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Abstract. Active thermographic methods are promising tools for non-destructive 
testing of lightweight structures made of carbon fibre reinforced plastics (CFRP). 
Different excitation sources such as optical flash lamps, heat lamps, air jets, 
ultrasonic actuators, electromagnetic induction, etc., are employable to induce 
thermal contrasts. Sources, which have the advantage to selectively activate only 
flaws, e. g. ultrasonic excitation (here due to vibrothermal effects), are of special 
interest for their potential of defect detection.  
 Testing of large areas and depth sensitivity are general advantages of active 
thermographic methods, but parameters of active heating and signal processing have 
to be taken into account for successful application. 
 Experimental investigations of thermal activation with flash light and 
ultrasonic excitation are presented here, considering the detectability of different 
defects in CFRP specimens, including impact damage and different manufacturing 
flaws. Ultrasonic testing with B- and C- scan results is used for comparison 
purposes. 
 For ultrasound stimulated thermography, laser vibrometer investigations permit 
characterisation of the excitation properties for different types of ultrasonic 
actuators, considering effects of signal strength and coupling conditions. 

1. Introduction  

Thermographic approaches are promising for defect detection and characterisation in many 
practical applications and are subject of an intensive research [1 – 3]. Compared to other 
non-destructive testing methods they have advantages, concerning inherently obtaining a 
defect image, relative small time consumption and the possibility of depth estimation of 
defects in case of active thermography with appropriate evaluation. Increasing availability 
of fast and sensitive thermographic cameras, which are necessary for such applications, 
promotes an increasing use. 

Lightweight structures made of carbon fibre reinforced plastics (CFRP) are 
increasingly used in aerospace, automotive, marine, civil engineering and other fields due 
to their advantages in material properties. A high strength-to-weight ratio and other 
properties such as stiffness, fatigue resistance and corrosion resistance are superior to other 
materials. Furthermore, versatile manufacturing possibilities enable tailored material 
properties and product design. Unfortunately, manufacturing and in-service defects can 
substantially degrade the properties, and thus a demand for intensive non-destructive testing 
arises to detect defects before becoming critical. Defects, which are likely to result from 
poor manufacture, are reviewed in [4] and [5]. Figure 1 gives a look at different possible 
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defects of this type. Particularly delaminations of internal composite plies, voids, fibre 
misalignment and waviness and incorrect fibre volume fraction are important. In hybrid 
structures made of CFRP glued to metallic components bonding defects as a lack of 
adhesive can occur in manufacture and have to be detected. 

 

 
Fig. 1. Manufacturing flaws in CFRP.  

Impacts, cyclic stresses and environmental degradation during service can also 
contribute to the deterioration of the properties of CFRP materials. Impact damage is of 
special importance due to the fact, that minor, barely visible impacts can cause severe inner 
damage with cracks and delaminations [6]. 

Different approaches of non-destructive-testing are used or under consideration for 
CFRP structures. This includes ultrasonic testing methods, eddy current testing, 
radiographic testing, shearography and thermographic testing [5, 7 - 11]. Ultrasonic testing 
methods are popular and have the advantage of high sensitivity, but involve a relative high 
level of time and effort. In the following sections, high-resolution ultrasonic testing with 
imaging as C- and B-scans admitted a complete three-dimensional characterisation of 
present flaws and is used as reference for thermographic results.  

2. Active Thermography of CFRP-Structures 

Active thermographic methods are applying an external source of energy to the object 
under investigation in order to obtain temperature differences for detecting internal defects. 
Different excitation sources such as optical flash lamps, heat lamps, air jets, ultrasonic 
actuators, electromagnetic induction, etc., are employable to induce thermal contrasts 
[1 - 3]. Sources, which have the advantage to selectively activate mainly flaws, e. g. 
ultrasonic excitation (here due to vibrothermal effects at a flaw), are of special interest for 
their potential of defect detection [12 – 16].  

Due to capabilities of testing large areas and depth sensitivity, active thermography 
is a promising tool for non-destructive testing of lightweight structures made of carbon 
fibre reinforced plastics. Pulsed or periodic stimulation of heat with appropriate signal 
processing in pulse phase or lock-in thermography provides in-depth resolution, better 
contrast and less influence of disturbances [17 – 25].  

The theory of active thermography is described by the concept of thermal waves [1]. 
The well known formula for the thermal diffusion length µ gives an estimation of maximal 
detectable depth regions, expressed by µ = √ ��� 

with thermal diffusivity α and the modulation frequency f. 
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Figure 2 shows diffusion length as function of frequency for different values of 
thermal diffusivity for CFRP, ranging from 4 10-7 to 6.3 10-7 m2/s, covering the range of 
typical values found in literature [1, 18, 23, 26]. 

 

 
Fig. 2. Thermal diffusion length for CFRP.  

It has to be taken in account that thermal properties in CFRP are considerably 
anisotropic. In-plane-values of a CFRP plate, matching the direction of the carbon fibres, 
differ by a factor of about five to ten from values perpendicular to this [1], affecting spatial 
resolution and hence flaw detectability remarkably.  

A compromise has to be chosen for CFRP laminates in energy activation in active 
thermography. The generated heat has to provide enough thermal contrast for flaw 
detection, but damaging the object by excessive high temperatures has to be taken in 
account, because the polymer matrix of CFRP has a limited temperature resistance. 

3. Experimental Setup 

In the following, experimental investigations of active thermographic testing with flash 
light and ultrasonic excitation are presented, considering the detectability of different 
defects in CFRP specimens, including impact damage and different manufacturing flaws. A 
thermographic camera IR 8300 (InfraTec GmbH, Dresden, Germany) was used for lock-in 
thermography with flash-light excitation and for thermographic investigations with 
ultrasonic activation. The camera is equipped with a 640 x 512 pixel focal plane array, 
working in the 2 to 5 µm infrared wavelength band with a thermal resolution of 25 mK and 
a maximal frame rate of 300 Hz (full screen). In case of flash light excitation, a lock-in 
analysis algorithm as a module of the IRBIS® 3 software from InfraTec GmbH was used. 

For ultrasonic activation, Hielscher ultrasonic processors UIP500hd and UIP500/40 
with frequencies of 20 and 40 kHz were used. The modular concept of the devices allows a 
combination of the horn of the ultrasonic processor with different booster horns and 
sonotrodes for increasing or decreasing of ultrasonic amplitude. Thus, amplitude is changed 
mechanically by the use of various booster horns. Changeable amplitudes additionally 
become possible by changing power at the front panel of the generator electronically. 

Ultrasonic amplitudes and frequencies were measured with a Polytec laser 
vibrometer OFV-505. This laser Doppler vibrometry is a highly sensitive technology for 
non-contact measurement of small displacements of vibrations or wave fields and yields 
properties of the ultrasonic sound field. 

Different CFRP-specimens with quasi-isotropic lay-up and thicknesses from two to 
four millimetres were used, manufactured by a resin infusion process. Manufacturing flaws 
as pores, regions with lack of resin, thickness variations and changes of fibre direction were 
produced by appropriate changes of manufacturing conditions.  
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Hybrid structures with metallic components were produced by bonding steel plates 
to the CFRP structures. Impact damage was caused by low velocity impact tests in a drop-
weight impact testing device. 

4. Ultrasonic Activation  

An effective ultrasonic stimulation of flaws for sufficient heat generation provides good 
conditions for a reliable detection by vibrothermography. An effective and reproducible 
coupling of the ultrasound from the ultrasonic device into the object is a basic condition for 
this. Amplitude and frequency of ultrasonic waves are essential parameters for heat 
generation of the defect [27, 28]. Both are advantageously and exactly measurable with a 
laser vibrometer, providing information on shape, strength and velocity of the ultrasonic 
wave field [29]. 

Both mechanical change of amplitude of generated ultrasonic waves by use of 
different horn-booster combinations and electronical change by power variation were 
measured with the laser vibrometer. The influence of these changed parameters on heat 
generation at the coupling location also was estimated.  

The combination of different boosters admitted a variation of ultrasonic amplitude 
in a wide range. A variation by a factor of about five was found experimentally for the 
40 kHz device with different boosters.  

Figure 3 a) shows normalised ultrasonic amplitude at the top of the sonotrode and at 
the surface of a CFRP plate opposite to the sonotrode as function of power for the 20 kHz 
ultrasonic device. The dashed line for ultrasonic displacements at the surface of the CFRP 
plate indicates coupling problems at higher power values, causing varying amplitudes. This 
is verified by temperature measurements, displayed in figure 3 b), but temperature change 
does not identically follow amplitude values at high power.  
 

        a) 

 
        b) 

 
Fig. 3. a) Relative ultrasonic amplitude versus power for 20 kHz, b) relative surface temperature change for 

20 kHz.  
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Figure 4a) shows a thermal image of a 3 mm thick CFRP plate with the sonotrode 
position marked by C1 and showing standing wave formation by local heating, in this way 
proving that not only flaws, but the structure itself interacts with ultrasound in generating 
heat. Zero nodes in the wave pattern are a matter of special importance, because flaws in 
these areas are not activated.  

From the wavelength of the standing wave pattern the velocity of the ultrasonic 
waves was determined to be 460 m/s. This corresponds well to the value of the expected 
antisymmetric Lamb wave A0 for this material, which is analytically or experimentally 
determinable from the dispersion relation of Lamb-waves in such a CFRP plate [29, 30]. 
The direction of ultrasonic displacements in the excitation area also stands for an expected 
generation of this wave mode.  

Figure 4 b) compares the heating at the location opposite the sonotrode to a position 
of a wave peak in 65 mm distance. A temperature change by material hysteresis effects of 
about one third in this flawless region, compared to the sonotrode position, is indicated. 

 

a) 
 

 

   b) 
 
 

Fig. 4. a) Standing wave pattern for ultrasonic excitation at 40 kHz in a CFRP plate, b) temperature profile for 
two measuring points.  

5. Thermographic Investigation of Flaws in CFRP  

5.1 Active Thermography of Manufacturing Flaws  

Figure 5 presents examples of a CFRP plate in a [(0/90)2f/±45/0/90/±45]s lay-up with a 
thickness of 2.7 mm, showing an extended region with lack of resin on the rear side. The 
photos from both sides prove that the front side was impregnated well, while an evident 
lack of resin occurred at the rear side.  

 

   a) 

 

  b) 

 

Fig. 5. Lack of resin region in a CFRP plate: a) front side, b) rear side.  
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Ultrasonic inspection revealed the flaw ranging up to a minimal depth of 1 mm 
below the front surface and a larger lateral spreading of dry regions inside the plate than 
visible from the surface. Both thermographic techniques, as well as lock-in as 
vibrothermography, clearly show the region of this flaw in figure 6. Because ultrasonic 
waves heated this defect intensively, a pronounced detection results. This was consistently 
confirmed with results of different specimens. 

 

   a)  

 

 b) 

 

  c)  
 

 

Fig. 6. Lack of resin region in a CFRP plate: a) ultrasonic C-scan, b) lock-in thermographic image. 
c) vibrothermographic image.  

Other specimens were excessively filled with voids. The cross section of a plate 
with 2.9 mm thickness and a [(0/90)2f/±453/(0/90)¯ ¯ ¯ ¯ ]s lay-up in figure 7 illustrates the excess 
amount of voids, distributed over the whole cross section of the specimen. The lock-in 
thermographic image shows patterns accordingly, indicating these flaws in different depth 
zones. In addition, a small change in thickness is displayed as a stripe at the right edge of 
the plate. In contrast, the vibrothermographic image shows a shadowing effect for 
propagation of ultrasound from the sonotrode, positioned at the right and marked by the 
highest temperature, towards regions with excess high amount of pores. 

 

a) 

 
           b) 

 

          c) 
 

 

Fig. 7. Voids in a CFRP plate: a) cross section, b) lock-in thermogram, c) vibrothermogram.  

Bonded joints and bonding defects were simulated by steel plates, adhesively 
bonded to CFRP plates. Figures 8 and 9 give an example of lock-in thermography for a 
CFRP plate with a [(0/90)2f/±454/(0/90)2f]s lay-up and a thickness of 3.6 mm, bonded to a 
40 mm quadratic steel plate. According to the depth-frequency relation in figure 1, high 
modulation frequencies confine the response to the near surface region. Thus, firstly, the 
bond at the rear side becomes visible in the phase image of 0.05 Hz and in the amplitude 
image of 0.01 Hz. The slow acquisition process has to be taken in account especially for 
thick CFRP-structures. 
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a) 
 

 

b) 
 

 

c) 
 

 

d) 
 

 
Fig. 8. Lock-in thermography: amplitude images a) 0.5 Hz, b) 0.05 Hz, c) 0.01 Hz, d) 0.005 Hz.  

 

a) 
 

 

b) 
 

 

c) 
 

 

d) 
 

 
Fig. 9. Lock-in thermography: phase images a) 0.5 Hz, b) 0.05 Hz, c) 0.01 Hz, d) 0.005 Hz.  

Another example for such CFRP plates is given in figure 10. As shown in part a), a 
bonding defect in a 30 mm wide steel plate is generated by a quadratic lack of adhesive 
area in the centre. Additionally, two circular disc shaped plates of diameter 30 mm with 
holes at the centre were arranged. The lock-in thermographic image correctly revealed 
position and size after image processing for removing disturbing indications of carbon 
fibres.  
An ultrasonic activation also clearly indicates the bonded areas. Two images at different 
time steps are displayed in Figure 11, showing the evolution of heat transfer. At time t0, the 
shape of all bonded steel plates is accurately reproduced but with low contrast. Progressing 
time causes better visibility, but due to lateral heat flow resolution diminishes. The image in 
part c) shows the effect of an unfavourable test arrangement specimen – camera. Disturbing 
effects due to local changes of emissivity of the surface are clear visible.  

 

a) 

 

b) 

 
Fig. 10. Adhesive bond CFRP-steel: a) scheme, b) lock-in thermography. 

 

a) 

 

b) 

 

c) 

 

Fig. 11. Vibrothermography adhesive bond CFRP - steel: a) at time t0, b) at time 2 t0, c) image with 
disturbances.  
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5.2 Active Thermography of Impact Defects  

CFRP plate specimens with different sizes and lay-ups were impacted in low-energy impact 
tests with different energies. Figure 12 gives an example for a 7 J and 3.5 J impact in a 
plate of [(0/90)2f/±453/(0/90)¯ ¯ ¯ ¯ ]s lay-up and 2.2 mm thickness. Ultrasonic C-scans visualise 
different size and orientation of the generated delaminations.  

 

            a) 

 

      b) 
 

 

 

Fig. 12. Ultrasonic C-scan of impact damage in a CFRP plate: a) 7 J impact, b) 3.5 J impact. 

Both delaminations become visible in the lock-in thermographic image in figure 
13 a). A circular steel disc that was bonded to the rear side is additionally displayed in the 
left corner. This indicates that the chosen lock-in frequency was sufficiently low to cover 
the complete thickness of the plate.  

In vibrothermography results of 20 kHz activation, the 3.5 J impact was barely 
detectable, as figure 13 b) shows. Again, the bonded steel disc is displayed best. In case c) 
the steel disc was removed and the flaw detection optimised by choosing a larger detection 
time with better contrast. 

 

a) 

 

b) 

 

 

c) 

 

 

Fig. 13. Impact damage in a CFRP plate: a) lock-in thermography, b) vibrothermography 20 kHz, 
c) vibrothermography 20 kHz (detail). 

The results of a 3.5 mm thick plate ([(0/90)2f/±454/(0/90)2f]s lay-up) with a 10 J 
impact show the specific conditions for detectability of delaminations. The ultrasonic 
testing proved that the major part of the delaminated area is positioned short before the rear 
side. The B-scan image in figure 14 a) verifies this unambiguously. The C-scan image in 
this figure gives the overall extension of the delaminations in all depth positions. Lock-in 
thermography from the front side didn’t give enough thermal contrast for a reliable 
evidence of this deep flaw. Reasons are given by the high lateral heat flow in the CFRP 
material and the restricted energy entrance of the flash light excitation. Only a test from the 
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rear side clearly showed the (from this side shallow) subsurface defect, as shown in 
figure 14 b).  

 

a) 
 

 
 

 

  b) 
 

 

Fig. 14. Impact damage in a CFRP plate: a) ultrasonic B-scan and C-scan of impact damage, 
b) lock-in thermography. 

The detectability of impact defects for different ultrasonic frequencies, in this way 
indicating the dependence from defect size and frequency [28], is shown in figure 15 for a 
20 and a 40 kHz excitation of a CFRP plate of 2 mm thickness ([(0/90)f/+45/-45/(0/90)¯ ¯ ¯ f̄]s 
lay-up) with delaminations near the plate edges. The sonotrode is located at the left corner 
in both figures. The small delaminations at the edges become well-defined visible for the 
lower excitation frequency. 

 

a) 

 

b) 

 

Fig. 15. Impact damage in a CFRP plate: a) vibrothermography 20 kHz, b) vibrothermography 40 kHz. 

Conclusion 

Both lock-in thermography with flash excitation and thermography with ultrasonic 
activation are promising tools for detection and evaluation of manufacturing and in-service 
defects in components made of carbon reinforced plastics or hybrid structures with metallic 
components. The specific properties of material and flaws have to be taken in account for 
carefully choosing appropriate test parameters for successful application. Particularly for 
the use of ultrasound, details of effective energy transfer and interaction with flaws have to 
be clarified in more detail in future work.  
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