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Abstract 

The benefit of CFRP for lightweight construction in automotive and airplane industries is widely accepted and industrial laser 
processing of carbon fibres is very promising for large-volume production of CFRP lightweight parts. The laser process is 
actually limited by the reduced quality due to thermal damage and the high process energy needed for the sublimation of the 
carbon fibres which requires laser sources with high average power for productive processing. The main quality reducing 
effect during laser processing of CFRP is the thermal damage which is influenced by the laser intensity on the work piece and 
the heat accumulation effect. However, choosing appropriate laser parameters and processing strategies the thermal damage 
caused by the laser radiation can be utilized to realize a very efficient processing of CFRP: In the first step only small kerfs 
are created by sublimating the carbon material. By producing two close kerfs perpendicular to the fiber orientation fiber 
fragments are created which can be removed by just sublimating the matrix material. The present paper compares the 
required absorbed energy for the conventional and high-efficiency processing strategies of CFRP. The theoretical 
considerations are compared with experimental results achieved with ns-laser processing. 
 
© 2014 The Authors. Published by Bayerisches Laserzentrum GmbH 

Keywords: CFRP; laser ablation; laser cutting; laser drilling; process efficiency 

1. Introduction 

Laser processing of carbon fibers reinforced plastics (CFRP) is very promising to meet challenges for an 
industrial large-volume application of CFRP. The requirements for industrial use are high quality which means 
in the case of laser processed CFRP a small heat affected zone and a high productivity given by the effective 
cutting speed or drilling time. The minimum possible thermal damage is given by the intensity of the processing 
laser beam on the material. Fig. 1 (a) shows the minimal thermal damage as calculated in Weber et al. (2011) it 

was shown that a minimum intensity above about 108 W/cm2 is required to achieve thermal damage of the matrix 
of less than a few 10 microns. The numerical simulation fits very well to experimental data from the IFSW or out 
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Fig. 1. (left) Calculated minimal thermal damage (Weber, et al., 2011) compared with different experimental data from literature and 
experiments from IFSW; (right) volume specific enthalpy for carbon and CFRP with 50% fiber volume. 
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of the literature. The high intensity which is needed for a high quality processing implies to use short-pulse lasers 
which are usually run at high repetition rates in order to achieve high average powers. With it, the heat 
accumulation may become the major mechanism for thermal damage of the matrix Weber, et al. (2012), Weber, 
et al. (2014). This is considered to be one of the reasons for the data which show much larger damage than the 
calculated minimum in Fig. 1 (a). In addition to the thermal damage constraints the productivity is mainly 
limited by the average power of a laser system. To remove the carbon fibers it is necessary to evaporate the 
carbon fibers because carbon has no fluid phase below about 100 bars Morgan (2005).  Equation (1) gives the 
volume specific enthalpy required to sublimate carbon: 

 vappvap LcTThV  )(      (1) 

  
The large sublimation enthalpy, Lvap, of 43 MJ/kg, the specific heat capacity of cp= 710 J/kgK, the density of 

ρ = 1850 kg/m3 and the high evaporation temperature Tvap of about 3600 K Morgan (2005) results in the large 
volume specific enthalpy of 85 J/mm3 as shown in Fig. 1 (b) which shows the volume specific enthalpy curve 
for carbon. In contrast, the sublimation volume specific enthalpy of the embedding plastic matrix is lower by 
about a factor of forty Morgan (2005). This means that the volume specific enthalpy for the composite is in the 
range of 43 J/mm³ for a composite with fraction of 50% of fibers. The large difference of the volume specific 
evaporation enthalpy between the matrix material and the carbon fibers is the main reason for the usually 
unwanted thermal damage caused by heat conduction along the fibers. . Unfortunately above-mentioned required 
short-pulse lasers are limited today  to a few hundred watts of average power usually at high repetition rates 
which leads to severe damage due to heat accumulation during processing of CFRP Weber, et al. (2014). First 
systems with pulse durations in the ps regime and average power of more than one kW have been demonstrated 
Negel, et al. (2013). However smart process strategies are one means to additionally increase the process 
efficiency and with it the productivity. One approach is to take benefit of the thermal matrix damage (including 
the damage caused by heat accumulation) in order to increase the productivity while keeping the thermal damage 
in the functional part of the work piece low Weber, et al. (2013). To remove a certain volume of CFRP it is not 
necessary to evaporate the whole volume, to remove the fibers it is only necessary to cut the fibers into pieces 
and to remove the matrix material. This method was used to drill holes with a diameter of 1mm into 4mm thick 
CFRP and for cutting of CFRP and will be described in the following. 

2.  Efficient Drilling 

The experiments were made with a TruMark3230 marker laser shown in Fig. 2 (a) which was modified with 
an adapted exhaust system (seen on the top) to prevent carbon dust to enter into the laser case. The scanner was 
mounted in a small closed processing station with an efficient exhaust system with active carbon filters. For the 
drilling experiments the average laser power was set to 7 W, the repetition rate to 20 kHz yielding a pulse energy 
of 350 µJ at a pulse duration of 20 ns. The integrated scanner lens focused the beam to a 15 µm focal spot  
yielding a fluence of 200 J/cm2 and an intensity of 1010 W/cm2. The scan speed resulted in an effective feed of 
25 mm/s on the work piece causing a pulse to pulse overlap of 91.7%. The “enhanced helical drilling” strategy is  

    

Fig. 2. (a) TruMark marker laser modified for CFRP-drilling; (b) Enhanced helical drilling laser beam path; (c) removed fiber fragment. 
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 sketched in Fig. 2 (b). First, the outer circle groove with a diameter of 1 mm is created in one single turn to 
thermally detach the material which has to be removed from the surrounding, functional material. The inner 
circle groove with a diameter of 0.6 mm is then created. Due to the heat accumulation created during the ablation 
process in the area inside the inner circle, the matrix material inside this circle completely evaporates. The heat 
accumulation effect in this area is strongly enhanced as the heat conductivity perpendicular to the fibers is very 
low. Therefore almost no heat flows through the bottom of the hole. Finally, the material between the grooves is 
removed in a helical movement with a beam displacement of 10 µm between the turns. During this ablation 
process, also the residual fiber fragments in the area of the inner circle are removed presumably by the ablation 
pressure see Fig. 2 (c). One such complete ablation procedure is referred to as “1 pass” in the following. Blind  
holes  were  drilled  in 4 mm  thick  CFRP  plate with  22  layers  of  unidirectional  T800  fibers in  a  
M21thermoset  matrix in a  prepreg from HexPly cured in an autoclave. The orientation of the fiber layers as 
seen in Fig. 3 was [+45°, -45°,0°,90°,0°]4s[+45°, -45°]. The hole diameter was 1mm (i.e. the outer ring 
diameter), the depth 1.4mm, the inner ring diameter was set to 0.6mm. The duration for a single pass was 2.22 s. 
For the first pass, the focus was set onto the surface of the work piece and lowered with each pass by 1 mm into 
the material. Fig. 3 (a) shows a top view and a cross-section of a typical example of a hole drilled with the above 
parameters and the drilling strategy shown in Fig. 2 (b) in a single pass. The thermal damage on the surface is in 
the range of 150 µm in the direction of the fibers and about 50 µm parallel to the fibers. This relatively large 
damage is due to the fact, that the relatively large pulse overlap causes pulse-to-pulse heat accumulation effects. 
A faster scanner therefore could reduce the damage around the holes. In contrast, the scanner speed is well suited 
for the inner circle creating the required heat accumulation to strip all fibers from the matrix material. As on the 
surface, the largest matrix damage occurs along the fibers inside the material. As seen in Fig. 3 (a) and (b) almost 
no damage occurs at the bottom of the hole confirming the low heat conductivity perpendicular to the fibers. 
This good quality at the bottom is an important feature for blind holes.  Fig. 3 (b) shows top views and cross-
sections of the holes allowing determination of the drilling progress.  The number of passes is marked above, the 
resulting hole depth below each picture. The diamonds in Fig. 3 (c) show the drilling depth as a function of time. 
The error bars denote the uncertainty in the determination of the depth from the cross-sections. The drilling rate 
decreases with increasing hole depth. One of the reasons is the energy which is deposited at the surface due to 
the adaption of the focus position with increasing depth. The dashed line is the calculated drilling progress for 
complete evaporation of the whole volume of the hole. The  required  hole  depth  of  4 mm  is  achieved  after 

   

   

Fig. 3. (a) Top view and cross-section of a 1-mm hole drilled with one single pass with the strategy shown in Fig. 2 (b); (b) Holes drilled 
using the enhanced helical drilling technique with the number of passes and the respective hole depth; (c) Hole depth as a function of time  
(dots). The dashed line shows the calculated drilling progress assuming evaporation of the total volume. 
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Fig. 4. (a+b) Cross section of two ablated kerfs processed with different process strategies. (a)  10 scans approx. 200µm deep; (b) 2 times 5 
scans 200µm parallel shifted to each other approx. 120µm deep; (c) Laser cut through 1.5 mm thick CFRP with effective cutting velocity of 
0.12m/min; (d) Incident energy per volume for laser processing in J/mm³ as a function of the kerf depth parallel processing (dots) and 
single line processing (diamond). The dotted line is the theoretical volume specific enthalpy needed for evaporation of CFRP. 
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eleven  seconds  of  drilling  time.  This is less than 50% of the calculated value, i.e. the productivity is increased 
at least by more than a factor of two. In the first two millimeters of drilling, the productivity is even increased up 
to a factor of seven. 

3. Efficient cutting  

The same process strategy was applied to linear ablation. To cut CFRP it is necessary to have a certain aspect 
ratio for the cutting kerf. To keep the ablation rate high, an aspect ratio (width/depth of cutting kerf) smaller than 
1/10 is beneficial. For cutting 2 mm thick CFRP a cutting kerf of approx. 200 µm is therefore needed. The small 
focal spot size which is required for the appropriate intensity makes it necessary to ablate the material in several 
subsequent parallel lines separated by about one focal spot diameter in order to achieve the correct kerf width. 
With the process strategy described above-the distance between two scanning lines is expanded up to several 
hundred micrometers therefore significantly increasing the process efficiency. The experiment was made in this 
case with a ns-laser with an average power of 15 W. The repetition rate was 8 kHz with a pulse energy of 2 mJ 
focused to a 27 µm spot. The scanning velocity was 0.2 m/s resulting in a pulse to pulse overlap of 25% to 
reduce the thermal damage of the material. In Fig. 4 (left) two ablated kerfs with different process strategies are 
shown. In Fig. 4 (a) 10 line scans were used to ablate a single kerf with a depth of approx. 200 µm and a 
resulting ablation rate of 2.3 mm³/s. Splitting the 10 scans into two parallel lines separated by 200 µm with 5 
scans as shown in Fig. 4 (b) it is possible to increase the ablation rate by a factor of 2.6 to 5.3 mm³/s. With this 
process strategy it is possible to cut 1.5 mm thick CFRP with an effective cutting velocity of 0.12 m/min with a 
laser system with only 15W average power as shown in Fig. 4 (c). In Fig. 4 (d) the incident energy per ablated 
value was calculated for the ablated volume and compared to the volume specific enthalpy calculated with 
Equation (1) for CFRP with 50% fiber volume content  (dotted line). In the single line scanning process the 
whole ablated volume is removed by evaporation. For increasing kerf depth the process efficiency decreases due 
to additional loses like multiple reflections on the kerf walls.  In the case of the efficient process strategy the 
process efficiency is significantly higher. For small depths of the kerf for a few 100 µm it is lower by about a 
factor of 5 than the theoretical value for evaporation of the complete volume. In this case the material is not 
completely evaporated and a large fraction of the fibers is removed in a solid state like in the drilling process.  

4. Conclusion 

The described efficient process strategy allows an increasing of the productivity by up to a factor of seven. 
With this strategy it is possible to reduce the process times and get a benefit from the thermal damage induced by 
the laser process. In the next steps this strategy will also applied to processing with ps-laser systems with several 
10W of average power and to adapt the process to the laser parameter provided by the laser prototype described 
in Negel, et al. (2013) with an average power of 1.4 kW und pulse energies up to 4.7 mJ. 
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