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towards using this for a novel approach for reinforcement and connection of structural timber. To gain
a basic understanding of the interaction processes, the optical properties as well as the different abla-
tion behavior of early and late wood are investigated and discussed. Based on these findings a hy-
pothesis is formulated that directly links the local cell density with the ablation behavior of wood.
Furthermore, deep drilling processes are successfully applied to structural timber despite inhomoge-
neities of the material. We show that the damaging effects of the laser drilling on the mechanical
properties of the realized screw connections is negligible.
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1. Introduction

Machining wood by means of laser radiation has a long
history. First attempts to cut wood with CO2-laser sources
were already carried out in the late sixties and early seventies
[1,2] and led to processes which are established in nowadays
industrial applications. Those include the furniture [3] and
packaging industry, precision mechanics and model making.
The advantages of processing wood by means of laser radi-
ation compared with conventional machining processes (e.g.
sawing, milling, knife planning and so on) are versatile. The
key benefits are: no force is exerted onto the workpiece,
there is no tool wear, unlimited complexity of the desired
form and the kerfs are narrow [1]. Furthermore, laser pro-
cesses are considering the current trend of individualizing
products and digitalization of industrial production lines [4].

Besides the cutting of wood with CO2-laser, a special
type of impregnation of wood with this laser sources were
investigated. Small holes or cuts are created in the wood to
increase the liquid uptake/infusion of the impregnation lig-
uid into the wood material [5-9].

Since the ablation of wood with a continuous wave (CW)
or quasi-CW CO2-laser is a thermal process [10], the ther-
mal degeneration of the material and the heat affected zone
must be considered for all applications. Due to the carboni-
zation of the machined surface, those processes can only be
applied for products where carbonized cutting edges are ir-
relevant or the carbonization is required for marking and en-
graving [3]. However, if carbonization has to be avoided for
optical or functional reasons, shorter pulsed laser sources are
necessary. Therefore, the use of nanosecond (ns) pulsed laser
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sources with various wavelengths was investigated for the
ablation of wood [11-13]. All applied ns-lasers sources can
successfully machine wood regardless of a wavelength de-
pendency being evident [12], nonetheless a degeneration
such as carbonization of the surface cannot be avoided com-
pletely [12,14]. Only ultrashort pulsed (USP) lasers sources
are capable of ablating wood with negligible heat input [14]
into the work piece. Therefore, no carbonization occurs [15]
and even the surface cell structures remain undamaged [16].
Likewise, micromechanical samples for tensile- and com-
pression strength tests were successfully machined by apply-
ing a USP laser source [17]. Accordingly, modern high
power USP laser systems can possibly be utilized to achieve
efficient processing on a macroscopic scale with negligible
thermal degradation of the material.

One of those new possible application is the drilling of
deep guide holes for long screws. The need arises from the
field of timber engineering where recently new approaches
emerged. Such approaches utilize long continuously
threaded self-tapping screws (STS) for reinforcements and
connection of glued laminated timber [18,19]. An example
of an application using self-tapping screws is shown at the
rigid frame connection in Fig. 1. The installation of the long
and very thin screws brings about challenges with regard to
the precise positioning inside the timber section. Due to the
fiber direction of the material or inhomogeneities such as
knots or cracks, the screws tend to stray from their desig-
nated axis. The increased deviations of longer screws can re-
sult in collisions within the wood or even exiting through the
wood surface, thus reducing the load bearing capacity of the
reinforcement or joint.
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Fig. 1 Rigid frame corner joined with self-tapping screws. (Dimen-
sions in cm) [18]

The existence of a guide hole with a diameter close to
the core diameter of the screw significantly improves the
precise positioning of long self-tapping screws. Neverthe-
less, a conventional mechanical drilling leads to similar de-
viations as the thin drill behaves similar to the screws itself.
Thus, pre-drilling holes by means of laser radiation shows
promise as an innovative method to produce straight guide
holes [20].

The topic of this paper is the investigations on machining
wood using a high power USP-laser source. Firstly, a report
is drawn up covering the fundamental investigations of the
optical characteristics of wood, as well as the USP ablation
of wood. Afterwards, the initial results are presented, which
demonstrate how the full potential of a high power USP laser
source can be applied to the deep drilling of structural timber
(with slight thermal degeneration being tolerated). Moreover,
a pullout test is used to investigate the influence of the laser
pre-drilled borehole and the heat affected zone on the me-
chanical strength of the screw connection”.

2. The material wood and glulam

Wood is an inhomogeneous, naturally growing material,
which is highly anisotropic and porous. Therefore, all prop-
erties of this material are subject to strong variations and de-
pendent on numerous influences. The physical properties
such as mechanical strength and optical properties are
mainly characterized by the macro- and microstructure of
wood, yet they also depend on the chemical composition. In
the commercial field, wood is distinguished between hard-
wood and softwood which are obtained from angiosperms
and gymnosperms from a botanical point of view, respec-
tively [21]. Within this work only spruce wood is processed
which belongs to the softwoods. In temperate climate zones,
wood cell production of trees changes seasonal and annual
rings with different cell densities are formed [21]. Micro-
structural, softwood consists of up to 90 - 95 % of tracheid
cells [21,22] which are elongated cells along the growth di-
rection and are also called fibers [21]. Due to the cell geom-
etry tracheid cells have a light conducting property in the
longitudinal direction which is called “tracheid-effect” [23].
From a chemical point of view, these structures consist to 40
— 50 % of cellulose, 25 — 35 % of hemicellulose,18 — 35 %
of lignin and 4 — 10 % of inorganic minerals [24]. Cellulose,
hemicellulose and lignin are bio polymers. Because of these
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bio polymers, the melting of laser treated wood surfaces is
possible [10,15].

Having these macro- and microscopic structures in mind,
it becomes more evident that the properties of wood are sub-
ject to strong statistical fluctuations. Therefore, the reported
irregularity of wood ablation can be attributed to the wood
structure itself. Its fluctuating density originates from the fi-
ber structure and growth ring structure with alternating early
and late wood [10]. This density difference between early
and late wood was derived by Eder et al. [25] for a Norway
spruce and amounts approximately to a factor of 5. Thus, re-
producible laser processing of wood becomes a very chal-
lenging task. Furthermore, the anisotropy of the material
properties such as the thermal behavior due to the fiber struc-
ture may influence the laser material interaction. However,
the thermal conductivity of spruce wood parallel to the fiber
direction is approximately factor two higher as perpendicu-
lar to the fiber, which is a low anisotropy factor compared to
other fiber based materials. For example unidirectional car-
bon-fiber-reinforced polymers have a anisotropy factor of
over 100 [26].

In order to reduce the fluctuations and improve specific
properties, many wood-based materials such as glued lami-
nated timber (glulam) have been developed. Glulam consists
of multiple lamellas of wood, which are glued fiber parallel
with each other. Thus, the strength of glulam can be in-
creased up to 10 % compared to the raw wood and fluctua-
tion of properties is decreased significantly [22]. In this work,
glulam according to DIN EN 14080:2013 [27] with strength
class GL24h, an average gross density of the lamellas of
425 kg/m*, a melamine based gluing and a lamella thickness
of 30 mm, is utilized for the experiments.

3. Fundamental investigation of wood laser ablation

In order to gain a deeper insight of the interaction be-
tween ultrashort pulses and wood, fundamental investiga-
tions are carried out. Firstly, a detailed analysis of the optical
characteristics of timber is conducted for the applied wave-
length of the USP-laser. Secondly, the ablation behaviour of
timber is investigated by creating cavities on the surface
with varied process parameters.

3.1 Experimental setup and procedure

The optical characteristics are studied with an
UV/Vis/NIR spectrophotometer LAMBDA 1050+ by Perki-
nElmer. Measurements are performed for the two main com-
ponents of timber cellulose and lignin, separated early and
late wood and glulam itself.

The fundamental ablation experiments in this work are
carried out with an Amphos 400 ultrashort pulsed high
power laser system. The emitted laser radiation is focused
with an f-theta objective “JENar™ 160-1030...1080-110”
from JENOPTIK Optical Systems GmbH with a focal length
of 160 mm. For the beam deflection an excelliSCAN 14
from Scanlab GmbH is utilized. The spot diameter on the
sample surface is 2wy = 60 pm (1/e?). The laser system is
capable of emitting pulses with variable pulse durations be-
tween T = 2 — 20 ps at a central wavelength of A = 1030 nm.
In this work, the pulse duration for all investigations is set to
the shortest value of T =2 ps. The repetition rate is adjusta-
ble between fi.p = 0.4 — 40 MHz with an average power of
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P =340 W. Lower repetition rates are obtained by an inte-
grated pulse picker unit. The achieved ablation volume and
surface morphology is evaluated with a digital microscope
(Keyence VHX-6000).

3.2 Optical characteristics of timber

In general, wood possesses an absorption spectrum
which is similar to water with high absorptance (A = 90 %)
for UV- and IR-radiation and a minimum at a wavelength of
about 1 um [12,28]. Depending on the wood type, the ab-
sorptance at this wavelength is typically in the range be-
tween 10 — 20% [28,29]. For this reason, most of the wood
processing with laser radiation was done with CO»-lasers in
the past. However, ultrafast laser systems which are typi-
cally used for material processing have a wavelength of
1 pm. Therefore, only a small fraction of the pulse energy Ep
will be coupled into the material, omitting non-linear effects.
On the other hand, the aforementioned “tracheid-effect”
might enhance the coupling of the pulse energy into the
wood if the incoming beam is parallel to the tracheid fibers.
Therefore, the tracheid effect could be beneficial for the
deep drilling of timber. For very high intensities also non-
linear effects like multi-photon ionization can lead to plasma
generation and to an increased absorptance in wood eventu-
ally.
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Fig. 2 Overview of the reflectance and optical penetration depth (of
different components) of timber for A=1030 nm.

In Fig. 2, the reflectance and penetration depth of the two
main components of wood and early and late wood for dif-
ferent orientations of the tracheid fibers are shown. The re-
flectance is measured directly via the spectrophotometer,
while the penetration depth is calculated with the Lambert-
Beer law by measured transmission values for samples of

different thickness by & = —d - in™" (X22), with the optical
0

penetration depth §, sample thickness d and the correspond-
ing intensities I. The calculations are carried out for multiple
samples and averaged whereas the standard deviation is rep-
resented by the error bars. Most measurements are per-
formed on multiple samples to obtain an estimation for the
variance of the acquired values because of the naturally pre-
sent strong variations of material parameters. Cellulose has
a reflectance similar to the reflectance of timber perpendic-
ular to the fiber direction with a value close to 90%. Lignin,
on the other hand, possesses a reflectance of 43.1%, making
it the component with the lowest reflectance. Both of the iso-
lated components also display a small penetration depth
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compared to the investigated timber material. The transmit-
tance of light in wood is therefore a consequence of the wood
structure. Late and early wood illuminated perpendicular to
the fiber direction both exhibit a similar reflectance close to
90% and a penetration depth slightly below 1 mm. The
measured values for early wood along the fiber direction
(measurements of solely late wood were not possible due to
the low late wood thickness) show a significantly lower re-
flectance (R = 70 %) with a higher penetration depth in the
range of ~2 mm. In glulam, the presence of small late wood
layers probably slightly increases the reflectance and de-
creases the penetration depth.
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Fig. 3 Measured reflectance of each sample plotted as a function of
its thicknesses perpendicular to the fiber direction for early wood
for A=1030 nm.

The reflectance as a function of thickness, measured per-
pendicular to the fibers, shows an unexpected behaviour as
shown in Fig. 3. For thicknesses up to 3 mm, the reflectance
seems to increase with an increasing thickness. The reflec-
tance for the samples perpendicular to the fiber direction
shows an increase of reflectance with increasing sample
thickness. One explanation is the back scattering of light
from deeper layers of the sample. In this case, a portion of
the reflected light first enters the material, is reflected inside
the material and finally escapes again. The reflection pre-
sumably occurs at the walls of the tracheid cells.

3.3 Experimental ablation results and discussion

First of all, the ablation efficiency and ablation rate of
glulam was investigated. For this purpose, cavities of the
size of 3 x 10 mm? were ablated on the wood. All glulam
ablation processes are carried out on samples where the
wood fibers are oriented 90° to the surface normal (wood
fiber angle). The used process parameter listed in Table 1 are
2E,

),

T Wg
which is called single pulse fluence in the following, was
varied. The number of passes was adapted to keep deposited
energy constant. For the structuring process, a scanning
strategy, with overlapping scan lines, is applied whereby the
lines are scanned bidirectional and the planes (number of
passes n) are alternately rotated by 90 degrees. The pulse
overlap at constant repetition rate fr, is defined by the scan
velocity vs. The line overlap is set via the line pitch Ay.

Table 1 Summary of the used parameter set for the ablation effi-
ciency study of glulam

kept constant. Only the single pulse peak fluence (F, =
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process parameter value
wavelength A 1030 nm
focus diameter 2w0 60 um
pulse duration t 2 ps
scan speed vs 0.3 m/s
line pitch Ay 30 um
repetition rate frep 10 kHz

single pulse fluence Fy
number of passes n
wood fiber angle

approx. 1 — 55 J/cm?
76 - 1
90°

The ablated cavities are measured with the aforemen-
tioned VHX-6000. Due to the pronounced annual ring struc-
ture of the spruce wood used for the glulam, different abla-
tion depths for early and late wood are observed (compare
Fig. 4). A smooth transition between early wood (spring
wood) and late wood (summer wood) can be measured in
growth direction whereas the transition from late to early
wood is steep. This corresponds remarkably with the gradual
decrease of the cell size within an annual ring measured by
Eder et al. [25]. The ablation depth for determination of the
ablation efficiency and ablation rate is measured at the low-
est point of the early wood and the highest point of the late
wood ablation.
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Fig. 4 Example of an ablated cavity on glulam surface. The differ-
ent ablation due to the annual rings is visible.

The derived ablation efficiency is shown in Fig. 5 and
the corresponding ablation rate is shown in Fig. 6. Due to
the inhomogeneity of wood, the standard deviation of the
present sample of measurements is up to 100 % for single
measuring points. However, for the ablation efficiency a
trend can be recognized. After the maximum of approx.
20.6 mm?*/minW for early wood is reached for 5 J/cm?, the
efficiency decreases. For the ablation efficiency of late wood,
no clearly identifiable maximum occurs due to high fluctua-
tion of the values. The corresponding efficiency of late wood
for 5J/cm? is 4.7 mm*/minW. In between the measuring
points for 32 and 34 J/cm? an offset to higher efficiencies is
visible. This can be attributed to a change of the samples.
For the ablation rate, on the other hand side, an almost linear
progression up to 18 J/cm? can be recognized. Above this
fluence a slight weakening in the course could be evident,
which suggests shielding through increased ablation prod-
ucts. Similar to the ablation efficiency the change of samples
is reflected by an offset in the measured values. The differ-
ence between early wood and late wood in its ablation be-
havior differs on average by a factor of 4.7. This corresponds
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well with the difference in density of early and late wood
with a factor of approximately 5 derived by Edler et al. [25].
This indicates a direct relationship between the ablation be-
havior and the local density or the cell density of wood.
Therefore, the reached ablation rates for the low density
early wood are higher than the corresponding values for late
wood with greater density.

For all measurements shown in Fig. 5 and Fig. 6 with
exception of the ablation with the highest fluence, no discol-
oration of the surface and, according to this, no carboniza-
tion occurs. Therefore, an ablation rate improvement by in-
creasing the fluence disregarding the efficiency with nearly
constant surface quality seems possible within certain limits.
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Fig. 5 Ablation efficiency of glulam (spruce wood) as a function of
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Fig. 6 Ablation rate of glulam (spruce wood) as a function of the
single pulse fluence.

For a further comparison of the early and late wood ab-
lation behavior the ablation threshold was determined. Due
to the rough wood surface (cf. Fig. 4), no direct method for
the determination of the ablation threshold such as intro-
duced by Liu [30] could be applied. Instead, the effective
energy penetration depth and ablation threshold fluence was
determined via a fit method of the ablation efficiency. For
this method the theoretical dependence of the ablation effi-

ciency is descripted by € = 10812 (i) [31,32] based on
2 Fo Ftn

an USP ablation model by Nolte et al. [33]. Where ¢ is the

ablation efficiency, o the energy penetration depth, Fy the

single pulse fluence and Fy, the threshold fluence for ablation.

A detailed derivation of this formula can be found elsewhere
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[34]. For the following fits (Fig. 7) only the data of the meas-
urement series carried out on the same sample is used.
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Fig. 7 Fit for the ablation efficiency of early and late wood for glu-

lam (spruce wood) with derived energy penetration depth and ab-

lation threshold.

From these fits the ablation threshold and energy pene-
tration depth is derived to Fipeary = 0.69 J/em? and
dearty = 8.85 um  for early and Fipjae = 0.54 JJem? and
diaie = 1.61 pm for late wood. According to these values the
threshold fluence for which an ablation of the wood surface
becomes evident is similar for early and late wood. There-
fore, the different ablation efficiency is attributable to the
different energy penetration depth, which differ similar to
the ablation rate by a factor of 5.5. This leads to the hypoth-
esis that the ablation of early and late wood is a similar pro-
cess and depends in first order on the difference in the den-
sity of cells. In other words, the ablation processes within
the same type of wood yields a constant mass ablation rate
but due to the different density caused by the wood structure
the volume ablation rate varies.

The energy penetration depths derived from the fits are
two orders of magnitude below the measured optical pene-
tration depths for the UV-VIS measurement shown in Fig. 3.
Considering only linear absorption and no additional energy
transport the values should match. The observed difference
may be due to non-linear absorption effects within the USP
ablation process or the values are not comparable due to not
fully understood optical properties of the biological material
(e.g. tracheid effect). Considering the difference in intensity
in the order of magnitudes of the applied light for the UV-
VIS measurement and the focused ultrashort pulsed laser the
occurrence of non-linear absorption effects is expected. Fur-
thermore, the light guiding effects of the cell structure will
presumably be disturbed during the ablation process which
enhances a surface-near energy deposition. Because of these
effects the values cannot be compared directly.

Since wood is a thermally sensitive material and tends to
carbonize and oxidize, the first experiments are carried out
with a repetition rate of 10 kHz. Because of the low repeti-
tion rate, carbonization is only observed for very high single
pulse fluences. In the following, the possibility of increasing
the productivity by scaling the repetition rate is investigated.
The repetition rate is varied between 10 to 400 kHz and the
scan speed is adapted to achieve a constant pulse overlap of
50 % of the focus diameter. The single pulse fluence was set
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to 5J/cm? where the maximum ablation efficiency is
achieved (cf. Fig. 5). An overview of all used process pa-
rameters is shown in Table 2.

Table 2 Summary of the used parameter set for the ablation rate
scaling via the repetition rate.

process parameter value
wavelength A 1030 nm

focus diameter 2w0 60 um

pulse duration t 2 ps

scan speed vs 0.3 - 12m/s
line pitch Ay 30 um
repetition rate fr, 10 - 400 kHz
single pulse fluence Fo approx. 5 J/em?
number of passes n 15

wood fiber angle 90°

Analogous to the previous evaluation the ablation effi-
ciency and ablation rate is determined separately for early
and late wood and is visualized in Fig. 8 as a function of the
repetition rate. The ablation efficiency remains constant for
all investigated repetition rates within the scope of the meas-
uring accuracy. According to the course of the efficiency an
almost linear behavior is observed for the ablation rate due
to the higher repetition rate as also seen in the lower graph
in Fig. 8. This results in a maximum ablation rate of
630 mm?*/min for early and 107 mm?*/min for late wood uti-
lizing a repetition rate of 400 kHz. This is an increase of a
factor 43.6 and 40.9 compared to the process with 10 kHz,
respectively. Based on these results, no significant inter
pulse interactions as heat accumulation or shielding effects
are present. A possible explanation is that the shielding effect
is not yet pronounced enough due to the low repetition rates.
Heat accumulation, on the other hand, has probably not
started within the measurement series because no significant
deviation from the linear increase of the ablation rate oc-
curred. Furthermore, no visible thermal degeneration of the
processed area is evident. Therefore, the anisotropy of the
thermal properties -0.22 — 0.33 W/mK parallel to the fiber
and 0.09 —0.12 W/mK perpendicular to the fiber [22]- of a
factor 2 in turn has no significant influence either.

For a qualitative evaluation the microscopic image of the
processed surface is shown in Fig. 9. No discoloration and
carbonization is visible on the processed surface. Further-
more, no significant difference of the surface morphology
becomes evident for increasing repetition rates. Therefore,
an increase of the productivity of wood structuring processes
via repetition rate scaling is a promising approach. The lim-
its for this approach have yet to be determined.
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Fig. 9 Microscope image of the structuring series on spruce wood
with increasing repetition rate. No discoloration or carbonation is

visible.

4. Deep drilling glulam

Based on the above findings on the USP ablation of
spruce wood deep drilling processes are designed for glulam.
In the following, a short overview of the ongoing research is
presented.

4.1 Experimental setup and procedure

The USP deep drilling experiments in this work are car-
ried out with same Amphos 400 high power laser source as
described in section 3.1. The scanner system from Scanlab
GmbH was also utilized for beam deflection. Since holes
with a diameter of about 5 mm (approx. core diameter of an
8 mm STS) should be created in samples with up to 300 mm
thickness, the optical setup is adapted to be able to shift the
focal plane into the hole. This is only possible without sig-
nificant clipping at the borehole entrance if the deflection
angle of the beam is higher than the divergence angle of the
convergent beam, see Fig. 10. If this condition is not fulfilled,
a fraction of the convergent beam is shielded at the borehole
entry. Therefore, a plan convex lens with a focal length of
500 mm is positioned before the scanner. With a raw beam
diameter of about 5 mm, the above mentioned condition is
fulfilled with this optical setup underneath the scanner. The
existing imaging error due to the missing plane field optic
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can be neglected because of the small deflection angles. Ad-
ditionally, this results in a fluence close to the optimum flu-
ence for the maximum pulse energy of the laser source,
which increases the ablation rate at a given repetition rate.
laser beam

galvo mirror

' focussing lens
divergence angle r\\

deflection angle

Fig. 10 Schematic illustration of the drilling optics design for the
beam tilt with a plan convex lens (f = 500 mm) installed in front of
the scanner mirrors.

The evaluation of the drilled holes is performed by the
creation of a longitudinal section of the glulam sample. This
allows the measuring of the local borehole diameter and the
evaluation of the carbonization of the borehole wall.

4.2 Experimental results and discussion

For all investigated deep drilling processes the parameter
set in Table 3 is used. Due to the other focusing optic the
focus diameter has changed to 180 um and the fluence is set
to 6.7 J/em?. Thus, the fluence is in the regime of the maxi-
mum ablation efficiency of the preliminary ablation tests and
the maximum pulse energy (850 pJ) of the laser system is
put into effect. For the scanning strategy spiral scan paths
with a spiral pitch Ar of 100 pm and the desired outer diam-
eter are generated. Each spiral is rotated with respect to the
previous one to obtain an equally ablated borehole area. The
repetition rate is set to 50 kHz since it is desirable to choose
it as high as possible for a productive process but due to the
hot ablation products within the deep borehole with rates
above 50 kHz incineration took place. For 50 kHz still a car-
bonization of the borehole wall happens which results in a
widening of the borehole diameter. However, to minimize
the oxidation, the borehole entry is exposed to nitrogen to
keep the oxygen in the atmosphere away from the ablation
zone. In order to maintain the focus of the beam at the bot-
tom of the borehole a feed speed v, was adjusted via param-
eter studies. Because of a high Rayleigh length (~ 24 mm),
deviations between focal plane and borehole ground have
only a minor effect on the ablation rate. Furthermore, the
drilling process must be periodically paused otherwise the
process will eventually come to a standstill at some point.
This presumably results from the increasing interaction of
the laser beam with the ablation products within the borehole
since it becomes more evident with advancing depth. For
this purpose a step width of 5 mm and a subsequent pause of
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approximately 5 s has proven sufficient to clear the bore hole
from most of the ablation products.

Table 3 Summary of the used parameter set for the deep drilling
processes.

process parameter value
wavelength A 1030 nm

focus diameter 2w0 180 um

pulse duration t 2 ps

scan speed vs S m/s

spiral pitch Ar 100 um

offset angle 108°

repetition rate frp 50 kHz

single pulse fluence Fo approx. 6.7 J/em?
feed speed v, 0.3 -1 mm/s

wood fiber angle 0°; 30°; 60°; 90°

For the deep drilling experiments glulam samples with
varied thickness and four fiber angels 0°, 30°, 60° and 90°
are used. The achievable feed speed and therefore the pro-
cess time varied with the fiber angle. For a 90° fiber direc-
tion the slowest feed speed is necessary and thus these pro-
cesses will take the most time. The feed speed can be scaled
linear to the fiber direction up to a maximum speed of
1 mm/s for 0° fiber angle. Furthermore, the achieved outer
diameter varies within the borehole due to the inhomogene-
ities of the material. This must be taken into account while
designing a deep drilling process. However, for all fiber di-
rections 160 mm thick glulam is successfully drilled through
with a maximum local diameter of 5 mm. Furthermore, as
shown in Fig. 11, even knotholes and changes of the early-
late wood density within the glulam can be compensated by
a suitable process design.

Fig. 11 Cross section of a sample for USP deep drilling with knot-
hole within 120 mm thick glulam. The carbonized borehole wall
and the density changes in the lamellas are visible.

4.3 Mechanical tests
The effect of USP laser pre-drilling on the displacement
of the STS is evaluated by measuring the offset of the exit of
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single screws inserted in glulam samples of different lengths
with respect to their designated axes. Hereby, the screws in-
serted without pre-drilling show deviations of up to 7 mm
for an embedding length of 120 mm. These deviations in-
crease with higher embedding lengths. The screws inserted
in pre-drilled holes follows the axis and no deviations occurs,
as long as the pre-drilling is conducted through the whole
length of the samples.

Furthermore, the load-bearing behavior of single screws
in laser pre-drilled guide holes is evaluated on the basis of
the characteristic of the load displacement curve and the
withdrawal resistance determined by pull-out tests. The re-
sults are compared to the results of not pre-drilled screw con-
nections. Fig. 12 shows the load-displacement-curves for
screws with a diameter of 8mm, inserted parallel to the fiber
direction (o = 0°), with an embedding length of 120mm.

16000
—— laser pre-drilled #1
laser pre-drilled #2
laser pre-drilled #3
——- not pre-drilled #1
——= not pre-drilled #2

=== not pre-drilled #3

14000
12000 1
10000 1

8000 1

load [N]

6000 -

4000 -

2000 4

10
displacement [mm]

Fig. 12 Load-displacement-curve for 120 mm glulam (fiber an-
gle 0°, self-tapping screws with d = 8 mm).

In general, the screws show a similar load bearing char-
acteristic. Only the range beyond the maximum shows a
steeper drop, which indicates a changed friction behavior of
the laser pre-drilled screw connections.

When comparing the mean withdrawal resistances there
is no negative effect derived from heat affected zones by the
laser treatment visible. The mean withdrawal resistance is
not significantly different from the screw connections with-
out pre-drilling.

5. Conclusion

Deep drilling of wood has been investigated towards the
use for pre-drilling of connection screws in rigid timber
wood constructions.

The optical properties of glulam, cellulose and lignin
were investigated via UV-VIS measurements. The results
show that the ablation process is most likely initiated by ab-
sorption within lignin between the wood fibers. Furthermore,
a drop in reflectance and increase of optical penetration
depth was measured for a change of the fiber direction of the
sample from perpendicular to parallel to the incident light.
This can be attributed to the reported tracheid effect in which
the cells act as light guides [23]. Additionally, an increase of
the reflectance perpendicular to the fiber was measured with
increasing sample thickness which is attributed to a back
scattering of light at cell walls from deeper layers of the sam-
ple.
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The fundamental ablation experiments show a different
ablation behavior for early and late wood. By average this
ratio yields 4.7 for the ablation rates. A sawtooth-like struc-
ture was observed in profiles of the processed samples due
to the alternating annual rings. The ablation threshold for
both types of wood are similar but the penetration depth dif-
fers by a factor 5.5. As this corresponds to the difference in
density, we assume that the ablation of early and late wood
is a similar process and depends in first order on the differ-
ence in the density of cells. In other words, the ablation pro-
cesses within the same type of wood yields a constant mass
ablation rate but due to the different density caused by the
wood structure the volume ablation rate varies.

Those findings were converted into a deep drilling pro-
cess for glulam. Deep drilling of structural timber with
160 mm thickness despite the random occurrence of knot-
holes and changing early late wood density was successfully
carried out. No displacement occurred for the laser drilled
boreholes. A carbonization of the borehole wall cannot be
prevented although nitrogen is applied to the borehole entry.
This is attributed to the hot ablation products within the
borehole. To examine the influence of the heat affected zone
and carbonization because of the laser pre-drilling, pull out
test were performed. The load displacement behavior shows
no difference in the maximum resistance compared with not
pre-drilled screw connections. This indicates that the mate-
rial damage by laser deep drilling with USP laser radiation
has no negative effects on the mechanical connections real-
ized.

In further investigations the USP laser ablation and deep
drilling will be compared to utilization of other lasers
sources in terms of efficiency, productivity, processing qual-
ity and influence on mechanical properties. Furthermore, the
ablation products and the ablation surface of the USP pro-
cessed spruce wood will be evaluated on a cellular and ele-
mentary level and compared to the ablation of other soft and
hard woods.
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