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Abstract

Laser cutting of carbon fibre reinforced plastics (CFRP) has shown promising potential as an alternative to conventional manufacturing processes.
Laser cutting has major benefits of contactless and therefore wear-free machining and high automation potential. The main challenge is to reduce
the heat input into the material during the process. Excessive temperatures cause damage within the surrounding matrix material and could locally
modify the structural properties of the CFRP. For industrial use it is necessary to be able to predict the resulting temperature fields. To gain
knowledge of the temperature distribution during the process, a three-dimensional macroscopic finite element model is developed using ANSY'S
simulation software. Transient-thermal analyses are performed and the material removal process is implemented via the element-death technique.
Simulations are run for a unidirectional composite structure and different cutting speeds. The resulting temperatures are compared to experimental

data.
© 2022 The Authors. Published by Elsevier B.V.
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1. Introduction

The demand for CFRP applications is increasing
continuously, focussing primarily on lightweight design and
energy efficiency in the aerospace or automotive industries [1].
CFRP stand out due to their excellent strength-to-weight ratio,
high damage tolerance and good corrosion resistance. But the
machining of CFRP involves some challenges. The production
is mainly performed by conventional machining techniques,
like milling or waterjet cutting. Although these techniques are
well established, they still have drawbacks such as high tool
wear, insufficient quality, complex setup and hence limited
flexibility [2]. Laser cutting offers the benefit of potentially
cutting fully automated with a constant quality at high feed
rates while also operating wear-free [3]. Nevertheless, the heat
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generated during the laser cutting process can damage the bulk
material and lead to a heat affected zone (HAZ) around the cut
faces. These areas influence the mechanical properties. The
expansion of the HAZ depends on the fibre orientation and the
processing parameters. Heat is mainly conducted along the
fibres causing further damage in surrounding matrix material,
which sublimation temperature is much lower compared to that
of carbon fibres. The propagation of the HAZ into the adjacent
material is the main criterion to evaluate the process
quality [4,5].

The experimental investigation of the HAZ can either be
done using microscopic analysis and digital imaging, but also
by detecting temperatures during the process, e.g. using
thermography. To gain knowledge about the expansion of the
HAZ beforehand, numerical simulations should be performed.
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The modelling of laser machining is mainly focused on
metallic alloys [6]. Regarding composites, three-dimensional
simulations via finite element method (FEM) often deal with
models on a microscopic scale. Hence, model sizes are limited
to the magnitude of hundreds of micrometres, whether a
heterogeneous fibre-matrix mesh [7,8] or a homogenized
material model [9] is used.

For analysing the formation of the HAZ and the ablation
mechanisms, a heterogeneous approach — separating between
fibre and resin — with a microscopic resolution is well suited.
For process design and the observation of temperature fields
during laser machining of real structures, a simulation of a
higher magnitude is necessary. Heterogonous models with such
a fine mesh aren’t practical for these schemes, due to high
computation times. Therefore, this work aims to present an
approach, focussing on a macroscopic scale, targeting to
predict the evolution of the temperature field. In this context,
this study will introduce a transient-thermal model and
compares simulation results to experimental data, obtained by
thermal imaging of the laser cutting process.

2. Experimental setup

The experiments were conducted with a thin-disk high
power nanosecond laser TruMicro 7050 from the TRUMPF
Laser GmbH, emitting at a wavelength of 1030 nm. The laser
delivers a tophat intensity distribution with a spot diameter of
1.2 mm. All laser parameters are summarised in Table 1. To
protect the focusing optics, a gas flow is applied by a ring jet,
which simultaneously has a cooling effect on the material. The
setup is schematically presented in Fig. 1.

The CFRP material consists of six layers of unidirectional
carbon fibre tape and an epoxy resin with a fibre volume
fraction 0f 59.2 %. The material is supplied by the ERC GmbH.
The relevant properties are listed in Table 2, which are
provided by the supplier and are complemented through

literature values.
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Fig. 1. Experimental setup

The cutting velocity (v.,;) was used as an experimental
factor. A repetition rate of 18.8 kHz was chosen. At this rate,
the maximum average output power of 1.5 kW, as well as the
maximum pulse energy of 80 mJ, can be used. The cutting
length was set to 20 mm and the investigated cutting direction
was parallel to the fibres. To obtain a full cut through the
material a multipass cutting strategy has to be applied
consisting of several laser beam passes over the workpiece. In
the scope of this work, only a single pass is analysed.

The surface temperature is detected with the ImageIR® 8300
thermography camera (TC) from Infratec GmbH. The camera
provides a measurement field of 38 x 48 mm?, a pixel size of
75 um and was positioned at a distance of 0.51 m at an angle
of 40° relative to the specimen surface. A measurement
frequency at a quarter frame window of 800 Hz was used.

Table 1. TruMicro 7050 laser specifications

Laser parameter Value
Max. avg. laser power, P (W) 1500
Wavelength, A (nm) 1030
Pulse duration, t,, (ns) 30
Maximum pulse energy, E,, (m/) 80
Repetition rate, f (kHz) 5-50
Spot diameter, d, (mm) 1.2

Table 2. Simulation material parameters, (a) supplier (b) literature [10,11]

Material property Carbon fibre ~ Epoxy resin Laminate

Density, p (kg/m?) 1780@ 1280® 1575

Specific heat capacity, ¢

(] ) 875® 1200@ 982.7
kg +K

T}I;ﬁrmal conductivity, k "J_SO((:)) 0.2® ||J_31.64

1) 5 0.68

Thezrmal diffusivity, a " 3.21e5 13677 ” 2.04 =5

(™/s) L1321¢6 : 1439¢7

Evaporation 3650® 500® _

temperature, Ty (°C)

3. Finite element model

The purpose of the model is to calculate the temperature
distributions and material removal due to the energy input
entered by laser radiation.

A three-dimensional solid model is developed with
temperature as the only degree of freedom applied. The
generated mesh is homogenised according to the fibre volume
fraction. It is not necessary to consider different material
orientations because a unidirectional laminate is used. The
relevant composite properties are calculated via the rule of
mixture. This procedure is permitted, because the global
temperature expansion is to be investigated. As shown in Table
2, the difference between thermal conductivity parallel and
perpendicular to the fibre direction is significant, which
generates a strong anisotropic behaviour.

The size of the model is set to 100 x 25 mm?. These
dimensions ensure that enough material around the actual cut
is modelled. Hence heat can conduct into the bulk material.
Within the cutting area a structured, fine resolved mesh is used
with an element size of 10 um in through thickness direction.
Elsewhere a free mesh is generated. Due to symmetry, only a
half model is created, as shown in Fig. 2. In total 317,984
elements are generated.

The ablation depth per pulse depends on the optical and
thermal penetration depth of the material. For CFRP and a
timespan of a few nanoseconds, this length is less than a
micrometre. If a single pass would be modelled by simulating
every single pulse, the element size in through thickness
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direction had to be chosen according to this length. Attempting
this would result in a microscopic approach requiring a
heterogeneous mesh. Additionally, a cutting length of 2 mm, a
repetition rate of 18.8 kHz and a cutting speed of e.g. 3 m/s
would yield in a number of 125 pulses per pass. Lower
velocities would even further increase the number of pulses. In
combination with a microscopic mesh, this would lead to a high
amount of computational effort and is therefore not practical.

Fig. 2. (a) View of the half-model, (b) dense mesh within the cutting area

As an initial approach, the laser cut is estimated as a line
source, which is especially true for high cutting velocities.
Furthermore, the following assumptions were made:

e The material properties are uniformly homogenised
after the fibre volume fraction.

e Pores or any defects in the material are neglected.

e Thermophysical material properties are constant.

e  The laser beam distribution is uniform and ideal.

e  Vaporisations or phase change effects are neglected.

e Sublimated material is completely removed.

e  Bulk and surrounding air temperature is set to 18 °C.

e Radiation heat losses are neglected.

The heat input by the laser is implemented as a heat flux. To
calculate the input power, the energy of all pulses within one
pass is accumulated and divided by the cutting time. The
chosen repetition rate of 18.8 kHz yields the maximum average
output power available.

The input power is spread uniformly over the whole cutting
area, which is simplified represented by the cutting length and
the spot diameter. Additionally, an absorption coefficient of 0.9
is added according to [12]. The time for the heat load step is
known through the cutting length and velocity. Afterwards, the
heat flux is set to zero, representing the cooling phase without
laser material interaction. Around the surrounding surfaces,
free convection to the atmosphere is applied. Due to the gas jet,
the convection on the top surface has to be considered as forced
convection. The convection coefficient is approximated
regarding the flow conditions. For simplification, the relations
for forced convection to a vertical plane are assumed [13]. The
material removal is executed at the end of the heat load step.
All element temperatures are checked. If they exceed the
sublimation temperature of 3650 °C, they are deactivated from
the model.

4. Results
First simulation results using the estimation of a line energy

source showed that the remaining temperatures exceeded the
experimental observations by far. This can be explained by the

real interaction time between the laser and the material. In the
model, the sublimation temperature is rapidly reached during
the heat load step. But all affected elements are foremost
deleted after the full cut is completed. So, elements, which
temperatures exceed the sublimation temperature, still conduct
heat into the surrounding material. While in reality, the
interaction time is in the range of nanoseconds and therefore
the conduction is much lower in this time-span than in the
simulation.

To increase the accuracy of the model, the cutting process is
separated into equal time steps. This way the progressive
character of a cut is generated. The heat flux for every step is
adopted according to the corresponding length travelled per
step. This way, elements, which are sublimated at the beginning
of the cut, do not conduct further energy to adjacent elements
while the cut is still in progress. Further tests have shown, that
with an increasing number of steps, the remaining temperature
decreases as expected. At a number of 25 time steps, the decline
in temperature is getting small and the additional computation
time is still acceptable.

The measured temperatures are compared to the simulation
results. For evaluation purposes, a time period of one second
after completion of a cutting pass is covered. The time point
zero is specified as the beginning of the cooling phase. This
point is clearly defined within the simulation. But, for the
experiments, this point cannot be exactly determined because
of the measuring frequency of the TC. Therefore, the first frame
with a recognisable temperature deflection is set as the
beginning of the pass. Then the known cutting time is added.
The nearest frame after this time is chosen as the beginning of
the cooling phase. In doing so, a maximum error of
1.25 ms (1/f) has to be considered.

Another error to deal with is the exact emission coefficient
of CFRP, which is unknown. Based on preliminary
experiments an emission coefficient of € = 0.92 is estimated.
Deviations are considered by applying a delta of Ae = £0.03.
This leads to a maximum temperature difference of less than
2.5 °C for the highest measured temperatures.

In Fig. 3 the thermographic image for a cutting velocity of
3 m/s at 50 ms after the start of the cooling phase is shown. The
scale ranges from 18°C (dark blue) to 80 °C (pink).
Measurement points are chosen at six different lines across the
cutting kerf. For every spot of interest, the mean value out of
the six lines is calculated. To ensure that the distances on all six
lines are comparable, the centre of the kerf has to be
determined. This is done by identifying positions with the same
temperature on each side of the kerf. The half distance of these
points is set as the midpoint. This procedure is executed 50 ms
into the cooling phase and for a temperature of 50 °C. To
compare experimental and simulation results it is stated, that
the distance to the middle and not the edges of a pixel is taken
as comparative value. Because the mesh resolution is different
from the pixel array, linear interpolation within the simulation
results is done, if it is necessary to meet the same distances.

The left graph of Fig. 3 shows the maximum standard
deviation (SD) over the entire cooling phase for a cutting speed
of 3 m/s, exemplary for this investigation. There is a peak right
at the beginning of the cooling phase. These high deflections
can be explained by emissions influencing the measurement.
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At time points near the end of the actual cut, reflections of a hot
plume and hot ablation products are recorded within the
measurement field. This leads to some noise in the temperature
data. After 50 ms the maximum SD stays lower than 2 °C and

after 300 ms it is lower than 0.5 °C.
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Fig. 3. The maximum standard deviation of the temperature (left), lines of
measurement in a thermographic image, t = 50 ms (right)

Fig. 4 shows the comparison between the measured and
simulated temperatures at different distances (s) from the
cutting edge.

Two different cutting speeds are considered. A slower
cutting speed equals longer interaction time and therefore an
increased energy input and residual heat. This can be seen from
both the measured (dashed lines) and the simulated (symbols)
data. The maximum recorded temperatures are limited through
the calibration range of the TC, which is around 90 °C in this
setup. This limit value is reached during the cut and still occurs
at time zero, after which the temperature drops exponential.
This corresponds to a typical temperature progression through
heat conduction. Heat flows from its source into the material.
The larger the difference to the bulk temperature, the faster the
heat conducts. The temperature progression is also affected by
convection.

At 75 pm and 150 pum distance from the kerf, the simulation
results fit well to this measured data over the entire cooling
phase. The largest differences of about 3.8 °C to 5.8 °C occur
within the first 50 ms to 100 ms. It has to be mentioned that this
is the timespan with the highest SD. Afterwards, the gaps drop
and stay mostly below 2 °C. At a larger distance (s = 225 pm),
deviations between simulation and measured values are higher.
The measured data still follows the characteristics described
above. However, in the simulation, the maximum temperatures
are not present at time zero. Instead, there is a brief rise in
temperature in the beginning due to heat conduction, followed
by the typical decline. From about 200 ms on, the two curves
are again close to each other.

This difference can be explained by the assumptions made
in the model, neglecting all kinds of vaporisation effects. As
mentioned before, the start of the cooling phase is heavily
influenced by process emissions, which are present over the
whole recorded vision field. Further away from the kerf, the hot
plume seems to have a relevant influence on the surface
temperature within the first 100 to 200 ms. The model, in
contrast to reality, only considers heat, which is conducted
away from the kerf. Besides this, the following factors
influencing the results have to be accounted for:

e The experimental setup doesn’t allow an ideal
measurement angle for the TC.

e The real emission coefficient changes with surface
temperature.

e Measured temperatures are depending on pixel size
and position.
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Fig. 4. Comparison between measured and simulated temperature progression
at increasing distances s from the kerf; v, =3 m/s (blue), v, = 1 m/s (red)

5. Conclusion and outlook

In this work, a macroscopic simulation model was
developed to predict the temperature field expansion during the
laser cutting process of CFRP. Simulation results are in good
agreement with the measured data, at least within 150 pm of
the cutting edge. At 225 pm the consistency of data is given
from about 200 ms on into the cooling phase. It might be
probable, that differences further increase with lower cutting
speeds. These limitations have to be considered, describing the
validity of the model. The discrepancies can be explained by
the occurring vaporisation effects that additionally heat the
material surface, but are not considered in this model. This
seems to be the most relevant simplification made in the setup
of the model and should be investigated in future studies.
Nevertheless, the conductive behaviour is well demonstrated
by the approach presented in this work.

The next step of research is the simulation of the heat
accumulation caused by multiple laser beam repetitions. In
addition, there is a lot of room for further investigations,
considering more experimental factors, like the repetition rate,
the laser power or the cutting direction.

Another aspect to look at is the usage of further temperature
measurement methods, e.g. thermocouples. These could be
embedded in the material and used to detect internal
temperatures as a supplement to the surface temperature
measurement.
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