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Abstract. The increasing amount of CFRP used for automotive, aerospace and 
marine structures demands for matching repair concepts for the case that such 
structures get damaged. A relatively new approach is the use of a laser for removing 
damaged layers of a CFRP structure. In order to accelerate this time-consuming 
process, only damaged areas should be removed, which requires a fast non-contact 
NDT method for determination of defect location and size. For this purpose, Online-
Thermography is suited very well.  
 Before removing a CFRP layer, the ablation laser scans the measurement field 
with low laser power, and simultaneously the IR camera grabs a thermogram 
sequence. Then, image processing algorithms determine the defect area. Afterwards, 
the same laser performs the ablation of the damaged area, plus some millimeters of 
the surrounding, since impact damage size increases with depth. After ablation of 
the CFRP layer, the defect area determination is repeated, followed by ablation of 
the damaged part of the next layer. This process is repeated until all damaged layers 
have been removed, leaving the test object ready for repair. Since the test takes just 
a few seconds and only defect parts of the test object are removed, the repair process 
is much faster than with conventional laser ablation. The method is cost-effective 
because the ablation laser is also used as excitation source. This paper demonstrates 
the performance of this method which is currently being developed within the 
project PRECISE (13N12919), funded by the German Federal Ministry of Education 
and Research through the funding program Photonics Research Germany. 

Introduction 

The PRECISE consortium project is about the photonic repair of fibre plastic composites. 
One aspect is the layer-accurate efficient removing of damaged areas in CFRP. In contrast 
to classic abrasive methods, laser ablation is capable of fulfilling the need for a fast and 
precise machining of 3D geometries. 

Active Thermography is part of the subproject which aims for the reduction of the 
material volume to be removed (other subproject include e.g. repair patch geometries, 
ablation strategies, process emission analysis). It is used at three stages of the repair 
process: For the detection and assessment of manufacturing and in-service defects, for 
monitoring the laser ablation process and for assessment of repair quality. 
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The advantages of using active thermography for these tasks is that it is a non-
contact method, so it does not need any kind of coupling to the surface of the part. Also, 
only an IR camera is needed, since the ablation laser can also be used as excitation source. 

1. Methodology 

1.2 Concept and work flow 

The process of flying-spot thermographic testing [2] and laser ablation is performed in the 
following way: 
 

1. The damaged CFRP part is scanned with a defocused laser spot with low laser 
power at high scan speed (30 W, 3000 mm/s). Simultaneously, an acquisition of IR 
images is performed at a framerate of 100 Hz. The very first IR image sequence 
takes a long time (up to 100 s) to detect not only near-surface defects, but to 
determine the maximum defect area contained in the part. 

2. The defect area (and some of the surrounding) is ablated with a focused laser spot at 
high laser power (750 W). The current ablation strategy is called grooving and 
removing: First, a series of parallel grooves in a distance of e.g. 0.75 mm is cut 
using nanosecond pulses. The ablation volume per time is relatively small, but the 
thermally damaged zone in the material is small as well. In the second step, the 
material in between the grooves is massively heated by CW laser, which gives a 
very fast removing of large volumes [1]. 

3. After ablation, the specimen must be cleaned. This is performed either mechanically 
by brushing or via pulsed laser process which is also considered in this project. 

4. Then, the next Online Thermography test is performed at low power laser scan at 
high scanning speed. The measurement time is reduced to e.g. just 10 s, as only near 
surface defects are supposed to be detected, but the framerate is tripled to 300 Hz. 

5. From this point, ablation and Online-Thermography tests are performed alternately 
until no damage area is detected any more. 

6. As soon as Online-Thermography has proved that all defect area has been removed, 
the surface can be prepared for repair (e.g. by structuring the surface by laser). 

7. After repair – e.g. with a repair patch which is applied under local vacuum pressing 
and inductive heating – a final Online Thermography test according to step 1) is 
performed to ensure that the repaired area does not include flaws like porosity, 
delamination etc. 

 
Fig. 1 shows the experimental setup at C. & E. Fein GmbH and a CFRP specimen after 
ablation. 
 

  
Fig. 1. Experimental setup of Laser ablation system at C. & E. Fein GmbH, with IR camera for Online 

Thermography (on the left), CFRP plate with 5 J impact damage after several ablation steps with circular 
scanning pattern (on the right). 
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1.2 Image processing 

The process of excitation, image acquisition and subsequent image processing and 
evaluation is demonstrated for a CFRP plate with a 30 J impact damage. The test was 
performed not from the impact side, but from the back side. Fig. 2 shows a sequence of 
thermographic images at different times.  

 
Fig. 2. Thermograms of a CFRP plate with a 30 J impact damage at different times during and after laser 

scanning. 

 
The sequence is recorded at a frame rate of 300 Hz. Due do to relatively large scanning 
field of about 90 mm diameter and the small scanning line distance of 0.75 mm, the 
scanning takes about 6 s. After finishing the scan, another 4 s are recorded. The thermal 
signal of two different spots of the specimen is displayed in fig. 3. 
 

 
Fig. 3. Signals  of an intact area (green) and of a damaged area (red) of the thermogram sequence shown 

above. 

 
The comparison of the two signals shows the temporal delay due to the scanning. The first 
step of image processing is a correction of the temporal delay of the scanning excitation. It 
is performed pixelwise in the frequency domain. The result is displayed in fig. 4. 
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Fig. 4. Thermograms of a CFRP plate with a 30 J impact damage at different times after the correction of the 

time delays to laser scanning. 

 
After this step, the sequence appears similar to a pulse thermography measurement with a 
flash lamp excitation (a comparison with this method is shown later). The signals of the 
intact and of the damaged area after the temporal correction are displayed in fig. 5. 
 

 
Fig. 5. Signals of an intact area (green) and of a damaged area (red) of the thermogram sequence shown above 

after the correction of the time delays to laser scanning. 

 
The cooling curve of the damaged area differs significantly from the cooling curve of the 
intact area due to the locally disturbed heat flow. From this point, several different 
evaluation methods can be applied, like e.g. background subtraction, thermal signal 
reconstruction etc. We perform a discrete Fourier transformation to generate phase images 
at different frequencies, which corresponds with the temporal delay of the heat flow. High 
evaluation frequencies (e.g. 1 Hz) correspond to small thermal diffusion lengths, so 
information from near under the specimen surface is obtained; low evaluation frequencies 
(e.g. 0.1 Hz) require longer measurement times and correspond to larger thermal diffusion 
lengths and therefore deeper layers of the specimen. Also, phase images feature a higher 
signal-/noise-ratio, since the whole image sequence contributes to the signal (not just one 
image), and the influence of locally variable surface emissivity is being minimized. Defects 
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under one layer of CFRP (in this case about 0.6 mm) can already be observed at 1 Hz (fig. 
6, left). The defect structure strongly depends on the material. In this multiaxial fabric 
composite, the impact causes delamination with a significantly larger size in the direction 
of the fibres than perpendicular to it. Also, a crack in the direction of the fibres appears on 
the rear side, which explains the pointy tips of the defect. Right in the centre of the impact, 
no shear stress occurs (just compression stress), so there is no delamination. Figure 6 also 
shows the correction of the camera perspective on the right, which is necessary for the next 
step of the process. 

 
Fig. 6. Phase image of the CFRP plate with 30 J impact damage, generated from the thermogram sequence 

after temporal correction by a discrete Fourier transformation at 1 Hz (left). Correction of the camera 
perspective (right). 

 
The phase image is evaluated by a blob analysis to determine the defect areas. These areas 
are then exported, hatched and converted to a file format which can be read by the laser 
scanner software, e.g. svg or dwg (fig. 7). 
 
 

 
Fig. 7. Phase image of the CFRP plate with 30 J impact damage at 1 Hz with defect area marked by blob 

analysis (left), exported defect area vector graphic (middle) and hatched defect area vector graphic. 

 
In the future, the laser shall use this exported file as a basis for generating a scanning 
pattern for the following ablation step. In combination with a currently developed software 
tool which calculates the optimal patch geometry depending on the fibre orientation of the 
affected layers, this results in a minimization of the amount of material to be removed in 
order to save time. Currently, the evaluation is performed manually, but it is planned to 
automate these steps stepwise. 

Results  

2.1 Aablation and testing of 5 J impact damage CFRP plate  

A CFRP plate (200 x 200 x 4.8 mm3) was impacted with an energy of 5 J to generate a 
barely visible impact damage (BVID). This specimen then was stepwise ablated and tested 
with Online Thermography (from the impact side). The results of the measurements at 
different ablation depths are displayed in fig. 8. 



6 

 
Fig. 8. Online Thermography phase images, obtained after different ablation depths. 

 
The test revealed that the near-surface damage of BVID is also barely visible in the Online 
Thermography phase image at high frequencies as 0.4 Hz. At lower frequencies (0.1 Hz, 
0.01 Hz), the defect can be observed, but the indication is not very strong. The shape of the 
defect depends on the fibre orientation (e.g. horizontal in 1.0 mm, diagonal in 2.0 mm,  
3.0 mm etc.). The defect signal is not as clear as expected, due to locally different ablation 
depths (there was an increased ablation speed in the centre of the specimen). Local changes 
in fibre volume content and binding yarn also impede the detection. The strategy of starting 
with one long Online-Thermography test for defect size determination and subsequent short 
Online-Thermography tests after each ablation step for near -surface characterisation seems 
to be a well-suited approach. 
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2.2 Comparison of Online-Thermography with Pulse Thermography on a 20 J CFRP plate 

Flying laser spot excitation is usually performed to generate lateral heat flow, as this allows 
for crack detection. To check if there is any influence of the lateral heat flow for the defect 
detection, a CFRP coupon (100 x 150 x 5.0 mm3) with a 20 J impact damage was tested 
with Online-Thermography (with flying spot excitation, scanning speed 3000 mm/s, pulse 
mode at 15 kHz with 0.2 mJ pulse energy) and with Pulse Thermography (with flash lamp 
excitation, 6 kJ, ca. 10 ms) before each ablation step. The results are displayed in fig. 9. 

 

 
Fig. 9. Comparison of phase images at 1 Hz, obtained with Pulse Thermography and with Online 

Thermography, in different ablation depths (measured with Optical Coherence Tomography). 
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The phase images obtained by Pulse Thermography and Online Thermography are very 
similar. Very thin structures like remaining parts of previous layers are detected more 
sensitively by Pulse Thermography. This effect is most presumably to the discarding of the 
first few images of the temporally corrected Online Thermography sequence, as these 
images are disturbed due to the laser scanning of neighbouring lines. The impact damage 
close to the surface (e.g. before ablation) can be observed more clearly with Online 
Thermography than with Pulse Thermography. This is most likely related to the influence 
of lateral heat flow due to the flying spot technique. The very typical defect shape [3] can 
be observed easily. The changes in orientation correspond to the changes in fibre 
orientation, and the defect size increases with increasing depth. 
 

2.3 Thermal tomography of a 20 J CFRP plate 

Phase images at high frequencies like 1 Hz only contain near-surface information due to the 
small thermal diffusion length at such frequencies. This allows the generation of a thermal 
tomogram when the ablation depth is known (in this case measured by Optical Coherence 
Tomography), e.g. for damage characterization and documentation purpose. Fig. 10 
displays the 3D representation of the data shown in fig. 9. The whole measurement field of 
80 x 60 x 4.8 mm3 as well as several different views of the defect area (obtained by 
thresholding) are shown in false colour representation. For comparison, a scheme of the 
multiaxial layer structure of the 20 J CFRP plate is shown as well. 
 

 
Fig. 10. Thermal tomography of the 20 J impact damage CFRP plate in different views. 
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Conclusions  

The suitability of Online Thermography for defect characterization and process monitoring 
has been demonstrated. It became clear that the exact removing of CFRP material is 
essential. Unwanted remains of previous layers disturb the thermal signal significantly. The 
current strategy is to perform the measurements when the ablation process has reached the 
middle of a CFRP layer. The laser should be in CW mode when used for thermal excitation 
for Online Thermography; when used in pulse mode, strong aliasing effects due to 
superposition of laser scanning and camera framerate appear. The marking and export of 
the defect area and the generation and transfer of the laser scan pattern into the laser 
scanner software have been demonstrated, but not been automated yet. 

Outlook 

The defined removing of CFRP layers (or half-layers) must be achieved. For this, the 
implementation of geometrical monitoring via optical coherence tomography is in progress. 
The next steps of the development of Online Thermography are the further automation of 
the measurements (communication with the laser system at the industrial project partners) 
as well as the implementation of robust automated defect detection. The maximum defect 
size determination must be improved as well, possibly a Lockin approach [4] could increase 
the signal-/noise-ratio for large thicknesses of e.g. 5 mm. The testing of repaired specimens 
will also start soon. 
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