wereglifferent. A significant part of the know hdw drill a high quality
hole is attributed to the proper process strategydduce to requested hole geometry in first peawka smooth surface
finish at the same time.

3.1 Hole geometry

In order to verify the stability of the process aftbrd the repeatability of the drilling technigaesample is processed to
obtain a matrix of 10 by 10 holes with a spacind.ofm from each other, see Fig 2. The holes arsetdiameter of
175um, as depicted in the SEM top view in Fig. &sédr parameters and focalization are invarianeé&mh hole so that
the tolerance can be evaluated. Measurements atnence and exit diameter reveal a standard ti@viaf about 3%
in hole diameter and less than 3% in taper andie. rbundness of the hole on both sides shows dmviatf less than
2 pum, which is well within the demands of the aubtiwe industry.

18kU

Figure 5: Entrance side (left) and exit (rightcgfindrical hole of 175um with a tolerance of I¢isan 3% (GFH).

The exit side of the laser beam exhibits betteeaglgnlity than the laser entrance side (see Fidt 6an be attributed to
the shorter exposure time with the laser light.sTéifect is sometimes referred to as "light in sived As the peak
intensity is above the ablation threshold by astiemne order of magnitude, the energy in the sidgsvof the beam
profiles is sufficient to ablate the rim of the mamice by direct vaporization and by melt creatibms leads to a gentle
rounding of the contour with some distinct grovasised by striation. As the effects only occur anehtrance side of
the laser, which is typically the exit side of tiy@s stream on an injection nozzle, it can be ttddraNo micro cracks
have been found during the investigations, whigbpsuts the finding of the metallurgical analyskgttthe heat affected
zone can be neglected see 2.5).

K.
18ky X 5 1B0m 24 z5 SEINR

Figure 6: Cross section of a cylindrical hole armkgative taper hole (middle) in 700pum stainlessl §teMTB head).
Closeups of the edges show high edge quality, nodsuecast layers can be found. On the left almengd rim of the
entrance side can be seen (GFH,closeup of Figdsbjhe right (close-up of Fig 13a, GFH) the highgnification
shows a distinct topography as discussed in thegeg.3.
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3.2 Deviationsfrom the optimal shape

During the installation and alignment of the feneiwsnd laser and the LMTB head various defectsarhtile geometry
occurred which can be traced back to optical effe€the beam guidance setup. Great care hastakée on the optical
path to obtain full control of the beam profile adpthe propagation of the laser beam from entmgxibof the machined
sample. Optical components like mirrors lenses bexpanders and prisms introduce astigmatism andgehaf

polarization. Non-linear crystals for frequency eersion can lead to wavefront distortions alongirttuifferent

birefringent axis leading to astigmatism. If astagism is not compensated the two directions of nmation have
different focal positions. This leads to elliptidatus spots with a rotation of the ellipse ori¢giotaalong the z-direction.

i

Figure 7: Microscope images of front and backsléft)(of an asymmetric hole due to astigmatism, S&EMv of same hole
on the right

Drilling with such an uncompensated optical setupvjgles holes with round entrance and elliptic exieven ellipses
on both sides with rotating axis as can be sedngry. The SEM picture in the projection of 45°ggvan insight of the
change in beam profile along the propagation.

Therefore it is crucial to have 3D focus spot asilyprior to the installation of the trepanning dhéa prevent from
irregular hole geometries.

3.3 Surface morphology

SEM images of cross sections of GFH samples haee ksken and analysed in detail. They show a quiteorm
surface texture (excluding entrance and exit edgesyhich only slight striations are visible. Thisstifies that the
removal process takes place mostly by pure ablathwha limited liquid phase is spread out alonghible thickness by
the motion of the beam.

Figure 8: Topography map of the entrance areaeohtie: (a) pseudo 3D topography (b) pseudo 3Dgigphy after
parabolic filtering to remove the hole curvature.

Similar results can be derived by the SHFM whichl#es drawing topography maps of the whole scaanea shown
in Fig. 8. As reported in 2.4, the curvature (prese Fig. 8.a) of the hole has to be removed leyabftware in order to
obtain a flat surface (Fig. 8.b) on which it is pibde to measure the real roughness and wavinedgedfurface. This

Proc. of SPIE Vol. 8608 86080F-9



reveals a maximum peak to valley distance of 965 with a major waviness on the entrance and a nsaebother
surface after the first 25 um inside the hole. difierent sections of the hole are investigatethore detail below.
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Figure 9: SHFM topography maps in the three areas

Fig. 9 illustrates the evolution of the topographgps (squared areas with 50um side and resolufibr256) along the
hole axis. For each map the darkest point repredbet deepest valley, conversely the lightest ertbe highest peak
(relative maximum excursion in z of 600nm). It isrth mentioning that since SHFM sets to zero thepdst point of
each map, the absolute value of the height is patdgeneous for the three areas. Striations canotexl {darkest
longitudinal areas) in all the three maps: as alraéke surface structure seems to be based osuperposition of a
larger texture axially developed and secondarywvette lower amplitude and higher frequency.

It can be also noted that the entrance area shwavhigher waviness of the surface at the upper eelgéed with an

excess of heat accumulation, also visible in SEMges. To quantify the entity of this waviness whiddffers