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An meine Bürokollegen, Thomas, Karo, Alexander, die beiden Michaels, Vladislav
und Stanislav richte ich einen ganz besonderen Dank für die vielen unterhaltsamen
und mehr oder weniger tiefsinnigen Gespräche und den kurzweiligen Arbeitsalltag.
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Abstract

In the last two decades research on material processing using femtosecond lasers
gained massive interest, due to its unique combination of properties - high material
removal rates in addition to a minimized influence on the material surrounding the
processing area. Particularly, for micro-processing this opens up a new world of
possible applications.

The main focus of this thesis was the development of a novel system, which com-
bines a scanning electron microscope, a focused ion beam and a femtosecond laser.
This system is based on the Zeiss Auriga� laser system, originally equipped with a
nanosecond laser. After the successful adaption, it was used to investigate its poten-
tial for the processing of specimens in materials research, with an emphasis on the
fabrication of specimens for mechanical experiments on the meso-scale. First, the
processing of various types of materials, such as metals, polymers or biological ma-
terials, was evaluated. Critical parameters for the fabrication of micro-mechanical
specimen geometries, regarding structural quality, geometrical precision and process-
ing speed, were identified and an optimization of the laser processing parameters was
conducted.

In detail, following studies were performed in which the newly developed system
was applied to cutting-edge material research questions.

The resulting quality of specimens processed by a femtosecond laser and a nanosec-
ond laser was compared by the fabrication of bending cantilevers in rolled tungsten
foils. The specimen processed by the femtosecond laser yielded a higher surface qual-
ity and no grain coarsening underneath the processed surfaces as it was found for
samples cut with the nanosecond laser. Especially, for the fabrication of specimens
for mechanical tests on the scale of multiple hundred micrometer this negligible
influence represents a significant advantage. Furthermore, the femtosecond laser
processing parameters were optimized in terms of the efficiency. The advantage
of the femtosecond laser compared to the focused ion beam technique is the high
material removal rate and was demonstrated by the fabrication of a set of hundred
cantilevers with a size of 420 × 60 × 25μm3 in about 30 minutes, outperforming a
conventional focused ion beam system by orders of magnitude.

The preparation of meso-scale tensile specimens from heat-sensitive materials by
means of the femtosecond laser as well as the mechanical testing of the samples
was successfully shown in two further studies. First, experiments on spruce wood
displayed the potential of the technique to fabricate pristine biological specimens and
to characterize local mechanical properties. Second, tensile experiments on three
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different polymer foils allowed the local determination of strength and ductility, as
well as the investigation of the influence of the femtosecond laser processing on
these properties. In addition, these experiments were used to determine the effect
of electron irradiation on the local tensile properties of the polymer foils. Finally,
an approach for a depth-resolved measurement of tensile properties, was presented.

Furthermore, femtosecond laser processed single leg bending specimens enabled
the measurement of the fracture toughness for intergranular crack growth in ul-
trafine grained tungsten materials. These experiments evaluated the crack growth
resistance along the elongated microstructure of cold rolled tungsten foils with a
thickness of 100μm and cold drawn tungsten wires with a diameter of 150μm. Such
measurements have not been able to be performed so far with classical approaches.
The fracture toughness found for the wires is 5.3MPa

√
m. The foils yielded a signif-

icantly lower value of 2.4MPa
√
m. This difference was linked to a distinct difference

of the fracture surface roughness.
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1
Motivation and aim of the work

In 1958 the concept of a laser (acronym for light ampilfication by stimulated emission
of radiation) was proposed by Charles H. Townes and Arthur L. Schawlow [1], the
acronym itself was coined a year before by Gordon Gould [2]. Soon after, in 1960,
Theodore Maiman build the first laser [3], and back then he referred to it as a
”solution seeking a problem” [4]. He knew at that time little about the impact
lasers would have on future technologies. Since then a myriad of applications for
various types of lasers have emerged.

In 2018 the basic principle of a special type of laser gained great attention. That
year the Nobel prize in Physics was awarded to Arthur Ashkin, Gérard Mourou
and Donna Strickland ”for groundbreaking inventions in the field of laser physics”
[5]. Gérard Mourou and Donna Strickland developed the method of chirped pulse
amplification (CPA), to generate high-intensity, ultrashort pulses, laying the foun-
dation of todays widespread use of ultrashort pulsed lasers [6]. The ability of these
ultrashort pulsed lasers, to confine a high amount of energy to a defined volume of
irradiated material with little to no effect on the surroundings, opens up a variety of
ways to process or alter the material on a small scale. Soon after the development
of these lasers this so called ”cold ablation” found great interest in the material pro-
cessing community and was seen as precursor for pushing the limits of precision in
rapid fabrication on the micro-scale [7]. Nowadays ultrashort pulsed lasers already
found commercial use in various applications e.g. fabrication of coronary stents, eye
surgery (laser assisted in situ keratomileusis - LASIK), the micro-structuring of com-
ponents in diesel injector systems [8] or the precision cutting of ultrathin glass for
smartphone displays [9].

The ongoing miniaturization in the areas of micro-electro-mechanical systems
(MEMS), small medical devices or microelectronics pose diverse challenges towards
the technological advancements regarding functional materials. But, besides their
functionality also the structural reliability of these products is of essential impor-
tance for any successful application. Mechanical properties are subject to significant
change, when the material dimension is reduced to the length-scale of micrometers
or below [10]. The need for understanding mechanical properties in this size regime
is driving the development of methodologies, which enable their proper determina-
tion on the small scale. In the material research community respective investigations
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1 Motivation and aim of the work

made essential progress in the last decade, when the focused ion beam (FIB) tech-
nique became commercially available, as it represents a simple and variable method
to produce mechanical samples on the nano- and micro-scale [11]. Nevertheless, due
to its limited material removal rate the technique has two essential drawbacks: the
maximum size of specimens and the number of specimens are constrained by the
time a researcher is able to or can afford to spend on their preparation. This leads
to limitations regarding the statistics of results or to a limitation on the sample
dimensions for experiments investigating size effects. Hence, strategies for a faster
preparation of samples on a larger scale and a rapid, site-specific pre-preparation
are of great interest for the material science community.

This is where ultrashort pulsed lasers come into play. This technology represents
an ideal candidate to tackle the issue of time-consuming sample preparation, due
to its orders of magnitude higher material removal rate. Furthermore, it enables a
localized processing on a small scale and it ideally has a negligible impact on the
surrounding material. Additionally, ultrashort pulsed laser ablation is independent
of the type of processed material, hence, the processing of metals, semiconductors or
dielectrics is possible. However, the minimal processable feature size using a fs-laser
is about 10 micrometers and is determined primarily by the minimum beam diam-
eter at focus. Therefore, a FIB and an ultrashort pulsed laser ideally complement
each other and a combination of both will open up new fabrication possibilities for
applications in the fields of micro-mechanics and material characterization.

The aim of the present work was to develop a novel system, which exploits and
combines the beneficial properties of an ultrashort pulsed laser and a focused ion
beam. Based on the processing opportunities of this system possible contributions
to the advancement of methodologies in the field of micro-mechanics were explored.
Limitations and chances as well as an outline for potential future directions of this
technique are discussed.
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2
Introduction

Since the development of the first laser in 1960 [3], this technology has become
essential in science and industry, covering a wide field of applications. Basically,
lasers can be classified in different operation modes: the continuous wave mode and
the pulsed mode, where the power output happens continuously or pulsed, respec-
tively. Continuous wave lasers find use in processing applications, which are based
on thermal impact, for instance melt cutting or welding [12]. Pulsed lasers provide a
very high peak power intensity (e.g. up to few terawatt for femtosecond lasers [13]),
which enables multiple ways of material alteration. Hence, upon their development
particular interest for the use in material processing applications, especially using
ultrashort pulsed lasers emerged [13]. Pulse durations vary over multiple orders of
magnitude, from milliseconds down to the shortest pulse duration achieved in the
laboratory so far in the low attosecond regime [14]. However, also commercially
available laser sources operate already in the low femtosecond range. To illustrate
the duration of such pulses: light travels at a speed of 3×108m/s, hence, in one
second a distance corresponding 7.5 times the length of the equator. In 100 fem-
toseconds it would cover a distance of only 30μm, about half the thickness of a
human hair.

2.1 Pulsed laser technology

There exist multiple strategies to achieve certain durations of laser pulses. Common
methods are - in decreasing order of achievable pulse duration - gain switching,
quality switching (Q-switching) and mode locking [15]. Mode locking allows to
produce laser pulses with a pulse duration in the ps- to fs-regime and is a suitable
method for material processing applications as it provides an adequate trade-off
between a satisfactorily pulse energy and a sufficiently high pulse repetition rate.
The technique is based on the constructive interference of longitudinal modes with
constant phase relationship in a laser resonator.

Pulses with pulse durations in the femtosecond regime exhibit the issue of exceed-
ing the optical damage threshold of materials used for optical components, due to
the high energy density of the pulses. Especially, for the components used for power
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2 Introduction

amplification of laser pulses this poses a severe problem. Therefore, the achievable
pulse energy of ultrashort pulsed laser had been limited until the development of
the CPA method in 1985. The CPA method alleviates the damaging issue by a
temporally stretching of the pulses prior to the amplification and therefore lowering
their energy density. Successively it is amplified and finally temporally compressed
again. This temporal alteration of the pulses is achieved using optical gratings,
which, depending on their dispersion, act as stretcher or compressor [6, 16]. The
principle of the method is sketched in Fig. 2.1

Figure 2.1 Principle of a chirped pulse amplifier. Figure taken from [17].

2.1.1 Important parameters for pulsed laser radiation

For further discussion important quantities and parameters for pulsed laser radiation
need to be defined. The specifications of a pulsed laser usually include the average
power Pav and the pulse duration tp. Additionally, the pulse repetition rate R and
the wavelength λ are essential parameters.

Starting from that information, the pulse energy Ep can be calculated via

Ep =
Pav

R
(2.1)

Further, the peak power, Ppeak, of a single pulse is defined by

Ppeak =
Ep

tp
(2.2)
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2.2 Material interaction with ultrashort laser pulses

Most of the classifications and investigations on the interaction of ultrashort pulsed
lasers with matter are presented in terms of the fluence, which corresponds to the
energy density of the radiation. Typically the laser beam profile has a spatial Gaus-
sian distribution of its intensity, although beam shaping techniques allow to provide
other profiles like for example a rectangular tophat profile [12]. The description of
such a Gaussian beam deviates significantly from geometrical optics approach and
needs to be considered properly when configuring optical components.

Considering a laser beam diameter ω0, which depicts the diameter, where the
optical intensity of the Gaussian transverse profile of the laser beam drops to 1/e2

of the maximum value, the maximum fluence is calculated according to

F =
Ep

π ω2
0

8

(2.3)

Commonly, the fluence values are presented in J/cm2. The pulses exhibit also a
temporal Gaussian distribution.

2.2 Material interaction with ultrashort laser pulses

The extremely high energy density of the ultrashort laser pulses initiates various
processes and mechanisms in different kinds of material, which are still not fully
understood in all of their aspects. The interaction of a laser pulse is considered to
be ”non-thermal” for pulse durations below 1-10 ps [17]. The regime of this pulse
durations is referred to as ultrashort (also sometimes ultrafast [8, 18]) pulse regime.
For lasers with longer pulse durations or for continuous wave lasers thermal processes
dominate the interaction with the material [17].

The description of the ultrashort pulsed laser-matter interaction for materials
(especially metals) is mainly based on the two-temperature model [19], which treats
the temperature evolution of the electron and the lattice system separately (the
atomic/ionic system is referred to as lattice for crystalline and amorphous materials
for simplicity).

Ultrashort laser pulses interact primarily with the electrons of the irradiated ma-
terial, leading to an excitation of the electronic states. The fast thermalization of
the electrons leads to an increased temperature of the system within the duration of
the laser pulse. This temporary thermodynamic strong non-equilibrium between the
electronic and the atomic system, triggers rapid heating due to the energy transfer
from the electrons to atomic vibrations, which happens on the picosecond timescale
[16]. This hyperthermal process leads to a rapid input of very high energy in a small
volume, which is confined in a ”cold” surrounding. Successively this high energy
leads to a vaporization of the irradiated lattice ions before any energy is transferred
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2 Introduction

to the surrounding lattice [20]. Hence, the heat transfer into the remaining material
can be neglected.

Other processes connected to this fast and high energy input are triggered on
longer time-scales. For metals, for instance, thermal conduction due to phonon-
phonon interaction starts around 100 ps [12]. Effects on the microstructure, solid-
ification of melted material and surface morphology modifications start to happen
after about 1 ns, therefore those processes are already completely decoupled from
the initial pulse [18].

The consideration of the interaction of a ultrashort laser pulse with matter can pri-
marily be separated into two classes of materials: interaction with opaque materials
(e.g.metals) and interaction with transparent materials (e.g. dielectrics) [17, 18, 21].

In the case of metals the laser pulse energy is directly absorbed by the conduc-
tion band electrons. On the contrary, the energy of a single photon is generally
not sufficient to excite electrons in semiconductors and dielectrics. First, the elec-
trons need to be exited across the bandgap [18]. Hence, commonly wide-bandgap
semiconductors and dielectrics are transparent in the wavelength range of visible
light. Hence, for the high energy intensity of ultrashort pulsed laser light absorption
occurs, due to non-linear optical coupling. The non-linear processes are multipho-
ton and avalanche ionization [21]. Therefore, the exposure of semiconductors and
dielectrics to an ultrashort laser pulse leads initially to an electron excitation and
therefore a high concentration of free electrons. This separation from the remnant
positive charge in the surface layer of the solid leads to a high electric field strength
near the surface. When the according repulsive electrostatic force exceeds the bind-
ing energy of the atoms, a Coulomb explosion - the emission of ions in the vicinity
of the surface - occurs [17]. The high energy densities of ultrashort laser pulses
can be used to modify materials, which are transparent for the laser wavelength.
Using high enough pulse energies and focusing the laser beam inside a glass allows
to confine the multiphoton absorption in the vicinity of the focal spot. This enables
an internal modification of materials [12].

The interaction of laser light with matter also leads to the generation of X-ray and
UV radiation for intensities above 1015W/cm2, which are achievable with ultrashort
pulsed lasers [22]. Hence, an adequate shielding of the processing environment needs
to be ensured.

2.2.1 Applications

The unique types of interaction of the ultrashort, high energy density laser pulses
with matter lead to manifold applications. For example surface micro- or nano-
structuring to control optical properties (e.g. black silicon, which yields a distinct
reduction in reflectance; colouring of metals [23]) or wetting properties (e.g. to cre-
ate superhydrophobic or superhydrophilic surfaces) [24]. Another application, laser
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2.3 Ultrashort pulsed laser micro-processing - Fundamentals

stereolithography, enables the fabrication of 3D microstructures by two-photon pho-
topolymerization [16]. Furthermore, ultrashort lasers are used for internal process-
ing of transparent materials, which, for instance, enables to directly write optical
waveguides or other 3D optical micro-devices [16, 25].

The focus of the present work is, however, on the surface micro-processing and
micro-structuring of materials, which will be contemplated in more detail in the
following sections.

2.3 Ultrashort pulsed laser micro-processing - Fundamentals

Ultrashort pulsed lasers provide an ideal technique for surface micro-processing.
The non-thermal ablation impedes the generation of a heat affected zone. Hence,
ultrashort pulsed lasers enable high quality surface micro-processing with a good
reproducibility [7, 26]. The small amount of heat also allows to process heat-sensitive
materials, such as polymers or biological materials [27].

Material ablation occurs after a certain material dependent energy density thresh-
old is exceeded. This value depends mainly on the reflectivity, the linear absorption
coefficient and the thermal diffusivity of the material [21]. Therefore, each material
exhibits a certain ablation threshold fluence Fth. For metals and dielectrics a linear
dependence of Fth on the pulse duration exists, whereas no dependence on the pulse
duration is found as long as it is in the ultrashort regime. Generally, Fth is higher
for dielectrics, as initially energy is required to generate free electrons [28]. The
processing atmosphere was found to influence Fth for several metals, being lower at
atmospheric conditions compared to vacuum conditions. Exemplary values of Fth:
copper 0.5-0.6 J/cm2 (780 nm, vacuum), fused silica 1.2-1.5 J/cm2 (526 nm, vacuum)
[28].

Above this value ultrashort pulsed laser processing shows two typical ablation
regimes, the low fluence and the high fluence regime. The fluence value of transition
between those regimes Ftr is material dependent. These separated domains differ in
the slope of the material removal rate with increasing fluence, as shown in Fig. 2.2 for
various materials. For low fluence values above the ablation threshold the material
removal rate increases slowly. A significant faster increase is observed above the
transition fluence value Ftr. This behaviour was reported for metals, semiconductors
and dielectrica [29, 30]. The surface quality of processed surfaces depends strongly
on the fluence regime. Whereas surfaces processed in the low fluence regime yield
a high quality, surfaces processed in the high fluence regime exhibit a thin layer
of molten material [31] and extensive debris in the vicinity of the processed area
[32, 33].

Studies of material alteration underneath femtosecond laser ablated surfaces re-
vealed e.g. dislocation injection, recrystallization, phase changes or amorphization,
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2 Introduction

depending on the processed material. A possibility of reducing this damage is given
by using a glancing incidence of the laser beam, hence, limiting the fluence during
ablation to the low fluence regime [34]. In this low fluence regime the damage layer
can be confined to a few hundred nm.

Figure 2.2 The material removal rate per pulse versus the laser fluence for the irradiation of
various materials shows two different ablation regimes, which are typical for the processing
of materials using ultrashort pulsed lasers. The low fluence regime allows a gentle material
ablation, whereas above a material dependent threshold value in the high fluence regime the
processed areas exhibit a decreasing quality. Graph taken from [35].

The ablation threshold is influenced by multiple processing parameters. Com-
monly this ablation threshold is determined by the onset of surface damage induced
by a single laser pulse. Multiple-pulse irradiation was found to lead to a decrease
of this value for metals and dielectrics [36–38]. However, above approximately 100
pulses the ablation threshold saturates. The decrease is attributed to the surface
defect generation during the first pulses, which lead to a more efficient energy cou-
pling.

The same applies to existing surface defects, like micropores or cracks, which lower
locally the damage threshold [39] and therefore they act as initiation sites for further
surface damage. Hence, assuming randomly distributed defects in a material matrix,
also the area of irradiation (the beam spot diameter) has an effect on the ablation
threshold. An increasing beam radius covers a larger number of defects, therefore,
a decrease of the ablation threshold (Fth) value is found [39, 40].

The efficiency of ablation is influenced by the generated plasma or by ablated par-
ticles. In the sub-ns time regime plasma formation around the processed area occurs
due to emitted surface electrons and ions. After several nanoseconds additionally a
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plume consisting of vaporized target material is formed. For high repetition rates
the plasma and the particles shield incoming pulses and lead to a reduction of the
ablation efficiency [41, 42].

2.3.1 Heat accumulation

Material exposed to an ultrashort laser pulse is only ablated above a material de-
pendent threshold fluence value, as depicted in Fig. 2.3. The remaining energy of
the pulse is absorbed by the material without ablation [43]. This excessive energy
leads to a heating of the surrounding material. In the case of high fluence values
(F > Ftr) or high repetition rates this local heating induces subsequent melting of
the material. Especially in the case of heat sensitive materials those two parameters
(fluence and pulse repetition rate) need to be chosen carefully to avoid damage of
the processed specimens due to the accumulation of heat. Also the fabricated ge-
ometry influences the amount of heat accumulation. For instance, the fabrication
of holes with a high aspect ratio is distinctively sensitive regarding the processing
parameters, due to the confined deposition of energy.

Figure 2.3 Sketch of the Gaussian spatial energy distribution of a single laser pulse. Ab-
lation occurs above a material dependend threshold. The energy below that threshold is
absorbed and leads to heating of the material. Adapted from [43]

Vorobyev et al. [44] showed that also for fs-laser material interaction this residual
heat energy is not negligible. They found that for the single pulse irradiation of
aluminium at atmospheric conditions, using fluence values well above the ablation
threshold, up to 70% of the incident laser pulse energy contributes to the heating
of the material. The fluence and the ambient gas pressure were identified to be
the main parameters determining the amount of thermal energy absorbed by the
material after a single pulse irradiation. With higher ambient gas pressure a larger
plasma is produced leading to an enhanced coupling of laser energy to the sample.

9



2 Introduction

Thus, reducing the ambient gas pressure, while processing, reduced the residual
thermal effect.

2.3.2 Laser induced periodic surface structures

Pulsed laser processing is also of high interest for surface nanostructuring, due to the
formation of quasi-periodic structures upon irradiation. For this structures the term
laser induced periodic surface structures (LIPSS) has been established [45]. These
structures can be generated on almost any solid material using linearly polarized
laser pulses [46]. Such periodic surface structures were already observed soon after
the development of the first laser on surfaces of multiple semiconductors, which were
exposed to laser radiation [47]. Interpulse feedback phenomena are responsible for
the evolution of these LIPSS, when the surface is exhibited to multiple pulses [48].

Two types of LIPSS can be usually observed: structures with a spatial period-
icity near to the radiation wavelength - low spatial frequency LIPSS (LSFL) and
structures with a spatial periodicity significantly below the radiation wavelength -
high spatial frequency LIPSS (HSFL) [48, 49]. The LSFL were explained by the
interaction of the electro-magnetic field of the incident laser beam with surface
scattered waves (surface plasmons) stemming from surface inhomogeneities. The
origin of the HSFL is still under scientific debate [17, 46]. The appearance of the
LIPSS is depending on the wavelength and the polarization of the radiation. The
wavelength of the laser determines the period of the structures and the polarization
dictates the orientation. The periodicity of the LSFL is approximately equal to the
incident laser’s wavelength and their orientation is typically perpendicular to the
laser beam polarization [48, 49]. In addition, the fluence and the number of pulses
have an influence on the formation of these structures. Long et al. [50] showed in
a study on copper for a fluence of 0.43 J/cm2 that continuous periodic structures
occur only above a certain accumulated number of laser pulses. Further, they iden-
tified a threshold fluence value, below which ripples were observed only on spatially
separated areas. Milovanovic et al. [51] found a similar behaviour for steel and a
titanium alloy. Additionally, the ambient pressure during processing has also been
found to be an effective parameter to influence the appearance of the LIPSS [52].
With increasing pressure the spatial period of the structures decreases, whereas the
depth increases.

2.3.3 Processing artefacts

Most of the fs-laser processed material is vaporized and partly redeposited as debris
around the cutting region. The amount of this redeposited material is lower com-
pared to processing using lasers with longer pulse durations above the ultrashort
pulse regime [53]. Further, when the laser processing is conducted under vacuum
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conditions the debris, redeposited in the vicinity of the processed area, is significantly
reduced compared to atmospheric conditions [32, 54]. Regarding the ablation effi-
ciency the generation of debris has a negative influence, as the redeposited material
needs to be removed again.

A further challenge for certain applications of fs-laser fabrication is the evolution
of a taper on processed surfaces. This taper develops due to the reduction of the
energy density when the laser beam irradiates an inclined surface. The fluence of a
laser beam incident on an inclined surface is reduced due to the elliptical distortion
of the spot area. The area increases by the factor of cos(β), where β is the angle
of incidence. For an angle of β = 80◦, this results in an approximately 6-fold
decrease of the maximum fluence value [55]. Furthermore, energy is lost due to
an increased reflectivity of the laser beam on the inclined surface compared to the
case of perpendicular incidence [56]. Multiple strategies to reduce the taper of a
processed surface, based on the variation of the incidence angle of the laser beam,
exist and can be classified in two approaches: steering of the laser beam or adapting
the position of the sample using a tilt-able stage.

The reduction of the fluence on inclined surfaces, which also correlates with a
reduced ablation rate compared to horizontal surfaces, can lead to a phenomenon
called preferential ablation [57], which means that areas perpendicular to the laser
beam are removed faster than inclined areas, leading to the formation of so called
cone-like structures. Pre-existing surface features or an agglomerate of ablated de-
bris, which cause an adequate, local fluence reduction, will be ablated to a lower
extent and can develop also into such cone structures [58]. The shape of these cones
is ellipsoidal for linearly polarized laser light, because the reflectivity and, therefore,
the amount of energy available for ablation, depends on the polarization of the laser
light.

2.4 Ultrashort pulsed laser micro-processing - Applications

Besides the already mentioned commercial or industrial applications of the ultra-
short pulsed laser processing technology (e.g. LASIK and the fabrication of injection
nozzles in diesel engines) further applications, especially in research and develop-
ment, were established. Examples are the fabrication of MEMS structures [59],
microfluidic devices [25] or micro-lenses [12].

In the field of mechanical testing and especially micro-mechanical testing, applica-
tions of the femtosecond laser ablation for sample preparation only began to appear
a few years ago. An exemplary usage depicts the introduction of sharp notches in
macroscopic fracture specimens, mostly for either tensile fracture specimens [60, 61]
or single edge V-notched beam samples [62, 63]. The fs-laser technique depicts a
fast and optimal method for the introduction of a sharp notch for samples on the
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macro-scale. Especially for brittle materials, which easily fracture during prepara-
tion, it is advantageous compared to established techniques, like cutting the notch
using a razor blade or a diamond wheel. On top of that the fs-laser allows to pro-
duce notches with a smaller tip radius (< 0.5μm) [62, 63]. For certain materials
such sharp tip radii are required for a proper evaluation of the fracture toughness.
This was demonstrated e.g. for nanostructured tungsten alloys [63]. Further, it
was shown for fine-grained alumina ceramic samples, that possible thermal stresses
induced on the surface of the femtosecond laser cut notches have no effect on the
fracture toughness [64].

Besides this application to macroscopic mechanical samples, also in the area of
micro-mechanical testing few approaches were reported. Lim et al. [65] demon-
strated a successful fabrication of cylindrical micropillars in bovine cortical bone by
means of a femtosecond laser. Unfortunately, those specimens were not mechanically
tested. Furthermore, such a processing of cylindrical structures on the micro-scale
was also shown for metals [66]. Recently, mechanical tests on fs-laser processed
micro-pillars were performed on rectangular single crystal copper pillars [67]. This
study revealed an influence of the fs-laser processing on the flow-stress linked to
an increase in dislocation density. Also the preparation of micro-mechanical ten-
sile specimens using a fs-laser for metals, polymers and ceramics was demonstrated
[68–70].

These promising studies showed the potential of the ultrashort pulsed laser tech-
nique for the fabrication of specimens in the size regime of few hundred μm and
emphasize therefore the relevance of further research into this topic.

2.5 Femtosecond laser and focused ion beam - A winning
team

In materials science the FIB technique is an established method for either, the prepa-
ration of local cross-sections for microstructural analyses, TEM sample preparation
or for the fabrication of samples for micro- and nano-mechanical experiments [71–73].

A FIB allows a precise processing of various sample geometries for mechanical
experiments down to the 100 nm range [74]. However, a drawback is the slow material
removal rate (see Fig. 2.4), hence, the sample’s size and the amount of samples
feasible to fabricate is usually limited. An improvement in this regard is depicted
by the plasma FIB (typically using xenon ions in commercially available devices).
A plasma FIB provides a 2-3 orders of magnitude higher material removal rate [75].
Nevertheless, a comparison of the removal rate of a laser to the removal rate of a
Ga+ FIB and a plasma FIB, shows orders of magnitude higher values for the laser
(see Fig. 2.4) [76, 77]. However, the achievable precision of the laser is lower due
to a distinctly larger spot diameter (about 20μm) compared to the FIB technique.
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Therefore, the processable feature dimensions for the laser start in the 10 μm regime.

Figure 2.4 Comparison of the material removal rates of a gallium FIB, a xenon plasma
FIB and a laser. The removal rates are plotted against the processable feature dimensions.
Figure was adapted from [76].

Hence, a combination of both a fs-laser and a FIB yields the possibility for a
fast material removal and a precise rework of regions of interest. A first prototype
of that kind was developed in 2012 by Echlin et al. [35]. This device combined a
scanning electron microscope (SEM), a FIB and a fs-laser in a single high vacuum
chamber. Therefore, the setup is ideally suited for fast 3D material tomography.
Nevertheless, since the fs-laser, the electron gun, the FIB gun and diverse detectors
share the same chamber severe issues regarding contamination arise, because of the
high amount of redeposit of ablated material. Additionally, geometries, where cut-
off parts are produced, can not be fabricated in such a single chamber solution, due
to the danger of damaging the turbo-pump.

Further, in other recent studies the combined application of a fs-laser and the
FIB technique has found use (not necessarily combined in a single device). In [78] a
procedure for the preparation of cylindrical samples for X-ray nano-CT is reported.
Voisin et al. [79] developed a fabrication route for transmission electron microscopy
(TEM) samples directly from bulk materials. Lavenstein et al. [80] fabricated micro-
cantilever specimens for high frequency fatigue testing using a combined approach
of fs-laser and FIB processing.
Finally, it needs to be stated that FIB processing influences the processed material
as well. It can lead to defects in the near-surface layer due to implantation of
gallium ions [71, 81]. Especially for mechanical experiments on the micro-scale this
ion damage has a significant effect on the results [82]. Compression experiments on
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polycrystalline aluminium using micro-pillars fabricated using a plasma FIB suggest
a reduced influence of the xenon ions on the yield strength compared to specimens
fabricated using gallium ions [83].
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3
Summary of the results

A description of the newly developed system combining a fs-laser and a FIB and a
summary of the experiments utilizing this system are presented here. In section 3.1
a brief introduction of the system setup is given. The findings on process parameter
optimizations regarding sample quality are outlined subsequently. In sections 3.3 and
3.4 successful application-studies of the system are presented. First, applications
of the fs-laser as preparation technique for material characterization and as pre-
preparation method for following FIB milling are discussed. Finally, examples of
fs-laser fabricated samples for mechanical experiments on the meso-scale are shown
and results of respective experiments are presented and discussed.

3.1 System setup

The novel system at the Erich Schmid Institute is based on the Auriga nanosec-
ond laser system (Zeiss, Oberkochen, Germany). The setup is displayed in Fig. 3.1
and its single constituents are indicated. It consists of 2 vacuum chambers. The
large main chamber (Fig. 3.1a) contains the SEM and the FIB column. The laser
processing is performed in the small chamber (Fig. 3.1b). These two chambers are
separated via an airlock. In the small chamber medium vacuum conditions of about
7×10−3mbar prevail, whereas the turbopump attached to the main chamber enables
a high vacuum of about 1×10−6mbar.

The originally equipped ns-laser was substituted by an ultrashort pulsed laser
(Origami 10 XP�, Onefive GmbH, Regensdorf, Switzerland). The specifications of
the fs-laser unit are summarized in Tab. 3.1. The available wavelengths for processing
are 515 and 1030 nm. The third wavelength of 343 nm cannot be used in the present
setup as certain optical components only have an anti-reflective coating for the
other two wavelength. The average output power is not constant for different pulse
repetition rates. For the wavelength of 515 nm, which is the one primarily used,
the maximum available average output power is at 100 kHz. Therefore, this value is
listed in the table for both wavelengths. Other specifications of the system are listed
in Tab. 3.2. The system allows to adjust the following process parameters: average
power, repetition rate, scan speed and the focal height.
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Figure 3.1 Setup of the newly developed system: (a) Main chamber containing the SEM
and FIB gun, (b) laser processing chamber, (c) galvano scan head, (d) optical unit and (e)
femtosecond laser unit. Figure is taken from the appended publication A.

The laser pulses are generated in the femtosecond laser unit (see Fig. 3.1e). Suc-
cessively the laser beam passes the optical unit (Fig. 3.1d and in detail in Fig. 3.2).
The beam expander (Fig. 3.2c) consists of a dispersive and a collective lens, func-
tioning similar to an inverse Galilean telescope. The distance between those lenses
determines the distance of the focal spot with respect to the final objective, hence,
the height of processing with respect to the sample holder in the laser chamber. The
variation of the distance between the lenses is realized using a stepper motor. After
the beam expander the laser beam proceeds to a galvanometer scanner (Fig. 3.1c).
This scan head consist of two perpendicular oriented, rotatable mirrors (Fig. 3.2d),
which have a special anti-reflective coating for wavelengths at 515 and 1030 nm.

Feature Unit

Wavelengths [nm] 1030, 515, (343)
Pulse duration [fs] < 500
Max. pulse repetition rate [MHz] 1
Pulse energy variance [%] 0.93

Average output power of 1030 nm at 100 kHz [W] 4.1
Average output power of 515 nm at 100 kHz [W] 2.1

Table 3.1 Specifications of the integrated fs-laser unit Origami 10 XP�.
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These mirrors allow to move the laser beam laterally in the X and Y direction in
the processing chamber. Following to the scanhead a f-theta objective (Fig. 3.2e) is
used to focus the beam on a flat focal plane. Finally, the laser beam passes an about
12mm thick entrance window on top of the processing chamber, which allows the
evacuation of the chamber. The observation of the sample holder’s position and the
cutting process is conducted by means of an UsB camera, located on the backside
of the laser chamber.

The exit windows for different wavelengths of the laser unit are located on different
heights (see Fig. 3.2). Therefore, a periscope with special mirrors for ultrashort
pulsed lasers is used to guide the laser beam with 1030 nm into the same path of
the laser beam as for 515 nm. The lower mirror of this periscope is fixed on a flip
mount, hence, allowing a fast removal and re-positioning with high accuracy.

The optical components along the beam path have a limited transmissivity or
reflectivity, hence, the laser pulses lose a certain amount of power along their way to
the sample surface. A thermopile sensor (Coherent FieldMaxII-Top�) was used to
determine this energy loss. Measurements of different pulse energies directly after
the laser unit were compared to respective measurements in the laser chamber after
passing all optical components. In the ideal case a total transmissivity of 62% was
found for the wavelength of 515 nm.

Feature Unit

Scan speed [mm/s] > 1
Size of scan field [mm×mm] 50× 50
Diameter of focal spot [μm] ≈25
Focal height variation [mm] ≈20

Table 3.2 Specifications of the fs-laser system.

The positioning of the fs-laser cuts on the sample is realized using a special spec-
imen holder. This holder contains 4 apertures. In the SEM mode the region of
interest on the sample is captured and the relative position to the apertures is de-
termined and saved. After transferring the sample holder into the laser processing
chamber, the 4 apertures are located above 4 photodiodes. This photodiodes regis-
ter a signal when the laser scans across the aperture hole. By knowing the position
of the apertures, the relative position of the region of interest can be loaded into a
CAD program, which then allows to position and to define the scan patterns for the
laser processing. This approach allows an absolute positioning accuracy of about
20μm. The galvo-scan head itself allows a relative positioning accuracy of about
1μm.

The two separated vacuum chambers of the system setup yield critical advantages.
First of all, due to the high material removal rate of the fs-laser a high volume of
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Figure 3.2 Detailed sketch of the optical unit: (a) Laser unit with the two exit windows for
the laser with 515 nm and the 1030 nm wavelength located on different heights, (b) periscope
with flipable, lower mirror mount, (c) beam expander to vary the focal height (d) mirrors of
the galvano scan head, which enable the lateral movement of the laser spot, (e) f-θ objective
to focus the laser beam onto the flat sample surface independent of the lateral position (f)
sample surface. Figure is taken from the appended publication A.

ablated material is distributed as debris in the laser processing chamber. Hence, the
airlock avoids any contamination of the main chamber. However, the debris also
coats the entrance window of the laser as well as the cover glass of the UsB camera.
Especially the debris on the entrance window can lead to a significant power-loss of
the laser pulses. Therefore, those components need to be cleaned on a regular basis.

In addition to the protection against contamination this separation also enables
to process samples under other atmospheric conditions, for example under non-
evacuated or under noble gas atmospheres. This can particularly be advantageous
for biological materials, where an exposure to vacuum can yield unwanted impact
on the material.

18



3.2 Processing quality - Essential considerations

3.2 Processing quality - Essential considerations

The quality of fs-laser processed structures is significantly influenced by the selection
of the processing parameters. Especially, the fluence, repetition rate and the scan
speed determine the condition of the result. Furthermore, the scanning route plays
an essential role in terms of re-deposition.

3.2.1 Heat accumulation

The heat accumulation is primarily caused by the excess energy of each pulse, which
is not used for ablation. Particularly for materials with a low heat conductivity, the
time between pulses, defined by the pulse repetition rate, determines the processing
quality. Hence, for a potential fast fabrication of structures in such materials the
maximum pulse repetition rate avoiding damage needs to be determined.

An evaluation of optimal parameters for a high quality processing of three differ-
ent kinds of polymer foils: a 25μm thick Upilex-S foil, a 127μm thick fluorinated
ethylene propylene (FEP) foil and a 127μm thick polyethylene terephthalate (PET)
foil, was conducted. For this rectangular cuts were fabricated using a fluence of
1.18 J/cm2, a scan speed of 2mm/s and a wavelength of 515 nm. The amount of
laser pulses, hence, the total energy input, was kept constant for each cut by using
decreasing pulse repetition rates (50, 25, 10, 5, 1 kHz) with accordingly increasing
number of scan repetitions (1, 5, 10, 25, 50). This resulted in a respective increase
in the processing duration, varying from 1.5 s to 75 s.

Exemplarily, Fig. 3.3 shows SEM details of the upper and lower edge of the rect-
angular cuts with decreasing pulse repetition rates from 50 kHz (Fig. 3.3a) to 1 kHz
(Fig. 3.3e). For 50 and 25 kHz massive melting and the formation of cracks was
found up to a distance of 200μm around the processed area. For 10 kHz no cracks
but still a thin molten layer is evident on the upper edge. The two cuts with a
repetition rate of 5 and 1 kHz exhibited a smooth and clean cutting surface. The
behaviour of the PET foil was similar. However, here only the cut performed with
1 kHz displayed a sufficient quality. On the contrary, the FEP foil did not show
cracks or molten structures even for 50 kHz, but exhibited the formation of debris to
a greater extend. Also the material removal rate was found to be lower. Therefore,
higher scan repetition numbers were required to cut through the 127μm thick foil.
Only the cut processed with 1 kHz and 50 scan repetitions yielded a continuous cut.

A similar result was found for the processing of single line cuts in thin slices of
spruce wood using a fluence of 0.72 J/cm2 and a scan speed of 1mm/s. For repetition
rates above 5 kHz massive damage and carbonization of the material was observed.
However, a repetition rate around 1 kHz yielded clean cuts, with no damage observ-
able under a light microscope.
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Figure 3.3 Upper and lower edge of a rectangular cut in a Upilex-S foil with a thickness
of 25μm. Due to heat accumulation the formation of cracks, a molten layer and rough cut
surfaces is found for high repetition rates (a),(b),(c). For lower repetition rates (d) and (e)
well defined cuts with minimal debris are observed. The scale bar indicated in the lower left
applies for all figures. Figure is taken from the appended publication B.

3.2.2 Re-deposition of ablated material

Fs-laser processing leads to the formation of a significant amount of debris, due to
the high volume material removal. This redeposited material consists primarily of
rapidly cooled nanoparticles.

Cutting under non-evacuated conditions increases the amount of debris, especially
in the vicinity of the processed region. This can be explained by the reduced mean
free path of each particle under atmospheric conditions compared to medium vacuum
conditions of about 10−3mbar. The redeposited nanoparticles and agglomerates are
loosely bonded with the surface and can therefore be widely removed in an ultrasonic
bath. Particularly, if soap water is used a considerably good removal is observed.

Besides reducing the surface quality, redeposited material can lower the machining
efficiency and also effect the final structure of laser processed specimen geometries.
The redeposition of the ablated material can be influenced by the scanning strategy
of the laser beam. An example is given in Fig. 3.4. Two rectangular cuts at the edge
of a W foil with a thickness of 25μm are displayed. For this the laser beam was
scanned in rows towards the upper edge of the cut (as sketched in Fig. 3.4a). First,
a single-pass scanning strategy was used i.e. each line was scanned right to left 20
times and then shifted up for 8μm. The ablated material is extensively redeposited
on the lower edge of the cut (see Fig. 3.4b), nearly covering the whole process area
again. Second, a multipass scanning strategy was performed, where each line was
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Figure 3.4 Evaluation of rectangle cuts in a W foil with a thickness of 25μm with regard
to redeposit. (a) Scan pattern for the two examples shown in (b) and (c). 10 parallel lines
(green arrows), each scanned from right to left, are successively scanned towards the upper
edge (indicated by the white broad arrow). (b) Single-pass scanning leads to a distinctively
higher amount of redeposit compared to (c) multi-pass scanning. Figures are taken from
the appended publication A.

scanned 5 times and the whole pattern was repeated 4 times, thus, keeping the
total energy input the same as before. A significantly lower amount of redeposited
material was observed in this case (see Fig. 3.4c). This multi-pass approach is also
a common strategy for reducing redeposit when structuring materials using a FIB
[84].

This demonstrates the importance of a proper scanning strategy when the fs-laser
is utilized for an efficient fabrication of e.g.micro-mechanical specimens.

3.2.3 Laser induced periodic surface structures

For certain applications, especially the preparation of smooth cross-sections, LIPSS
are an unwanted feature, as the increased surface roughness impedes most analyses
on the micro-scale. For example LIPSS lead to a distinct reduction of the image
quality of electron backscatter diffraction (EBSD) scans, which can impede a proper
data acquisition particularly for fine grained materials. Hence, their avoidance is of
interest for diverse investigations.

An investigation on the capabilities of the fs-laser for the processing of high-
quality cross-sections for further analyses was conducted. For this trenches were
cut into the edge area of copper samples (as sketched in Fig. 3.5), enabling a fast
characterization in the SEM. Prior to the fs-laser processing the surfaces of the
samples were mechanically and electrolytically polished. The trenches were cut by
scanning the laser beam along 10 parallel lines covering a rectangle with a dimension
of 300×50μm2 (see Fig. 3.5a).

A dependence of the initial LIPSS generation on the amount of fs-laser pulses
impacting the sample surface was reported for scans with perpendicular laser beam
incidence [50]. A parameter variation revealed a similar correlation of the amount of
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the number of laser pulses and the resulting surface quality for the fabrication of the
trenches. For a more detailed evaluation and quantification of the LIPSS formation
a new parameter was introduced - the pulses per spot (PPS). The PPS describe
the accumulated number of pulses, which impact on a single spot in the processed
area. To calculate this number, we require the distance ap between each laser pulse
striking the surface when scanning the laser beam with a scan speed S and a pulse
repetition rate Rp

ap =
S

Rp
(3.1)

The PPS can then be calculated as follows

PPS = nsr
D

ap

D

al
(3.2)

where nsr is the number of scan repetitions, D is the focal diameter and al is the
distance between the parallel scanning lines.

Figure 3.5 Processing of trenches for fs-laser parameter investigations. (a) The scanning
route consists of 10 parallel lines, each shifted a distance of 5μm in the direction of the
broad arrow. The direction of incidence of the laser beam is indicated. (b) The resulting
trenches show a parameter dependent taper angle α. The surface of the trench wall was
evaluated regarding its quality using the SEM. The respective position of the micrographs
in Fig. 3.6 is indicated by the dashed rectangle.

In Fig. 3.6 SEM micrographs of the trench surface are shown. The first LIPSS
start to form between 18.75 kPPS and 25 kPPS. For further increasing PPS values
LIPSS are observed on an increasing part of the area until for 62.5 the whole area is
covered. Hence, to achieve the best surface quality the PPS need to be kept below
a certain, material dependent threshold.
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Figure 3.6 SEM-micrographs of the surface of the trenches cut in a copper sample using a
fs-laser. The process parameters were: a fluence of 1.26 J/cm2, 1mm/s scan speed, 1 kHz
pulse repetition rate and a focal diameter of 25μm. LIPSS start to evolve with increasing
number of pulses per spot (PPS). Figure taken from [85].

3.2.4 Taper

The walls of the trenches cut into the copper samples exhibited a significant taper.
Therefore, additionally to the surface quality an evaluation of the inclination angle
of the trench walls was performed. Profiles of the trenches were recorded in the
centre of the trench using a confocal laser scanning microscope. The results are
displayed in Fig. 3.7. The zero-point corresponds to the upper edge of the trench.
With increasing PPS a decrease of the taper angle was found, which is expected as
more material is removed with each scan repetition. The taper angle α starts to
saturate at a certain value of PPS. This saturated angle is determined mainly by the
fluence value and the material. The higher the fluence the smaller α will be. The
saturation occurs when the fluence at the sample surface does not suffice any more
to exceed the ablation threshold of the present material. This reduction in fluence
does have two reasons: i) due to the inclined surface the spot is not a circle but a
strongly pronounced ellipse, hence, the larger irradiated area reduces the fluence is
reduced; ii) the inclined surface also leads to an increase in the reflectivity, therefore,
a smaller amount of the energy is available for the ablation.
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Figure 3.7 Profiles of trenches shown for increasing PPS values and a fluence of (a)
0.98 J/cm2 and (b) 2.62 J/cm2. Increasing PPS values exhibit a decrease in the taper angle.
In (a) the angle starts to saturate to a value of about α = 10.4◦ around 10 × 103 PPS. In
(b) the saturation leads to a final angle α = 8.7◦ begins at about 15× 103 PPS. The curves
for 18.75, 25 and 37.5 kPPS overlap.

As presented in the previous subsection the avoidance of LIPSS requires the re-
duction of the PPS. Hence, if in addition to a LIPSS free surface a small taper
angle is needed, a compromise is required to be made. For the achievement of taper
and LIPSS free surfaces the sample needs to be tilted to the minimum taper angle,
which can be processed without LIPSS formation. This task is not straight-forward
as prior knowledge about both features is required beforehand.

Furthermore, it was found that for the investigated trench geometry, reflections
off the side-walls can lead to an additional material removal along the reflected beam
path. This is displayed in Fig. 3.8. As a result, for the preparation of cross-sections
for analyses, which require a defect free surface, a large enough width should be
ensured to obtain an unaffected area in the middle of the trench.
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Figure 3.8 Reflections off the side-walls of the trench can lead to the formation of grooves,
showing that a significant amount of the incident pulse energy is not used for ablation if the
laser beam strikes an inclined surface. For an arbitrary groove the path of a reflected laser
beam is indicated. Figure adapted from [85].

3.3 Femtosecond laser processing as pre-preparation
technique

The developed fs-laser system is an ideal tool for pre-preparation of specific sites on
a specimen for further FIB processing or other analyses used for material charac-
terization, like e.g. EBSD. The combined SEM allows to precisely locate and image
a determined region of interest for the fabrication of a cross-section. In addition an
essential advantage of the fs-laser processing is its universal material ablation capa-
bility. Hence, the processing of cross-sections in multilayer materials is possible, as
long as the ablation threshold of all included materials is exceeded.

As example for a site specific micro-processing the preparation of cross-sections
on nanoindentation buckles is shown in Fig. 3.9. The investigated material is a
silicon wafer with a thin film system consisting of 800 nm borophosphosilicate glass,
400 nm silicon nitride and 300 nm tungsten-titanium. Residual compressive stresses
in the W-Ti film lead to the formation of buckles after a nanoindentation induced
delamination. The buckles exhibited dimensions up to 80μm in diameter. This
implies that the fabrication of multiple cross-sections, to investigate any deformation
and fracture of film and substrate, using the FIB is a time consuming task. Utilizing
the fs-laser to remove material prior to the FIB milling, significantly reduces the total
processing time.

Fig. 3.9 shows the combined processing route. For each cross-section, first, a
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Figure 3.9 Processing route for cross-sections of large indentation buckles using the fs-laser
and the FIB. (a), (c) and (e) display the fs-laser cuts in top view. (b), (d) and (f) show the
successive FIB cross-sections, which allow to evaluate any delamination and fracture of the
thin film system, in a tilted view. Figure is taken from publication D.

150μm long, single line was cut with the fs-laser (indicated by the green rectangle).
The laser parameters were a fluence of 0.52 J/cm2 and a pulse repetition rate of
1 kHz. The beam was scanned with a speed of 1mm/s for 60 passes, which corre-
sponds to a processing time of about 10 s. Fig. 3.9(a,c,e) displays three laser cuts ap-
proaching the centre of a buckle from a top view. Successively the FIB cross-section
was processed on the edge of the laser groove (indicated by the orange rectangle).
The FIB polishing was conducted with a beam current of 2 nA and an acceleration
voltage of 30 kV. In Fig. 3.9(b,d,f) the results of the successive FIB polishing steps
are given in a tilted view, revealing details of any delamination or fracture of the
thin film system.

The presented method was also used for the rapid preparation of cross-sections
of buckles, occurring after scratch testing experiments. Further details on these
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experiments can be found in publications D and F.
Besides this site-specific pre-preparation of cross-sections, the preparation of wedges

for X-ray nanodiffration analyses [86] or for further FIB processing depicts an ideal
field of application of the fs-laser ablation. Especially for brittle materials or hard
coatings, conventional grinding is extremely demanding. Hard coatings delaminate
easily and thin wedges of brittle materials are fragile and therefore impede han-
dling for further investigations. Fig. 3.10a shows a 150μm thick slice of silicon with
a locally thinned area, which was fabricated via fs-laser processing. This wedge
acted as precursor for further FIB processing of micro-scale fracture cantilevers (see
Fig. 3.10b).

Figure 3.10 Locally thinning of a silicon sample using a fs-laser for further FIB processing.
(a) The specimen thickness was initially thinned down to 150μm by means of conventional
grinding. The fs-laser enabled a further reduction of the thickness down to 10μm at the top
surface. (b) Bending cantilevers cut via FIB into the area indicated by the dashed rectangle
in (a).

3.4 Femtosecond laser fabrication of mechanical samples on
the meso-scale

The high material removal rate and the low influence on the material surrounding
process zone do provide optimal prerequirements for the preparation of samples for
successive FIB processing. In addition, the fs-laser represents an ideal method for
the fabrication of mechanical samples on the meso-scale without any post-processing.
Furthermore, the fs-laser allows to investigate materials, where such samples can not
be processed on this scale using other methods. The possibility of a rapid fabrication
of such small samples enables a high resolution mapping of mechanical properties.
In the following sections studies on different specimen geometries and materials are
presented.
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3.4.1 Bending cantilever specimens

Initially, the capabilities of the new femtosecond laser system and the original
nanosecond laser system were compared for the processing of mechanical specimens.
The specimens of choice for this investigation were bending cantilevers.

The cantilevers were cut out of cold rolled tungsten foils with thicknesses of 25, 50
and 100μm. Tungsten has a very low sputter rate for FIB processing [84], thus, the
fabrication of mechanical samples is limited to dimensions of a few μm [87]. This
is an issue if one aims for a proper aspect ratio of the cantilevers (length to height
ratio of ideally ≈ 5:1). The bending cantilevers were fabricated with dimensions of
about 420× 60× 25 (50, 100)μm3.

Figure 3.11 (a) Cantilever cut into a cold rolled tungsten foil with a thickness of 25μm
by means of a ns-laser. The locations of the details (b) and (c) and the FIB polished
cross-section (d) are indicated. (b) On the top surface of the cantilever extensive debris
was observed. (c) Additionally, the processed surfaces exhibited distinct molten structures.
(d) An EBSD orientation map of the cross-section A-A at the tip of a cantilever shows
grain coarsening up to 4μm underneath the surface. Figure is taken from the appended
publication A.

Fig. 3.11 and Fig. 3.12 show a cantilever cut with a nanosecond laser and a fem-
tosecond laser respectively. The specimen cut with the nanosecond laser showed
a large amount of debris on the top surface (see Fig. 3.11b). Furthermore, a dis-
tinct molten layer on the processed surface as well as a pronounced burr was found
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(see Fig. 3.11c). Regarding mechanical tests those features can lead to a non-ideal
contact between the loading element and the cantilever. A different behaviour was
observed for samples cut via the femtosecond laser. A well-defined geometry was
achieved and on the top surface less debris was found (see Fig. 3.12b). Additionally,
on the processed surfaces only LIPSS were visible (see Fig. 3.11c).

Besides the surface quality a different extent of material modification was found
underneath the processed surface. The heat produced during the nanosecond laser
processing lead to a coarsening of the initially lamellar microstructure. An EBSD
analysis revealed a layer of coarsened, equiaxed grains. This coarsening was found
up to 4μm underneath the processed surface (see Fig. 3.11d). On the contrary,
the same analysis performed on a fs-laser processed specimen exhibited no grain
coarsening (see Fig. 3.12b).

Figure 3.12 (a) Cantilever cut into a cold rolled tungsten foil with a thickness of 25μm by
means of a fs-laser. The locations of the details (b) and (c) and the FIB polished cross-section
(d) are indicated. The cantilevers showed a well defined structure, (b) less debris on their
top surface and (c) no molten features on the processed surface, instead the typical LIPSS
could be observed. (d) An EBSD analysis revealed no grain coarsening for these samples on
the FIB polished cross-section B-B. Figure is taken from the appended publication A.

To utilize these cantilevers for experiments evaluating the fracture toughness
an introduction of sharp notches is required. The processing of the notches for
macroscopic fracture samples using the fs-laser was already successfully applied (see
Sec. 2.4). However, for the thickness of the presented cantilevers the fs-laser is not
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suitable for the introduction of a notch. A single line cut exhibits for a small number
of beam passes, and therefore small depths (< 1/2 spot size), a round profile (i.e. a
blunt notch). With increasing number of beam passes and accordingly increasing
depths, the cross-section of a single line groove evolves a profile with a sharper
tip [88]. Thus, the introduction of relatively sharp notches for fracture mechanics
specimens will only be reasonable starting from a notch depth larger than the spot
size (≈ 25μm). Therefore, for the fabrication of notches with a minimal tip radius
(≈ 10 nm [89]) the FIB is still the method of choice.

A demonstration of the speed of the fs-laser processing was performed by cutting
an array of 100 cantilever into a W foil with a thickness of 25μm. This array
was fabricated in about half of an hour. However, here the focus was put on a
fast fabrication, rather than on the achievement of the best quality. Nevertheless,
removing the same amount of material using the FIB takes about one and a half
year of continuous milling, when assuming a relatively high material removal rate of
10μm3/s.

Details on the preparation of bending cantilevers in cold rolled tungsten foils can
be found in the publication A.

3.4.2 Tensile specimens

Tensile experiments on metals, polymers and ceramics using fs-laser fabricated spec-
imens were already reported [68–70]. However, the influence of the laser processing,
especially on heat sensitive materials still requires further investigations. The present
work contributes experiments in this regard on spruce wood and three different kinds
of polymer foils. On the one hand, these experiments demonstrate the wide appli-
cability of the fs-laser processing in terms of different material classes. On the other
hand, these experiments demonstrate the broadening of the field of applicability of
the developed system compared to the original Auriga ns-laser system. Replacing
the ns-laser with the fs-laser enables to ablate these heat-sensitive materials as well
as optical transparent materials. The original equipped ns-laser inhibits a defined
processing of this material classes, due to the significantly higher amount of thermal
impact of each single pulse. Biological materials as well as polymers show a severe
influence on their structural integrity, due to heat damage. However, also the fs-laser
processing can lead to a severe degradation, if the wrong parameters are chosen (see
Sec. 3.2.1).

Furthermore, the ns-laser did not allow a processing of materials, which are op-
tically transparent for the wavelength of the laser. Contrary to that, due to mul-
tiphoton ionization, a femtosecond laser enables the processing of such materials.
This was demonstrated by the processing of the polymer foils, which are highly
transparent for the used wavelength of 515 nm.
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Polymer foils

Three types of polymer foils were investigated: Polymide Upilex-S with a thickness
of 25.4μm thickness, PET (Polyethylene terephthalate) with 127μm and FEP (Flu-
orinated ethylene propylene) with 127μm. The Upilex-S and FEP foils were coated
with a vapour deposited aluminium (VDA) thin film with 100 nm thickness on one
side. The PET foil was uncoated.

Two subjects were investigated in these experiments. First, an evaluation of
proper process parameters for a well defined fabrication of tensile samples for the
three types of polymer foils was performed. The influence of the fs-laser fabrication
on the mechanical properties of the polymer foils was determined. Secondly, the ten-
sile specimens were utilized to evaluate the influence of electron beam irradiation on
the materials. This influence is of special interest for the FEP VDA and the Upilex-S
VDA foils, which are commonly used as multilayer heat insulation of spacecraft. In
space various types of irradiation lead to a degradation of the structural integrity
of components. Hence, the understanding of this process is of prime interest for
future developments in space science. Additionally to the heat insulation polymer
foils, PET foils were investigated, because their tensile properties are situated in the
middle range between the high ultimate tensile strength (of about 500MPa) of the
Upilex-S foils and the high ultimate tensile strain (of about 350%) of the FEP foils.

The evaluation of the optimal parameters, especially regarding the heat accumu-
lation, was already outlined in section 3.2.1. The parameters used for the fabrication
of the samples were optimized with regard towards the disappearance of flaws on
the sample surface and to reasonable processing times.

Compared to macroscopic tensile experiments the micro-tensile samples yielded
similar results for the Upilex-S VDA and the PET samples. The FEP VDA samples
exhibited a comparable yield strength but did not show the characteristic strain
hardening at about 200% strain, which is commonly observed for macroscopic spec-
imens. This suggests that the responsible mechanisms leading to strain hardening
are affected by the fs-laser processing.

Besides the heat accumulation it was found that the laser processing atmosphere
plays a critical role, especially for the fabrication of the FEP VDA samples. Partic-
ularly, the FEP VDA samples were severely impacted. Fig. 3.13 shows a comparison
of tensile curves of FEP VDA samples processed with different fs-laser fluences under
vacuum and under atmospheric conditions. It could be observed, that the ultimate
tensile strain decreased significantly with increasing fluence when the samples are
fabricated under atmospheric conditions. However, also for vacuum conditions a
lower value was found for the maximum fluence value compared to the optimized
value. Besides the reduced ultimate tensile strength this is a further indication that
the FEP VDA material was effected by the fs-laser processing. For FEP an influ-
ence of the exposure environment on the amount of degradation was also reported
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for other types of irradiation. The effect was associated mainly with a higher yield
of polymer chain scission when irradiated in air [90].
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Figure 3.13 FEP VDA samples exhibited a severe degradation of the ultimate tensile strain
with increasing fluence when processed under atmospheric conditions. Also for processing
under vacuum conditions a decrease of the ultimate tensile strain was found, however, to a
smaller extent compared to the atmospheric conditions. Figure is taken from the appended
publication B.

The Upilex-S VDA and the PET samples did not exhibit any degradation in
terms of the tensile properties when processed under non-vacuum conditions and
with increasing fluence values (see Fig. 3.14a and b). Even for the highest fluence
values similar ultimate tensile strain and strength values were reached. In summary,
the fs-laser processed tensile samples showed a good reproducibility of the results
for constant process parameters.

Successively, this micro-tensile samples processed with optimized laser parame-
ters were used to determine the influence of electron irradiation on the ductility and
strength of the polymer foils. The Upilex-S VDA samples did not exhibit a degrada-
tion of their tensile properties for electron irradiation doses up to 1MGy. The tensile
properties of the PET samples yielded a distinct orientation dependence for non-
irradiated specimens. This is related to the fabrication procedure and commonly
referred to as transverse direction (TD) and machine direction (MD). The electron
irradiation yielded a slight reduction of the yield strength and for both orientations
a decrease in the ultimate tensile strength and ultimate tensile strain was found (see
Fig. 3.15a). The FEP VDA specimens were severely degraded already upon a elec-
tron irradiation of 250 kGy. The ultimate tensile strain of the irradiated specimens
was less than 20% of the ultimate tensile strain of the non-irradiated specimens (see
Fig. 3.15b). Furthermore, the yield strength exhibited an increased variation for the
irradiated samples.
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Figure 3.14 (a) Upilex-S VDA samples and (b) PET samples fabricated under atmospheric
conditions with increasing fluence values did not show an effect on the tensile properties.
Figure is taken from the appended publication B.

Figure 3.15 (a) Stress-strain curves of PET foils exposed to different electron irradiation
doses. Different behaviour was found regarding the fabrication direction of the foil. The
MD direction exhibited a reduction of the ultimate tensile strength, whereas for the TD
direction both the ultimate tensile strain and the ultimate tensile strength yielded lower
values for a irradiation dose of 750 kGy. (b) An electron irradiation of 250 kGy lead to
a severe degradation of the FEP VDA samples. Figures are taken from the appended
publication B.

For investigations on the degradation behaviour of materials not only a high lateral
resolution is of interest. As irradiation may lead to a depth dependent alteration
of material properties, mechanical tests using samples from different depths could
deliver relevant informations to understand the evolution of the degradation process.
Therefore, an evaluation of the possibility for a local thinning of the foil specimens
using the fs-laser was conducted. For this the specimen needs to be positioned
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according to the material’s and the laser parameter dependent taper angle to achieve
material removal parallel to the foil surfaces (as sketched in Fig. 3.16a). In Fig. 3.16b
an example of a thinned section with a thickness of about 80μm is shown. A tensile
sample cut into this section is presented in Fig. 3.16c. This local thinning of foils or
wedges and the subsequent fabrication of mechanical specimens has the potential to
measure depth-resolved mechanical properties with a maximum resolution of about
20μm.

Figure 3.16 The fs-laser enables a local thinning of the foil samples. (a) Scanning route of
the laser beam with the foil tilted to the expected taper angle α. (b) FEP VDA foil sample
with a thickness reduced window of approximately 800μm width. (c) Tensile sample with
a thickness of about 80μm. Figure is taken from the appended publication B.

Details on the study of electron irradiation effects on the tensile properties of
polymer foils can be found in the appended publication B.

Wood

Investigations on the mechanical properties of wood are usually confined to macro-
scopically sized samples [91] or on the other end of the size scale to the testing of
single fibres [92]. The size gap in between was not extensively studied so far. This
is because the preparation of small samples to evaluate local mechanical properties
of biological materials is difficult for established techniques. However, if one seeks
to understand the interaction response of single fibres or any hierarchical effects a
variation of the sample size is necessary. The typical cell size of spruce wood is

34



3.4 Femtosecond laser fabrication of mechanical samples on the meso-scale

roughly 20×20μm, thus, if one aims to understand the mechanical behaviour of the
interaction of multiple cells, the low material removal rate of the FIB does not allow
to fabricate samples with proper dimensions in a reasonable time. Additionally, the
FIB technique can lead to a significant amount of ion implantation [93] and requires
high vacuum conditions for processing.

The method of micro electro discharge machining, which could cover a larger scale
starting from feature sizes of few 100μm, is only available for conductive materi-
als. Pulsed laser processing, however, enables a precise and versatile tool for the
fabrication of specimens in this size regime.

Still, using pulse durations above the ultrashort regime can result in carbonization
of the material [94, 95]. On the contrary, the use of ultrashort pulsed lasers compared
to short pulsed lasers leads to significantly less damage and no carbonization [96, 97].
Nevertheless, as discussed in Sec. 3.2.1 for materials with a low heat conductivity,
like wood, the possible accumulation of heat with the successive deterioration of the
material needs to be kept in mind.

Figure 3.17 (a) A microtome was used to fabricate thin sections in longitudinal-tangential
(lt) and radial-tangential (rt) orientation. Optical micro-graphs of tensile samples cut via a
fs-laser into (b) a rt-section and (c) a lt-section, as indicated by the green specimen sketches
in (a), clearly reveal the orientation of the cell structure and to not exhibit any observable
damage due to the fs-laser processing. Figures were taken from publication E and were
adapted.

By chosing the processing parameters carefully, the fs-laser provides access to
mechanical properties of biological materials on the meso-scale size regime. This
was demonstrated by cutting tensile and compression samples out of thin sections of
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spruce wood. Two orientations of this thin sections were prepared using a microtome:
radial-tangential (rt) and longitudinal-tangential (lt) (see Fig. 3.17a). Samples were
successively cut into these thin sections in different orientations with the fs-laser.
The laser parameters were: fluence of 0.65 J/cm2, pulse repetition rate of 1.25 kHz
and a scan speed of 2mm/s. Fig. 3.17b shows a tensile sample in a rt-section and
Fig. 3.17c a tensile sample in a lt-section.

In addition to that, an examination of the samples using an optical microscope
and a SEM did not show any observable damage. Consequently, the influence of
the fs-laser ablation is assumed to be negligible for properly chosen parameters. On
the contrary, tensile samples fabricated from an alternative production route, using
an ion slicer and a respective mask, yielded besides a non-defined structure a severe
embrittlement of the material.

The mechanical testing of tensile and compression samples fabricated using the
fs-laser exhibited results in good agreement with the respectively scaled values ex-
tracted from experiments on single wood fibres. An exemplary load displacement
curve is displayed in Fig. 3.18a for a sample loaded in longitudinal direction and
in Fig. 3.18b for a sample loaded in tangential direction. The orientations exhibit
distinctively different failure mechanisms. Optical micrographs recorded during the
loading, enabled to link features of the curves to certain deformation states of the
specimen. In Fig. 3.18 micrographs of selected events are given. It was found that
the longitudinal samples show primarily intra-wall fracture, whereas the tangential
samples fail through cell wall rupture and fibre debonding.

Details on the characterization of local mechanical properties of spruce wood can
be found in publication E.
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Figure 3.18 (a) Representative force displacement diagram of a longitudinal specimen.
Three optical micrographs (a1-a3) were recorded at the loading states indicated in the
diagram. (a1) The state prior to any loading with an intersecting wood ray being indicated
by the white dashed line. (a2) The initiation point of a crack is indicated by a white arrow.
(a3) Intrawall fracture leads to final failure at a force of about 350mN. (b) Representative
force displacement diagram of a tangential specimen. Four optical micrographs (b1-b4) were
recorded at the loading states indicated in the diagram.(b1) displays the specimen prior to
loading. The white arrow indicates the rupture of a cell wall in (b2) and fibre debonding
in (b3). (b4) The remaining single cell wall gets pulled apart. Figures are taken from
publication E and were adapted.

3.4.3 Single leg bending specimens

Structural applications are a severe challenge for tungsten materials due to their
inherent brittleness at room temperature. Promising approaches, like laminated or
fibre-reinforced tungsten composites were developed to overcome this low ductility
[98]. The components of this composites are ultra fine grained (UFG) polycrystalline
tungsten foils and wires, respectively. The fabrication routes of this UFG materials,
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cold rolling and drawing, lead to the formation of a typically elongated microstruc-
ture, which exhibits a distinct anisotropy in mechanical properties. Perpendicular
to the rolling (RD) and drawing (DD) direction a high fracture resistance was found
[99, 100]. This high value is based on crack deflection and delamination toughen-
ing mechanisms as along the elongated microstructure pronounced delaminations
were observed. This delaminations indicate a significantly lower fracture resistance
for crack propagation along the RD and the DD compared to the perpendicular
direction.

Fracture toughness evaluation for crack propagation in this ”weak” direction using
classical macro-scale fracture mechanics samples is not possible due to the limited
dimensions of the initial material (i.e. thickness of 100μm of the foils and a diameter
of 150μm of the wires). The other typical approach of processing FIB micro-fracture
samples is not feasible in the present case due to: 1) the low material removal rate
of a FIB especially for tungsten; 2) the observation of a possible R-curve (K versus
Δa) behaviour, due to bridging effects, requires multiple grains along the crack
propagation path. Hence, for the grain sizes of the investigated materials a sample
size of at least few tens of micrometers is needed. Therefore, for the evaluation of the
intergranular crack growth fracture resistance along the elongated microstructure an
experimental method was developed based on macroscopic single leg bending (SLB)
experiments. The specimens were fabricated using the fs-laser. The final notch was
introduced using the FIB. The typical dimension of the specimens were: notch length
a ≈ 500μm, thickness b ≈ 45μm, calmping length c ≈ 1200μm, height of the legs
t1, t2 ≈ 50μm for the foil specimens and t1, t2 ≈ 75μm for the wire specimens.

The experiments were performed in-situ in a SEM, to observe the crack propaga-
tion during loading. A micrograph of a loaded SLB specimen processed from a wire,
recorded during such an in-situ experiment, is given in Fig. 3.19a. Fig. 3.19b shows
a micrograph with a higher magnification, which allows to measure the crack length
Δa. This information in combination with the recorded load displacement curves
(see Fig. 3.19c) enables to obtain the R-curves for the fracture toughness depicted
in Fig. 3.20.

The typical globalKI toKII ratio of SLB specimens (considering equal leg heights
and a crack to length ratio of 1/2) is about 0.87 [101]. For such a relatively high
mode mixity an influence of the mode II component would be expected. However,
fracture experiments on brittle materials with mixed mode loading showed a good
agreement with the maximum tensile stress criterion [102, 103]. According to this
criterion and a crack deflection angle of about 0◦ the dominating contribution for the
fracture toughness is the KI component. Therefore, in the following the discussion
of the results is focused on KI .

The initial fracture toughness values KIi are listed in Tab. 3.3. For each material
3 samples were tested. Significantly higher values of the initial fracture toughness
values were found for the wires compared to the foils. This could mainly be explained
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Figure 3.19 (a) Example of a loaded SLB sample with a propagated crack. (b) The detail
indicated with the white, dashed rectangle in (a), displays the crack elongation Δa. (c) Load
versus displacement curves exemplarily for one UFG tungsten wire and one UFG tungsten
foil sample. The load values prior to the initial crack propagation are indicated. Figure is
taken from the appended publication C.
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Figure 3.20 R-curves evaluated via the data from the in-situ SLB experiments. The wire
specimens show a significantly higher stress intensity value for crack initiationKIi, compared
to the foil specimens. The horizontal lines besides the ordinate indicate the KIi values.
Figure is taken from the appended publication C.

by the different morphology of the fracture surfaces. The wire samples exhibited a
rough ”zig-zag-like” surface, whereas the fracture surfaces of the foils were very flat.

Furthermore, a difference in the R-curve behaviour was observed (see Fig. 3.20).
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Wire Foil
No. KIi [MPa

√
m] No. KIi [MPa

√
m]

1 5.13 4 2.43
2 5.24 5 2.30
3 5.57 6 2.46

Table 3.3 Experimental fracture initiation toughness values for a crack propagation along
the elongated microstructure of UFG tungsten wires and foils evaluated via SLB experi-
ments.

The wire samples show a short increase of the KI value with a maxiumum crack
elongation Δa of about 130μm before final failure occurs, where the crack propagates
to the end of the thinned section of the sample. On the contrary, the foil specimens
exhibit a slower crack propagation with relatively constant distances between each
crack arrest. These samples yield a maximum crack elongation Δa of about 450μm.

The R-curve behaviour in these experiments was found to be dominated by bridg-
ing. Both materials show a distinctively different structure of bridges, which can
be linked to their different microstructure. The flat pancake-like microstucture of
the foils lead to large, thin bridges, which exhibit small resistance against bending.
Additionally, as the initial FIB notch is better aligned with the flat microstructure,
compared to the case of the wires, few bridges are formed initially. On the contrary,
the fibrous microstructure of the wires yields a higher interconnection between each
grain, hence, bridge formation is impeded. Furthermore, due to their cigar-like shape
the grains have a higher stiffness compared to the flat grains of the foils. There-
fore, for the wire material the development of only small, stiff bridges was observed,
resulting in a steeper R-curve.

Details on the evaluation of the intergranular crack growth resistance of UFG
tungsten wires and foils can be found in the appended publication C.
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In this thesis a novel system combining a femtosecond laser with a scanning elec-
tron and a focused ion beam column was developed. This unique system allows an
accurate positioning and high resolution imaging by means of the scanning electron
microscope, a fast processing with the femtosecond laser and optionally a refine-
ment of the processed surfaces and structures via the FIB. For all kinds of materials
the femtosecond laser enables a precise, contactless micro-fabrication with minimal
material influence due to non-thermal ablation.

For ideal results in processing quality it was shown that the laser parameters
need to be thoroughly chosen. Primarily, the fluence needs to be in or near the low
fluence regime for the processed material. Further, the resulting sample quality can
be deteriorated by: (i) heat accumulation, (ii) re-deposition of ablated material, (iii)
laser induced periodic surface structures and cone structures and (iv) formation of
a taper. The main strategies identified to reduce these artefacts are respectively:
(i) reduction of the pulse repetition rate, (ii) adaption of the laser beam scanning
route, (iii) reduction of the cumulative pulses per spot and (iv) tilt of the sample
during processing. The optimal parameter combination is, however, always a trade-
off between many requirements and needs to be evaluated separately for each case.

Mechanical samples on the meso-scale (≈100-1000μm) were fabricated using the
femtosecond laser without any need for post-processing, hence, being an unrivalled
method in this size regime regarding the high processing speed and the low influence
on the material. Successful applications of this method for specimen preparation
were showcased for different material classes and sample geometries.

The preparation of bending cantilevers in thin tungsten foils displayed the supe-
riority of the femtosecond laser compared to the focused ion beam regarding the
processing speed. Furthermore, an analysis of the effect of the femtosecond laser
processing on the material was performed and compared to the processing using
a nanosecond laser. The results exhibited no influence of the femtosecond laser
on the micro-structure as well as a higher surface quality, in comparison with the
nanosecond laser.

In a further study the intergranular crack growth resistance along the elongated
micro-structure of ultrafine grained tungsten foils and wires was determined, using
laser fabricated single leg bending specimens. The foils yielded a fracture initiation
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toughness of 2.4MPa
√
m and the wires 5.3MPa

√
m, respectively.

An additional work was conducted on the preparation and testing of femtosecond
laser processed tensile specimens on different polymer foils. The results showed a
negligible influence of the laser processing and enabled to investigate the effect of
electron irradiation on the local tensile properties of polymer foils used in spacecraft
engineering.

For micro-mechanical experiments on biological materials it was found for spruce
wood that the use of the femtosecond laser technology allows an efficient fabrication
of pristine specimens. This offers interesting opportunities, for example, to inves-
tigate mechanical properties of bone tissue or enamel and dentine components of
teeth on the small scale. Especially for the hierarchical structure of many biological
materials the possibility to cover a large size range with mechanical experiments can
help to investigate their length-scale dependent mechanical properties. Furthermore,
the system enables a fabrication under atmospheric conditions. This is of interest
for the preservation of biological tissues, which are hydrated in-vivo (e.g. bones)
and therefore may exhibit alteration in their mechanical properties when exposed
to vacuum conditions.

A further field of application is the preparation of thin slices of brittle materials or
brittle thin films on a substrate, which is a demanding and time consuming task for
common metallographic methods. The femtosecond laser enables a fast and reliable
method to prepare wedges with a thickness of tens to hundreds of micrometer,
independent of the material’s brittleness. These wedges can for example be used for
investigations like nano X-ray diffraction or they are utilized as precursor for further
focused ion beam cutting, hence, reducing the processing time significantly as the
volume of material, which needs to be removed, can be cut down distinctively.

A type of specimens, which has been processed by femtosecond laser but has not
yet been properly evaluated by mechanical experiments, are (circular) compression
pillars. Their fabrication is still a challenging task due to the large taper and the
difficulty of achieving a determined cutting depth. However, if these difficulties
can be overcome, it could open up a way of a rapid fabrication of a large amount of
samples directly from the bulk, having the potential of laterally mapping mechanical
properties of various materials.

Depending on future applications of the developed system, certain improvements
and adaptions can be made. The Gaussian pulse shape could be changed to a rect-
angular tophat shape using a beam shaper. This enables the reduction of residual
heat introduced by each single pulse and allows higher precision and pulse repetition
rates without damaging the material. Further, instead of the f-θ lens a telecentric
scanning lens could be installed. It enables a normal incidence on the horizontal
sample plane across the whole scan area and provides continuous conditions regard-
ing the formation of a taper. The taper issue could also be tackled efficiently by
installing a precisely tilt-able sample holder, which can be controlled remotely. Such
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a solution would be advantageous especially for complex sample geometries, such as
the presented single leg bending specimens. Moreover, as the focal spot size deter-
mines the minimum processable structures, a further reduction of its diameter is of
interest. This could be achieved by placing an additional collecting lens in the beam
path right above the sample surface. However, this approach will amplify existing
optical aberrations.

Ultimately, the promising results of the present thesis show that, especially in the
field of micro-mechanical testing, an increase in the usage of femtosecond lasers can
be anticipated. The author expects, that due to the increasing availability of fs-laser
systems, the development of plug-and-play devices and because of the decreasing
costs of such units with onward technological improvements, more applications for
these ”tools made of light” [5] will emerge in future in the field of materials testing
and research.
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“Femtosecond, picosecond and nanosecond laser ablation of solids,” Appl. Phys.
A, vol. 63, pp. 109–115, Aug. 1996.

[8] K. Sugioka and Y. Cheng, “Ultrafast lasers reliable tools for advanced materials
processing,” Light: Science & Applications, vol. 3, p. e149, Apr. 2014.

[9] S. Weiler, “Ultrafast lasers: high-power pico- and femtosecond lasers enable new
applications,” Laser Focus World, vol. 47, pp. 955–992, Oct. 2011.

[10] M. D. Uchic, D. M. Dimiduk, J. N. Florando, and W. D. Nix, “Sample Dimen-
sions Influence Strength and Crystal Plasticity,” Science, vol. 305, pp. 986–989,
Aug. 2004.

[11] M. W. Phaneuf, “Applications of focused ion beam microscopy to materials
science specimens,” Micron, vol. 30, pp. 277–288, June 1999.

45



BIBLIOGRAPHY

[12] K. Sugioka, M. Meunier, and A. Piqu, eds., Laser Precision Microfabrication.
Springer Series in Materials Science, Berlin Heidelberg: Springer-Verlag, 2010.

[13] M. D. Shirk and P. A. Molian, “A review of ultrashort pulsed laser ablation of
materials,” Journal of Laser Applications, vol. 10, pp. 18–28, Feb. 1998.

[14] T. Gaumnitz, A. Jain, Y. Pertot, M. Huppert, I. Jordan, F. Ardana-Lamas,
and H. J. Wörner, “Streaking of 43-attosecond soft-X-ray pulses generated by
a passively CEP-stable mid-infrared driver,” Opt. Express, vol. 25, pp. 27506–
27518, Oct. 2017.

[15] J. Meijer, K. Du, A. Gillner, D. Hoffmann, V. S. Kovalenko, T. Masuzawa,
A. Ostendorf, R. Poprawe, and W. Schulz, “Laser Machining by short and ultra-
short pulses, state of the art and new opportunities in the age of the photons,”
CIRP Annals, vol. 51, pp. 531–550, Jan. 2002.

[16] K. Sugioka and Y. Cheng, Ultrafast Laser Processing: From Micro-to
Nanoscale. Singapore: Pan Stanford Publishing Pte Ltd, June 2013.

[17] M. Castillejo, P. M. Ossi, and L. Zhigilei, eds., Lasers in Materials Science.
Springer Series in Materials Science, Springer International Publishing, 2014.

[18] M. V. Shugaev, C. Wu, O. Armbruster, A. Naghilou, N. Brouwer, D. S. Ivanov,
T. J.-Y. Derrien, N. M. Bulgakova, W. Kautek, B. Rethfeld, and L. V. Zhigilei,
“Fundamentals of ultrafast lasermaterial interaction,” MRS Bulletin, vol. 41,
pp. 960–968, Dec. 2016.

[19] S. Ansimov, B. Kapeliovich, and T. Perel’man, “Electron-emission from surface
of metals induced by ultrashort laser pulses,” Sov. Phys. JETP, vol. 39, pp. 375–
377, August 1974.

[20] Y. L. Yao, H. Chen, andW. Zhang, “Time scale effects in laser material removal:
a review,” Int. J. Adv. Manuf. Technol., vol. 26, pp. 598–608, Sept. 2005.
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“High speed laser drilling of metals using a high repetition rate, high average
power ultrafast fiber CPA system,” Opt. Express, vol. 16, pp. 8958–8968, June
2008.
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Abstract

The focused ion beam technique has become a standard tool for micro-mechanical
sample preparation in the last decade due to its high precision and general applica-
bility in material removal. Besides disadvantages such as possible ion damage and
high operation costs especially the characteristically small removal rates represent
a bottleneck for this application. In contrast, femtosecond lasers provide material
removal rates orders of magnitude higher, with small or ideally without thermal im-
pact on the surrounding material. Hence, a combination of these two methods offers
an ideal tool for time-efficient, micrometer-sized sample preparation. A prototype
implementing this idea is presented here in combination with a case study. Can-
tilevers with a length of several hundred micrometers were machined into 25 μm,
50 μm and 100 μm thick, cold rolled tungsten foils. Scanning electron microscopy
analyses reveal the influence of laser parameters and different scanning routines on
the resulting sample quality and the effect of the laser pulse length (femtoseconds
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versus nanoseconds) on the ultra-fine grained microstructure. Finally, the perfor-
mance for unprecedented rapid sample preparation is demonstrated with a sample
array consisting of 100 cantilevers with a dimension of 420x60x25 μm3 processed in
only half an hour, opening completely new testing possibilities.

A.1 Introduction

Mechanical experiments with specimens in the size regime between several hundred
nanometers and some hundred micrometers become more and more important in
order to achieve a better understanding of local mechanical properties and hence
the mechanisms determining the materials’ behaviour on these length scales [1–3].
Furthermore, the development and usage of small medical devices, micro-electro
mechanical systems and nano-composites increase the relevance of the knowledge of
the materials’ properties at these small dimensions [4, 5]. In addition, novel fun-
damental research approaches conduct micro-experiments, in order to e.g. validate
multi-scale modelling approaches [6] or to determine the controlling mechanism of
the brittle-to-ductile transition [7].

The state-of-the-art fabrication technique for the preparation of miniaturized me-
chanical samples is the focused ion beam (FIB) machining. Up to a sample size of
few tens of micrometer the FIB technique offers an ideal tool in terms of variability
and further provides high precision down to the sub-micrometer domain [8–10]. Uti-
lizing this technique for micro-mechanics provided the basis for the development of
various miniaturized testing concepts and sample geometries [11]. For example, for
the fabrication of specimens in the micrometer range, starting from thin sheets [12]
or bulk materials [13], it presents nowadays a standard tool. Nevertheless, due to
the low removal rates it impedes the fabrication of an adequate number of samples
when sufficient statistical information is required and therefore becomes a costly and
time-consuming method. Hence, the sample preparation employing the FIB tech-
nique represents a bottleneck for micro-mechanical studies. A further disadvantage
of the FIB is the so-called ion-damage, which describes ion-induced defects in the
near-surface layer caused by ion implantation [14, 15].

Especially the pre-preparation of samples usually requires the removal of a large
amount of material and therefore is a time critical step. Due to the depletion of
the ion source, these time intensive rough cuts make up a significant part of the
operation expenses for a FIB system. High currents further lead to a high ion beam
dosage and hence a strong influence on the material [16].

Wurster et al. [17] showed how the FIB cutting time can be considerably reduced
by employing the ion slicing technique for the pre-preparation of test specimens.
Additionally, this reduces the ion-induced damage in comparison to pure FIB milling.
This damage reduction is based on a lower acceleration voltage and the use of argon
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instead of gallium ions. However, there are still various disadvantages of the ion
slicing technique. An irradiation damage may occur, the thickness of the specimen
is limited to few microns only, an adequate masking technique has to be applied and
complex geometries are difficult to fabricate [17].

Another technological advancement regarding the reduction of the FIB process-
ing time is the application of recently developed xenon plasma sources for micro-
machining [18]. It enables faster material removal due to 1-2 orders of magnitude
higher milling currents compared to the gallium FIB [19]. More recent studies also
suggest that the influence on the mechanical properties of the processed material
is less pronounced. Kwakman et al. noticed that the extent of the damage layer
is reduced by approx. 25% [20]. Micro-compression experiments on polycrystalline
aluminium performed by Xiao et al. [21] using pillars fabricated by a xenon and
a gallium FIB exhibited a lowered yield strength for the samples prepared by the
gallium FIB. However, the size of structures machinable with the xenon FIB is still
limited to a few hundred micrometer.

On the meso-scale, i.e. in the range of 100 to 10, 000μm a precise and versa-
tile method for sample preparation with limited influence on the material is not
available. Suitable methods for this dimensions, such as micro-electrical discharge
machining (μ-EDM) or micro-machining, influence the material either through heat
or through plastic deformation. Kawakami et al.observed the generation of residual
stresses in tungsten micro-beams due to the thermal impact of the μ-EDM cutting
process [22]. The fabrication of micro-mechanical samples with μ-EDM has been
conducted for example by Schmitt et al., producing micro-cantilevers [23], or Uchic
et al., producing micro-compression samples [24]. For these specimens an additional
preparation step was required due to the rough surface and the heat affected zone
resulting from the μ-EDM processing. In [23] a FIB was employed to notch the can-
tilevers and to polish the cutting edges nearby the notch. Additional disadvantages
of μ-EDM are the required fabrication of the electrode (for sinking μ-EDM), the
subsequent wear of the electrode during processing, as well as the limitation of the
technique to conductive materials [25].

Another widely used method for machining specimens on this small scale are
lasers. Investigations on the capability of the laser for micro-machining started
shortly after its invention [26]. However, the heat influence of continuous wave or
short pulse (pulse duration > 10 ps [27]) lasers impedes the processing of sharp, well
defined geometries [28] and therefore their applicability for micro-machining has
been limited to cases, where a possible modification of the material is not critical.
In contrast, ultrashort pulsed lasers (pulse duration < 10 ps) enable laser micro-
machining of well defined geometries with a very good reproducibility [28, 29]. In
recent investigations it has been shown that ultrashort pulsed laser materials pro-
cessing achieved a high reliable standard which enables this technology to enter new
and advanced industrial applications [30–32]. This is due the fact that the laser
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pulse duration is significant below the heat diffusion time (>10-100 ps). The ultra-
short pulse duration and the high intensity on the material surface lead to complete
ionization of the irradiated material by non-linear effects. The irradiated material
volume is removed from the surface before any heat diffusion or thermal damage
and melting can occur.

When the laser beam is guided in parallel incidence to the ablated surface, the
Gaussian intensity distribution of the laser beam [29] ensures that the ablation of the
material happens at the threshold fluence, leading to optimal surface quality. On the
other hand when the beam is guided perpendicularly to the ablated sample surface
the resulting surface quality is lower and strongly depends on the applied process
parameters. Further, a perpendicular incidence leads to an increased creation of
dislocations and their density scales with the peak fluence of the laser pulse. For a
parallel incidence the depth of the dislocation zone occur is significantly reduced [27].
In this case a high dislocation density is found within few 100 nm of the processed
surface [33]. A similar dependence on the incidence angle has been found for the
ion damage of FIB processing [14]. Femtosecond laser processed silicon exhibited an
amorphized layer near the surface, extending 50 nm in depth [33].

With the advent of reliable ultrashort pulsed lasers their unique properties found
wide interest in science and industry, and several applications have been developed
since then. The various possibilities to structure and modify surfaces [34] can be used
e.g. to tune optical properties of metal surfaces [35] or to reduce the reflectivity of
silicon photovoltaic cells [36]. Furthermore, due to the feasiblity of ablating various
materials, the capability for micro-machining of ultrashort pulsed laser ablation
has been investigated for e.g. metals [37–39], biomaterials [40, 41], dielectrics [42],
semiconductors [43, 44] or polymers [45].

Comparing the laser ablation to the standard gallium FIB technique, its ablation
rate is 4-6 orders of magnitude higher. Also the ablation rate of a xenon FIB is
still 2-3 orders of magnitude below the achievable rates of an ultrashort pulsed laser
[27]. However, compared to the FIB the laser exhibits a reduced precision. One
reason for this is the large spot diameter of approximately 20 μm, which is due
to the scan optics setup used in this study. It is approx. 3 orders of magnitude
larger than the spot size of a gallium FIB at 1 nA [19]. By using fixed optics and a
positioning stage the precision can be improved. A main challenge that arises when
samples are prepared with the ultrashort pulsed laser is the creation of so-called laser
induced periodic surface structures (LIPSS). These LIPSS are an inherent feature
of ultrashort pulsed laser processing. An overview of the size and orientation of the
ripple-like structures for different materials is given in [46]. For linear polarized light
the ripples are mostly oriented perpendicularly to the polarization of the laser [46].
For circular polarization the surface features exhibit a dot-like structure [47].

Due to the high precision of the FIB technique and the high ablation rates of the
ultrashort pulsed laser technique, a combination of both methods yields a powerful
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device for machining from the micro- to the meso-scale. The addition of a scanning
electron microscope (SEM) allows for an immediate analysis of the processed speci-
mens. Such a combination has already been realised by Echlin et al. [27, 48]. They
built a setup for femtosecond laser ablation in-situ in a SEM to perform rapid 3D
material analysis. A further assessment of combining the nano- or femtosecond laser
technique with either a xenon or a gallium FIB has been conducted by Kwakman
et al. [20].

As outlined before, the properties of ultrashort pulsed lasers are appealing for the
fabrication of micro-mechanical test samples. To date, this application has been
rarely investigated. Lim et al. studied the fabrication of micro-pillars on bovine
cortical bone [41]. Very recently, in macroscopic mechanical tests femtosecond lasers
have been successfully employed for introducing notches into single edge notched
beam samples [49, 50].

The aim of this paper is to establish and to assess femtosecond (ultrashort) pulsed
laser processing as a novel technique for the fabrication of micro-mechanical samples.
In the following an overview of the combined SEM/FIB - femtosecond laser system
is given. Then the performance of the femtosecond laser for the fabrication of micro-
cantilevers is assessed and process parameters are optimized in terms of redeposition
and surface quality. In addition, the quality and the microstructure of samples
processed by nanosecond and femtosecond laser radiation is compared. Finally the
question if femtosecond laser micro-machining allows the mass-production of micro-
mechanical samples is answered.

A.2 Experimental

In this study three different pulsed laser sources were used. The specifications of
these lasers are summarized in Table A.1. The specifications include the maximum
average power Pmax, the wavelength λ, the maximum pulse repetition rate Rmax

and the pulse duration tp.

Laser I Laser II Laser III

tp 0.35 - 10 ps 4-20 ns 318 fs
Pmax [W] 20 2.2 4
Rmax [MHz] 2 0.12 1
λ [nm] 1030, 515, 343 355 1030, 515, 343
d0 [μm] 35 27 25

Table A.1 Specifications of the three laser sources which were used in this study.

Initial investigations have been performed at the Karlsruhe Institute of Technol-
ogy at the Karlsruhe Nano Micro Facility (KNMF) by employing a micro- machining
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workstation (PS450-TO, Optec, Frameries, Belgium). This workstation is equipped
with an ultrashort pulsed laser (Tangerine, Amplitude Systèmes, Pessac, France -
Laser I in Table A.1). The laser beam is scanned across the sample surface em-
ploying a scan head (RhotorTM Laser Deflection Systems, Newson Engineering BV,
Dendermonde, Belgium) and finally focused by a f-theta lens with 100 mm focal
length.

Further tests and analyses have been conducted using a femtosecond laser sys-
tem at the Erich Schmid Institute of Materials Science and the Materials Physics
Department of the University of Leoben.

A.2.1 System design

The basis of the new femtosecond laser system is the Auriga Laser platform (Zeiss,
Oberkochen, Germany - concept of the platform; see [51]). The modified setup is
displayed in Fig. A.1. It consists of two vacuum chambers separated via an airlock.
The main chamber (Fig. A.1 - a) contains the FIB and the SEM gun in a standard
cross beam implementation. The laser processing is conducted in the separated sec-
ond chamber (Fig. A.1 - b). Both chambers as well as the laser unit (Fig. A.1 - e) and
all optical components are mounted on the same active air suspension for damping.
The separation of the two chambers has the advantage that the high amount of ab-
lated material during the laser processing does not contaminate the main chamber.
Nevertheless, this setup allows femtosecond laser processing and successive SEM
analysis or FIB cutting without leaving the vacuum state. An additional advan-
tage is the possibility to use the laser in air or under inert gas conditions. This is
especially of great interest, when working on bio-materials. The nanosecond laser
(Laser II in Table A.1) originally used in the commercial Zeiss system is replaced
by a femtosecond laser (Origami 10 XP, Onefive GmbH, Regensdorf, Switzerland -
Laser III in Table A.1).

A look into the optical unit (Fig.A.1 - d) and the scan unit (Fig. A.1 - c) provides
details on the beam path (Fig.A.2). The orientation of the laser unit causes that
the separate exit windows of the three wavelengths are located on different height
levels. By employing a periscope (Fig. A.2 - b) equipped with mirrors, designed
for femtosecond laser pulses, all beams are guided along the same path through
the beam expander (Fig. A.2 - c). The lower mirror of the periscope can be moved
into and out of the beam path by a flip mount. The mirror positioned in the
beam path is shown in the inset in Fig.A.2. After passing the beam expander, the
laser beam is guided into the processing chamber via a scan unit (intelliscan III
10, SCANLAB AG, Puchheim, Germany), employing two perpendicularly oriented
femtosecond mirrors (Fig. A.2 - d), which are driven by galvanometers. This scan
unit allows for a scanning area of 50×50 mm2 and a relative positioning accuracy of
about 0.3μm at the sample surface. The scanning principle enables the fabrication of
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Figure A.1 System setup with main FIB/SEM chamber (a), laser processing chamber
(b), scan unit (c), optical unit (d) and femtosecond laser unit (e).

arbitrary geometries, which are defined using a computer-aided design programme.
The objective lens which finally focuses the laser beam onto the sample is a f-theta
lens (Sill Optics GmbH, Wendelstein, Germany) ensuring a flat image plane and
therefore a constant focal width across the scan area (Fig. A.2 - e,f). The used
objective has a working distance of 145.7 mm. The focal diameter on the sample
is adjusted by the beam expander, consisting of an uncoated dispersing lens and
an uncoated collecting lens, located between the periscope and the scan unit. The
position of the minimal focal diameter is defined by the distance between these two
lenses (Fig.A.3). The position of the dispersal lens can be varied and is controlled
by a stepper motor actuator. This setup allows a shift of the position of the minimal
focal diameter of approximately 30 mm and therefore allows the same variance in
sample height.

The laser system offers five parameters to be adjusted: The average laser pulse
power and the laser pulse repetition rate. Further a shutter allows to adjust the
number of transmitted pulses. In addition, the laser scanning speed across the
sample surface and the number of repetitions of each laser scan line are variable.

A spot size evaluation on the modified system was performed according to [52].
The determined spot diameter was 24.5 ± 0.3μm. The ablation threshold fluence
yielded 0.20 ± 0.01 J/cm2 for the tungsten foils. This is in good agreement with
Byskov-Nielsen et al. [53], considering the linear dependence of the threshold fluence
on the wavelength for sub-picosecond pulses [54]. Byskov-Nielsen et al. [53] found
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Figure A.2 Detailed view of the beam path starting from the laser unit (a) along the
beam expander (c), the mirrors of the scanning unit (d) and the objective lens (e). The
exit windows for the wavelengths of 515 nm and 1030 nm are located on different heights.
The periscope (b) optionally guides the beam with a wavelength of 1030 nm into the beam
expander (shown in inset).

for tungsten a single pulse threshold of 0.44 ± 0.02 J/cm2 for femtosecond laser
ablation with a wavelength of 800 nm. The same analysis for the nanosecond laser
operating with a wavelength of 355 nm provided a spot diameter of 27.4 ± 1.9 μm
and a fluence threshold of 5.8 ± 1.0 J/cm2. This threshold value agrees well with
the values listed in [55], where thresholds of 8.32 J/cm2 and 4.28 J/cm2 have been
found for wavelengths of 266 nm and 532 nm respectively.

A.2.2 Material and methods

In this study cold rolled tungsten foils with a thickness of either 25μm, 50μm or
100μm were used as sample material. These foils exhibit an ultra fine grained
microstructure and excellent ductility. Therefore, they are promising for the use as
structural material in high temperature applications [56]. The enhanced mechanical
properties are governed by the microstructure of the foil. It is of great importance to
prevent the material from being damaged by melting, recrystallization or by crack
formation during preparation [56]. Therefore, the use of a femtosecond laser seems
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Figure A.3 Working principle of the beam expander. Changing the distance between the
dispersal and collecting lens, varies the position of the focal plane.

to be an appropriate tool in order to avoid a thermal impact on the material during
the ablation process. Tungsten additionally represents a challenging material for
FIB processing due to its low sputter yield [57] and is therefore an ideal example
for the investigation of the ablation capability and efficiency of a femtosecond laser.
Cantilevers are a widely used specimen type for micro-mechanical testing, hence,
this geometry has been selected to study the performance of the new system.

For the electron backscatter diffraction (EBSD) data acquisition a scanning elec-
tron microscope (LEO 1525, Zeiss, Oberkochen, Germany) with an EBSD detector
(EDAX Inc., New Jersey, USA) has been used. The data have been analysed with
the EDAX OIM Data Analysis software. For the scans a step size of 50 nm and an
acceleration voltage of 20 kV was chosen.

A.3 Results and discussion

A.3.1 Scanning routine and parameter optimization

The initial tests at KIT-KNMF demonstrated the feasibility of femtosecond laser
processing for the production of micro cantilevers made of tungsten. Samples were
cut into foils, fabricated by cold rolling, with thicknesses of 25μm, 50μm or 100μm.
Fig.A.4 shows cantilevers cut through the thickness of these foils. The laser param-
eters used for these samples are listed in Table A.2. The respective scan pattern is
displayed in Fig.A.5a. The same pattern was scanned multiple times to ensure full
penetration. The number of scan repetitions is given in Table A.2. In these samples
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also a notch was introduced using the femtosecond laser. Because of the significantly
larger tip radius compared to a FIB notch, the laser processing of notches has not
been further investigated in this study.

In the used configuration the laser beam is oriented perpendicularly to the foil.
Therefore the incidence of the laser beam with respect to the ablated material is
normal at the beginning of the process. After the penetration of the foil a glancing
incidence is achieved.

Foil thickness 25μm 50μm 100μm

Fluence [J/cm2] 0.7 1.0 1.6
Repetition rate [kHz] 20 20 40
Scan speed [mm/s] 100 100 50
Scan repetitions 150 300 400

Table A.2 Parameters for the cantilevers cut in foils with different thicknesses using a
femtosecond laser with a wavelength of 1030 nm and a laser pulse duration of 380 fs (Laser
I in Table A.1). The resulting samples are shown in Fig.A.4.

The cutting edges exhibited a wavy structure towards the bottom. Particularly
for the 100 μm thick sample an array of cavities is observed. This is on the one
hand due to a non-optimal overlap of successive laser pulses, because of the high
scanning speeds used for the 25μm and 50μm samples. On the other hand, cutting
only the contour of the desired shape, as shown in Fig.A.5a, is unfavourable for an
increasing foil thickness because the redeposited material from preceding scanning
steps increasingly hinders material transport away from the processing region and
therefore impedes an even ablation. Further, the U-shaped remnant piece will move
or fall out during the last scan repetitions and thus change the conditions for the
interaction of the laser with the material. The remnant piece can remain stuck,
especially in thicker foils, and has to be removed via a follow-up treatment. Though,
the scan pattern in Fig. A.5a yields the lowest scan time for the intended cantilever
geometry. The generation of debris on the surface lowers the surface quality as
displayed in Fig. A.4. Shaheen et al. found for an increasing fluence an increase in
the amount of generated debris. Further re-solidified molten material occurs at high
fluences, though, none was observed in the low fluence regime [58]. For an increasing
foil thickness, more ablated material and therefore more debris on the top face of
the cantilever was found. The generated debris leads to a change of colour around
the processed area. However, it can be removed nearly completely by cleaning the
sample in a ultrasonic bath filled with soap water.

To further enhance the surface quality of the cutting edge a second scan pattern
has been applied. It is displayed in Fig. A.5b. Using this scan pattern also avoids any
remnant piece of getting stuck, because here the whole U-shape is removed during
processing. Nevertheless, due to the ablation of a larger amount of material more
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Figure A.4 Cantilever cut with a femtosecond laser (KIT-KNMF) in foils with (a) 25 μm,
(b) 50 μm and (c) 100 μm thickness. The used scan pattern is shown in Fig. 5a. The
number of scan passes are listed in Table 2. For this samples also the notch was laser
processed.

debris is generated.
With the modified prototype multiple scanning routines and parameter tests were

performed to identify their influence on the resulting sample. The 25 μm thick
foils served as samples for these experiments. Fig. A.6 shows the rectangular scan
pattern employed for these experiments. The pattern has been chosen with the
goal to remove a certain area of the sample to successively enable the fabrication of
free-standing specimens. Starting from the lower right corner each line is scanned
from right to left. After a certain number of repetitions per line the beam moves
to the next upper line. In total 10 lines with a distance of 8 μm in between were
cut. A distance of 8 μm ensures sufficient overlap between the lines. This pattern

69



A.3 Results and discussion

Figure A.5 The scan strategies for the fabrication of cantilevers. The U-shape can either
be cut out by a single contour cut (a) or by removing the whole material by scanning
across the respective area (b). The narrow arrows indicate the lines of the laser cuts and
the broad arrows indicates the scan direction.

Figure A.6 The scan pattern for the parameter tests. The horizontal arrows indicate the
lines of the laser cuts and the broad arrow the scan direction. The white rectangle marks
the area of interest shown in Fig.A.7.

was used to create the cuts shown in Fig.A.7 and Fig.A.8. For these tests a laser
fluence of 1.1 J/cm2, a scan speed of 1 mm/s and a laser pulse repetition rate of
100 kHz have been used. The micrographs in Fig.A.7 display the cut edges on the
top side of the scan pattern. These cuts were fabricated with a repetition number
of 1, 2, 3, 10, 100, 250 for each line. It was found that for this parameter set with
10 line repetitions the surface quality of the cut edge does not significantly increase
any more. For higher repetition numbers periodic structures also start to form on
the top face of the sample (Fig. A.7 (e),(f)).

Besides enhancing the surface quality of the cut edges, also the amount of rede-
posited material needs to be reduced. In Fig.A.8 the processed areas are viewed
in total. For the cut in Fig. A.8a each line of the scan pattern was repeated 20
times. It exhibits a significant redeposition of ablated material on the lower edge.
For the sample in Fig.A.8b each line of the scan pattern was repeated 5 times and
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Figure A.7 Samples cut in a 25 μm thick foil using the scan pattern in Fig.A.6 with a
different number of repetitions per scan line in a single pass. Increasing the number of
repetitions leads to a smoother cut edge and a reduced taper angle (a)-(c), but also to the
occurrence of LIPSS on the top face of the sample for higher repetition numbers (e), (f).

Figure A.8 The scan pattern displayed in Fig. A.6 is cut into a foil with a thickness of 25
μm. (a) Single pass scanning with 20 repetitions per line leads to an extensive redeposit of
ablated material. (b) Multiple pass scanning (5 repetitions per line and 4 passes)
minimizes redeposition.

additionally the whole scan pattern (Fig. A.6) was repeated in 4 passes. These tests
exhibited that multiple passes significantly reduce the amount of redeposited mate-
rial. This strategy is well known for the FIB technique, where multiple pass scanning
is applied to minimize material redeposition [57].

A variation of the average laser power showed that after the power suffices to
penetrate the foil a further increase leads initially to a decrease of the taper angle
at the cut edges. Finally, a saturation of the taper angle is observed with increasing
laser power.
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The findings in this section were considered when designing the scanning routine
and choosing the parameters for the cantilever fabrication. For larger samples a
combination of the patterns in Fig.A.5a and Fig.A.5b can be favourable, using first
a contour shape for a rough cut followed by few parallel cuts to enhance surface
quality of desired edges. This way the processing time required, when using the
pattern in Fig. A.5b, can be reduced.

A.3.2 Comparison of nanosecond and femtosecond laser processing

In this section the results of processing with a nanosecond (Laser II in Tab. A.1)
and a femtosecond laser (Laser III) are compared. The surface quality of the cut
edges as well as the influence of the laser pulse duration on the microstructure were
investigated. The process parameters are displayed in Table A.3. Although the
average power of the nanosecond laser is higher, the peak power of the femtosecond
laser pulses due to the much smaller pulse duration is approx. 3 orders of magni-
tude higher. For the nanosecond laser processing the scan pattern in Fig. A.5a was
scanned in 2 passes. For the femtosecond laser processing the pattern in Fig. A.5b
was scanned in 2 passes with 5 repetitions per line.

ns-laser fs-laser
(see Tab. A.1) Laser II Laser III

Fluence [J/cm2] 15.3 1.1
Repetition rate [kHz] 25 100
Scan speed [mm/s] 60 10

Table A.3 Parameters of the laser used for the fabrication of the cantilevers displayed in
Fig. A.9 and Fig.A.10

Fig. A.9a shows a cantilever processed with the nanosecond laser. Machining with
the nanosecond laser leads to extensive debris formation on the top face (Fig.A.9b).
This redeposition is produced by the ejection of molten material [58]. The surface of
the cut edge shows melted structures and a distinct burr as displayed in Fig.A.9c.
Fig. A.10a shows a cantilever processed with the femtosecond laser. Compared to
the nanosecond laser machining less and smaller debris is generated on the top face
(Fig. A.10b). Further, the cut edge of the femtosecond laser cut is smoother and
no burr can be found (Fig. A.10a and c). Although the surface quality is improved
employing femtosecond laser pulses, a completely structure free surface can not be
obtained due to the occurrence of the characteristic LIPSS (Fig.A.10c).

Investigations of the microstructure underneath the edge of the laser cut yield a
significant difference between the samples processed with the nanosecond and the
femtosecond laser, respectively. Inverse pole figure maps were obtained from EBSD
analyses of FIB polished surfaces which were oriented perpendicular to the laser cut.
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Figure A.9 A cantilever fabricated by a nanosecond laser in a foil with a thickness of 25
μm is displayed in (a). The scan pattern in Fig. A.5a was scanned in 2 passes. The
magnified top view (b) shows rough debris. The magnification of the cut edge shows a
melted surface and a distinct burr (c). An EBSD analysis of the cross-section A-A
indicated in (a) reveals coarsened and equiaxed grains in the heat influenced zone (d). The
inset triangle shows the colour coding of the crystal orientation with respect to an external
reference.

The results are presented in Fig. A.9d and Fig.A.10d. The inset shows the colour
coding of the EBSD pattern, which describes the crystal orientation with respect
to an external reference. The greyscale of the maps has been coded with the im-
age quality. Due to the rolling fabrication of the tungsten foils the grains initially
feature an elongated structure with a grain thickness of approximately 300 − 500
nm and a high defect density giving rise to a low grey value. The microstructure of
the nanosecond laser processed samples exhibits coarsened, nearly equiaxed grains
in the vicinity of the cut edge (Fig. A.9d). The coarsening can be explained by
a recrystallisation process, which followed after the heat influence exerted by the
nanosecond laser pulses. For the employed parameter set coarsening is found up to
approximately 4 μm underneath the cut surface. Furthermore, due to the recrys-
tallisation the defect density is reduced, resulting in a brighter image near to On
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Figure A.10 A cantilever fabricated by a femtosecond laser in a foil with a thickness of 25
μm is shown in (a). The scan pattern in Fig. A.5b was scanned in 2 passes with 5
repetitions per line. In the magnified top view (b) less debris is found than for the
nanosecond laser processing. The magnification of the cut edge exhibits the characteristic
laser induced periodic structures (c). An EBSD analysis of the cross-section B-B indicated
in (a) reveals no grain coarsening near the cut edge (d). The inset triangle shows the
colour coding of the crystal orientation with respect to an external reference.

the contrary the femtosecond laser processed samples show no change in the grain
shape and in the EBSD pattern quality due to recovery as shown in Fig.A.10d.

To evaluate the extent of the periodic surface structures a FIB cross-section lo-
cated on the cut edge was analysed as shown in Fig.A.11. The LIPSS show a
periodicity of about 250 nm and a depth of about 100 nm. This is in good agree-
ment with the LIPSS dimensions Echlin et al. [33] found for various materials.
Furthermore, the microstructure a few tens of nm underneath the LIPSS reveals no
change. While representing no impediment for example for tensile testing of ductile
materials, this surface roughness will inhibit such tests for brittle materials. Nev-
ertheless, for fracture experiments the LIPSS will be of no relevance, because the
required notch exceeds their dimension by far.

Fig. A.12 emphasizes the efficiency of the femtosecond laser system for sample
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Figure A.11 A FIB cross-section through the LIPSS on the cut edge shows a periodicity
of the undulating structures of approximately 250 nm. The depth is about 100 nm. The
elongated grains due to the rolling fabrication are visible and reveal no change in structure
underneath the LIPSS.

Figure A.12 (a) Femtosecond laser cut cantilever with a notch introduced by a FIB
(indicated by white arrow). (b) The micrograph shows 100 cantilevers with a length of 420
μm and a width of 60 μm prepared in only half an hour in a tungsten foil with 25 μm
thickness.

preparation. The cantilever shown in Fig.A.12a was fabricated using the laser,
while the notch was introduced employing the FIB. The laser processing step takes
approximately 20 s. A set consisting of 100 cantilevers with a dimension of 420x60x25
μm3, as shown in Fig.A.12b, takes therefore only about half an hour. The complete
machining by FIB would require about 1 year of continuous milling, assuming a high
ablation rate of 10 μm3/s.
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A.4 Conclusions

In this study, the feasibility of employing a femtosecond laser for the rapid fabrica-
tion of micro-mechanical test structures, in the particular case cantilevers in tungsten
foils, with lengths up to several hundred micrometers has been demonstrated. For
this purpose a device combining a FIB and a SEM in a standard crossbeam imple-
mentation and a nanosecond laser was modified to be operated with a femtosecond
laser. The system enables fast material removal by a femtosecond laser and precise
FIB end-processing as well as scanning electron analyses without any need of inter-
rupting the vacuum conditions. Furthermore, the system design with a separated
laser chamber allows processing in air or under certain inert gas conditions, which
is of interest when e.g. working on bio-materials. The femtosecond laser process-
ing enables a material independent ablation without significant heat impact on the
surrounding material. Employing a scan unit to move the beam across the sample
offers fast processing and a high variability in sample geometries, for example round
pillars or tensile specimens.

The authors are sure that this novel method will find wide application for un-
precedented fast pre-preparation and preparation of samples on the micro-scale.
Furthermore, it represents a unique and versatile tool for producing samples in the
meso-scale up to few 10 mm dimensions. The rapid processing can be regarded as
a mass production technique for micro samples and therefore helps to facilitate the
acquisition of sufficient statistical information for micro-mechanical experiments. It
will contribute to relieve the bottleneck posed by the established FIB technique for
micro-mechanical sample preparation and testing.
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Abstract

The influence of irradiation on mechanical properties of polymer foils used in space-
craft applications has widely been studied via macroscopic tensile samples. An
increase in the local resolution of this investigation can be achieved by reducing the
sample’s dimensions. A femtosecond laser enables a fast fabrication of micro-samples
with dimensions from tens of μm to the mm range, with ideally no influence on the
material. Tensile experiments using such micro-tensile samples were conducted on
FEP, Upilex-S and PET foils. The influence of the laser processing on the poly-
mer foils was evaluated. Additionally an investigation of degradation due to elec-
tron irradiation was performed. Furthermore an outlook to extend this technique
to depth-resolved measurements by preparing samples from locally thinned foils is
presented. The study demonstrates the feasibility of femtosecond laser processing
for rapid fabrication of micro-samples, enabling insights into the effect of electron
irradiation on local mechanical properties of polymers.
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Polymer foils used in spacecrafts, e.g., as thermal control foils, are usually exposed
to multiple types of radiation and severe thermal cyclic loading [1–3]. The influence
of irradiation on the mechanical properties of polymer foil materials has already
been studied widely, mainly via testing macroscopic tensile specimens [1, 4–10].
Existing experiments on the macro scale cannot, however, resolve local variations in
mechanical properties, e.g., caused by degradation due to inhomogeneous irradiation
conditions. The mapping of such variations requires a significant reduction of the
sample dimensions, compared to the dimensions specified in ASTM D882 [11]. Very
small specimens can additionally contribute to an efficient investigation of materials
which are limited in their availability or exclusive in their kind, e.g., polymer foils
retrieved from space missions.

A femtosecond (fs) laser enables a fast and reproducible way for the fabrication of
such micro-samples. This technique offers optimal properties for material processing
on a scale from tens of micrometers up to a few millimeters. Most importantly,
using a fs-laser for processing impedes melting of the specimen material during the
ablation due to ideally no thermal diffusion into the material. This allows precise
and reproducible fabrication of structures on the micro-scale [12]. An increase in
processing precision, compared to lasers with a longer pulse duration, has been found
for various classes of materials including polymers, semiconductors and ceramics
[13, 14]. The negligible material modification during fabrication of the sample is a
significant advantage compared to other techniques for small scale processing like
micro electric discharge machining [15] or laser processing using lasers with pulse
durations above the ultra-short pulse regime (i.e., >10 ps) [16]. However, the high
material removal rate of the fs-laser competes with the rate of the aforementioned
techniques and outperforms other methods such as the focused ion beam (FIB) or
Plasma FIB by orders of magnitude [17]. The presented features make the fs-laser
particularly interesting for the micro-processing of polymers.

The processing of micro tensile samples by means of a fs-laser has rarely been
studied. Works by Slaughter et al. [18], Severin et al. [19] and Magagnosc et al. [20]
already showed the feasibility of this method for micro tensile sample fabrication
of different materials. A proper investigation of the laser processing influence on
the mechanical properties of polymers is missing, though. Hence, in this study,
three types of polymers with strongly different mechanical properties have been
investigated and the results are discussed in comparison with macroscopic results
from literature.

The polymer foils were exposed to electron irradiation with typical dose levels
seen by spacecraft in the low earth orbit to asses the capability of the micro-tensile
experiments to study the influence on the material. Other influencing factors of the
space environment like, thermal cycling, high vacuum, electromagnetic irradiation
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or further types of charged particle irradiation [9, 21] have not been investigated in
this work. The influence of mixed irradiation is discussed elsewhere [1–3, 5, 6, 8].

Micro tensile specimens allow to evaluate the mechanical properties on a scale
of a few hundred micrometer, hence, this study provides a technique, which can
yield insights into the local irradiation damage of polymer foils. Additionally, the
determination of damage gradients across the thickness of polymer foils can be of
interest. It is particularly interesting to investigate the depth of embrittlement zones
due to (space) irradiation. The fs-laser processing combined with the capability of
precise positioning allows to locally slice the foils into thinner sections. This depicts
a promising technique to enable the acquisition of depth-resolved mechanical data.

This study is structured as follows: The first part deals with the experimental
details of the work. In Section B.3.1 results on the influence of the laser processing
on the polymer foils are given and discussed. The results of the micro-sample tensile
experiments are shown in Section B.3.2. Section B.3.3 contains the investigation of
the influence of electron irradiation doses present in space environment conditions,
on the mechanical properties of the foils. Details on the effect of different ambient
atmospheric conditions during the laser processing on the materials are discussed in
Section B.3.4. Finally, an outlook on the fabrication of tensile samples with varying
thickness, via local thinning of the foils, is presented.

B.2 Experimental

In this study a recently developed system, which combines a fs-laser with a FIB
and a scanning electron microscope (SEM) was used (based on the Auriga Laser
platform—Zeiss, Oberkochen, Germany). Details of the system can be found in a
previous study [22]. The integrated fs-laser is a Origami 10 XP (Onefive GmbH,
Regensdorf, Switzerland). The fs-laser has a pulse duration of about 500 fs, two
available wavelengths of 1030 and 515 nm and a maximum pulse repetition rate of
1 MHz. For the sample processing the wavelength of λ = 515 nm, which allows a
maximum average output power of about 2 W, is used. Two lenses placed prior to
the scan unit act as beam expander. Their distance determines the focal height in
the processing chamber. The beam is guided by a galvanometer scan unit (intelliscan
III 10, SCANLAB AG, Puchheim, Germany). The objective lens allows an optimal
focal diameter at the sample surface of approximately 25μm. SEM imaging is used
to evaluate the quality of the laser processed samples.

B.2.1 Materials

Three different polymer foil materials were investigated in this work:

� Polyimide Upilex-S VDA (25.4μm-thickness) from UBE
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� PET (Polyethylene terephthalate) (127μm) from Sheldahl

� FEP (Fluorinated ethylene propylene) VDA (127μm) from Sheldahl

The Upilex-S and FEP foil are coated with a vapor deposited aluminium (VDA)
thinfilm (with 100 nm-thickness) on one side. The PET foil is not coated.

The three types of polymer foil materials exhibit distinctively different tensile
properties, ranging from high ultimate strength to high ultimate strain, therefore,
this materials are ideally suited to assess experiments with fs-laser fabricated micro-
tensile specimens. Furthermore, Upilex-S VDA and FEP VDA foils are commonly
used in multilayer insulation of spacecraft [21, 23], hence, an evaluation of their
resistivity against electron irradiation is of essential interest.

Electron Irradiation Procedure

The electron irradiation doses of the outer layer of thermal blankets of the Hubble
Space Telescope in the low Earth orbit roughly range from 100 kGy to about 1 MGy
for the shortest servicing missions up to the defined end-of-life duration respectively
[2, 24]. The electron irradiation doses investigated in this study cover this dose
range.

The irradiation was performed in a van de Graaff-type electron accelerator pro-
ducing an electron beam with 1MeV and a dose rate of 146Gy/s. The 2 centimeter
thick aluminium exposure table was water-cooled and a nitrogen flushed frame was
placed above the samples to keep them close to room temperature and to inhibit
oxidation. For the dosimetry measurements radiochromic Nylon thin foil dosimeters
were used. Coated foils were irradiated from the non-coated side. Material sam-
ples were grouped in stacks of different heights on the exposure table, 12 foils for
Upilex-S VDA, 4 foils for FEP VDA and 4 foils for PET. Due to the high electron
energies, the small total stack thickness and the low density of the polymers, the
dose rate was assumed to be constant across the thickness during the whole expo-
sure process. In order to reach different irradiation dose levels, the exposure was
interrupted regularly to remove foils from the stack. Hence, for example, to achieve
a total irradiation dose of 250 kGy the foils were removed after 28.5 minutes from
the exposure setup. For each material this procedure yielded samples with certain
total electron irradiation doses (listed in Table B.1). The FEP VDA foils became
too brittle to handle for irradiation doses above 250 kGy, hence, only two irradiation
dose levels were investigated for this material.
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Irradiation dose [kGy] 0 250 500 750 1000

Upilex-S VDA ◦ ◦ ◦ ◦
PET ◦ ◦ ◦ ◦
FEP VDA ◦ ◦

Table B.1 The investigated electron irradiation doses for each of the 3 different polymer
foil materials.

B.2.2 Methods

Laser Processing

The focal plane was determined by selecting the ablation spot with minimum diam-
eter via varying the distance of the beam expander lenses. The samples were placed
in the middle of the scan field to ensure a normal incidence of the laser beam onto
the foil.

In TableB.2 the laser processing parameters used for the fabrication of the tested
specimens are listed. The laser processing parameters mainly responsible for the
quality of the cut are the pulse repetition rate and the fluence. In Section B.3.1 the
influence of the laser pulse repetition rate on the sample quality is discussed in more
detail. The fluence is the energy density at the focal spot and directly proportional
to the maximum average power. For the investigated types of polymers (Polyimide,
FEP and PET) multi-pulse fluence ablation thresholds of ultra-short pulsed laser
were reported to be in the range of about 0.3–0.5 J/cm2 [14, 25]. The fluence values
given in TableB.2, were selected close to the ablation threshold to ensure a high
quality cutting surface, however, still being high enough to enable an adequate re-
moval rate for a fast sample processing. The value for the Upilex-S VDA material
is lower due to its smaller thickness.

Upilex-S FEP PET
VDA VDA

Fluence [J/cm2] 0.65 1.18 1.18
Pulse rep. rate [kHz] 1 1 1
Scan speed [mm/s] 2 2 2
Scan repetitions [−] 15 40 40

Processing time [s] ≈ 380 ≈ 1000 ≈ 1000
Taper angle [◦] 15.1 ± 0.4 9.5 ± 0.8 8.0 ± 0.5

Table B.2 Laser parameters used for the processing of the tested tensile samples in different
foil materials. The respective total processing time and the resulting taper angle are given.
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The scan repetitions define how often each laser pattern, shown in Fig. B.1b, is
successively scanned. This adds up to the total processing times listed in the table
for the respective parameters of each sample material. The scanning strategy plays
an important role, especially regarding the redeposit of ablated material. Further
details regarding the scanning strategy can be found in [22]. If not stated otherwise,
the fs-laser processing was conducted under a vacuum pressure of ca. 7×10−3mbar.

Prior to the laser processing a piece of the foil with a size of about 6 × 6 mm,
cut using scissors, was fixed in a clamp, which could be afterwards mounted in
the tensile testing device. The foils were fixed with the VDA side facing upwards.
This is sketched in Fig. B.1a. The image also schematically indicates the laser beam
incidence direction. Subsequently, the tensile geometry was cut in a two-step process
as shown in Fig. B.1b. First a rectangular shape and second the dog bone shape was
fabricated. The scan patterns consist of single lines successively shifted by a distance
of 10μm (see detail in Fig. B.1b). The tensile samples are placed in a distance of
1.4 mm to each other to ensure enough space for the testing gripper. This enables
to test a maximum of four samples on each piece of foil, fixed in a clamp (as shown
in Fig. B.1c). The final cross-section geometry of the samples shows a trapezoidal
shape due to a certain taper angle resulting from the laser processing. The resulting
mean values of the taper angles for the respective processing parameters of each
sample material are listed in TableB.2. This taper can not be compensated in the
used fabrication setup, however, it shows good reproducibility when using the same
processing parameters. The trapezoidal shape of the cross-section was taken into
account for the stress evaluation of the tensile experiments.

Setup of Tensile Experiments

The uni-axial tensile experiments were performed on a Kammrath & Weiss fibre
tensile module [26]. This device enables to measure forces up to about 2N with a
resolution of approximately 10μN. The displacement is registered with an accuracy
of about 30 nm. The experiments are recorded using a camera connected to a stereo
microscope, taking images every five seconds. Using a moveable stage the sample
can be properly aligned with the gripper. The gripper was cut out of a 100μm-thick
tungsten foil, resembling the negative shape of the tensile sample head, with the
same fs-laser system. All experiments were performed displacement controlled and
the force was recorded. The testing speed was 1 μm/s, resulting in an initial strain
rate of about 0.3%/s. Only the non-irradiated FEP VDA foils, due to their very
high maximal strain values, were tested with 2 μm/s (strain rate 0.6%/s) to keep the
test duration limited. This low testing speed values enable the capturing of enough
pictures throughout the loading process to perform a continuous displacement cor-
rection of the data. Each sample was elongated until failure. The experiments were
conducted at room temperature (22 ◦C) under atmospheric conditions.
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Figure B.1 (a) 3D sketch of a foil fixed in a clamp with the VDA film on top. The arrow
indicates the incidence direction of the laser beam. (b) Outline of the two step cutting
process from the view of the laser incidence direction. First a rectangular shape with the
intended width of the tensile head is cut. In the second step the dog bone shape is processed.
Relevant dimensions of the specimen are given. The width d of the gauge section was about
100μm for the FEP VDA and about 25μm for the Upilex-S VDA foils. Detail (b1) displays
the magnification of the dashed rectangle in step 1. Each laser scan line is shifted 10μm
in the direction of the broad arrow. (c) SEM image showing a set of four samples cut in a
Upilex-S VDA foil, fixed in the clamp for the following tensile experiments.
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B.3 Results and Discussion

B.3.1 Influence of fs-Laser Processing

Femtosecond laser processing is a fast and versatile method for the fabrication of
micro-samples, nevertheless, especially in the case of polymers the influence of heat
and effects due to air ionization (see SectionB.3.4) need to be considered. Specifi-
cally, in the case of polymers the repetition rate needs to be carefully chosen. The
excessive energy of each laser pulse, which is not used to ablate material generates
a small amount of heat [27]. If the pulse repetition rate is high, the accumulation of
the heat can lead to a local melting of the processed materials [28]. Especially for
materials with a low heat conductivity this is critical in terms of achieving a high
quality of the cut.

To evaluate the heat accumulation effect on the sample quality an experiment,
varying the time of energy input, was performed on the three investigated materials.
For this, five parallel lines with a length of 600μm placed at a distance of 10μm
were cut into the foil, resulting in a rectangular cut. This is sketched in Fig. B.2.
The fluence was chosen to be 1.18 J/cm2, the scan speed 2mm/s and the laser pulse
repetition rate was varied: 50, 25, 10, 5, 1 kHz. To keep the total energy input
constant the scan repetitions were adapted accordingly: 1, 2, 5, 10, 50 repetitions.
Hence, the amount of laser pulses per cut are kept constant, but the processing
duration varies from 1.5 s to 75 s. SEM details of the upper and lower edge of this
rectangular cuts, as indicated in Fig. B.2, are shown in Fig. B.3 for Upilex-S VDA,
in Fig. B.4 for PET and in Fig. B.5 for FEP VDA.

The 25μm-thick Upilex-S VDA foils were cut through the entire thickness for all
parameter combinations. For pulse repetition rates of 50 and 25 kHz, the specimens
exhibited a massive damage up to a distance of 200μm around the processed area.
For the pulse repetition rate of 10 kHz (Fig. B.3c) still a small part of molten material
was observable. For the cuts done with 5 kHz and 1 kHz clean cutting surfaces were
obtained.

Pronounced melting was also found for the PET foils up to 150μm away from
the cutting edge for the highest pulse repetition rates of 50 and 25 kHz. For this
material a molten burr also appeared for 5 kHz. A pulse repetition rate of 1 kHz
again showed minimized damage. All pulse repetition rates allowed a cut through
the entire 127μm-thick PET foils.
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Figure B.2 Scan pattern for the laser parameter tests. 5 parallel lines, each shifted for
10μm, were cut into the foil and yielded a rectangular cut as indicated by the dashed line.
The position of the SEM details shown in Figures B.3–B.5 is indicated.

Figure B.3 SEM details, as indicated in Fig. B.2, show the edges above and below the
central rectangular cut in a 25.4μm-thick Upilex-S VDA foil. The cuts were processed
with a constant total energy input, hence, decreasing pulse repetition rates whilst
increasing the number of scan repetitions (corresponding to increasing machining times).
(a,b) show massive damage, cracks and molten structures. In (c) local molten areas are
observable on the upper edge. In (d,e) both edges exhibit clean cutting surfaces. The scale
bar indicated in (a) applies to all figures.
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Figure B.4 Upper and lower edge of rectangle cuts in a 127μm-thick PET foil. The cuts
were processed with a constant total energy input, hence, decreasing pulse repetition rates
((a) 50 kHz; (b) 25 kHz; (c) 10 kHz; (d) 5 kHz; (e) 1 kHz;) whilst increasing the number of
scan repetitions (corresponding to increasing machining times). The foil thickness is cut
through for all tested parameter combinations. Massive melting is found for repetition rates
larger than 5 kHz. Note the larger scale bar, compared to Figures B.3 and B.5. The scale
bar indicated in (a) applies to all figures.

Figure B.5 Upper and lower edge of rectangle cuts in a 127μm-thick FEP VDA foil. The
cuts were processed with a constant total energy input, hence, decreasing pulse repetition
rates ((a) 50 kHz; (b) 25 kHz; (c) 10 kHz; (d) 5 kHz; (e) 1 kHz;) whilst increasing the number
of scan repetitions (corresponding to increasing machining times). The foil thickness is cut
through only for 50 kHz and 50 scan repetitions as multiple scan repetitions enable more
efficient material removal, compared to few scan repetitions and high pulse repetition rates.
The scale bar indicated in (a) applies to all figures.
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The damage of the FEP VDA foils showed less signs of damage due to melting,
but an increase in debris deposition next to the processed structure compared to
Upilex-S VDA and PET foils. Additionally, another critical issue occurred when
compared to Upilex-S VDA and PET films. The use of high pulse repetition rates
and respective small numbers of scan repetitions yields a small material removal
rate. Therefore, a cut through the 127μm-thick FEP VDA foil, was only achieved
for 50 scan repetitions using a pulse repetition rate of 1 kHz (see Fig. B.5e). The
good heat resistance of FEP experienced in the fs-laser cutting experiments agrees
with the results of thermally cycled FEP, which did not exhibit significant changes
in its tensile properties [7].

According to the results of these experiments on the variation of the pulse repe-
tition rate, a rate of 1 kHz was used for the fabrication of all tensile test specimens.
The scan repetitions were set to values, which ensure a through thickness cut (see
Table B.2).

B.3.2 Tensile Experiments

The tensile properties of the three investigated non-irradiated materials show large
differences in both, the maximum strength and the maximum elongation (see Fig. B.6).
While Upilex-S VDA shows a very high ultimate tensile strength (UTS), the FEP
VDA foils exhibit low UTS and a considerably maximum tensile strain. The val-
ues for the PET samples lie within this range and exhibit additionally a distinctive
orientation dependency. The directions of the orientation are commonly referred to
as machine direction (MD) and transverse direction (TD) related to the fabrication
procedure of the foil [29]. This orientation dependence has not been found for the
Upilex-S VDA and FEP VDA foils. The resulting curves of Upilex-S VDA and PET
are comparable to results of macroscopic experiments (according to ASTM D 882)
[11, 23].

The stress-strain curves measured for the FEP VDA samples exhibit a yield stress
and a ultimate tensile strain in good agreement with macroscopic results [2]. How-
ever, the UTS from the micro-tests is significantly lower than the macroscopic value.
The FEP VDA micro-samples do not show an increase of strength at elongation val-
ues of about 200% as reported for non-irradiated macroscopic specimens [2]. This
suggests an alteration of the mechanisms responsible for the typical strain hardening
of this material, due to the fs-laser.

B.3.3 Influence of Electron Beam Irradiation

Upilex-S VDA

The resulting tensile curves of Upilex-S VDA samples are shown in Fig. B.7. Foils
irradiated with a dose of 0 (four samples), 250 (3), 500 (4) and 1000 (3) kGy were
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Figure B.6 Results of the tensile experiments on non-irradiated FEP VDA, PET and
Upilex-S VDA micro-samples. The materials show a large variation in their tensile be-
haviour. Additionally, the PET foils exhibit a distinct orientation dependency.

tested. No necking is observed during elongation. The experiments do not show a
significant influence of the electron irradiation on the tensile properties. This high
resistivity of Upilex against degradation by means of electron irradiation has already
been shown [4, 8, 30]. No significant differences were found for the mechanical
properties regarding the orientation of the samples (MD, TD), which has also been
found in [4]. The results yield a very good agreement with the mechanical properties
found in [23] (UTS of 520 MPa and maximum strain of 42%).
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Figure B.7 Results of the tensile experiments of the Upilex-S VDA foils exposed to irra-
diation doses of 0 kGy, 250 kGy, 500 kGy and 1000 kGy. The number of tested samples for
each irradiation dose is indicated. There is no significant influence of the irradiation dose
up to 1000 kGy. The deviation from a straight line in the linear elastic part shown by three
curves, stems from a small rotation of the sample head due to a non-proper alignment with
the gripper at the beginning of the tensile experiment.

PET

The stress-strain curves of the tensile experiments on the PET foils are shown in
Figure B.8. The PET foils exhibited a distinct dependence on the foil orientation
(TD and MD). Both directions had a yield stress of about 105MPa, which agrees
well with the values found in [31]. The UTS of the MD orientation is lower than that
of the TD. However, a stronger increase of stress after the yield point is observed in
the presented micro-tests compared to literature. This can be most likely linked to
the higher strain rate used in the present work compared to the study of Poluektov
et al. [31].

Regarding the electron irradiation samples with a dose of 0 kGy (5 samples TD, 2
MD), 250 kGy (4 MD), 500 kGy (3 MD) and 750 kGy (2 TD) were tested. Electron
irradiation lead to a slight reduction of the yield strength. A significant decline in
the maximal tensile strain and stress was found for both orientations. This is in
contrast to the results in [32], which suggest for irradiation doses of 250 kGy and
500 kGy relatively constant values compared to non-irradiated PET samples.
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Figure B.8 Results of the tensile experiments of the PET foils exposed to different irradia-
tion doses. The number of tested samples for each irradiation dose is indicated. A reduction
of the UTS was found for both, the machine and the transverse direction for all irradiation
doses. For a dose of 750 kGy the maximum strain exhibited a significant reduction for the
TD direction, respectively for the MD direction and 500 kGy. Only a slight reduction was
found for the MD direction when irradiated with 250 kGy.

FEP VDA

In contrast to the Upilex-S VDA foils the FEP VDA foils are strongly affected by the
electron irradiation. Fig. B.9 shows the results of tensile tests on 10 non-irradiated
and 10 irradiated samples. Contrary to PET and Upilex-S VDA, the FEP VDA
samples exhibit a load decrease after yielding, related to necking. In the case of the
pristine samples the ultimate tensile strain yielded a mean value of 346% ± 11%,
which agrees well with the value of 356% ± 8% given in [2]. The irradiation dose of
250 kGy leads to a reduction of this mean value to 57% ± 27%. No dependence of
the resulting curves on the MD and TD direction was observed for the FEP VDA
specimens. Further the yield strength of 14.2 ±0.2MPa reported in [2] is in excellent
agreement with the results in Fig. B.9. For the irradiated material an increase in the
variation of the yield strength is observed. This increase is observed between the
different sets of samples (four samples mounted on one clamp, see SectionB.2.2),
while the scatter between the samples on a single mount stays in the same range as
the value of the non irradiated specimens. As the positions of each sample set are
located in a range of a few centimeters, this increased scatter in the yield strength
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Figure B.9 Results of the tensile experiments of the FEP VDA foils exposed to electron
irradiation doses of 0 kGy and 250 kGy. For each irradiation dose 10 samples have been
tested. The irradiated samples show a reduction of the ultimate tensile strain to about
7–25% of the value of non-irradiated samples. Furthermore, the irradiated samples exhibit
an increased scatter of the yield strength.

possibly results from a local variation in the degradation due to a lateral variation
of the electron irradiation dose.

B.3.4 Influence of fs-Laser Processing Atmosphere

The fs-laser processing atmosphere can play a critical role. Using atmospheric con-
ditions the high energy density in the focal spot can lead to an ionization of the
surrounding air [33]. In a study on PTFE [34] it has been shown that exceeding the
threshold for ionization leads to a reduction of the ablation efficiency. Furthermore,
the quality of processed surfaces decreases and an increase in debris deposition was
found. To investigate the influence of atmospheric conditions during processing on
the mechanical properties, tensile samples were cut with increasing fluence values of
1.18, 1.31, 1.96 and 2.62 J/cm2 under both, vacuum and ambient atmosphere. All
other parameters were kept the same as listed in TableB.2.

For the Upilex-S VDA and PET micro-samples, processed under ambient pressure
conditions, no change in tensile properties for increasing fluence values was found (see
Appendix B.5). The FEP VDA samples, however, exhibited a significant reduction
of the ultimate strain as shown in Fig. B.10. The curve for the sample processed with
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1.18 J/cm2 under vacuum showed a maximum strain of about 350%. Increasing the
fluence value to 2.62 J/cm2 reduces the ultimate strain also for vacuum conditions.
This can be linked to a reduced quality of the cut and the occurrence of pores, which
act as initial sites of failure. Fabricating the specimens under ambient air pressure,
however, yielded a more pronounced reduction of the ultimate tensile strain for all
fluence values. Additionally, the yield strength as well as the UTS is lowered for the
samples processed under atmospheric conditions. Such an influence of the exposure
environment on the extent of degradation of FEP has also been found for other types
of irradiation and is linked to a higher yield of scission when irradiated in air [21].

An effect of using atmospheric processing conditions, as well as increasing fluence
values was not found for irradiated FEP VDA samples. In this case, the influence
of the electron irradiation dominates the decrease of the UTS and the maximum
strain.
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Figure B.10 Influence of the ambient processing conditions on the tensile experiments of
FEP VDA. For each condition, except the standard processing condition (vacuum (v.) and
1.18 J/cm2), one sample was tested. Processing under atmospheric conditions (a.c.) shows
a somewhat smaller UTS and a significant reduction of the ultimate tensile strain compared
to vacuum conditions. This effect increases with increasing fluence values.

B.4 Outlook—Local Thinning of the Polymer Foil

Due to the very high energy electron beam used in this study and the small sample
thickness, a constant electron irradiation damage across the thickness of the foils
can be assumed. This will not be the case for foils used in space missions, hence,
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these samples may exhibit a gradient in irradiation damage across the foil thickness.
A technique to evaluate the extent of this gradient as well as its influence on the
mechanical properties has not been established yet. Due to the high material removal
rate combined with the high precision, the fs-laser system allows to locally thin
such foil samples. Taking into account the accuracy of the sample positioning, the
thickness of the sample can be gradually reduced with a step-size of about 20μm.

Figure B.11 Fs-laser processing allows a local reduction of the foil thickness. (a) The
thinning needs to be performed under the resulting, parameter dependent taper angle α.
(b) FEP VDA foil thin section with a thickness of ca. 80 μm. (c) Tensile specimen cut
into a thinned section.

The necessary preparation geometry is sketched in Fig. B.11a. The foil surface is
oriented under an angle, which corresponds to the resulting taper angle, relative to
the incidence direction of the laser. This arrangement allows to fabricate a trench
with a sidewall parallel to the opposite foil surface. For this the laser beam is
scanned in a meander-like path towards the intended depth in multiple repetitions.
As the achievable resolution is about 20μm, linked to the positioning accuracy and
the spot size, this approach is of interest for a foil thickness starting around 100μm.
An example of a locally thinned FEP VDA foil with a thickness of 80μm is shown
in Fig. B.11b, viewed from the laser incidence direction. To cut this trench the foil
was positioned under an angle of about α = 9◦. This corresponds to the taper angle
resulting when using the parameters for FEP VDA given in TableB.2. An example
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of a tensile specimen cut into the locally thinned area is shown in Fig. B.11c. The
tensile sample processing followed the fabrication route outlined in SectionB.2.2.

B.5 Conclusions

Femtosecond laser processing of polymer micro-samples was demonstrated for Upilex-
S VDA, FEP VDA and PET foils. The structural quality of the samples is strongly
influenced by the femtosecond laser pulse repetition rate due to heat accumulation
effects. A repetition rate of 1 kHz yielded a minimal influenced zone, while ensuring
a sufficient material removal rate.

The evaluation of tensile properties by means of the femtosecond laser processed
micro-samples shows a good agreement with macroscopic data found in literature.
No degradation of the samples due to laser processing was found for the PET and
Upilex-S VDA specimens. However, the FEP VDA samples exhibited a sensitivity of
the tensile properties on the ambient atmospheric conditions as well as the fluence
of the fs-laser. Electron irradiation up to 1000 kGy did not influence the tensile
properties of Upilex-S VDA foils. PET foils revealed a distinct orientation depen-
dence and showed a minor degradation due electron beam irradiation, observable for
all investigated doses from 250 to 750 kGy. FEP VDA foils exhibited a pronounced
degradation already for an irradiation dose of 250 kGy. Besides a lower ultimate
tensile strength, the ultimate tensile strain was reduced by a factor of about 6.

The study showed that femtosecond laser processing allows a fast and repro-
ducible fabrication of polymer micro-samples with sizes of up to multiple hundreds
of micrometers, therefore, enabling a high resolution for the investigation of local
mechanical properties of polymer foils.
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Appendix B.A

The influence of the atmospheric conditions during laser processing on the tensile
properties was found to be significant for the FEP VDA foils, exhibiting a distinct
decrease in the ultimate tensile strain (see SectionB.3.4). For non-irradiated Upilex
VDA foils (Fig. B.A.1) and non-irradiated PET foils (Fig. B.A.2) no such effect was
found. For both materials, even for the highest fluence values, the ultimate tensile
stress and the ultimate tensile strain are within the scatter observed for samples
processed under vacuum conditions.
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Figure B.A.1 Influence of the ambient processing conditions on the tensile experiments
of Upilex VDA foils. For atmospheric conditions (a.c.) and each fluence value one sample
was tested. Comparing samples processed with increasing fluence under a.c. with samples
processed under vacuum conditions (v.) does not reveal any influence. The scatter of the
data lies within the scatter observed in Fig. B.7.
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Figure B.A.2 Influence of the ambient processing conditions on the tensile experiments
of PET foils in MD. For atmospheric conditions (a.c.) and fluence value of 1.31 and 1.96
J/cm2 one sample was tested. For the fluence of 2.62 J/cm2 two curves are given. Comparing
samples processed with increasing fluence under a.c. with samples processed under vacuum
conditions (v.) does not reveal any influence. The scatter of the data lies within the scatter
observed in Fig. B.8.
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Abstract

The brittleness of tungsten at room temperature represents a severe challenge par-
ticularly for structural applications. Tungsten composites, consisting of foils or
wires, overcome this low ductility by utilizing the remarkable mechanical proper-
ties of ultrafine grained tungsten materials. A comprehensive understanding of the
fracture behaviour of these ultrafine grained tungsten materials is therefore essen-
tial for a further development of high performance structural composites. However,
the dimensions of specimens used for classical fracture toughness experiments are
not applicable to test all important crack growth directions in the case of thin foils
and wires, especially, in the direction of the presumably lowest fracture toughness,
which is along their characteristically elongated microstructure. Femtosecond laser
processing allows to fabricate micro single leg bending specimens, which enable to
properly evaluate the fracture toughness in this orientation. The fracture toughness
value at crack initiation found for the foil is 2.4 MPa

√
m, whereas for the wire a value

of 5.3 MPa
√
m was determined. In both cases the results are significantly below the

values reported for other orientations. This strongly anisotropic fracture behaviour
is responsible for the reduced brittle to ductile transition temperature and the de-
lamination induced toughening for crack orientations perpendicular to the elongated
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ultrafine grained structure. The distinct difference of the fracture toughness at crack
initiation and the R-curve between wire and foil specimens could be primarily ex-
plained by the morphologies of the fracture surfaces, exhibiting significantly different
roughnesses of the evolving crack paths.

C.1 Introduction

Tungsten (W) is a refractory metal with a unique set of outstanding mechanical and
physical properties in the environment of elevated temperatures, which makes it a
very prominent material choice for diverse high-temperature applications. In recent
years, W-based materials were also identified as main candidates for the divertor and
plasma facing components in nuclear fusion reactors [1, 2], which potentially extends
the use of W to structural applications. However, significant challenges in this re-
gard are related to the typically brittle nature of W at low temperatures [3]. The
overall low fracture toughness and the low ductility at room temperature tremen-
dously restrict both the workability of W, as well as its performance in challenging
applications.

Throughout the past decades, extensive research on the ductility enhancement of
W was conducted [4]. One particularly promising toughening strategy is the synthe-
sis of laminated and fiber-reinforced composites. Tungsten laminates are synthesized
by assembling multilayers of ultrafine grained tungsten (UFG) foils to obtain bulk W
materials with enhanced ductility by exploiting the advantageous mechanical proper-
ties of the foils [5]. In fiber-reinforced composites the inherent brittleness issue of W
can be mitigated through different extrinsic toughening mechanisms, consequently
leading to a pseudo-ductile behavior [6]. Such a composite structure is obtained by
embedding commercially available drawn W wires in a W matrix, which is produced
either by powder metallurgy [7] or by a chemical deposition process [8]. Hence, the
principal components which determine the structural integrity of both the laminated
and fiber-reinforced composites are heavily deformed UFG polycrystalline W foils
and wires, respectively.

In order to produce such UFG materials different techniques can be applied, where
very large strains are imposed on coarse grained starting materials [9–11]. Conse-
quently, deformation induced grain refinement during the production leads to the
development of unique microstructures of the different grades of materials, like foils,
rods and wires. The description of the fracture characteristics of W materials with
more complex, polycrystalline microstructures is not straightforward as the result-
ing crack resistance and occurring failure modes are controlled by many different
parameters. However, the microstructural features, such as grain size, grain shape
and texture, play a decisive role in the obtained fracture behavior of UFG W ma-
terials and are usually responsible for an anisotropic character of their mechanical
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properties [12, 13]. The alternation of the microstructure of W foils and wires to
the UFG size results in an extraordinary combination of both increased strength
[14, 15], as well as high fracture resistance for crack propagation perpendicular to
the drawing (DD) or rolling (RD) direction [16, 17].

The lamellar and fibrous microstructures of UFG W foils and wires are undoubt-
edly the key controlling features of the predominant failure micromechanism, which
is clearly reflected in the materials fracture behavior. Fig. C.1 shows fracture sur-
faces of samples investigated by Nikolić et al. [16, 17]. The crack front was oriented
perpendicular to the RD for the foil sample and perpendicular to the DD for the
wire, respectively. The conspicuous fracture surfaces exhibit pronounced delamina-
tions for both, the foil and the wire. The magnified inset in Fig. C.1b shows the
fracture surface of the wire in a top view and reveals, besides large cracks along the
DD, also delaminations between each of the the single fibres. Furthermore, the wire
displays a distinct crack deflection. The observed crack path along the DD of the
wire and along the RD of the foil, respectively, is a strong indication that the frac-
ture resistance along DD and RD is significantly lower. This implies the existence
of a very pronounced fracture toughness anisotropy in both materials [16, 17].

Thus, an essential part in a comprehensive understanding of the basics of the de-
lamination toughening mechanism is to determine the fracture characteristics along
the elongated grains, the so-called ”weak” crack propagation direction. For the
present materials this was impossible to realize for classical macro-scale fracture
mechanics samples (typically in the range of several millimeters), as the sample
size requirements and the realization of an appropriate experimental setup were re-
stricted by the dimensions of the foils and wires, which are commonly in the range
below one millimeter. A feasible approach of assessing the fracture properties would
be to prepare samples with a focused ion beam (FIB) station. Considering the large
material volumes that need to be removed for the present wires and foils, this ap-
proach is on the one hand time consuming, especially as a Gallium FIB yields a
particularly low sputter rate for W [18]. On the other hand, the typical sample
dimensions of FIB specimens would be far smaller. However, the evaluation of the
fracture properties on such small scales may bear the problem of not complying with
requirements for fulfilling small or large scale yielding conditions. Our approach is
the utilization of femtosecond (fs) laser processing, which enables a fast and precise
preparation of suitable micro-mechanical samples [19].

The aim of the paper is to determine the fracture toughness of W foils and wires
with the designated crack propagation direction along the aligned microstructure.
The main goal is to present a solid experimental approach to study fracture proper-
ties on the meso-scale (in the range of hundreds of micrometers) to allow a complete
description of the anisotropic fracture behavior of UFG tungsten materials.
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Figure C.1 The fracture experiments performed in [16, 17] suggest a significant fracture
toughness anisotropy of ultrafine grained tungsten materials. (a) The fracture surface of
the foil tested perpendicular to the rolling direction exhibits pronounced delaminations
along the rolling direction, hence, normal to the initial crack front. (b) The fracture
surface of the wire reveals a crack deflection along the drawing direction. The inset reveals,
besides large cracks along the drawing direction, also delaminations between single fibres.

C.2 Materials and methods

C.2.1 Materials

The materials used in this study were a potassium doped tungsten (K-W) wire with
a diameter of 150μm and a technically pure W foil with a thickness of 100μm.

A Leo 1525 (Zeiss, Oberkochen, Germany) field-emission-gun scanning electron
microscope (SEM) with an electron backscatter diffraction (EBSD) detector (EDAX
Inc., New Jersey, USA) was used for the investigation of the microstructure. The
EBSD data was analysed with the EDAX OIM Data Analysis software. To provide
details on the microstructure EBSD orientation maps for each material were taken
from the three principal directions (see Fig. C.2). For the foil, along with the rolling
direction, also the transverse direction (TD) and the short transverse direction (SD)
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are indicated. In Fig. C.2b the DD and, additionally, the contour of the wire sample
are displayed. The orientation maps were determined using an acceleration voltage
of 20 kV and a scanning step size of 100 nm.

The microstructure of the foils consists of very thin, elongated grains, aligned into
in the rolling direction, thus forming a characteristic ”pancake-like” microstructure
[20, 21]. Along with the large aspect ratio of the grains also a pronounced rotated-
cube crystallographic texture is typical for the anisotropic microstructure. Fig. C.2b
shows the EBSD orientation maps of the commercially available UFG K-W wires.
A very high degree of deformation, which is imposed through the drawing process,
leads to the development of a unique ”bundle of fibers” microstructure. Such a
microstructure is characterized by extremely elongated grains along the DD and the
development of a very pronounced 〈110〉 fibre texture perpendicular to it. In the
cross section of the wire a distinctive pattern known as grain curling can be observed,
with ribbon shaped grains of a significantly smaller dimensions twisted around each
other [22].

Material Hard- Tensile Mean grain Mean grain Aspect
ness strength thickness length ratio
[HV 0.5] [MPa] [μm] [μm] [-]

K-W wire 665 2774 0.30 1.09 0.28
W foil 598 ≈2300 0.37 1.08 0.35

Table C.1 Mechanical and microstructural features of the investigated materials (taken
from [14, 16, 22, 23]).

In Tab.C.1 important mechanical and microstructural features of the investigated
materials are summarized. The listed grain dimensions were determined via the
intercept method, hence, the heavily deformed microstructure leads to a good esti-
mation regarding the mean grain thickness but the mean grain length provides only
a lower estimate of the real value. However, the EBSD scans in Fig. C.2 exhibit
that individual grains reach a length in the 10μm range. Further details of these
materials and a comprehensive characterization of the microstructures can be found
in [16, 22].
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Figure C.2 EBSD orientation maps of the three principal axes of (a) a pure W foil and
(b) a K-W wire. The color coded unit triangle shown in the middle represents the
crystallographic directions 〈100〉, 〈110〉 and 〈111〉 perpendicular to the sample surface. The
indicated scale bars correspond to 10μm in (a) and to 5μm in (b). In (b) the contour of
the wire is displayed. The microstructure is clearly visible in the backscatter electron
images with a higher magnification, which are presented in the insets. The fibrous grains
of the wires show the characteristic curled structure, whereas the pancake like
microstructure of the foil yields a distinct lamellar structure.
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C.2.2 Femtosecond laser system

In this study an Auriga laser system (Zeiss, Oberkochen, Germany), combining a
FIB and a SEM was used. This system further includes an Origami 10 XP femtosec-
ond laser (Onefive GmbH, Regensdorf, Switzerland) with a pulse duration of 500 fs.
Details on the laser upgrade of the system can be found elsewhere [19].

For the sample processing a wavelength of λ = 515 nm was used. The minimal
focal diameter at the sample surface is approximately 20μm. The evaluation of
the sample quality and the fracture surfaces was conducted via SEM imaging. The
surface profile evaluation of the fracture surfaces was performed via an Olympus
LEXT OLS 4100 confocal laser scanning microscope (CLSM).

C.2.3 Sample preparation

The testing of the weak fracture direction was performed by means of single leg
bending (SLB) specimens [24]. In the presented sample size regime this geometry
is advantageous compared to conventional double cantilever beam specimens since
the application of the load on only one leg represents a useful simplification (see
Fig. C.4a). The samples were fabricated using fs-laser ablation and finally a notch
was introduced via FIB. Details on the sample preparation can be found in appendix
A.

The important dimensions of the final samples, which are the notch length, a, the
height of the legs, t1 and t2, the thickness, b and the clamp length c, were measured
with the SEM. Some of the dimensions are indicated in Fig. C.3a. Typical values are:
a ≈ 500μm, b ≈ 45μm, c ≈ 1200μm, t1, t2 ≈ 75μm for the wire specimens and
t1, t2 ≈ 50μm for the foil specimens. The exact values of all samples are summarized
in appendix A.

Fig. C.3a shows a SLB sample fabricated from a K-W wire. A magnified view of
the tip of the notch is displayed in Fig. C.3b. The fs-laser cut notch has a width
of about 20μm and a taper on the notch flanks with an angle of approximately 15
to 20◦. Hence, also the front of the FIB notch is not perpendicular to the surfaces
of the thinned section but shows an inclination, according to the taper of the laser
cut. This means that the notch length on the side being observed with the SEM is
somewhat longer than at the backside of the sample.

For the SEM in-situ experiments 6 SLB samples were prepared. 3 from K-W
wires and 3 from W foils. The crack propagation direction of the foil samples was
oriented parallel to the RD. Additionally, 3 K-W wire samples were tested under a
stereo microscope, but since the crack extension could not be accurately measured
these test are not discussed further. Nevertheless, it should be mentioned that the
recorded force displacement curves and the fracture behaviour were similar to the
presented experiments, yielding similar fracture toughness values.
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Figure C.3 (a) SEM micrograph of a micro-SLB sample fabricated from a K-W wire. The
crack length a and the height of the legs, t1 and t2, are indicated. (b) Magnification of the
dashed inset shows the FIB notch, as well as the taper of the laser cut. The fs-laser
processed surfaces show typical fs-laser related surface structures with a roughness in the
few hundred nm range [25].

C.2.4 Setup of single leg bending experiments

The testing of the SLB specimens was conducted with a Kammrath & Weiss fibre
tensile module [26]. This device provides a maximum force of about 2N with ap-
proximately 10μN resolution and an accuracy in displacement registration of about
30 nm. The samples were tested in-situ in a Leo 1525 field-emission-gun SEM. A
mounted sample and the setup of the testing is sketched in appendix A (see Fig.
A.1a). The loading of the longer leg of the SLB specimen was achieved using a bent
W wire with a diameter of 100μm mounted in a fork-like clamp (see Fig. C.A.1a).
All experiments were displacement controlled, while the force was recorded. The
testing speed was 0.5μm/s. Each sample was deformed until the crack reached the
end of the thinned area. The tests were performed at room temperature (22◦C)
under a pressure of about 2 × 10−5mbar. Along with load and crack length, the
crack mouth opening displacement (CMOD) was measured 100μm behind of the
initial notch tip, as indicated in Fig. C.4.
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Figure C.4 SEM micrographs of the in-situ experiment exemplarily for a wire sample: (a)
in loaded state with elongated crack, (b) magnified detail of the area indicated in (a). In
all experiments the CMOD was measured 100μm behind of the initial notch tip. (c)
Exemplary load versus displacement curves for a wire and a foil sample recorded during
the SLB experiments. The points used for the evaluation of the initiation values, KIi and
KIIi, are indicated.
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C.3 Results

Two exemplary load versus displacement curves, one for a foil and one for a wire
sample, are shown in Fig. C.4c. The wire samples reach significantly higher maxi-
mum load values, before the final failure − an unstable crack extension to the end
of the thinned sample area − occurs. On the contrary, the crack in the foils samples
starts to grow at lower loading values in a more stable manner. The difference in
the maximum load between the two sample materials is partly owing to the different
dimensions of the samples.

During the in-situ experiments either after an increment of 20mN or after a drop
in the load signal, due to a crack extension, the loading of the sample was stopped
and micrographs were recorded. These micrographs allow the determination of the
crack elongation and the corresponding CMOD. The stress intensity factor evalua-
tion of the experimental data was performed according to Davidson et al. [24, 27].
The analytical equation is presented in the supplementary information. The input
parameters regarding the geometry of the specimens are listed in Tab.C.A.1. For the
calculation of the initiation fracture toughness values KIi (mode I component) and
KIIi (mode II component) the initial crack length and the load value corresponding
to the first crack growth observed in the SEM (indicated in Fig. C.4c) were used.
In addition also the fracture toughness values for the crack propagation after the
first crack extension KIi1 are calculated. The results for the analytically determined
KIi−Ex, KIIi−Ex and KIi1−Ex of each sample are compiled in Tab.C.2. After the
first observed crack extension a straight crack front, perpendicular to the observed
surface, is formed. This was confirmed with an additional experiment measuring the
crack length after the first crack extension on both sides of a foil sample. KIi−Ex

and KIIi−Ex may contain a slight overestimation for the wire samples, as the first
crack growth on the observed surface probably is not coinciding with the first crack
growth on the side of the shorter notch (on the backside of the sample).

The loading of a single leg bending specimen generates besides mode I loading also
a mode II component with a ratio KII/KI of about 0.8 (see Tab.C.2). However,
the crack propagation path did not exhibit a deflection (fracture angle θ ≈ 0). For
the description of mixed mode fracture different criteria exist, the most common
are the maximum energy release rate criterion [28] and the maximum tensile stress
criterion [29]. For θ ≈ 0 the first criterion yields the mode I fracture toughness
values KGIc listed in Tab.C.2 according to [30]. Considering the maximum tensile
stress criterion, however, the resulting mode I fracture toughness corresponds to
the listed KI values. For brittle metallic materials it was found that the results
are well described by the maximum tensile stress criterion [31, 32]. Hence, in the
present semi-brittle case it is assumed that the mode I component controls the failure
behaviour of the sample for the case of θ ≈ 0. Therefore, in the following only the
mode I component of the stress intensity is discussed.
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Strong differences between both materials are evident in the crack resistance
curves displayed in Fig. C.5. The KIi value at crack initiation for wire samples is
by a factor of approximately 2.2 higher compared to the foil samples (see Tab.C.2).
An exception from this was wire sample no. 2, which showed a first crack initiation
adjacent to the FIB introduced notch (see Fig. C.B.1 in appendix B). Taking the
respective loading value into account, KIi yields a value of 3.49 MPa

√
m in this

case. However, the critical crack, which leads to the final failure starts at a higher
load value directly in front of the FIB notch. Calculating KIi for this critical crack
initiation yields 5.24 MPa

√
m. A possible explanation for the first crack initiation

observed besides the notch could be a pre-existing defect near the surface.
Additionally for the wire samples a maximum of 3 crack extensions could be ob-

served in the SEM before the final failure occurred. The largest observed crack
elongation of the wire samples before this final failure was 128μm. The maximum
increase of the KI value was found to be about 1.5 MPa

√
m. On the contrary, the

crack in the foil samples grows with smaller, relatively constant step sizes whilst
showing a rise of the KI value to about 5 MPa

√
m, hence, approximately doubling

its initiation value. The KI values before and after a particular crack elongation are
shown in Fig. C.6 exemplary for sample no. 2 (wire) and sample no. 5 (foil). Whereas
the value of the KI slightly decreases after each crack elongation for the foil sample,
an increase is found for the wire sample. This behaviour was the same for all wire
and foil samples respectively and will be discussed later.

Sample Analytical results FE simulation results
No. KIi−Ex KIi1−Ex KIIi−Ex KGIc−Ex KIi−Si KIi1−Si KIIi−Si KGIc−Si

Wires
1 5.13 5.47 4.60 6.89 5.47 6.16 3.05 6.26
2 5.24 6.01 4.48 6.89 5.65 6.90 2.81 6.31
3 5.57 6.48 4.88 7.41 6.18 7.30 3.59 7.15

Foils
4 2.43 2.68 1.99 3.14 2.75 2.96 1.86 3.32
5 2.30 2.76 1.96 3.02 2.49 3.07 1.56 2.94
6 2.46 2.60 2.05 3.20 2.97 2.85 1.62 3.38

Table C.2 The stress intensity values for crack initiation (KIi and KIIi) and for crack
propagation after the first crack extension (KIi1) determined by means of SLB in-situ ex-
periments (subscript -Ex) are listed for wire and foil samples. Additionally, the respective
results from the FE simulations are given (subscript -Si). Further, also the fracture tough-
ness values calculated according to the maximum energy release rate criterion KGIc [30] are
shown. All values are in MPa

√
m.
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Figure C.5 KI versus crack elongation Δa recorded during the in-situ SLB experiments.
The KIi−Ex values, listed in Tab.C.2, are indicated by horizontal lines on the left side of
the ordinate.

0 100 200 300 400 500
 a [μm]

0

1

2

3

4

5

6

7

K I [M
Pa

 
(m

)]

No. 2 wire - KI
No. 2 wire - KI at crack arrest

No. 5 foil - KI
No. 5 foil - KI at crack arrest

Figure C.6 KI versus crack elongation Δa of the wire sample no. 2 and the foil sample
no. 5 recorded during the in-situ SLB experiments. Further indicated are the KI values at
the first crack arrest. Whereas the wires show an increase of the KI value after each crack
elongation, the foils show a decrease.
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SEM images of the fracture surfaces of a wire and a foil sample are displayed in
Fig. C.7a-b and Fig. C.7c-d, respectively. In contrast to the fracture surfaces of the
foil samples, which are nearly perfectly flat, the fracture surfaces of the wire show
a rough, jagged structure. This difference can be related to the microstructures of
these materials and the intergranular fracture prevailing in the present experiments.
The fibrous microstructure of the wires leads to a rougher structure compared to the
pancake like microstructure of the foils. Fig. C.7e displays the height profile of the
fracture surfaces across the thickness of a wire sample and a foil sample, as indicated
in Fig. C.7a and c, measured using a CLSM quantifying the distinct difference in
roughness.

To achieve further understanding and a validation of the analytical results ad-
ditional investigations by means of finite element (FE) modelling were conducted.
Details on the FE modelling can be found in the supplementary informations. In
addition a verification of the stiffness compatibility of the modelled sample and
the experimentally tested samples was conducted to allow a proper comparison of
simulation and experiment.

The resulting stress intensity factors deduced from the simulations for the same
initial loads as found in the experiments are presented in Tab.C.2 and named as
KIi−Si, KIi1−Si and KIIi−Si. All KIi−Si are slightly higher than the KIi−Ex values
and deviate at maximum 13% from the analytical solution. These deviations can
stem on the one hand from the inclined notch or on the other hand from geometrical
idealisations assumed in the modelling process (e.g. no taper on the laser notch
flanks). Furthermore, the FE simulations yielded somewhat lower ratios of KIIi/KIi

between 0.5 and 0.7. This lower ratios can be linked to the influence of the inclined
notch configuration at crack initiation. Further simulations regarding the effect of
the inclined notch on the resulting KIi values showed only a negligible influence. A
detailed description of the findings is given in the supplementary information.

C.4 Discussion

A requirement for a valid characterization of the crack-tip conditions via the calcu-
lated K values is that the condition for small scale yielding (size of the plastic zone
rp << sample dimensions) needs to be fulfilled. The rp in front of the crack tip for
plane stress is estimated by [33]

rp =
1

π

KI
2

σys2
, (C.1)

with a yield strength σys of approximately 2200MPa for both material types [14, 23].
Inserting the determined KIi values yields a size of about rp = 0.4μm for the foils
and rp = 1.9μm for the wires. Therefore, considering the present specimen geometry
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Figure C.7 Fracture surfaces of a wire sample (a) and a foil sample (c). (b) and (d) show
a magnification of the dashed rectangles in (a) and (c). The surface morphology of the
fracture surfaces strongly differs between the two materials. The wires show a rough,
jagged structure, whereas the foil samples show a flat ”pancake”-like structure. (e) The
continuous and the dot and dash line display the profiles of the fracture surfaces measured
using a CSLM along the dashed lines indicated in (a) and (c). The dashed line shows the
simplified rough surface profile used for the FE modelling described in Sec. C.4.1.

(see Tab.C.A.1), small scale yielding conditions are fulfilled for the investigated
specimens even for the conservative plane stress estimation of the plastic zone size.
This supports the selection of the investigated sample size with dimensions much
larger than usually fabricated with a FIB. Using the FIB technique, with dimensions
usually limited to few times the size of the evaluated rp, together with a K-based
evaluation would not be suitable due to the large occurring plastic zone in the case
of the W wires. In addition, to record the R-curve behaviour and to characterize
the bridging process multiple grains along the crack path are required. For that a
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minimum size of the specimens in the range of a few tens of μm is needed for the
respective grain sizes.

Despite the successful evaluation of the fracture properties in the weak direction,
some further questions arose. The discussion of them can be based on two alternative
approaches for fracture analysis: the stress-strain approach and the energy approach
[33].

In the stress-strain approach the stress intensity can be divided in a intrinsic
resistance (ki) and a contribution of a shielding stress intensity (ks), which in the
present case is caused by bridging (kb) and dislocation shielding (kd)

KI = ki + kb + kd︸ ︷︷ ︸
ks

. (C.2)

The determination of the shielding contribution, however, is not straight forward,
therefore, the somewhat simpler energy approach will be used in this discussion.
In this approach three different contributions to the material resistance to crack
extension R can be stated [33]

K2
I /E ∝ R = 2 (γs + γb + γd ) , (C.3)

with γs being the specific energy required for the creation of new surface by decohe-
sion, in the investigated case, along a grain boundary. γb considers the contribution
of the energy required for the deformation and failure of bridges during crack growth
and γd the contribution of plastic deformation in front of the crack tip.

C.4.1 What is the origin for the large difference in the initiation
toughness between W foils and wires?

The determination of the initiation toughness in very brittle materials is always a
difficult task [34]. The FIB permits to generate very sharp notches with a root
radius of about 10 nm [35]. Nevertheless, such a notch root radius is far from being
atomically sharp, and much more important, the notch is not very likely to be
located in the weakest crack path, which means the notch being within the grain
boundary. In the investigated case the thickness of the fibrous and the pancake-like
grains is few 100 nm, hence, the probability for the perfect placement of the notch at
a grain boundary is not very high. However, in the pancake-like microstructure of
the foils the alignment with the straight notch is more favourable for crack initiation
than in the fibrous microstructure of the wires. Therefore, it should be somewhat
easier to determine the initiation toughness in this case.

The presented experiments and FE simulations revealed a distinct difference be-
tween foil and wire samples, regarding the initiation value KIi. This difference of
the stress intensity value at crack initiation (and also for KIi1 after the first crack
arrest) can mainly be based on the different roughness of the fracture surface.
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In the description of the energy approach, the higher fracture toughness value
of the rough crack front can be connected to the increased surface area compared
to the relatively flat fracture surface of the foil and the accordingly larger energy
required to create the new surface. Considering the measured roughness profile of
the wires the fracture surface is ≈ 30% larger compared to the case of a perfectly
flat surface. Therefore, with respect to Eq.(3), this results in an ≈ 14% increase of
KI .

Additionally, for a more detailed understanding of the influence of the increased
roughness, an evaluation by means of a FE simulation, exemplarily for sample no. 2,
was conducted. The rough crack front was modelled using the simplified model of
the measured wire profile shown in Fig. C.7e. Besides its simplified structure, it also
has a reduced average roughness. These simplifications are required to establish
the computational feasibility of the FE simulations. For the calculation of the local
kI the same loading as for the model with the flat crack front was applied to the
model with the rough crack front. In Fig. C.8 the resulting variation of the local kI
across the sample thickness starting from its center is depicted for both cases. The
respective mean values are indicated by horizontal lines. For the rough crack front
the loading is not exclusively perpendicular to the crack front across the thickness.
Additional mode II and mode III components of k are induced locally, depending on
the local inclination of the crack front with respect to the loading direction. There-
fore, the kI driving force exhibits a distinct fluctuation and on average a decrease
of its value is found. The mean kI value of the rough crack front is approximately
22% lower than the mean value of the flat crack front. However, this contribution
to the decrease of the kI value is based on the simplified surface profile. Hence,
using a profile with the same average roughness as, or even using the real profile, a
further reduction of kI might be expected. This assumption is supported by findings
of FE simulation studies on rough crack fronts by Pokluda et al. [36] for mode I
loading and similar by Žák et al. [37, 38] for mode II loading. Nevertheless, a more
elaborated treatment of the surface profile model in the present study would require
a substantial enhancement of its complexity.

The different mode mixity and the connected decrease of the mean kI value for the
wires is after all not sufficient to describe the total difference in the crack initiation
toughness compared to the foils. Hence, the contributions of plastic deformation γd
in front of the crack tip and bridging γb, which also influence the initiation toughness,
need to be considered. Although, the conducted experiments in the present study do
not allow an exact quantification of both terms. In the case of the wires a significant
amount of bridging can be expected already at crack initiation. Firstly, due to the
formation of many small bridges in the case of the wires, compared to few large ones
in the case of the foils (see Sec. C.4.2) and secondly, due to the non-optimal alignment
of the initial notch with the fibrous microstructure of the wire. Furthermore, in the
case of the wires the plastic deformation γd in front of the crack tip is likely to be
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Figure C.8 Local kI variation across the specimen thickness retracted from a FE
simulation exemplarily for sample no. 2. Once for the modelled rough crack front shown in
Fig. C.7 and once for a perfectly flat crack front. The mean value decreases for the rough
crack front by about 22%.

more pronounced due to the increased mode III component compared to the case
of the foils. For coarse grained polycrystalline W materials plastic deformation of
neighbouring grains along an intergranular crack growing path was observed if a
pronounced local mixed mode loading occured [12].

In comparison with the weak specimen orientations the principal testing direction
of UFG W samples exhibits a significantly higher fracture toughness. Wires yielded
lower limit values of 22.6−37.0MPa

√
m (elasto-plastic evaluation would yield larger

values) for crack propagation perpendicular to the DD [17]. In fracture experiments
on foils a lower limit for the fracture toughness of 94.8MPa

√
m for propagation

perpendicular to the RD and 11.9 − 105.9MPa
√
m for crack propagation parallel

to the RD was found [16]. The testing was performed at room temperature, which
is in the temperature range of the brittle to ductile transition of heavily deformed
tungsten materials [3], therefore, the fracture toughness values exhibit a large scatter.
The low fracture toughness along the aligned grain structure permits the enormous
delamination toughening in the other loading directions and the reduction of the
brittle to ductile transition temperature of tungsten to the room temperature regime.

C.4.2 How can the difference in the R-curve behaviour between the two
materials be interpreted?

Due to the inclination of the notch, the crack should start at the shorter notch length
(i.e. at or near the opposite of the SEM observed side), where the stress intensity
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is significantly larger. With increasing crack extension the crack becomes visible on
the longer notch side and the inclination of the crack front should disappear. Hence,
the KIi is the mean stress intensity value where the crack tunnels from the back
side to the observed side of the sample. In addition, in Tab.C.2 also KIi1 is given,
which is the stress intensity factor when the crack starts to propagate after the first
visible crack arrest. In this case really the propagation condition of a crack located
on the weakest crack path is investigated. However, one has to take into account
that in this case already a certain contribution of the R-curve is included.

Besides the difference at crack initiation also the crack propagation differs between
foil and wire samples (see Fig. C.5 and Fig. C.6), which can be explained by a dif-
ferent bridging behaviour. For all samples intergranular fracture prevails along the
crack propagation direction as obvious by the fracture surfaces in Fig. C.7. However,
looking at the fractographs of the wire samples many small ledges can be identified
(see Fig. C.7a and b). This can be related to the microstructure of the wires (see
inset in Fig. C.2a). The fibrous microstructure and the additional grain curling leads
to a three dimensional bonded interconnection of the grains. In addition, the shape
of this grains exhibits a higher resistance against bending compared to the pancake
like grains of the foils (see inset in Fig. C.2b). Hence, the formation of large bridges
is impeded. Fig. C.9a shows the crack tip of a wire sample. The fracture behaviour
of the wires only allowed to capture the crack tip at the end of the thinned sections
of the samples after the final failure occurred. A rough, frayed crack path due to the
formation and rupturing of many small bridges can be observed. The larger number
of small bridges and their higher stiffness yields a faster increasing contribution of
γb to KI in the case of the wires. This explains the steep increase of KI in total and
the increase of KI after each crack extension, as shown in Fig. C.6. On the contrary
for the W foil KI is always smaller after crack propagation.

In contrast to the wires, the fracture surfaces of the foil specimens show fewer
but significantly larger bridges. Fig. C.9b displays a crack of a loaded foil sample,
where three bridges, with a distance of about 10μm in between, are indicated. The
bridges generated while loading a foil sample exhibit a distinct plastic deformation
as only thin layers of the lamellar structure are more or less peeled off and bent,
therefore, leading to a smoother crack path compared to the wires. Furthermore,
these bridges cause the arresting of the crack in relatively constant step sizes (see
Fig. C.5).

C.5 Conclusions

In this study a successful preparation method of micro single leg bending specimens,
from tungsten foils and wires in the 100μm regime, using a femtosecond laser is
presented. This micro specimens allow to test the fracture toughness in the direction
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Figure C.9 (a) The arrested crack at the end of the thinned section of a wire sample
displays a rough crack path, consisting of many small bridges. (b) The crack of a loaded
foil sample shows the onset of few bridges (indicated by arrows) behind the crack tip.
These bridges exhibit a low resistance against plastic deformation due to their flat,
lamellar structure.

of the elongated microstructure, where testing is usually very challenging due to
geometrical limitations of the initial materials. These challenges arise regarding the
sample preparation and the respective experimental procedures. In-situ experiments
revealed a significant difference of the fracture toughness in the weak specimen
direction between the foil and the wire samples, although for both intergranular
fracture prevails. The experimentally obtained value for the fracture toughness
at crack initiation was 5.3 MPa

√
m for the wires and 2.4 MPa

√
m for the foils

respectively.
The difference of the fracture toughness can primarily be attributed to the dis-

tinctively different microstructure of the two materials, which leads to a strongly
different roughness of the fracture surfaces. Whereas the foil samples show a nearly
perfectly flat fracture surface, the wire samples exhibit a jagged, rough morphol-
ogy. Finite element simulations indicate that during loading the change in the local
mode mixity, due to the higher roughness, mainly contributes to the higher fracture
toughness of the wires. In the case of the wires the crack propagation is primarily
governed by a large amount of small stiff bridges, resulting in a fast increase of the
crack resistance followed by final failure. Along the crack path of the foil samples,
less bridges with lower stiffness were found, therefore, this material exhibits a slower
increase in crack resistance.

The results of this study deliver the fracture toughness values for intergranu-
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lar fracture along a heavily deformed microstructure, hence, enabling a complete
description of the anisotropic fracture behavior of ultra fine grained tungsten mate-
rials
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Appendix C.A

The SLB specimens were fabricated using a fs-laser and a FIB. Prior to the fs-laser
processing a piece of the wire with a length of about 6mm was cut using scissors. For
the foil samples a slice with dimensions of about 6mm× 200μm was cut from a larger
piece with the fs-laser. Afterwards each of these samples was mounted in a clamp,
as shown in Fig. C.A.1a. On one side the specimen protrudes approximately 1.5mm
out of the clamp to enable processing in this area. After the sample processing the
specimen holder can directly be mounted into the testing device. Furthermore, the
viewing directions u and v for Fig. C.A.1b are indicated. The viewing direction v
corresponds to the fs-laser incidence direction.

The fabrication of the SLB samples is conducted in four steps: The first three
steps are shown in Fig. C.A.1 in two different viewing directions u and v. Initially
the wire or foil specimen was thinned to a lamella with a thickness b of 40 to 50μm
(step 1 and 2). After that the SLB contour is cut into the lamella. Finally, in the
last step a FIB notch is introduced in the fs-laser pre-notched sample.

In the first and the second step the laser beam is scanned in meander-like manner
in parallel lines towards the sample center. This is indicated by the parallel green
lines and the broad arrow in (v.1) and (v.2) in Fig. C.A.1b. The goal on the one hand
is a parallel thinning of the sample. On the other hand the appropriate horizontal
positioning of the lamella in the specimen holder needs to be obtained to enable a
proper loading of the sample (see Fig. C.A.1a.2). Therefore, the positioning during
laser processing plays a critical role.

Fig. C.A.1a shows the specimen holder in its initial orientation (ω = 0◦), which
corresponds also to the orientation during testing. In the first step the clamp is
rotated around the rotation axis shown in Fig. C.A.1a for ω = 90◦ + α (see (u.1) in
Fig. C.A.1b). The additional tilting angle α accounts for the expected taper, which
is a typical feature of laser processed surfaces [19]. This taper angle is compensated
by appropriate overtilting. Secondly the clamp is rotated to ω = 90◦ − α (see (u.2)
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in Fig. C.A.1b). This results in the parallel orientation of the two processed surfaces.
The thickness b of the fabricated lamella is indicated in detail (u.3) in Fig. C.A.1b.
In the third step the sample is rotated back to its initial position with ω = 0◦ (see
(u.3) in Fig. C.A.1b). This step is divided into three sub-steps (indicated in detail
(v.3) of Fig. C.A.1b): (I) The laser notch is introduced via a single line cut. (II) One
leg is shortened, to provide space on the second one for a gripper to be attached.
(III) A small trench is cut into the longer leg to ensure a proper placement of the
gripper during testing. Relevant dimensions of the sample are marked in detail (v.3):
the crack length a, the height of the loaded leg t1 and the height of the shortened
leg t2. The dimensions of the final samples were measured by means of a SEM and
are listed in Tab.C.A.1. The length of the thinned section is about twice the length
of the crack length to ensure enough space for a crack propagation under constant
geometrical conditions. The laser parameters for the three processing steps are

Sample Crack- Thick- Height Height Clamp
No. length ness length

a [μm] b [μm] t1 [μm] t2 [μm] c [μm]

Wires
1 477 39 86 64 1190
2 458 59 70 80 1140
3 496 44 79 71 1400

Foils
4 535 47 34 66 1380
5 500 53 46 54 1215
6 546 36 39 61 1110

Table C.A.1 The characteristic dimensions of the six in-situ tested samples: the initial
crack length a on the SEM observed side, the thickness at the notch b, the height t1 of the
loaded leg and the height t2 of the second leg. The dimensions are indicated in Fig. C.3 and
Fig. C.A.1b.

listed in Tab.C.A.2. The fluence describes the energy density of the fs-laser pulse.

Processing step 1&2 3 (I-III)

Fluence [J/cm2] 1.31 0.98
Pulse rep. rate [kHz] 25 10
Scan speed [mm/s] 3 1
Scan repetitions 100 40
Processing time [min] ≈ 10 each ≈ 3

Table C.A.2 Parameters used in the fs-laser processing steps depicted in Fig. C.A.1 and
the total processing time for each step.
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The scan repetitions state how often each scan pattern is repeated. In addition the
processing time for each step is shown.

The final step of the sample processing is the introduction of a sharp notch using
the FIB. The notch was introduced in a two step process using the line-milling
mode. An acceleration voltage of 30 kV was used for all milling steps. For the first
coarse step a current of 1 nA was used and for the second, fine step the current was
reduced to 100 pA. This procedure is a standard technique of introducing cracks in
micro-samples [39].
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Figure C.A.1 (a) Exemplary sketch of a mounted wire sample. The direction of the
tilting angle ω and the respective tilting axis are indicated (the shown orientation of the
specimen holder corresponds to ω = 0). The rectangular insets show the sample prior to
the processing (a.1) and in its final form (a.2). (u) and (v) indicate the viewing directions
for the processing steps sketched in (b). The viewing direction (v.1-3) includes the laser
scan patterns. In (u.1-3) the samples are shown in the state after the respective laser
processing step. In the first processing step the clamp is tilted to ω = 90 + α. α is the
resulting taper angle of the fs-laser processed surface. In the second step the clamp is
tilted to ω = 90− α. To process the SLB geometry the sample is tilted to the starting
position ω = 0. In the next step the laser pattern consists of three elements - I.) a single
line scan for the notch introduction - II.) shortening of one cantilever leg - III.)
introduction of a trench to ensure a proper positioning of the loading wire. Additionally in
(u.3) and (v.3) relevant sample dimension are indicated. Furthermore, in (a) the gripper
for the loading is displayed on the right side.
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In Sec. C.3 the onset of an early initial crack growth for sample no. 2 is men-
tioned. This initial crack does not commence from the notch introduced via FIB
(see Fig. C.B.1). The development of this crack can most probably be connected to
a pre-existing defect close to the sample surface, which leads to the crack opening
due to a local higher initial stress field at this point. Nevertheless, the critical crack
leading to the final failure of the sample formed at significant higher load values in
front of the notch tip. The point of the first formation of the critical crack was the
one considered as first crack extension and therefore for the evaluation of the stress
intensity factor the respective crack length and load at the critical crack formation
was used.

Figure C.B.1 The crack propagation of sample no. 2 during the loading process. (a) The
SEM micrograph shows the notch tip of the sample prior to loading. (b) The initially
observed crack does not commence from the FIB notch. (c) Further increase of the load
leads to a further opening of the initial crack and also the formation of a second crack in
front of the notch tip. (d) This second crack determines the location of the final failure of
the specimen, whereas the initial crack is still visible on the upper leg. Only the critical
crack growth was considered in the KI evaluation.
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Finite element simulation

In order to describe the stress-strain fields at the vicinity of the crack front and the
corresponding local kI , kII and kIII , several FE simulations were performed with
the use of Abaqus CAE 2016 code. Each specimen was modelled as a two-stage
simulation consisting of the global model representing the whole specimen and the
sub-model for an evaluation of the precise stress-strain fields around the crack tip.

For the global model, each specimen type was modelled according to specimen
shape and dimensions (see Fig. A.1. and Tab. 1), whereas few simplifications on the
geometry were used. At first, the cross-section of the specimen was assumed to
be ideally rectangular with the dimensions b × (t1 + t2) along the whole specimen
length, whereas in reality the specimen becomes thicker in the unprocessed area (see
Fig. A.1.). This means that the whole model is thinned-down to the thickness b,
which reduces the modelling and computational time, but since this changes only
the specimen stiffness far away from the area of interest, it does not influence the
important results such as the occurring stress intensity factors (K-values). The
second difference lies in the simplification of the rough fs-laser notch. The taper of
the notch flanks (see Fig. 3) was neglected in the simulations and the mean value
of the notch width was used instead along the whole specimen thickness. Contrary
to this, the notch root taper (also visible in the Fig. 3(b)) was introduced to the
simulations. The last geometrical assumption is connected to the sharp FIB notch
forming the pre-crack. From the simulation point of view this notch was modelled
as an ideal, sharp crack. The overall crack length and the crack tip shape of all
specimens changed during loading in each simulation. These changes included the
extension of the crack length and change of the crack front inclination (the initial
pre-crack front was inclined at the same angle as was the taper angle of the fs-laser
notch root but during the crack propagation, it was assumed that the crack front
inclination vanished).

For the boundary conditions of the global model, one end of the specimen was
fixed in all directions (see Fig. C.S.1) to simulate the rigid clamping of the real
experimental setup. The loading of the specimen was performed via the point force
loading on the other end of the specimen. The actual force magnitudes in simulations
were used according to the experimental measurements. To correctly model the
experimental loading by a thin wire (see Fig. 4(a)), all nodes along the force-loaded
line were coupled to move together in the y-direction.

The global model was then discretized by approximately 600 thousand linear
hexahedral elements of the type C3D8R (see [40]). As a material model only the
linear-elastic material properties were assumed to mimic the W material behaviour.
The used material parameters for W were a Young’s modulus E of 405 GPa and a
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Poisson ratio ν of 0.28 [3].

Figure C.S.1 Example of the global model of one particular specimen. The overall
geometry corresponds to the real specimens, the loading force is applied at the tip of the
longer leg (indicated by a green cross and arrow) and via coupling condition it is applied
onto the corresponding edge of the model. The rigid fixation of the other side of the model
is represented by the orange markers on the right side of the model. The overall
deformation and equivalent (von-Mises) stress field in the loaded state are displayed. The
showed deformation is exaggerated, the stress evolution clearly shows the need for more
refinement in the area of the notch root and the crack tip itself, thus the sub-modelling
procedure is justified.

Results obtained from the global model were precise enough to describe the de-
flection and stress evolution of the specimen as a whole, also the deflection of the
model corresponded well with the initial presumptions and experimental data, but
it was not sufficient to evaluate the local k-values along the crack front. For this
case a sub-modelling procedure was adopted. A sub-model in general represents a
small portion of the whole model and it can be meshed with a finer FE mesh and
it can include some geometrical micro-changes which could not be modelled at the
global model stage.

In our case the sub-model represented a small area around the crack tip. For
all simulations, depending on the crack length, the general shape of the sub-model
varied between a small cylinder around the crack front to box-like model cut out of
the global model. For the shortest crack lengths the cylindrical shape is modelled
due to the use of optimal boundary conditions in this case. The crack and notch
shapes were identical as the corresponding features in the global model but its
volume was meshed with a much finer FE mesh - approximately 500 thousand linear
hexahedral elements of type C3D8R [40] for the smaller cylindrical sub-model and
750 thousand elements (linear hexahedral elements of type C3D8R and quadratic
tetrahedral elements of type C3D10 at the ratio of 3:1) for the larger rectangular
sub-model.
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As a boundary condition the displacement field obtained from the corresponding
global model was interpolated on the cut-faces on the sub-model which is a valid and
widely used type of sub-modelling procedure. The material properties were kept the
same as for the global model.

Figure C.S.2 Sub-model with plotted equivalent (von-Mises) stress: (a) circular type for
the cases with shorter, inclined cracks, (b) box-like sub-model for the cases with larger
crack length and a crack front perpendicular to the crack propagation direction.

Examples of both types of sub-models are shown in Fig. C.S.2 and one can clearly
see that due to the higher mesh resolution the evaluated stress fields are much more
precise than one obtained from the global model (Fig. C.S.1). The actual K-values
along the crack fronts were evaluated using the Abaqus built-in procedure - the con-
tour integration method. This method is based on the original J-integral approach
[41] and a so-called interaction integral, which is only adapted for a numerical inte-
gration. This numerical integration is performed on specific integration paths around
a point at the crack tip. Due to the numerical and FE basis of the calculation, the
stress-strain singularity is not well described at the crack tip exact position, thus the
first one or two integration contours are usually discarded, but for well constructed
models the other integration contours should be path-independent, the same way as
the original J-integral [41] (for an exact description of the contour integral method
and the use of interaction integral see e.g. Abaqus detailed specifications [40] or the
work of Matthew et al. [42]). From these contours Abaqus procedures evaluates the
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J-integral value and it is then transformed to three kI , kII and kIII components [40].
The contour integration for our models was performed on each mesh node along the
crack front. Only the nodes at the sides (free surfaces) of the models were excluded
from the results evaluation due to observed numerical instabilities of the contour
integration at the place of the free surface.

Stiffness compatibility

The verification of the overall stiffness compatibility of the model and experimen-
tal procedure was conducted by comparing CMOD and displacement data during
loading process. During the in-situ experimental procedure, the CMOD was mea-
sured 100μm behind of the initial notch tip (see Fig.4). The same procedure was
replicated during the corresponding simulations.
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Figure C.S.3 The stiffness compatibility of the actual experimental and the modelled
setup is verified by the comparison of the CMOD versus cantilever displacement curves for
both cases. Further indicated is the respective crack elongation Δa. The data displayed
here depicts sample no. 5.

The simulation CMOD was evaluated via the distance in y-direction of nodes
located 100μm behind of the crack tip on the sides of the modelled notch during
the loading of the model. Actual values of CMOD were evaluated on the global
models of respective simulation only, the more precise submodel was not used due
to its small dimensions (less than 100μm, therefore the CMOD position was not
included in the submodel), but the evaluated CMOD should not be affected by this
fact. This procedure was repeated for all models of the in-situ experiments (where
the CMOD data were available) in several steps. In each step the loading force was
increased according to its experimentally measured value and the crack lengths were
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extended appropriately. This procedure enabled to model each crack propagation
step and to obtain comparable CMOD values (with identical loading conditions and
crack length as in the experiments).

An exemplary comparison of experimental and simulated CMOD exhibits clearly
that the modelled data are almost identical with the experimental measurement
(Fig. C.S.3). The slight difference can be explained by the geometrical simplifications
in the numerical model. These simplifications could affect the model stiffness, but
overall, the difference between model and experiment is negligible. This further
validates the use of the created FE model and its compatibility with performed
experiments. Qualitatively, the same results were obtained for the all in-situ tested
samples.

Analytical formula for stress intensity factors

The evaluation of the stress intensity factors for SLB specimens was performed
according to Davidson et al. [24]. In Fig. C.S.4 a sketch of a SLB specimen including
the acting forces is shown. Additionally, the nomenclature of relevant quantities is
displayed: t1 is the height of the loaded leg, t2 the height of the second leg and a is
the initial notch length.

Figure C.S.4 Sketch of a SLB specimen in the loaded state including the parameter
nomenclature.

The analytical formula in [24] was derived for delamination at a bimaterial in-
terface by means of SLB experiments. The elastically isotropic and homogeneous
tungsten material of the present samples does not need to consider different elastic
moduli and the formula can be simplified. Therefore, the required parameters read
as

D =
E

12

[
t1
(
t21 + 3 t22

)
+ t2

(
t22 + 3 t21

)]
, (C.S.1)

c1 =
4

E t1
+

4

E t2
, c2 =

12

E t31
+

12

E t32
, (C.S.2)
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c12 =
6

E t22
− 6

E t21
, (C.S.3)

Γ = sin−1

(
c12√
c1 c2

)
. (C.S.4)

where E is the elastic modulus. The moment per unit width at the crack tip reads
as

M =
F (a+Δai)

2 b
, (C.S.5)

where b depicts the sample width, F the maximum load prior to a crack extension
and a respectively Δai the notch length and the crack extension. Further we need

a12 = −E t1
t2
2

1

D
, a22 =

E t31
12

1

D
, (C.S.6)

and

Nc = a12M, Mc = M +

(
a12 t1
2

− a22

)
M. (C.S.7)

The stress intensity factors for mode I and II finally read as follows

KI =

√
E

2

[
−Nc

√
c1 sin(Ω̂) +Mc

√
c2 cos(Ω̂ + Γ)

]
, (C.S.8)

KII =

√
E

2

[
Nc

√
c1 cos(Ω̂) +Mc

√
c2 sin(Ω̂ + Γ)

]
. (C.S.9)

The mode mix parameter Ω̂ for homogeneous and isotropic materials is given by [27]

Ω̂ = 23.529 η − 6.8406 η3 + 1.0706 η5, (C.S.10)

with η = log

(
t2
t1

)
. (C.S.11)

Influence of the notch inclination

The inclined notch leads to an initial higher driving force on the side of the shorter
crack length, trying to straighten the crack front. Therefore, the crack growth
will start from the apex of this geometry. However, during the in-situ experiments
the side of the longer crack length was observed, as shown in Fig. 4. The point
of measurement for the initial crack lengths given in Tab.A.1 is also sketched in
Fig. C.S.5a.

In order to assess the influence of the notch inclination on KI , three different
cases of a crack front with regard to geometry and position were evaluated and are
displayed in Fig. C.S.5a: an inclined crack front with length a, and two vertical crack
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fronts with crack lengths a and a + Δa. For these three cases the variation of the
local KI value across the sample thickness calculated via the FE model is shown
in Fig. C.S.5b exemplarily for sample no. 2. For the case of the inclined notch, KI

increases significantly towards the short side of the notch, varying from about 2
to 9 MPa

√
m. However, the vertical crack fronts show the expected symmetric

progress, with decreasing values towards the free surfaces of the model due to an
increasing contribution of plane stress state. The mean value of each KI curve
is indicated by horizontal lines. The mean value for the inclined notch at crack
initiation corresponds to the listed KIi−Si values in Tab. 2, which yield reasonable
results in comparison with the analytical solution using the initial crack length.
In the case of sample no. 2 the straight notch with the initial crack length yields
an about 8% higher mean KIi value than for the inclined notch. A notch with a
vertical front and a length of ashort (the point of the shortest notch length indicated
in Fig. C.S.5a) leads to an about 2% higher mean KIi value than for the inclined
notch. Hence, the influence of the inclined notch on the resulting KIi values is in a
negligible range.
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Figure C.S.5 (a) The sketch of the cross-section around the notch front displays an
inclined notch with the measured initial crack length a. Further indicated are a straight
notch front with the same crack length as the inclined notch front and the position of the
notch front after the first crack extension Δa. After the first crack extension the front is
assumed to be perpendicular to the sample surface. (b) The diagram shows the KI value
progress across the sample thickness for this three cases exemplarily for sample no.2.
Additionally each mean value as well as the analytical result are indicated by horizontal
lines.
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