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Abstract

Remote-laser beam cutting is a productive technology without tool wear. Es-
pecially when cutting carbon fiber reinforced polymers (CFRP), it offers con-
stant manufacturing quality. Since it is a thermal process, a heat-affected zone
(HAZ) is formed at the edge of the cut. Based on quasi-static and cyclic me-
chanical tests on open-hole specimens, the influence of the process on the
mechanical properties of CFRP is shown. The quasi-static tests are in good
correlation with results from other researchers by indicating an increase in
the maximum tensile stress of the test specimens, cut by remote-laser. The
reason is the rearrangement of the shear stresses and a reduction of the notch
stress concentration. However, the results of the present study show that ex-
cessive expansion of the HAZ leads to a reduction in the maximum tensile
stress compared to milled test specimens. Under cyclic load conditions, re-
mote-laser beam cutting does not lead to a more pronounced degradation
than milling. The mechanical properties of the notched test pieces are sensi-
tive to the expansion of the HAZ. For the production of components it is
therefore necessary that the remote-laser beam cutting is carried out under
controlled and documentable conditions. For this purpose, process thermo-
graphy was tested as a tool for quality assurance. The results show that the
technology is basically suitable for this task.
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1. Introduction

Remote-laser beam cutting is a contactless and force-free process. This is an ad-
vantage when processing CFRP, with its hard and abrasive fibers. There is no
tool wear, which results in a constant and high quality of the cut edges. Com-
pared to gas-assisted laser beam cutting, higher cutting edge qualities can be
produced. Concretely, this means that a smaller expansion of the HAZ at the
edge of the cut can be achieved. The reason for this is the material removal by
repeated laser exposures of the cutting contour at very high spot velocities. This
ensures a short interaction time between the material and the laser radiation,
which reduces the expansion of the HAZ [1].

Various publications have shown that compared to mechanical processing la-
ser beam cutting of CFRP and the presence of a HAZ reduces its quasi-static
strength [2] [3] [4]. Also, the fatigue strength decreases slightly in the presence
of an HAZ compared to mechanical processing methods [2]. However, it is re-
markable that with increasing HAZ the scatter of the number of load cycles en-
dured decreases [5]. Zaeh, Byrne and Stock were able to show that the presence
of laser cut notches in the form of holes can be advantageous [6]. Within the
process window they investigated, the mean number of load cycles endured in-
creased with increasing width of the HAZ. The reason is the local redistribution
of shear stresses due to the evaporation of the matrix at the cut edge. This results
in a reduction of the notch stress concentration of the tensile stresses in the fi-
bers aligned in the direction of loading [6] [7].

The current state of research shows that laser beam cutting has an influence
on the mechanical properties of CFRP components. The reason is the formation
of an HAZ, which expansion depends on the laser cutting parameters [8]. The
adjustment of the laser cutting parameters can in turn influence the mechanical
properties.

The aim of this study therefore is to close the link between laser cutting para-
meters, HAZ expansion and the resulting mechanical properties for the processing
with continuous emitting high brilliant beam sources. The dependence of the me-
chanical material properties on the cutting parameters laser power and spot veloc-
ity shows the necessity of process control. The present work therefore addresses
two approaches to apply thermography as process monitoring tool.

The determination of the expansion of the thermal damage at the edge of the
cut was carried out by analyzing a large number of cutting tests with varying
cutting parameters accompanied by microscopic cross-sectional images, allow-
ing establishing a direct correlation between process parameters and HAZ ex-
pansion. For the mechanical tests, open-hole specimens were used to further in-
vestigate the beneficial effects of laser beam cutting on notched components.
This could actually be reproduced under quasistatic load conditions. Beyond
that, it was shown that the use of laser cutting parameters, which lead to a pro-
nounced thermal damage at the cutting edge, however, reverses this positive ef-

fect. No adverse effects on the CFRP have been observed also under cyclic load
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conditions with suitable processing parameters.

2. Material and Methods

The examined CFRP was made from prepregs and consolidated in a press. The
prepregs are of the type Sigrapreg C U150-0/NF-340/38% and the pressure was
39.2 N/cm?®. The curing cycle started at room temperature with heating up to
110°C within 3 h. Subsequently, re-cooling took place within 13 h. The fibers
are of the type Toray T700 with a filament number of 12 K. The bidirectional
layup sequence of the CFRP is [0/90)s],, resulting in a thickness of 1.9 mm. The
fiber volume content of 54% was measured by a wet-chemical determination
according to DIN EN ISO 1183-1. The type of matrix polymer is an epoxy.

For the quasi-static and cyclic mechanical testing of the CFRP open-hole spe-
cimens, a servo-hydraulic testing device Instron 8501 was used together with a
100 kN load cell. The testing speed for the quasi-static tests was 2 mm/min. The
cyclic fatigue of the specimens was performed with a pulsating stress ratio of R =
0.1 and a frequency of 10 Hz. Using a thermographic camera of the type InfraTec
ImagelR 8300, it was shown for all stress horizons that the surface temperature of
the test specimens remains significantly below the glass transition temperature of
Tg = 140°C for this frequency. The tests were carried out in the high cycle fatigue
range, which is why the number of load cycles is limited to 10°. The geometry of
the test specimen in accordance with the standard ASTM D-7566/D-5766M-11 is
shown in Figure 1. The strain detection was realized by a tactile dynamic exten-
someter Instron 2620-602 with a measuring length of 25 mm. Its contacts with a
width of 3 mm are narrower than the bore diameter of 4.8 mm, so that they are
not affected by the typical inter-fiber breaks documented in the literature [9].
The outer, rectangular contour of all of the samples is milled, whereas the open
holes are produced by the various cutting strategies for the investigations. All of
the specified mechanical stresses refer to the smallest cross section of the speci-
mens at the center of the open hole. The data are nominal mechanical stresses,
without consideration of notch stress concentrations.

Since it allows a phenomenological in-situ measurement of the degradation,
the relative residual stiffness was determined during the fatigue tests. It is calcu-

lated by the equation
SR AIu,o _AII,O * Fu,R - FI,R

—= . (1)
Sy AIu,R _AII,R Fu,O _FI,O
o 240 mm C
= =
g =
el 3mm e o _ _
=)
% Surface cracks i Extensometer contacts
25 mm

Figure 1. Open hole CFRP specimen geometry according to ASTM D-7566/D-5766M-11.
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The values Al ,, and Al, , are the measured displacements of the extenso-
meter for the upper load limit. The index R means the current value, while index
0 stands for the initial reference. Al,, and Al , are the displacement changes
measured by the extensometer for the lower load limit. The referred initial stiff-
ness & is the highest one measured during cyclic fatigue. The very first load
cycle is also performed with a testing speed of 2 mm/min to determine the initial
specimen properties under quasi-static conditions as it is suggested in ASTM
D-7615/7615M-19. At the very beginning of the tests, the servo-hydraulic testing
machine must start oscillating from standstill. The initial load corresponds to the
center load. In a first half cycle, the specimen is unloaded to start the oscillation
of the machine. The subsequent full cycle is counted as the first one that reveals
the highest, initial stiffness &, since the stiffness of the visco-elastic CFRP de-
pends on the testing speed.

For the remote-laser cutting tests and the preparation of the mechanical sam-
ples, two different systems with continuous emitting beam sources were used.
The specifications can be found in Table 1.

The remote-laser parameter sets for the processing of the open-hole speci-
mens are summarized in Table 2.

A thermal camera of the type InfraTec ImagelR 8300 was used for thermo-
graphic imaging of the remote-laser cutting process. The resolution of 640 x 480
pixels allows a maximum recording frequency of 80 Hz. Table 3 gives the emis-
sion coefficient of the material. These characteristics were measured by heating
of the CFRP. One hour after the laboratory oven reached temperature stability

Table 1. Specification of the used continuous emitting remote-laser systems.

System I System II
Laser IPG YLS 5000 SM Rofin DC 035
Scanner system CTI Lightning IT ScanLab PowerScan 50
Beam source type Yb:YAG fiber CO: Slab
Intensity distribution Single mode Gaussian
Nominal output power Prax 5000 W 3500 W
Focal diameter dr(86%) 36 um 482 pm
Rayleigh Length 2z 0.7 mm 9.52 mm
Wavelength 1 1.07 - 1.08 pm 10.6 um
Diffraction coefficient A£ 1.38 1.81

Table 2. Parameter sets of the remote-laser processing of the open-hole specimens.

Name Wavelength Laser power Spotvelocity Number of Focal position Delay %,

in pm Prin' W vsin ms™ cycles n Azin mm ins
L12 1.07 - 1.08 1860 5 40 -0.9 1
L25 1.07 - 1.08 4650 1 4 -0.9 1
CO»-14 10.6 2870 0.5 7 0 2
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Table 3. Emission coefficient of the CFRP.

Camera measuring  Emission Coefficient = Transmission coefficient

Temperature range CERP ¢ Germanium window 7
22.7°C 10°C-100°C 1 1
100°C 10°C-100°C 0.64 0.39
150°C 60°C -200°C 0.64 0.39

for the set temperature, the emission coefficient was adjusted for a thermo-
graphic image of a CFRP specimen. In this way the oven temperature and the
displayed material temperature were matched. Since the radiation of the fiber
laser is dangerous for the integrity of the sensor chip of the thermal camera, it
must be shielded by a germanium window during the cutting trials. Its transmis-
sivity was determined by comparing thermographic images taken with and
without the window between the camera and the CFRP sample. Using the
known transmittance of the germanium window, its influence on the tempera-
ture measurement can be compensated by the camera software.

The HAZ is defined as the area at a laser-cut edge that is influenced due to the
thermal impact of the processing. A change in properties, even if reversible, for a
fully cross-linked thermoset polymer first occurs when the glass transition tem-
perature Tg is reached. The resulting softening of the polymer can irreversibly re-
lease internal mechanical stresses resulting from the consolidation process of the
fiber reinforced polymer. For this reason, the maximum distance of the isotherm
of this temperature from the cut edge, which occurs during the cutting process, is
considered as the expansion of the HAZ. However, it is not possible to register the
expansion of the HAZ defined in this way by taking cross-sectional images. The
material changes visible there are irreversible effects. On the one hand, this is a re-
gion within which the polymer matrix has evaporated, but the carbon fibers, which
are significantly more temperature-stable, are still present. The MEZ is a part of
the HAZ [10] [11]. On the other hand, changes in the carbon filaments are also
visible. There is a swelling of the fiber ends that can be recognized [12] [13]. The
extension of the MEZ at a single cut edge is not constant. One reason is the aniso-
tropic thermal conductivity of a single laminate layer. Different fiber orientations
within a composite thus lead to the deviations. It is therefore necessary to clearly
define a procedure for obtaining the width of the MEZ. Since all tests are carried
out on the same CFRP material, the method of determining the mean expansion of
the MEZ is chosen [14]. Thus the measured values are comparable to each other.
In this method, the width of the MEZ is determined by dividing its total area

visible in the cross section by the material thickness.

3. Results and Discussion

3.1. Determination of the MEZ in Dependency of the
Remote Fiber-Laser Cutting Parameters

For the laser power Py, of the fiber laser, three levels were used in the variation to
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develop cutting parameter sets with the fiber laser system. These correspond to
40%, 70% and 100% of the maximum effective available laser power of Py ma. =
4650 W. All stated laser powers are those measured in the working field. The
optical beam transport losses are thus taken into account. Preliminary tests have
shown that the number of exposure cycles required for the formation of a com-
plete cut is not changed by varying the focus position between the upper and
lower material surface. Since the Rayleigh length is smaller than the material
thickness, the focus position was located in the materials center. As a result, the
deviation of the laser intensities is the smallest both on the top and bottom of the
material compared to the maximum intensity in focus. The values for the varia-
tion of the spot velocity v, were 1 m/s, 3 m/s and 5 m/s. For each combination of
both parameters, the number of exposure cycles n necessary to form a complete
circular thru cut with a diameter of 4.8 mm was determined. For the measure-
ment of the MEZ, straight cuts were made with the parameters determined for
the circular holes. They were prepared into cross sections for a microscopic in-
vestigation. This avoids inaccuracies as the results do not depend on the exact
position of the grinding plane as with a circular cut. Figure 2 shows exemplary
microscopic images of the cross sections of the remote-laser cutting parameters
L12 and L25. For the determination of the mean width of the MEZ, both of the
cutting edges of one parameter set were considered.

Figure 3 and Figure 4 show the results of the parameter variation of the cut-
ting tests. The diagrams illustrate the relationship between the number of expo-
sure cycles required to form a complete thru cut and the cutting parameters.

The expansion of the MEZ resulting from the different cutting parameters is
shown in the diagrams in Figure 5 and Figure 6.

It is noticeable that an increase of the spot velocity reduces the expansion of
the MEZ significantly at constant laser powers. At the same time, the number
of exposure cycles that is necessary for the formation of a complete thru cut

increases. The rise of the laser power within the examined process window at

Figure 2. Microscoped cross sections of the remote-laser cutting parameters L25 with
exemplary measurement of the MEZ (left) and in detail (mid) and L12 (right).
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constant spot velocities leads only to a small increase of the MEZ, but is able to
reduce the number of exposure cycles considerably, especially at high spot veloci-
ties. This means that the productivity of the process is scalable with the applied
laser power without excessively promoting thermal material damage. In contrast,
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increasing the spot velocity at constant laser powers does not lead to a higher
productivity of the process. Within the observed parameter window there is an
approximately linear relationship with the exposure cycle number. It also can be
seen that there is an inversely proportional relationship between the laser power
and the number of exposure cycles as well as between the spot velocity and the
mean width of the MEZ.

In conclusion, the use of ever powerful and more expensive laser beam
sources thus continuously brings smaller advantages with regard to the number
of exposure cycles. In addition, the laser power that is transportable by the opti-
cal elements is limited. The situation is similar to the spot velocity. Their in-
crease leads to smaller and smaller advantages with regard to a narrow expan-
sion of the MEZ. Ultimately, it can therefore be assumed that an economical la-
ser cutting process of CFRP is in principle associated with the formation of a
MEZ and a HAZ. This requires a fundamental understanding of their effect on

material properties, including mechanical behavior.

3.2. Quasistatic and Cyclic Tensile Testing of Milled and
Remote-Laser Cut Open-Hole Specimens

The influence of the HAZ on the mechanical properties was investigated with
quasi-static and cyclic experiments. In order to examine the influence of an ex-
cessively extended HAZ, a CO, laser system was used for the quasi-static inves-
tigations in addition to the fiber laser. Although the CFRP has a high absorption
for the wavelength of 10.6 um, the use of this system leads to the formation of a
wide HAZ [15]. The longer wavelength of the radiation and the large focal
length of the scanner result in a significantly larger spot diameter compared to
the fiber laser (Table 1). For this reason the intensity is lower. Therefore smaller
spot velocities are necessary to form a cut. The resulting increase in the interac-
tion time between the laser and the CFRP results in the wider HAZ.

The highest tensile stress that occurs in the quasi-static test is defined as Gmax.
The definition of the maximum stress is given in Figure 7 exemplary. As a result
of the quasi-static tension tests, the maximum stresses on.x are shown in the dia-
gram in Figure 8. They are given in dependency of the mean extension of the
MEZ. On the one hand side, the results of initial quasistatic tensile tests are re-
ported in the diagram. They have been performed to find the stress horizons for
the cyclic fatigue tests. On the other hand side, the maximum stresses of cyclic
tests are shown, since single specimens failed at the first load cycle.

A trend of increasing maximum stresses become obvious up to certain extend.
The reason is the redistribution of mechanical shear stresses because of the ther-
mal degradation of the CFRP at the cutting edge. These lead to a reduction of the
notch stress concentrations [6] [7]. However, this trend is reversed with a further
growth of the MEZ, as the present results indicate. The reason for this can be in-
creasing damage to the load-bearing fibers. These oxidize at elevated temperatures
[16] [17]. Due to this, they lose their strength. This is primarily not due to a de-

crease in the cross-sectional area of the fibers, but the formation of surface defects
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on the single filaments [17]. Because of the increasing expansion of the MEZ, the
number of filaments damaged in this way increases. This effect more and more
superimposes the advantageous reduction of the notch stress concentration.

The standard deviation of the maximum mechanical stresses of each of the
four test series is not more than 4%. The reasons for the scatter are material de-
fects resulting from the production of the CFRP sheet material. These can be lo-
cal deviations in the alignment of individual filaments or fiber bundles, for ex-
ample. Another influence of the manufacturing process can be single voids in

the polymer matrix, which are a starting point for inter fiber breaks.

800 ——————————

L

Stress ¢ in MPa

wl ]
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Cross head displacement u in mm

Figure 7. Definition of the maximum stress omax at an exemplary stress-displacement plot
of the specimen ES-L25-5.
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The fatigue tests reveal that the open-hole specimens of the bidirectional
CFRP which survive the first load cycle, are predominantly failsafe up to 10° load
cycles. This is even for the highest load horizons investigated (o./ oz = 0.95). Fig-
ure 9, Figure 10 and Figure 11 show S-N plots from the tests on the open-hole
specimens. In the diagrams, the upper stress limits o, are assigned to those load
cycle numbers N at which the test specimens achieve a residual stiffness Sx/$ =
66%. For milling and remote-laser beam cutting with the parameter L12, similar
degradation behaviors are shown. The reaching of the defined relative residual
stiffness limit Sg/ % = 66% for the laser cutting process is shifted to some higher
load cycle numbers on average. However, the scattering of the individual mea-
surement results clearly increased. For an upper stress limit of o, = 700 MPa, the
average number of load cycles of the remote-laser cutting parameter L25 is also
comparable with these results. Here, for the lower upper stress limit o, = 670
MPa, however, no increase in the number of load cycles N can be determined.
The results of damage evolution, which are phenomenologically measured by
means of residual stiffness, are influenced by the materials initial state. In addi-
tion to the potential pre-damages introduced by the remote-laser cutting
process, this also includes the statistically distributed material imperfections
from the production of the CFRP material described above. These effects supe-

rimpose each other. Therefore, the remarkably low number of load cycles of the
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parameter set L25 at the stress horizon of g, = 670 MPa cannot be used to con-
clude a general influence of remote-laser beam cutting. This would require a sta-
tistical validation through more experiments, which go beyond the three availa-
ble tests of each stress horizon. Nevertheless, the results of the parameter set L12
in particular show that the remote-laser cutting process does not produce such
pre-damage, which causes an increased stiffness degradation compared to mil-
ling. A precondition for this is an appropriate design of the remote-laser process.

The diagram in Figure 12 also indicates this. It shows the relative residual
stiffness Sz/ & for all stress horizons after N = 10° load cycles. There are no noti-
ceable differences between the residual stiffnesses of the milled and the re-
mote-laser cut samples of both of the parameter sets. At the horizon of an upper
stress limit of g, = 730 MPa two of the three tested specimens failed before they
reached 10° load cycles.

3.3. Thermography of the Laser Cutting Process as an Approach to
Process Control and Monitoring

The mechanical tests have shown that remote-laser cutting can be advantageous
for the load bearing capacity of notched CFRP components in particular under
quasi-static load conditions. However, an excessive expansion of the MEZ leads
to a loss of this benefit. In order to guarantee the required mechanical properties
even under cyclic loading conditions, it is necessary to ensure that the permissi-
ble degree of thermal damage is maintained. The expansion of the HAZ can be
influenced by the process parameters. Due to the sensitivity of the mechanical
properties of a notched component to this factor, process monitoring is useful in
the manufacturing of components. It allows quality assurance and can serve as
one aspect of proof of faultless production. In the following the suitability of
process thermography for this purpose is examined.

The determination of isotherms was tested as an approach to evaluate the
thermography data. It should be noted that the temperatures that can be meas-
ured on the surface are not equal to those inside the material [18]. First of all, the
characteristic temperatures of the CFRP were determined. A thermogravimetric

analysis has shown that the thermal matrix decomposition starts at about 7 =

0.7 — ; , ; ;
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Figure 12. Relative residual stiffness Sr/So after 10° load cycles.
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350°C. The glass transition temperature of the epoxy according to the manufac-
turer’s data sheet is 7 = 140°C. During an exposure cycle of the laser beam, the
vaporized material emerges from the kerf, as shown in Figure 13. This hot gas
covers the process zone, which is why the material temperatures cannot be meas-
ured at this point in time. After the extraction of the waste gas it becomes obvious
that the cooling rates are very high. They do not allow the determination of the
isotherms of the initial matrix decomposition temperature (Figure 14). A reliable
and precise process monitoring with the aim to control the width of the MEZ di-
rectly by measuring its isotherm Ty is not possible under the given restraints.

In contrast to the isotherms of the initial decomposition temperature, those of
the glass transition can be determined reliably. Due to the heat conduction, they
have the maximum distance to the cutting kerf after the hot waste gas has been
extracted (Figure 15). The remote-laser cutting parameters L25 and L12 show
the largest extension of the temperature range within which the glass transition
temperature is exceeded, as it can be seen in the diagram in Figure 16. In con-
trast, parameter L12 causes the MEZ with the smallest expansion. It is not possi-
ble to predict the extent of the HAZ using this method within the examined field
of parameters reliably. The reason for the deviations can be the heat accumula-

tion that occurs at the edge of the cut due to the high number of exposure cycles

t=37.5 ms 280°C

200°C

100°C

5 mm

Figure 13. Single frame sequence of the last exposure cycle of the remote-laser cutting
parameter L17.
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Figure 14. Time sequence of the temperature curves of the last exposure cycle of para-
meter L17.
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of n = 40. The hot gas escaping from the kerf interacts with the materials surface.
It heats the area near the cutting kerf in addition to the heat conduction [18].
This leads to a widening of the surface temperature field. Nevertheless, the me-
thod can be used for quality assurance. The maximum expansion of the isotherm
of the glass transition can be recorded after each exposure cycle and compared
with a known nominal value for the respective parameter set.

The diagram in Figure 17 shows another methodology to thermography-based
process monitoring. There, the maximum temperature in the measuring field as a
function of time is plotted. The diagram in Figure 18 is derived from these maxi-
mum temperature plots. The temperature value AT’ shown there is the average
temperature difference between the turning points of consecutive exposure cycles

280°C

200°C

100°C
5 mm

Figure 15. False color plot of temperature distribution immediately after the last expo-

sure cycle.
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Figure 16. Maximum distance of the isotherm of the glass transition temperature brg
from the center of the kerf.
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Figure 17. Maximum temperatures for remote-laser beam cutting with parameter L12 and L25.
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Figure 18. Expansion of the MEZ depending on the average temperature difference of the
maximum temperatures before the exposure cycles.

AT.™ . The mean values of the temperature differences AT, in the measuring
range up to 100°C are plotted, since thermal equilibrium can occur at higher
temperatures and a high number of exposure cycles. In dependency of AT;%,
the averaged widths of the MEZ of the different parameter sets are plotted. It can
be seen that its widths increase with an increasing AT’ .

Using this method it is therefore also possible to ensure quality control and
process monitoring. Processing errors that affect the expansion of the MEZ can
be registered by a deviation of the differential temperature from the setpoint for
each laser exposure cycle. If temperature equilibrium is established at high

numbers of exposure cycles, a setpoint value can also be used for control.

4. Conclusions

The remote-laser cutting tests with continuously emitting beam sources have
shown that the formation of a MEZ at the cutting edge cannot be avoided.
However, by adjusting the cutting parameters it is possible to influence their ex-
pansion. Quasi-static tensile tests showed that the failure stress of open-hole
specimens is sensitive to the expansion of the HAZ, which was indirectly cha-
racterized by measuring the MEZ. This is indicated by an increase in the maxi-
mum stress with a growing MEZ, up to a certain extend. This means that in the
case of remote-laser-cut mechanical notches, the presence of a HAZ can be ad-
vantageous. However, its excessive expansion reduces the load-bearing capacity
of a component machined in this way. In addition, cyclic mechanical tests have
shown that test samples processed by remote-laser beam cutting do not show
greater degradation than those processed by milling. Every process for the pro-
duction and consolidation of fiber reinforced composites leads to statistically
distributed material defects. These material imperfections influence the me-
chanical properties of the material and are also subject to a statistical behavior
which is characterized by a pronounced scattering, especially in the case of fati-
gue. However, an influence of the thermal damage of remote laser beam cutting
on the cyclic degradation, which goes beyond the influence of material imperfec-
tions from the consolidation, could not be proven.

Basically, together with a suitable process control, laser beam cutting with a
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remote laser beam does not lead to disadvantages compared to milling. The re-
mote-laser processing parameters have an influence on the expansion of the
MEZ and thus also on the mechanical component properties. Process monitor-
ing is therefore necessary to be able to prove the required component properties.
The investigations show that process thermography is suitable for this applica-
tion. Both the detection of the isotherms of the glass transition and the temper-
ature difference between consecutive exposure cycles are suitable strategies.

The present results of the fatigue tests aim at evaluating the effect of the dam-
age evolution as a consequence of remote laser cutting CFRP. However, for a
better statistical validation the data base has to be extended by additional tests.
Further investigations must surpass the present still rather phenomenological
approach to what extent the cutting process has an influence on the proper me-
chanical damage initiation. It should be investigated in which way the presence
of a HAZ promotes or delays the formation of cracks. This requires tests at
smaller load horizons than the present ones, which do not overload the ma-
trix-dominated 90° individual layers. Moreover, the formation and propagation
of inter-fiber breaks due to fatigue can be observed with appropriate in-situ me-

thods, which should also be part of future research work.
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