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Micromechanical testing of wood samples: A new preparation route using
femtosecond-pulsed laser ablation

Ultrashort-pulsed laser ablation becomes more and more important for micromachining. Any
type of material can be processed with little or no damage to the surrounding volume due to
the ultrashort pulse duration. In contrast to the Focused lon Beam workstation laser ablation
provides 4-6 orders of magnitude higher ablation rates and avoids ion implantation. In this
work a solid-state laser with a wavelength of 515 nm and pulse duration of 318 femto-
seconds (fs) was used to prepare wood samples from spruce for mechanical testing at the
micrometre level. After optimisation of the different laser parameters, tensile and
compressive specimens were manufactured from microtomed cross and tangential sections.
For comparison a different preparation route, using an ion milling system and a copper mask,
was used. Additionally, two laser-processed samples were exposed to an electron beam prior
testing to study a possible beam damage. The specimens originating from these different
preparation conditions were tested on a fibre tensile testing module and monitored with a
stereo light microscope. Advantages and limitations of the fs-laser preparation technique, as
well as the deformation and fracture behaviour of the samples, are discussed. The results have
shown that fs-laser processing is a fast and precise preparation technique, which enables the
production of samples with sizes at the microscale. Mechanical evaluation of tested tensile
samples yielded comparable results to literature. Compression samples showed typical
behaviour of cellular materials.



Mikromechanische Versuche an Holz: Eine neue Herstellungsmethode durch
Einsatz von ultrakurz gepulster Laserablation

Laserablation mit ultrakurzen Pulsen ist eine aufstrebende neue Technologie zur Bearbeitung
im Mikrometer-Bereich. Durch die ultrakurze Pulsdauer kann jedes Material ohne
Beeinflussung der Randzone abgetragen werden. Laserablation hat dabei eine 4-6
GroRenordnungen hohere Abtragsrate als die Bearbeitung mit einem lonenstrahl. In dieser
Arbeit wurde ein Festkérperlaser mit einer Wellenlange von 515 nm und einer Pulsdauer von
318 Femtosekunden (fs) eingesetzt, um Fichtenholzproben fiir mikromechanische Versuche
zu erzeugen. Es wurden die optimalen Einstellungen des Lasers fir die Holzbearbeitung
ermittelt und anschlieRend Zug- und Druckproben an Mikrotom-Diinnschnitten in Quer- und
Langsrichtung hergestellt. Zum Vergleich wurden Proben mittels lonen-Polierer und einer
Kupfermaske angefertigt. Zwei durch den fs-Laser hergestellten Proben wurden einem
Elektronenstrahl ausgesetzt, um dessen Einfluss zu untersuchen. Alle Proben wurden an
einem Faserzugmodul getestet und gleichzeitig unter einem Stereomikroskop beobachtet.
Vorteile und Einschrankungen bezlglich der fs-Laser Herstellung sowie Verformungs- und
Bruchverhalten der getesteten Proben werden diskutiert. Die Ergebnisse zeigen, dass der
fs-Laser eine schnelle und prazise Prdparation von Proben mit Abmessungen im
Mikrometerbereich ermoglicht. Zugfestigkeiten der getesteten Proben sind vergleichbar mit
Literaturwerten. Druckproben zeigen das typische Verhalten von zellularen Materialien.
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1. Introduction

For most materials there is an inverse relationship between desired properties. When one
property is high, the other is low, e.g. strength and ductility or hardness and fracture
toughness. One aim of material science is to gain improvements in both of these normally
exclusive properties or at least an increase in one property with little or no impairment to the
other. Advances in this regard provide possibilities for new structural materials and
technologies. Biological materials, however, seem not to be subject to this restriction, because
of their use of different materials and complex structure in one compound. For example,
Nacre is a compound of platelets of aragonite, which is a ceramic, separated by a matrix of
organic polymers. This arrangement of hard and brittle platelets in a soft, ductile matrix
provides both, high hardness and high fracture toughness. The optimal performance of the
material strongly depends on the dimensions of the structures. Another example for
combining strength and light-weight design is wood. To understand the mechanics behind the
hierarchical structure of wood, one needs to know the properties on every length scale. There
is still a lot of progress needed to generate and implement bioinspired materials into technical
applications [1].

There have been a lot of attempts to characterize the mechanical properties of wood on the
micrometre scale. A recent review has been published by Eder et al. [2]. In general, a lot of
effort has to be put into getting mechanical values. With small sample sizes it is hard to
measure mechanical properties directly. Another problem with every biological material is
that there is a strong influence of the water content. In most cases the wood samples are dried
during the preparation, especially if they have to be handled in vacuum. This has an effect on
the mechanical properties, even after increasing the water content again for testing [3].
Nevertheless, it can be assumed that samples tested in vacuum are completely dry. In-situ
tests in a scanning electron microscope (SEM) and ex-situ tensile tests have been performed
on single wood fibres after mechanical isolation to gain stress strain curves. To calculate the
stress from measured forces, one way is to measure the ruptured surface after the test. For
strain measurement video extensometry and digital image correlation have been used [4-6].
The focused ion beam workstation (FIB) has already been used to prepare samples in the
micrometre range. Orso et al. used the FIB and a micromanipulator to determine the bending
modulus of a spruce wood cell wall [7]. In other experiments the FIB was used to prepare
pillars out of the cell wall and the middle lamella for uniaxial compressive testing [8—10].
Another method to determine hardness and elastic modulus at this length scale is
nanoindentation. Here mostly a three- or four-sided pyramid is pressed into the material and
force and displacement are measured [11, 12]. Jager et al. calculated the longitudinal stiffness
and the traverse and shear modulus from nanoindentation measurements [13].

Ultrashort pulsed laser ablation becomes more and more important for micromachining. The
removal of material in the length range of micrometres provides many possibilities for



manufacturing small-scale structures for example in microelectronics or biomedicine. The
most important tool till now is the FIB. Here ions are accelerated towards the sample and
sputter material off the surface. In contrast to the FIB, laser ablation provides higher ablation
rates and avoids ion implantation [14]. The latter is an inherent mostly negative feature of the
FIB. The ion bombardment leads to defects and changes in the chemical composition at the
surface of the sample [15]. Laser ablation, however, provides such a high energy density that
the illuminated volume is removed regardless of the type of material. Because of the
ultrashort pulse length, no heat transfer and therefore damage to the remaining material take
place [16, 17].

The aim of this work is to evaluate the possibilities of femtosecond (fs) laser ablation as a new
method to produce micrometre-sized wood samples for mechanical testing.

1.1. Wood: Structure and characteristics

Trees evolved around 370 million years ago. Because of the competition for sunlight, these
plants developed wooden stems to support their branches and leaves high above the ground.
Some species can grow over 100 m. The wooden stem provides not only support, but also
transports water and mineral solutions. Wood is a cellular material and has a hierarchical
structure leading to a high specific strength and an optimized resistance against buckling.

Wood has been used since early human history. Applications include tools, weapons or fire
wood, later on also furniture and musical instruments. Wood has been and still is used in
construction for housing and architecture.

1.1.1. Growth and macroscopic structure

The trunk of a tree has different functions. First it must provide the mechanical support for
the crown including leaves, fruits and seeds. Second it must transport water and minerals to
the leaves, where photosynthesis takes place. Lastly the products of photosynthesis are
transported and stored. [18]
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Fig. 1. Cross section through a fir tree (adapted from Dinwoodie, 2000) [18]

Fig. 1 shows the cross section of a fir tree. In the middle of the cross section is the so-called
pith. Next to it is the heartwood. It used to transport water and minerals when the tree was
younger. Now it has no other function than mechanical support. It has higher acidity to protect
the wood against insects and fungi and often is a different colour than the subsequent
sapwood. The sapwood can make up 10 to 60 % of the trunk, depending on species, age and
growth conditions. Besides also providing mechanical support, the cells in the sapwood
transport water, minerals and carbohydrates. Next to the sapwood is the so-called cambium.
This is where the tree actually grows. In season-like climates like in Austria trees show a
characteristic growth behaviour. During spring a lot of water and minerals are needed to grow
new leaves. Therefore, the tree forms cells with large cross sections and thin cell walls. In
summer and autumn, the tree forms cells with thicker walls to provide stronger mechanical
support for the coming winter. This leads to the forming of distinctive rings, so called annual
or growth rings. Since this phenomenon repeats itself every year, the age of a tree can be
determined after cutting by counting the annual rings in the cross section. The outermost layer
is the bark, which has mainly a protective function. [18]

1.1.2. Cellular structure of wood

The cellular structure of wood is different for soft- and hardwoods. Softwoods are for example
pine or spruce. They have two main cell types, which are tracheids and parenchyma cells.



Tracheids represent up to 95 % of the mass and are responsible for mechanical support and
water transport. The parenchyma cells have a storage function. Hardwoods, for example oak
or beech, are evolutionary younger than softwoods and therefore have a more diversified cell
structure. They have tracheid and parenchyma cells as well, but also fibres solely for
mechanical support and vessels for conduction. Most cells are aligned in the longitudinal axis
of the stem, but some are aligned in radial direction. These groups of cells are called wood
rays. [18]
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Fig. 2. Three-dimensional model of softwood structure (adaptation from Mdgdefrau, 1951) [19]

Fig. 2 shows the softwood structure, consisting mostly of tracheid cells, further distinguished
into earlywood and latewood tracheids. These cells are formed like hollow tubes aligned
parallel to the longitudinal axis of the stem. The earlywood tracheids are formed in spring and
have a large hollow cross section, called lumen, for fast transport of water. The cell walls of
earlywood cells are thin. The latewood tracheids are formed in summer and autumn and have
thicker cell walls for mechanical support. Typical dimensions of these cells are 20 to 30
micrometres in cross section with 2 to 7 micrometres wall thickness and about 2 to 3
millimetres in length. To enable transport across more than one tracheid cell, the cells are



connected via so-called pits. These are holes in the cell wall functioning like a valve. The
parenchyma cells are mostly located in the wood rays and are responsible for storage. [19]
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Fig. 3. Three-dimensional model of hardwood structure (adaptation from Mdgdefrau, 1951) [19]

Fig. 3 shows a model of a hardwood structure. As already mentioned, hardwoods consist of a
more complex cell structure. The fibre cells are similar in appearance to the tracheids but have
no transport function. They have thick cell walls for mechanical support. The vessels in
hardwood take on the transport function. Their diameter ranges from 50 to 500 micrometres
and they can be several metres long. There are more parenchyma cells, which also lie in
longitudinal direction, than in softwoods. [19]

1.1.3. Microstructure and chemical composition

Wood consists of cellulose, hemicellulose, lignin and other extractives. Cellulose makes up 40
to 45 % of the mass of wood. It is a long chain of glucose monomers with a polymerization of
1000 to 10000 units. The cellulose chains are aligned in microfibrils which have crystalline



structure and are highly orientated. Hemicellulose, 25 to 30 % of the mass, is also composed
of sugar monomers but not in a linear manner. Both crystallinity and polymerisation are low.
Lignin constitutes 20 to 28 % of the mass with lower percentages in hardwoods. It is a complex
aromatic molecule composed of phenyl groups. Extractives is a collective name for different
organic compounds, like waxes, sugars and resins, mostly responsible for protection against
insects and fungi. They account for up to 5 % of the mass. In principle cellulose constitutes the
fibre and hemicellulose and lignin build up the matrix of the material. [18]
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Fig. 4. Schematic structure of the cell wall of a softwood tracheid [18]

The principle structure of the cell wall for a softwood tracheid is shown in Fig. 4. The
orientations of the cellulose microfibrils are indicated for the different cell wall layers. The
primary wall consists of randomly orientated and loosely packed cellulose microfibrils. In the
secondary cell wall the microfibrils are highly orientated and parallel to each other. The outer
layer of the secondary wall, the so-called Si layer, consists of microfibrils aligned gradually
from a left- to a right-hand spiral at angles from 50 to 70° to the longitudinal axis. The middle
layer of the secondary cell wall (S2) makes up most of the volume of the wood cell wall. It
consists of parallel microfibrils aligned in a right-hand spiral at an angle of 0 to 30°, called the
microfibril angle (MFA). Since S; is the most dominant layer, the mechanical behaviour
depends strongly on the MFA. The inner layer of the secondary cell wall (S3) has similarly
orientated microfibrils as the Si1 layer with angles varying between 60 and 90°. The Ss layer is
thinner than the Si layer. Between adjacent cells is the middle lamella, which is a lignin-rich
phase.



1.2. Laser ablation

Laser ablation and especially ultrafast laser processing has become an important field for
fundamental research and also industrial applications. With its inherent features, such as high
energy density and precision, laser ablation is used for micromachining in material research,
microelectronics and biomedicine [20]. Any type of material can be processed with little or no
damage to the surrounding volume due to the pulse duration in the range of femtoseconds
[16]. The first experiments with ultrashort laser pulses were done with UV excimer lasers
[21, 22]. Since then laser ablation has become a rapidly growing field with a wide range of
processed materials and implementation into industrial applications [23, 24].

For more information on the topic, see for example ‘Ultrafast laser processing’, Pan Stanford
Publishing, 2013 [17], or ‘Lasers in Materials Science’, Springer, 2014 [25].

1.2.1. Laser fundamentals

The term LASER originates from the acronym “Light Amplification by Stimulated Emission of
Radiation”. Through the stimulated emission of photons, a strong coherent light source with
specific wavelength and narrow spectral width can be generated.

For the laser principle, a population inversion of electrons in a laser medium is needed. This
means that more electrons are in the energetic-excited state than in their original ground
state. The gain medium can be a solid, liquid, gas or plasma and provides the necessary energy
states. The electrons have to be “pumped” into the excited state. This is mostly achieved by
optical means. The excited states are metastable and therefore the electrons will randomly
fall back to their original state after some time. In this process a photon is released with the
energy corresponding to the energy difference between the two states. If a photon hits an
excited electron, the electron jumps to its original state immediately and emits another
photon with the same phase, frequency and direction. This process is called stimulated
emission. The two photons are now coherent. The light is amplified in the gain medium
between two mirrors, one of which is semi-transparent. There the amplified light beam can
be partly extracted. [25]

Solid-state lasers use a solid gain medium, mostly an artificial crystal or ceramic doped with
rare-earth atoms. Many different materials are used for modern solid-state lasers. One
popular system in material science is Ti-doped sapphire as a gain medium because of its
tuneable properties [26]. Different widely used materials are for example neodymium- or
ytterbium-doped yttrium aluminium garnet (Nd:YAG, Yb:YAG). The doping atoms provide the
needed energy bands for pumping the electrons into the excited state. In the case of Yb:YAG
the absorption band lies at 940 nm and is 18 nm wide, which means that the electrons can be
easily pumped by InGaAs laser diodes [27].
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Especially for laser ablation high laser energy is needed. This is realized by pulsed operation.
To get ultrashort pulses, mode locking is used. The distance between the two mirrors of a laser
allows for a set of frequencies to form standing waves by interference. These are the
longitudinal modes of the laser cavity. If these modes are phase locked, interference of the
laser light results in bursts of energy. The reachable pulse duration or width is inversely
proportional to the optical bandwidth of the pulse. This means that for shorter pulses the laser
must provide a sufficiently broad bandwidth of light. Another restriction is that the average
power is constant. Therefore, higher pulse powers can only be achieved by reducing the
repetition rate. [25]

Grating pair:
Pulse stretcher

Wy ' —»———'\

Amplifier *

Amplified “ Stretched pulse i

stretched pulse

Short pulse

A 4
4

Amplified
short pulse

Grating pair:
Pulse compressor

|

Fig. 5. Scheme of Chirped Pulse Amplification [25]

Another way to get high pulse energies is to amplify the initial pulse. Fig. 5 shows the
schematic arrangement for the so-called Chirped Pulse Amplification. Amplifying the initial
pulse directly would damage the optics. Therefore, the pulse is first stretched, meaning the
bandwidth of the pulse is widened while simultaneously the peak intensity is lowered. Now
the pulse can be amplified without damage to the optics. After that the pulse is compressed
again to the original pulse duration, now having higher peak intensity. [17, 28]



1.2.2. Laser-matter interaction

Laser ablation takes place through absorption of laser energy. For short pulses (> 10 ps) this
happens by heating the material in the focal region of the laser first to melting temperature
and subsequently to vaporization temperature. The absorption mechanism of energy depends
on the material. Transparent materials, for instance glass or certain plastics, cannot be
ablated. The absorption mechanisms change for ultrashort pulses (< 10 ps). Because of the
short interaction time and high laser intensities, absorption takes place through nonlinear
processes [29].

For transparent or dielectric materials there are two processes responsible for the optical
breakdown and ablation: first, avalanche ionization and second, multiphoton ionization. In
avalanche ionization, free or conduction electrons, initially coming from impurities in a
dielectric material, can absorb laser energy and gain kinetic energy. Then the first seed
electron collides with a bound electron resulting in two free electrons. This repeats itself until
enough electrons are ionized to form a plasma with critical density. Now the material becomes
absorbing. If the laser field strength is even higher, which is the case for ultra-short pulses,
bound electrons can be ionized directly through multiphoton absorption. This means that
several photons provide the energy to move a bound electron to the free state contrary to the
case of single-photon absorption (Fig. 6). [17, 29]
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Fig. 6. Electron excitation by single- and multi-photon absorption [17]

In metals there are many free electrons available, which can absorb the laser energy. The
ablation of material is then described by the Two-Temperature Model [30]. With small pulse
widths, laser field strength is high and interaction time is short. The electrons, regardless if
already free or first ionized, are heated to high temperatures, while the heavy ions remain
relatively cold. Subsequent electron-ion energy transfer leads to vaporization of a large
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fraction of the material. The amount of energy transfer depends on pulse duration and the
energy coupling coefficient. [17]

The laser fluence is the energy density of the laser pulse. Every material has a certain fluence
threshold before ablation takes place. Above this threshold the ablation depth is determined
by the laser fluence. To estimate the fluence at a specific laser power, the pulse energy of one
pulse is calculated according to equation (1).

~

== (1
pulse f ( )

Here, Epy15¢ Stands for the pulse energy and P for the average laser power at pulse repetition
rate f. The fluence Efjyence can be calculated according to equation (2) as the pulse energy
over the focal area Ay of the laser spot.

_ Epulse
Efluence - Af (2)

With ultra-short pulses almost all of the laser energy is used for ablation. The small portion of
absorbed intensity is easily accommodated by heat conduction and dissipation. This means
that no heat-affected zone at the edge of the remaining material is expected. [16, 17]

1.2.3. Laser ablation of wood

Laser machining on wood has already been used for marking and engraving [31]. Another
major application is incising lumber for impregnation with adhesives and preservation agents
[32]. For this purpose, COz-lasers with high power and long pulses are used because of their
relatively low cost. Also, continuous wave (CW) lasers are used for cutting wood [33].
However, long pulses or CW lead to a large heat-affected zone with melting of the wood
components and carbonization as shown in literature [34, 35]. As early as 1995, UV-laser
irradiation is reported as a method to open the machined wood surface for glue or coating
agents [36]. Recent experiments with a UV-laser and pulse duration of a few ns showed no
change in texture of the wood although heat accumulation of the laser pulses can lead to
carbonization [37]. Ultrafast laser processing of wood showed no carbonization of the
remaining material and the ablation mechanism expected for dielectric materials [38, 39]. The
processed surface has a one micrometre thick layer of spherical particles, which seem to have
melted during and re-solidified after the laser pulse [40].
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2. Methods

In this chapter a brief overview of the instruments and devices used for the conduction of the
experiments is given. The sectioning of thin wood samples was done with a microtome at the
Institute of Wood Technology and Renewable Materials of the University of Natural Resources
and Life Sciences, Vienna. The laser system used for ablation is located at the Erich Schmid
Institute of Materials Science in Leoben. The setup is explained and furthermore the devices
for compressive and tensile tests are described.

2.1. Thin sectioning with a microtome

Thin sectioning with a microtome is a standard preparation technique for biological materials
and polymers. The goal is to get thin sections for investigation with light or electron
microscopes. Only hard materials can be processed, therefore soft materials have to be
embedded or cut at sub-zero temperatures. In addition to the hardness, the knife geometry
plays an important role for the quality of the sections (Fig. 7).

Cutting direction

Cutting direction

>

Fig. 7. Schematic knife geometry of a microtome; left: side view with clearance angle a and knife angle 8, right: top view
with declination angle y

Several types of microtomes can be distinguished according to their cutting direction and
environmental conditions. Sledge microtomes have a linear cutting direction. Either the
sample is moved relative to a fixed knife or vice-versa. A defined cutting depth is necessary to
gain reproducible thicknesses. The knife can be aligned with a declination angle regarding the
moving direction to enable a smoother operation (see Fig. 7). Rotary microtomes use a
rotating blade to cut thin sections off a sample. Typical thicknesses of sections cut by these
types of microtomes are 30 to 500 um. Vibrational microtomes can produce finer sections

11



because the vibrations lower the needed cutting force. A cryomicrotome has a chamber
cooled with liquid nitrogen. At these low temperatures biological materials as well as polymers
become hard and therefore thinner slices are possible. Ultramicrotomes allow the preparation
of sections with thicknesses down to a few tens of nanometres. These sections are used for
transmission electron microscopy. For more information on thin sectioning with microtomes
see for example B. Bracegirdle: ‘A history of microtechnique’, Heinemann Educational Books,
1978 [41].

2.2. Laser ablation at the Erich Schmid Institute

The laser system at the Erich Schmid Institute of Materials Science in Leoben is a modified
ZEISS Auriga Laser, which is a combination of a dual beam SEM/FIB and a Onefive Origami XP
ultrashort pulsed laser.

Scan unit Camera Femtosecond-Laser

Main
chamber
SEM/FIB

Airlock Chamber for Beam Stepper
laser processing expander Motor
Controller

Fig. 8. Photograph of the laser system giving an overview with main components labelled (courtesy of M. Pfeifenberger,
Erich Schmid Institute, 2016)
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Fig. 8 gives an overview of the different components of the laser equipment. The laser pulses
are generated by the laser unit at the back of the construction. The solid-state laser can
operate at a 1030 or 515 nm wavelength with a maximum output power of 4 W and a
maximum pulse repetition rate of 1 MHz. The pulse duration is 318 fs. With the beam
expander, actuated by a stepper motor, the working distance (WD) in the laser chamber can
be adjusted according to the sample height. The beam expander works in principle like an
inverse Galileian telescope (Fig. 9). A dispersal lens widens the laser spot and the consecutive
convex lens collimates the beam again. By changing the distance of the dispersal and the
convex lens the WD in the laser chamber can be adjusted.
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Fig. 9. Scheme of the beam expander for adjusting the WD (courtesy of M. Pfeifenberger, Erich Schmid Institute, 2016)

Within the scan unit two perpendicularly aligned mirrors (labelled 3 and 4 in Fig. 10) deflect
the laser spot into the ablation chamber. The mirrors are actuated by galvanometers and can
deflect the laser to a specific region. After the two mirrors an f-theta lens (5) focuses the laser
to a diameter of about 30 um on the sample surface. This results in a sufficiently high energy
density for ablation. The f-theta lens system allows to focus the laser on a flat common plane
within the laser chamber. A single convex lens would focus the laser on a curved image plane.
The chamber for laser processing is pumped to a vacuum of 103 mbar and separated by an
airlock from the main chamber. The laser chamber can be observed by a camera. Samples are
inserted into the chamber for laser processing and can be transferred to the main chamber
via a manipulator rod. In the main chamber SEM and FIB operations take place.
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Fig. 10. Principle setup of the laser system (courtesy of M. Pfeifenberger, Erich Schmid Institute, 2016)

The complete setup allows machining of samples with fast laser ablation before moving the
sample to the main chamber for a possible fine machining step with the FIB. Another possible
application is polishing of sample surfaces with the laser for subsequent electron backscatter
diffraction measurement [42]. The combination of SEM/FIB and laser ablation in one system
provides fast processing and analysis without the need of transferring the sample between
different devices. With the different chambers, separated by an airlock, contamination of the
main chamber by laser machining can be avoided.

2.3. Alternative processing with an argon ion polisher

A different approach for the generation of micrometre-sized samples was the use of an ion
milling system with a masking technique. In contrast to an FIB, this ion milling system uses Ar*
ions instead of commonly used Ga® ions. Furthermore, the acceleration voltage is lower since
it is normally used for polishing surfaces of cross sections. Both features reduce the energy
input and therefore the possible beam damage.

The Hitachi High Technologies E-3500 ion milling system uses a three-electrode ion gun with
the Penning system, where a magnet is incorporated to improve charging efficiency (Fig. 11).
A plasma from the Ar gas flow is generated by applying a discharge voltage of 0 to 4 kV. The
ions are accelerated through an aperture by the third electrode with 0 to 6 kV acceleration
voltage.
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Fig. 11. Schematics of the ion gun and sample stage (left) and the free-standing copper specimen used as a mask (right)
[43, 44]

In a former research project Smolka et al. performed in-situ tensile tests of free-standing
copper samples, which can be seen in Fig. 11 [44]. The free-standing structures were produced
by photolithography and etching with 30 % KOH on a silicon wafer. Since there was a variety
of different dimensions of these samples available, the desired geometry was used as a mask.

2.4. Pillar compression

Pillar compression has become an intensively studied field since Uchic et al. showed that the
mechanical properties depend on the sample size for micromechanical testing [45]. This
method is a variation of widely used nanoindentation. In nanoindentation or instrumented
indentation a so-called indenter, mostly a sharp three- or four-sided pyramid, is pressed into
a material and force and displacement are measured with high precision. From the measured
curve elastic modulus and hardness can be calculated [46, 47]. The hardness values cannot be
transformed into a yield strength directly because of the complex stress and strain distribution
under the tip. There are also other indenters like filaments or flat punch indenters available.

The basic step for pillar compression is to machine a free-standing round or square pillar into
a bulk material. This is commonly done with an FIB. In the next step the pillar is compressed
in the axial direction with a flat punch indenter. The flat surface should be larger than the pillar
top surface to ensure a uniform force introduction. The compression can be performed in-situ
or ex-situ. The deformation mechanisms as well as stress and strain can be studied.
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Fig. 12. Schematic diagram of the G200 Nano Indenter [48]

Pillar compression tests were conducted with a G200 Nano Indenter by Keysight Technologies
[48]. The main components are indicated in Fig. 12. It has a capacitive displacement gauge
with 0.01 nm resolution and 500 um maximum displacement. A maximum load of 500 mN
with 50 nN resolution can be applied by magnetic force. A conical diamond indenter with 40°
angle and a flat tip with a diameter of 200 um was used as flat punch indenter. The samples
are mounted on an SEM sample holder on a special goniometer. The goniometer is used to
align the sample perpendicular to the indenter. Before testing the indenter has to be
calibrated with the microscope. For this purpose, a polished aluminium sample is used.

2.5. Fibre tensile module

For the measurement of micrometre-sized samples, a precise force and elongation detection
is necessary. For this reason, a Kammrath & Weil fibre tensile test setup was used [49]. The
apparatus is able to measure forces up to 2 N with 10 puN resolution. The force measurement
is done by frequency detection of an oscillating wire. Small changes of the load lead to a
change in the resonance frequency of the wire, which can be detected by a magnetic gap.
Calibration of the instrument provides a linearity factor k between output signal and real
force. The displacement is recorded with 30 nm precision. For alignment and elongation
measurement the apparatus is placed under a stereo microscope. A camera mounted on the
microscope can automatically take images every five seconds during the experiment.
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Fig. 13. Photograph of the fibre tensile module with the following components: (1) Base, (2) Main stage, (3) Transformer,
(4) Specimen stage, (5) Specimen clamp, (6) Piezo tweezers, (7) Flexible stage, (8) Motor, (9) Magnetic gap, (10) Controller
connector [49]

Samples are clamped and fixated on the moveable stage of the apparatus. The sample can be
moved in the different directions to place the tensile specimen in axis. The height adjustment
is done by varying the focus height of the stereo microscope. On the other side piezo actuated
tweezers are mounted. The tweezers close to zero displacement to clamp the head of the
tensile specimen. Alternative to the piezo tweezers, the specimen head can be glued with
conductive carbon cement (CCC) on a piece of silicon wafer.

Since the apparatus only provides the force and displacement data, stress and elongation have
to be calculated. To calculate the stress, the area of the cross section of the tensile specimen
has to be measured. This can be done by measuring the fractured cross section from a
micrograph, either taken under a light microscope or in the SEM. For the calculation of the
elongation the gauge length is essential and can be measured before the experiment under a
light microscope and from the photographs during the experiment.
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3. Experimental

A detailed description for the preparation of thin sections of wood for laser application is given
in the following section. First, tests were performed to find laser parameters suitable for
processing of wood. Experiments with different geometries showed limitations regarding the
size of machined samples. Since the laser spot has a diameter of 20 to 30 um, the processing
of a defined sample geometry is only possible for samples of the same or greater size.
Therefore, compressive and tensile samples with a cross section of around 70 x 60 um? were
machined.

3.1. Sample preparation

In this section the steps necessary for laser processing of wood samples starting from a tree
are described. Wood pieces were already cut and stored at the Institute of Wood Technology
and Renewable Materials of the University of Natural Resources and Life Sciences, Vienna. The
institute is located in Tulln in Lower Austria. Furthermore, the thin sectioning, employing a
microtome at room temperature, was performed there. The subsequent steps for preparation
of the thin sections for laser processing are described.

3.1.1. From a tree to a thin section

The processed wood comes from an over 100-year-old Norway spruce (Picea abies). A small
piece was cut from the outer region of an already cut and dried board. Before using the
microtome, the wood piece had to soak in distilled water for 48 hours. The microtome used
was a sledge microtome from the company C. Reichert Wien (Fig. 14). It has a steel knife,
which is sharpened with abrasive paste and honed to get a sharp edge. The knife is fixated in
the designated clamp on the sledge. The soaked wood piece is clamped on the sample holder
with the region of interest parallel to the so-called cutting plane. With an adjusting wheel the
sample can be moved upwards and into the cutting plane. Sample and knife should be kept
wet to reduce friction. The knife is moved across the sample via the sledge. After every cut
the knife has to be moved back to the initial position before the sample is moved upwards
again. Scale marks on the adjusting wheel indicate the moved distance, which is at the same
time the thickness of the thin section. Water drops on the knife help to straighten the thin
section during cutting. The wood sections can be removed from the knife with a brush and put
into a plastic container filled with distilled water for storage.
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Fig. 14. Exemplary illustration of a sledge microtome from company C. Reichert Wien [50]

The cutting can be performed in the desired directions and for the desired thicknesses. The
thickness can be varied between 50 and 200 um. With thinner sections the wood starts to
crumble and would have to be embedded. Thicker sections are not possible because the knife
would get stuck. The last step is to add a small amount of sodium azide to the thin sections.
This chemical is toxic and prevents the wood from fungal decay.

3.1.2. Drying of specimens

Thin sections were delivered in distilled water with sodium azide for conservation. To process
the samples in the laser chamber, they had to be dried to avoid outgassing. The drying
between glass sheets, which are normally used as microscope slides, is an established
preparation technique for wood fibres [51, 52]. In this section a step by step instruction of the
drying process is provided.

Materials needed for preparation: glass sheets, paper clip, filter paper, distilled water, beaker
glass, paper tissues

Tools for preparation: disposable protective gloves, tweezers, scissor-like tweezers, razor
blade, marker pen

» Make sure the workspace is clean and tidy. Wear powder-free disposable nitrile gloves.
Clean the glass sheets with alcohol. Fill distilled water into the beaker glass. Keep the
paper tissues ready for rinsing and drying of the tools.
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» Carefully open the plastic container with the thin sections in it. Maybe pour some of
the conservation solution into the chemicals drain to prevent the container from
overflowing.

» Now use the tweezers to grab one of the thin sections and take it out and put it into
the beaker glass. Here, the scissor-like tweezers might be helpful.

» Now firmly close the plastic container with the remaining thin sections and put it safely
aside.

» Rinse the thin sections in the distilled water. Use the tweezer and move the thin
section around in the water. This step is important to avoid salt grains from the sodium
azide after drying.

» Keep the cleaned glass sheets ready. Put the first thin section with the concave side
onto the glass. The surface tension of the water will straighten the section. Use the
filter paper to soak up excessive water. Be careful that the thin section does not get
stuck on the filter paper. Do not use paper tissues for this purpose.

» Now use the razor blade to cut the thin section into smaller pieces. If the sample is
broader than around 5 mm, macroscopic cracks perpendicular to the tangential
direction will occur. This happens because the latewood is denser than earlywood,
therefore its shrinkage is greater and internal stresses arise.

» Now place the second glass sheet on top of the first one. Be careful to not move the
glass sheets against each other. The thin sections might slide out from between the
sheets.

» Label the glass sheet with orientation and thickness of the wood samples and also the
current date.

» Now clamp the glass sheets with one or two paper clips. This helps to prevent further
rolling of the thin sections during drying.

» The samples can now dry at room conditions. The humidity will reach the level of the
room within a few days.

» The dried samples can be manipulated with tweezers. The room humidity is sufficient
for the thin sections to remain tough enough for manipulating.

3.1.3. Mounting for laser ablation

The thin sections have to be somehow fixed during processing in the laser chamber. The first
possible assembly is an SEM specimen stub made out of aluminium with a 2 x 2 mm? groove

20



in it. On the top surface of the holder near the edges of the groove two stripes of carbon pads
are placed. Now the thin wood section can be placed over the groove. Adhesive glue would
not be possible because of outgassing in vacuum during processing. Furthermore, the removal
of the glue is normally done with acetone. This chemical would dissolve the lignin in the wood
and affect the mechanical properties. Laser processing can take place as if the wood was a
free-standing specimen. This procedure was used for the optimization of laser parameters.

For pillar tests a different assembly was used. Since the carbon pad influences the mechanical
test results, it was totally banned for compressive testing. An SEM stub was used again, but
the thin wood section was directly placed on the aluminium. To fixate the thin section, two
corners of the wood were fixed with a drop of conductive silver lacquer.

For the processing of tensile specimens, the thin sections of wood were directly clamped in
the holding device of the Kammrath & Weil} tensile module. The thin sections were therefore
free-standing specimens and could be easily manipulated.

The specimen stub or holding device is placed on the sample holder. Before inserting it into
the laser chamber the sample height is measured to adjust the WD of the laser. The vacuum
of 103 mbar evaporates the remaining humidity and the wood is ready for processing. No
special atmosphere is needed. To look at the wood structure in the SEM, the sample is inserted
into the main chamber. Because wood is a dielectric material, a low acceleration voltage
should be chosen to avoid charging effects and possible beam damage. Such beam damage
on wood has already been suggested in literature [53, 54].

After the thin sections have been in the laser chamber, the wood is totally brittle. The vacuum
of the laser chamber evaporates all remaining water content and, like other biological
materials, wood becomes brittle. After some time at room conditions the wood takes up water
from air humidity and gets tough again [55].

3.2. Optimization of laser parameters

There was no prior knowledge what laser parameters would give good results in ablation of
wood. Because wood is a dielectric material, ultrashort pulses with high laser fluence are
needed for material removal. The laser system at the Erich Schmid Institute provides sufficient
laser power.

The first task was to find laser parameters leading to good ablation rates and surface quality.
Important was also a sharp edge and narrow kerfs. The laser was operated at a 515 nm
wavelength and 50 kHz pulse repetition rate for all tests on wood. The beam was guided with
the minimum scan speed of 1 mm/s. The geometry was defined with a CAD software. The
parameters which were varied were laser power, divisor, number of passes and WD.

The maximum average power is 1.02 W for the given wavelength of 515 nm and 50 kHz pulse
repetition rate. It can be controlled by an integer between 0 and 4096. Zero corresponds to
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no power, whereas 4096 represents the maximum power. The values in between are
interpolated linearly. Every lens in the path of the laser has a transmission efficiency for the
laser light at any given wavelength. The overall transmitted power is about 64 % of the laser
output power. For reasons of clarity the power values will only be shown in mW with
transmission efficiency included. The divisor determines the fraction of the pulses which are
reaching the sample based on the chosen pulse repetition rate. The number of passes or layers
defines how often a given geometry is scanned by the laser. Since the ablation depth per pulse
is dependent on the laser power but otherwise fixed, this parameter plays a decisive role for
the depth of the ablated kerf. The WD respectively height of the focal plane can be varied by
the beam expander as described in section 2.2.

3.2.1. Power

The first tests were done with varying laser power. The machined sample was a 50 um thick
cross section of spruce. A set of lines of 250 um in length were scanned with 10 passes and a
divisor of 50. The power was varied between 159 and 383 mW in steps of 32 mW and also 478
and 638 mW.

Fig. 15. Optical micrograph with a set of lines cut with 10 passes, a divisor of 50 and different laser power, 159 mW (left) to
319 mW (right); arrows indicate the position of the vertical lines.

Fig. 15 is a micrograph showing the laser kerfs from different power values. At a power of 159
mW, only some surface modification leading to a slight green appearance in the light
microscope is evident. For powers of 191 and 223 mW little ablation is visible. Starting from a
power of 255 mW considerable ablation took place. For higher powers the ablated kerf got
broader (Fig. 16) and even cut through the thickness of the 50 um thin section of wood.
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Fig. 16. Optical micrograph illustrating the ablation kerf at maximum power of 638mW, 10 passes, divisor set to 50

Another variation was done with powers from 159 to 271 mW in steps of 16 mW. Two sets of
50 um long lines were cut. The first set was cut with divisor set to 100, the second with divisor
set to 250. The number of passes was 100. Ablation was similar to the first test. No line was
cut through the 50 um thick wood sample.

After these experiments a good measure of laser power was determined as 255 mW.
Considerable ablation is happening with good surface quality. With higher laser power the
kerf gets more and more broadened.

Laser operation evaporates the irradiated material. This debris is partly carried away by the
vacuum pump and partly deposited in the laser chamber similar to a sputter process. Residues
on the f-theta lens can reduce the laser power significantly. To find reproducible parameters,
a clean lens is essential. After cleaning of the lens, a laser power of 159 mW was a good
measure for satisfying performance.

3.2.2. Divisor

As already mentioned the divisor determines the fraction of pulses which are reaching the
sample. The chosen pulse repetition rate for the wood experiments was 50 kHz. If this amount
of pulses is let through onto the sample, the absorbed energy results in heat accumulation
and destroys the material. Even a divisor of 10, meaning 5000 pulses per second, leads to
extensive heat accumulation (see Fig. 17).

A set of lines was cut with divisor set to 1, 10, 50, 100 and 250. The laser power was set to 287
mW and the number of passes was 10.
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Fig. 17. Optical micrograph illustrating the heat accumulation at divisor values of 1 and 10, which lead to the destruction of
the material; power set to 287 mW and 10 passes scanned

With a certain divisor D and the given scan speed v, the separation s of laser pulses on the
target can be calculated according to equation (3) where f stands for the pulse repetition rate.
This was done with different divisor values in Table 1. It was assumed reasonable that this
separation should not exceed one fifth of the spot size to get straight edges.

Table 1: Separation of consecutive laser pulses at different divisor values with vy = 1 mm/s and f =50 kHz

Divisor D Separation s
[l [um]
1 0,02
10 0,2
50 1
100 2
250 5
300 6

The experiments showed that a divisor of 10 or less lead to significant heat accumulation and
destruction of the wood structure. In contrast a divisor of 50 or even more showed good
results with a distinguishable edge of the kerf. A divisor of 300 or more would exceed the
mentioned limit for a straight kerf edge.
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3.2.3. Number of passes

In the first tests lines with 1, 10 and 100 passes were cut at a power of 287 mW and a divisor
of 50. In Fig. 18 the focus position of the light microscope was set to the lower surface of the
cross section to check if the kerf was cut through the whole thickness. For 100 layers this is
the case, whereas after 10 passes the kerf is not cut through.

)

”‘* .

10 layers

Fig. 18. Optical micrograph of lines with 100 layers (top) and 10 layers (bottom) cut at 287 mW power and a divisor of 50

Furthermore, different numbers of layers were tested for different power and divisor values
as well as different geometries, one of which was cutting holes by not moving the laser spot.
Active laser ablation was stopped after different long periods. Afterwards not only the time
or number of pulses leading to a hole through the thin section but also the size of the ablated
region could be measured.

3.2.4. Working distance

The laser spot should be focused on the sample surface. Since the mounted sample has a
certain height, this must be considered for the adjustment of the WD. It is determined by the
lens distance (LD) in the beam expander. As this distance is the controllable parameter during
operation, LD will be given in the following section.

For initial tests, lines with 250 um length were cut with 287 mW laser power, 100 passes and
a divisor of 100. The LD was varied between 10.1 and 9.1 mm (see Fig. 19). A distinctive kerf
was visible at an LD of 9.7 mm. As LD was further decreased, the kerf got narrower.
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Fig. 19. Optical micrograph with variation of the lens distance (LD) of the beam expander, 287 mW laser power, 100 passes,
divisor 100

Another method was to ablate holes similar to layer variation. In Fig. 20 the ablation pattern
of points in vertical arrangement with varying LD is shown. Every set of points was cut with a
power of 319 mW and a divisor of 250. The ablation time for every point was 20 s.
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Fig. 20. Optical micrograph of holes cut with different LD, power was 319 mW, divisor set to 250, ablation time of 20 s; a
second ablated hole at every position is visible.

The laser spot should have a round shape if the sample is at the focal position of the laser.
From the micrograph the distortion of the spot at different LD is visible. A second hole to the
left of the original laser position is evident in Fig. 20 and originates from a misalignment of the
lenses in the beam expander. After a correction of the misalignment a better laser spot was
achieved.
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3.3. Cutting of pillars

Samples for pillar compression were cut from 200 um thick sections of wood. Since the flat
punch indenter has a diameter of 200 um, a ring-shaped cavity with greater dimension had to
be cut. The laser geometry was a set of concentric circles with 10 um variation of diameter
each. Diameters from 260 to 60 pum for rough machining and 50 to 20 um for fine machining
were cut. Different laser parameters were used to cut eight sets on cross and tangential
sections respectively. Because of the cellular structure of wood, it is a matter of chance to get
a free-standing pillar as desired.

The testing of pillars with the G200 nanoindenter was not observable during the experiment,
because the instrument switches between indenter and microscope. The tested pillars were
imaged before and after the experiment in the SEM.

3.4. Tensile specimens

3.4.1. Processing with ultrashort laser pulses

For the cutting of tensile specimens wood sections were clamped in the same holder as for
the tensile testing module. The clamp was fixed on a vice for laser processing and the sample
height was measured for determination of the WD. On the first wood section different
parameter sets were tried. Before a second batch of samples was cut, the entry window of
the laser chamber was cleaned. After that the transmitted power was higher than before. A
new, more accurate parameter set was determined as shown in Table 2.

Table 2: Final parameter set for preparation of tensile specimens

Pulse Scan
Laser . Lens Scan . .
repetition . Divisor Power Layer repetition
wavelength distance | speed

rate rate

A f LD Vg D P L S

398/159
515 nm 50 kHz 7.8mm | 2mm/s | 25/40* W 3 4
m

*parameters after initial tests and after cleaning of the entry window

Number of passes or layer determines how often every single line is scanned before moving
to the next one. In contrast to that, the scan repetition rate S determines how often the whole
geometry is scanned. A scan speed v; of 2 mm/s and a divisor of 25 is equivalent to
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vs =1 mm/s and divisor of 50 in terms of laser pulses per scanned length. The big advantage
of higher scan speed is the decreased processing time.
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Fig. 21. Geometry for laser cutting of tensile specimens; the shaded region indicates the remaining material after cutting.

Fig. 21 shows the geometry for laser cutting imitated from the copper samples of Smolka et
al. [44]. A sequence of three lines, separated by 10 um, was scanned to increase the kerf. After
around one minute of laser cutting the surplus material fell down. The remaining material is
indicated as shaded regions in Fig. 21. After every cut-out the geometry was moved 685 um,
so that the remaining width of the free-standing tensile samples was about 70 um.

Fig. 22. Optical micrographs of tensile specimens on a cross section (a) and a tangential section of wood (b)
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Tensile samples were cut from cross sections in radial and tangential direction, as well as
perpendicular and parallel to the grains on tangential sections (see Fig. 22).

3.4.2. Tensile specimens produced by ion milling

Alternative to the laser processing, tensile specimens were produced with the E-3500 ion
milling system and a copper mask.

A thin section was placed onto the sample holder. A section with an array of six copper tensile
specimens was cut from the wafer. The side with the copper film was placed on top of the
wood section. Two clamps fixated the wood section with the mask (see Fig. 23). The sample
holder was fixed on the X-Y stage and placed under a light microscope. Here the sample could
be moved by the stage, so that the ion beam hit the desired region. After that the stage with
the sample was inserted into the ion milling system.

Fig. 23. Optical micrograph of the Cu-mask with already etched wood underneath

The used parameters for ion milling were 4 kV discharge voltage and 2 kV acceleration voltage.
The stage rocking was turned off and the discharge current was kept constant at 300 pA by
regulating the gas flow. The beam centre was placed between the dumbbell-shaped tensile
samples of the mask and moved after 30 min etching each. After about three hours the wood
was etched away. The mask could only be used once because the thickness of 20 um was also
eroded after the etching.
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Fig. 24. Optical micrograph of an array of six tensile samples after ion irradiation; the colour change at the edges is apparent
to the naked eye.

Fig. 24 is a micrograph of an array of six tensile specimens. The change in colour and the black
appearance at the edges indicate that the wood seems to have been carbonized during ion
irradiation. Not only at the edges but also in regions under the mask the wood is clearly
affected.

3.4.3. Performing tensile tests

The tensile specimens had similar geometry for laser processing and ion milling. One side was
clamped on the moveable stage of the fibre tensile apparatus. The free-standing heads of the
tensile samples could be gripped either by the piezo actuated tweezers or glued with CCC on
a fragment of a silicon wafer.

A problem with the actuated tweezers is the obstructed view on the sample. If the sample is
not at the exact height, the tweezer causes the tensile specimen to bend and fracture before
the experiment starts. The distinction of the sample height or gripper height can be found by
the focus position of the stereo microscope. Since one tweezer jaw remains at the same
position, the sample can be slowly approximated and then gripped. Unfortunately, the
gripping causes deformation of the underlying material and introduces a pre-stress on the
samples. After the experiment the gripped head sticks to the tweezer jaw because of
adhesion. It can be swiped away with an eyelash gripped with manual tweezers.
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For fixation with CCC the sample is approximated to a piece of silicon in the same way as for
the piezo tweezers. To fix the head of the sample a drop of CCC is placed right next to it with
a wire. After 20 to 30 min the CCC has hardened and the experiment can be performed. In this
arrangement the specimen is fully observable and a bending momentum can be avoided.
Another advantage is that both sample pieces can be retrieved whereas the sample head is

lost when using the piezo tweezers.

The tests were performed with a speed of 0.5 um/s. A camera mounted on the stereo
microscope automatically took pictures every five seconds.

3.5. Compression samples for the fibre module

3.5.1. Laser processing

The cutting of pillars as described in section 3.3. was time consuming with low output of
useable samples. Furthermore, the compression experiment could not be observed
simultaneously. Therefore, compression samples were cut from thin sections in the same
manner as tensile samples. Laser parameters were the same as described in Table 2 and the
cutting geometry is shown in Fig. 25. It was designed to get samples with 70 um width and an
aspect ratio of 2:1. The whole geometry was moved 870 um to the left to get two new

samples.

150 pm

350 um 85 pm 350 pm

Fig. 25. Cutting geometry for laser processing of compression samples; shaded regions indicate the remaining material.
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3.5.2. Compression tests with the fibre module

For final compression experiments the same apparatus as for tensile experiments was used.
The samples were clamped and fixed in the same way on the moveable stage. As an indenter
the shaft of a high-speed-steel drill with 0.5 mm diameter was used (Fig. 26). The experiment
was displacement controlled and the compression force was recorded. The maximum force is
limited by the pre-stress of the wire in the magnetic gap. Compression tests were carried out
with 1 um/s test speed.

Fig. 26. Optical micrograph of the indenter in the proximity of tested compression samples

32



4. Results and discussion

Various experiments on wood with different sample sizes have been performed in preceding
studies. For example, Futé investigated fracture behaviour of spruce wood under the light
microscope. Tensile tests of microtomed samples with 20 to 250 um thickness and 2 mm width
were performed in different directions [56]. For larger magnifications the SEM became a
widely-used instrument. It allows for a detailed analysis of the fracture surface as well as
performing in-situ experiments [3, 54, 57]. The machining of micrometre-sized samples is
vulnerable to damage and the obtained results are questionable, e.g. conventional machining
with blades leaves a deformed surface layer. It was already suggested in literature to use laser
ablation for removing this structurally damaged layer [58]. However, no such experiments
were found in literature. Single wood fibres can be mechanically isolated and are therefore
under intensive investigations [5, 6, 59, 60].

The conventional preparation techniques leave a gap in the range of tested sample sizes.
Either single wood fibres or specimens with only one dimension at the micrometre scale are
tested. The preparation of samples with ultrashort-pulsed laser ablation seems to close this
gap of not yet achieved sample dimensions.

4.1. Failure mechanism in tension described in literature

According to Coté and Hanna three types of cell fracture for longitudinal samples are
recognized (Fig. 27). First, intercell failure is the separation at the middle lamella. Second,
intrawall failure happens within the secondary cell wall, usually at the interface between S
and S;. Third, transwall fracture propagates across the cell wall [61].

Two cell walls

[ N Intercell failure

L
Intrawall failure
/

Transwall failure

Fig. 27. Schematics of the three different failure types in longitudinal direction according to Cété and Hanna [3]
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Dill-Langer et al. investigated the tensile fracture behaviour in-situ under a confocal laser
scanning microscope on cross sections. They found a difference for the failure mode in the
different loading directions. In radial loading direction a crack propagates through cell wall
rupture, whereas in tangential loading the tracheid fibres debond and the crack leaves a
smooth fracture surface. Fig. 28 shows the simplified model for a softwood cross section with
illustrated failure modes in the different loading directions. The softwood tracheids are
modelled as hollow tubes and resemble a brick wall structure. In radial loading direction, this
structure compels a crack on a jagged path leading to rupture of cell walls whereas the crack
can follow along a straight line between the cells in tangential loading. [62]

Radial loading Tangential loading
£ i 0-? T T T I‘ T 1 fiber wall
s 1L =R LV
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crack path
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b)

Fig. 28. Simplified morphological model of a softwood cross section and crack propagation for radial and tangential loading
[62]

4.2. Observed failure mechanism in tension

4.2.1. Loading in longitudinal direction

Fig. 29 shows a typical force displacement diagram for the tensile test of a longitudinal sample.
The small cell wall thickness, visible from axially cut cells on the thin section, indicates that the
sample originates from an earlywood region. It shows an almost completely linear behaviour
until a crack initiates (see Fig. 29b). Shortly after crack initiation the sample fails abruptly and
the force drops to zero. A crack is not always visible. However, every sample has a deviation
from the linear behaviour before the sample fractures.
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Fig. 29. Typical force displacement diagram of a longitudinal sample, the optical micrographs below are taken at the marked
points a-c; (a) specimen before any displacement is applied, the area of an intersecting wood ray is indicated by the dashed
line; (b) the onset of a crack is indicated by an arrow; (c) fractured specimen

The fracture surface is serrated and follows in large parts most probably the MFA. Another
weak point in longitudinal samples is the interface to wood rays, as can be seen in the example
in Fig. 29. Kifetew et al. performed tensile tests on green specimens compared to samples in
a dried and resoaked state. The most dominant failure mode in their study for dried/resoaked
specimens was transwall fracture [3]. Sippola and Friihmann performed in-situ tensile tests in
an environmental SEM. They observed crack propagation in longitudinal direction before
transverse cracking occurred. Local differences in material strength were identified as weak
spots. The dominant failure mode is intrawall fracture with occasional intercell failure. Ex-situ
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fracture experiments revealed identical fracture surfaces [57]. It seems that the drying process
has significant influence on the fracture behaviour.

Fig. 30. SEM micrograph of a fracture surface section of a longitudinal sample viewed in loading direction; the different cell
wall layers are indicated, the compound middle lamella (CML) consists of the primary wall and the middle lamella; crack
propagation in the S, layer was along the MFA and failed microfibril packages alternately.

Fig. 30 is a micrograph of a fracture surface section of a longitudinal sample in the SEM. The
fractured surface shows a serrated S, layer. The crack propagated along the direction of
microfibrils and alternately failed microfibril packages.

4.2.2. Loading in radial and tangential direction

In this study the same two different failure regions can be distinguished as described by Dill-
Langer et al. [62]. Most often the samples fracture through the cell wall. This seems reasonable
since the loading direction is in the weak direction of the S; layer. In Fig. 31 a fractured radial
sample is shown. Some microfibrils still stick to both fragments.
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Fig. 31. Optical micrograph of a fractured radial sample with microfibrils still connecting the two fragments

Fig. 32 shows a fracture piece of a radial sample viewed in the SEM with 1 kV acceleration
voltage. The sample fractured through the cell wall. In the bottom half of the image,
delamination of the middle lamella off both adjacent cells is visible. The S3 layer ruptured with
the rest of the cell wall and is still intact at the visible lumen area. The grainy appearance on

both sides of the sample originates from laser cutting.

Fig. 32. SEM micrograph of a fractured sample loaded in radial direction; (a) rupture of the cell walls, (b) still intact S layer
at the lumen area, (c) laser-processed surface, (d) delamination of the middle lamella

In contrast to that, some samples separated between the wood cells. This second failure mode
is called fibre debonding. Fig. 33 shows the force displacement diagram of a tangential sample.
The micrographs taken at different displacements are depicted below. The negative force at
the start of the experiment is a result of the clamping with the piezo tweezers. The material
of the sample head yields under the tweezer jaws, which can result in elastic deformation
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and/or bending of the sample. The first peak in the force displacement curve, marked with
(b), results from the breaking of a single cell wall. This is marked with a white arrow in Fig. 33b.
The major force drop corresponds to a separation at the middle lamella between four adjacent
cells (white arrow in Fig. 33c). With further displacement the cells are pulled apart, showing a
rhomboidal shape, before one connection breaks. With the remaining displacement the S3
layer of the remaining single cell wall is pulled off.

Force [mN]

180

Displacement [um]

Fig. 33. Force displacement diagram for a tensile test in tangential direction; the optical micrographs below show the
sample corresponding to loading stages a-d; (a) unloaded specimen; white arrow in (b) indicates cell wall rupture; white
arrow in (c) indicates fibre debonding; (d) rupture of the remaining connection
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One sample showed a combination of cell wall rupture and fibre debonding. In contrast to Dill-
Langer et al., most tangential samples in this study fractured through the cell wall and not
between cells. The reason for this might be the sample geometry. As seen in Fig. 28, the wood
cells resemble a brick wall structure. The small sample size in this study however leaves only
one to three cell walls in loading direction across the sample width. Cut cells have loose cell
walls at the edge of the sample, which cannot transfer the applied load. Fracture happens at
the weakest part of the sample, which are the single cell walls. Larger samples might fracture
more frequently by fibre debonding since the intact S; and Sz layers give the cells more
mechanical stability.

4.3. Quantitative analysis of tensile tests

In this section an estimation of the ultimate tensile strength of the samples is given. However,
with biological samples there is a large variation of the local strength of the material and
therefore the measured data. In literature variations are attributed among others to damage
that occurred during preparation with the microtome [3].

4.3.1. Error estimation

For the calculation of stresses, a few aspects should be taken into account. First, the
evaluation of measured force data requires a calibration of the tensile module. For this
purpose, two weights with 10 and 20 grams were lifted with the stage. With these two
measurements a linearity factor k between measured and true force was determined.
Nevertheless, a measurement uncertainty of 2 % should be taken into account.

Second, the resolution of the tensile module was determined by the variation of force value
with no sample attached. The variation was 0.046 mN, which is less than 1 % of measured
forces. The variation of displacement was 0.026 um, which is negligible for these experiments.

Third, for evaluation of maximum stress, the force value has to be related to the fractured
surface area. Measuring the area is difficult because of the cellular structure of wood. The
fractured surface is rough and the focus depth of the light microscope is insufficient, even with
multifocal recording. For the estimation of fracture area, the thickness of the fractured cell
walls is measured at the light microscope prior to tensile testing. Images were taken at a
magnification of 100. Therefore, a deviation of one pixel already means an error of 10 % for
the cell wall thickness and around 1 % for the thickness of the thin section. The area was
estimated as one or more rectangles with the thickness of the thin section times the thickness
of the ruptured cell wall (see Fig. 34).
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Finally, measurement uncertainty of the stress values adds up to 14 %. For more detailed
analysis, the samples have to be imaged in the SEM.

Fig. 34. Optical micrograph of a fracture surface of a radial sample viewed in loading direction; the dashed line indicates the
overall dimensions of the sample, whereas the highlighted areas mark the fractured cell walls determining the tensile
strength.

For an estimation of the elongation of samples, images taken during the experiment have to
be correlated with the force displacement curve to account for the machine compliance.

4.3.2. Tensile strength

It was not possible to measure the fractured cell wall cross section for longitudinal samples
because the experiments did not result in a flat fracture surface. However, the force could be
attributed to the overall dimensions of the samples. This calculation yields tensile strength of
83 + 29 MPa, which is comparable to literature [3, 63]. Tensile tests on single wood fibres
resulted in measured forces between 120 mN for earlywood to 367 mN for latewood fibres
[60]. Since the cross section of the samples in the current study contained on average four
earlywood cells, measured maximum forces of 319 to 646 mN seem to be reasonable.

Table 3 shows the tensile strength of cell walls from experiments on different sections. As
already mentioned, the calculated stress values have a large error margin. For sections 1, 2
and 4 the standard deviation and for section 3 the error margin of 14 % is shown. The low
value for section number 4 could be the result of damage during preparation. For samples on
a tangential section of wood with tangential loading direction, no stress values could be
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calculated since the cellular structure is only viewable on cross sections. However, the
maximum forces correlate well to samples on cross section number 3 in Table 3.

Table 3: Tensile strength of cell walls in transverse direction on different microtomed cross sections

Thin section | Loading direction Tensile strength Number of
[MPa] samples

1 radial 128 + 61 2

2 radial 103 + 22 4

3 tangential 74 + 10 1

4 tangential 17 + 4 4

4.3.3. Elongation

In longitudinal direction the fibres are aligned in loading direction and behave almost linearly
before fracture. Seven out of nine samples have a fracture strain of 10 to 15 %. Only two
samples on the same thin section exhibit a fracture strain of about 5 %.

For samples perpendicular to the cell axis the cellular characteristic of wood has distinctive
significance. The hollow fibres resemble a honeycomb. These samples exhibit smaller stiffness
in radial direction than in longitudinal direction by a factor of 4. The loading direction has
further influence on the strain. In radial direction, the cells are aligned in a row. This means
that the applied force is transferred from one cell wall to the next without deflection. In
contrast to that, the cell walls in tangential direction are not in line because of the brick wall
structure as seen in Fig. 28. Therefore, the applied forces introduce bending of the cell walls
perpendicular to the tangential loading. In summary, the displacement to failure depends
strongly on the geometry.

4.4. Beam damage

Irradiation with electrons in an SEM causes damage to wood samples as described in literature
[53, 54]. To evaluate this, two radial samples were exposed to an electron beam of 1 kV in the
SEM before testing. Another three samples on the same thin section had already been tested
for comparison. Both electron-irradiated samples fail earlier than the reference samples. The
failure mechanism in both exposed samples is fibre debonding (see Fig. 35).
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Fig. 35. Optical micrographs of a radial sample exposed to the electron beam in the SEM; (a) unloaded specimen; (b) failure
through fibre debonding

The fracture surface is not flat as would be the case for a tangential sample. This means that
the middle lamella might be significantly weakened by the electron beam. Fig. 36 compares
the calculated stress values for fibre debonding, which happened in two cases of radial and

tangential samples, and the exposed samples. The calculated stress of the beam-damaged
samples is significantly lower by a factor of 5.
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Fig. 36. Comparison of tensile strength of fibre debonding between samples, exposed and unexposed to electrons with 1 kV
in the SEM
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4.5. Comparison of fs-laser processing and ion milling

The FIB has already been used for preparation of wood pillars and bending beams [7-10]. It is
not an alternative because the processing time for samples with the size used in this study
would be several days due to the limited ablation rate. However, a possible preparation
method for samples in this size range is ion milling with a mask.

4.5.1. Surface quality

The thin sections already have a rough surface after being sliced with the microtome, revealed
by the SEM in Fig. 37. Cell walls are frayed and delaminated at the middle lamella. Surface
quality might improve with a sharper knife edge. Tokareva et al. investigated different sample
preparation techniques for performing secondary-ion mass spectroscopy on wood tissue.
They suggest disposable razor blades for sectioning and evaluate different drying methods to
get the best surface quality [64].

Fig. 37. SEM micrographs of the surface of thin sections after microtome cutting; (a) earlywood and (b) latewood

Sample surfaces after laser processing show a layer of grainy, maybe melted and re-solidified
cellulose (Fig. 38). The appearance in this study is almost identical to fs-processed surfaces of
other woods as found in literature [40].
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Fig. 38. SEM micrographs of a fs-laser processed surface; (a) next to the laser kerf the intact S layer with pits is visible, (b)
larger magnification of the laser incised surface

The samples after ion milling were clearly affected by the ion irradiation, even in regions under
the copper mask. This damage was visible to the naked eye in form of a gradual colour change
(see Fig. 24 in section 3.4.2.). The black appearance at the edge of the samples may relate to
carbonization. Further investigation in the SEM showed features on the surface, which look
like melted wood components, even under the mask (see Fig. 39 and Fig. 40).

LAV PO L TR LR R LI

Fig. 39. SEM images of radial samples prepared by ion milling; (a) an untested sample, (b) Sample head glued to a silicon
piece with CCC, (c) detail of (a) showing loosely connected wood cells, (d) detail of (b) showing maybe melted wood
components on the surface in a region shadowed by the copper mask during ion irradiation
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Fig. 40. SEM micrographs of tangential samples prepared by ion milling; (a) overview, (b) larger magnification of an
earlywood sample, (c) larger magnification of a latewood sample, (d) surface structure on the latewood sample

4.5.2. Mechanical behaviour

The tensile strength of samples prepared by ion milling was 22 + 3 MPa on four tests in radial
direction. The samples showed brittle behaviour and fracture strains were below 2 %. One

sample failed as the piezo tweezers gripped the sample head because of a slight misalignment
between sample and tweezers.

4.6. Compressive specimens

4.6.1. Pillar compression with the nanoindenter

Specimens for pillar compression were prepared on tangential and cross sections with 200 um
thickness. The pillars are a remaining cell wall with a more or less trapezoid shape. As already
mentioned, it is a matter of chance to get a free-standing pillar as desired. Therefore, only two

out of eight samples on the tangential section could be tested. SEM images after indentation
revealed a buckled specimen in the shape of a flat triangle (see Fig. 41).
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Fig. 41. Load displacement diagram and SEM images of a wood pillar on a tangential section of wood; (a) side view with the
diameter of the cut-out cavity indicated and the buckled pillar highlighted by a white arrow; (b) & (c) the same pillar before
and after testing in front view

Samples on cross sections could be tested more conveniently. However, due to the taper,
which cannot be avoided during laser processing, the pillars had no cylindrical shape.
Therefore, the force displacement curve could not be used to calculate the respective stress.
One common feature after testing was a flat top surface of the pillars, as shown in Fig. 42.
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Fig. 42. Load displacement diagram and SEM images of a tested pillar on a cross section of wood; in (b) the flattened top
surface is outlined.

4.6.2. Compression experiments with the fibre module

Testing problems related to a non-properly defined sample geometry as seen above were
solved by preparing compression samples similar to the previously tested tensile specimens.
Rectangular pillars with around 70 um width were cut into thin sections with a thickness of
60 um. The aspect ratio was 2:1. The shaft of a high-speed-steel drill was used as an indenter.
Displacement was controlled at 1 um/s deformation speed and the compressive force was
recorded. The experiments were observed via a stereomicroscope.

Longitudinal samples

The tested samples in longitudinal direction reached maximum forces between 45 and
207 mN before buckling happened. The force limitation due to the pre-stress of the force
measuring tungsten wire was not reached. Fig. 43 shows a typical force displacement diagram.
At maximum force the sample buckles and the force drops. During unloading, the sample
shows elastic recovery before sample and indenter separate.
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Fig. 43. Typical force displacement diagram of a longitudinal sample in compression; (a) and (b) are optical micrographs of
the sample before and after testing.

Samples on cross sections

Compression samples were also cut on cross sections in radial and tangential direction of the
trunk. Since the softwood tracheids are cut perpendicular to their axis, the cross section
resembles the cellular structure of a honeycomb. Compression tests on these samples confirm
the expected cellular behaviour. Fig. 44 shows the force displacement diagrams of four
samples tested in radial direction. Every sample has a linear increase in force at the beginning.
After the first cell walls collapse the force gets reduced until geometrical densification
increases the force again. This results in a more or less even plateau force. All radial samples
were located in the earlywood part of the wood section. In tangential direction two out of
seven samples were located in the latewood region.
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Fig. 44. Force displacement diagrams of four radial compression samples with typical cellular behaviour

The behaviour of cellular materials is strongly dependent on the geometrical density of the
honeycomb, as illustrated in Equation 4. Superscript * stands for the cellular material and
subscript S for the solid material. Any property P of a cellular material depends on the same

property of the solid material building up the cells and the relative density 2—* . The exponent
S

m lies between 1 and 3 and is dependent on the geometry, but not on the material or the
dimensions of the cell. [65]

For the elastic modulus and the elastic plateau stress of a regular honeycomb the exponent
m is 3. Fig. 45 illustrates the density-dependent behaviour of wood. One compression sample
in latewood and earlywood is shown respectively. The onsets of the plateau forces, which are
9 and 53 mN respectively, are indicated by dashed lines. Relative densities were estimated as
a ratio of cell wall thickness to sample width on a visualized line perpendicular to the loading
direction. Relative densities are calculated to be 0.314 and 0.174 for latewood and earlywood
respectively. The ratio of plateau forces is the same value as the cubed ratio of densities. This
represents elastic buckling of a cellular material.
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Fig. 45. Force displacement diagram of two tangential compression samples on a cross section; the dashed lines in the
diagram indicate the onset forces of cell wall collapses. (a)-(d) are optical micrographs of the tested samples; (a) & (b) show
the latewood sample, (c) & (d) the earlywood sample, before testing and at maximum displacement respectively; the lines in

(a) and (c) were used for density estimation.
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5. Summary

In this work the application of laser ablation with ultrashort pulses was tested on spruce wood.
Laser parameters were varied to find optimal parameters for fast cutting with good surface
quality. Tensile and compressive specimens were prepared from microtomed thin sections.
The samples in different directions were tested in-situ under a stereo microscope with a fibre
tensile module.

The received initial material were thin wood sections prepared with a microtome, which is a
standard technique for biological materials. The thickness of wood sections can be varied
between 50 and 200 um. The sections were stored in distilled water with sodium azide as
conservation agent. For laser processing the sections had to be dried. This was done at
ambient conditions between glass sheets. The thin sections were placed on a specimen stub
or clamped and fixed on a vice for laser processing.

Laser operation evaporates the irradiated material. The debris is partly carried away by the
vacuum pump and partly deposited in the laser chamber similar to a sputter-process. Residues
on the f-theta lens can reduce the laser power significantly. To find reproducible parameters,
it was found that a clean lens is essential. A slight misalignment of the lenses in the beam
expander led to a second ablated hole. After correction of the alighment, a better laser spot
was achieved.

Before use, the fibre tensile module had to be calibrated for correct detection of force and
displacement. The force measurement is based on an oscillating tungsten wire, which can
withstand a maximum force of 1 N. Since the wood sections are clamped on the same device
as for testing on the fibre tensile setup, handling of samples is easy and efficient. Sample heads
could be gripped by piezo actuated tweezers or glued with conductive carbon cement on a
silicon piece.

Tensile samples tested in longitudinal direction exhibit in most cases intrawall failure and in
one case transwall failure. The fracture surface is serrated with the crack path along the
microfibril angle and across microfibrils alternately and also along interfaces of wood rays. On
cross sections two failure modes for tensile tests are observed, cell wall rupture and fibre
debonding. Also in tangential samples cell wall rupture was the dominant failure mode, which
could be explained by the sample size and the brick wall structure of wood.

For the calculation of stress values, the cell wall dimensions have to be measured. Since the
fracture surface is not flat, fractured cross sections are estimated by measuring the cell wall
thickness from optical micrographs. The error margin adds up to 14 %.

Two samples were exposed to an electron beam at 1 kV acceleration voltage. Three other
samples on the same thin section had already been tested for comparison. The failure mode
in both electron-irradiated samples was fibre debonding. Tensile strength was only a fifth
compared to the same failure mode in unexposed samples.
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Compressive samples were tested with the same setup as for tensile specimens. Samples in
longitudinal direction buckled. The samples on cross sections showed the typical cellular
behaviour of a honeycomb under compressive loading. After linear elastic response, cell walls
collapse and the force remains at a plateau until geometrical densification leads to an increase
in force. Furthermore, the dependency on density was demonstrated.

Alternative preparation techniques for wood samples in micrometre dimensions are limited.
Single wood fibres can be mechanically isolated, but the mechanical response of interacting
fibres is lost. Microtoming reduces only one dimension of a sample. Another machining
technique in this size range, namely electrical discharge machining, is limited to conducting
materials and therefore not suitable for wood. Micro-milling is a precise machining technique,
but is expected to be too rough for a good surface quality and unaffected specimens. The FIB
has been used for preparation of pillars on the cell wall, but with larger sample dimensions,
the operation time would be days. An already tried preparation technique for non-conductive
foils is ion milling with a copper mask. This alternative route provided wood samples after
several hours of exposure to the ion beam in vacuum. However, this exposure has a negative
effect on the samples. A colour change from slight brown to even black is apparent to the
naked eye. Mechanical values are low and the samples showed brittle behaviour.

This work has shown that laser processing is a fast and efficient technique for the preparation
of wood samples for micromechanical testing. All dimensions can be set in the micrometre
range. The laser processing leads to a grainy surface at incised regions but has otherwise no
effect on the material. This surface layer is only one micrometre thick, which is negligibly small
compared to the thickness of the samples investigated in this study. Furthermore, this
preparation technique is not limited to wood but can be applied to foils of any material.
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Linearity factor
Conductive carbon cement
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Separation of laser spots
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