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Abstract
Optically excited lockin thermography (OLT) is based on propagation and reflection of 
thermal waves which are launched from the surface into the inspected component by 
absorption of modulated radiation. Phase angle images obtained by superposition of the 
initial thermal wave and its internal reflection display hidden thermal structures down to a 
certain depth below the surface. Defects are found by comparing the observed features 
with expected features provided by theory or by an intact reference sample.

Elastic waves sent into the component propagate inside the sample until they are converted 
into heat. A defect causes locally enhanced losses and consequently selective heating up. 
Therefore modulation of the elastic wave amplitude results in periodical heat generation so 
that the defect is turned into a local thermal wave transmitter. Its emission is detected via 
the temperature modulation at the surface which is analysed by lockin thermography tuned 
to the frequency of amplitude modulation. The amplitude image displays the efficiency of 
mechanical losses, so it shows the imaginary part of local elastic properties.

Introduction
Reliable inspection techniques are required for the maintenance of safety relevant 
structures (e.g. aerospace equipment and vehicles) where one needs to detect defect areas 
early enough to prevent catastrophic failure. As many structures consist of carbon fibre 
reinforced plastics (CFRP), the rapid and remote identification of delaminations, impact 
damages, ruptures, and cracks is a topic of major concern. Therefore a method is required 
that is applicable during inspection procedures to monitor the integrity of such structures.

External excitation :Optical Lockin Thermography (OLT)
Thermal waves (1) have been used very early for remote monitoring of thermal features, 
e.g. cracks, delaminations (2), and other kinds of boundaries. After the advantage of signal 
phase had been discovered (3-5), phase angle imaging using photothermal techniques (6) 
became a powerful tool for imaging of hidden structures due to the enhanced depth range 
and its independence on optical (7) or infrared surface patterns.

As the thermal diffusion length is the important parameter for depth range (8), it turned out 
very soon that imaging of features deep underneath the surface requires very low 
modulation frequencies and a correspondingly long time to obtain a photothermal image. 
Unfortunately many industrial questions are related to samples with defects at about a 
millimeter depth. An image obtained pixel after pixel at a modulation frequency in the 1 
Hz range could easily require several hours.

One approach allowing for a reduction of inspection time is lockin thermography where 
the low frequency thermal wave is generated simultaneously on the whole surface of the 



inspected component and monitored everywhere several times per modulation cycle in 
order to obtain an image of amplitude and phase of temperature modulation (9-12). In this 
case the inspection time is given by a few modulation cycles. As one can image square 
meters of airplanes within a few minutes (13), one has a powerful method for fast 
inspection of safety relevant structures with a depth range of several millimetres in CFRP.

Figure 1 shows the principle and the set-up of optical excited lockin thermography. 
Absorption of intensity modulated radiation generates on the whole surface a thermal 
wave. It propagates into the interior where it is reflected at boundaries and defects so that it 
moves back to the surface where it is superposed to the initial wave. This way a defect is 
revealed by the local change of phase angle.

Figure 1. Principle and set-up of lockin thermography with optical excitation.
Therefore both defects and intact structures are imaged at the same time. Defects can be 
revealed only by comparing the observed features with expected patterns provided by 
theory, by reference samples, or by design drawings. Even for an experienced inspector it 
is difficult to distinguish defect areas from these thermal features.

Internal excitation : Ultrasound Lockin Thermography (ULT)
Further investigations aimed at a method where a defect responds selectively so that the 
image would display only the defect and not the confusing background of the intact 
structure. Defects differ from their surroundings by their mechanical weakness. They may 
cause stress concentrations, and under periodical load there may be hysteresis effects or 
friction in cracks and delaminations. As defects may be areas where mechanical damping 
is enhanced, the ultrasound is converted into heat mainly in defects (14, 15). Modulation of 
the elastic wave amplitude results in periodical heat generation so that the defect is turned 
into a local thermal wave transmitter (Figure 2). Its emission is detected via the 
temperature modulation at the surface which is analysed by lockin thermography tuned to 
the frequency of amplitude modulation (16). The ultrasonic transducer is attached at a 
fixed spot from where the acoustic waves are launched into the whole volume where they 
are reflected several times until they disappear preferably in a defect and generate heat. 
These high frequencies are very efficient in heating since many hysteresis cycles are 
performed per second.

Figure 2. Principle and set-up of lockin thermography with ultrasonic excitation.



Internal excitation :Ultrasound Burst Phase Thermography (UBP)
Another established method is the use of short sonic bursts for sample excitation (17) 
(Figure 3). The spectral components of that signal and the following cooling down period 
provide information about defects in almost the same way as Lockin technique but with 
reduced measuring duration. As the characteristic defect signal is contained in a limited 
spectral range while the noise typically is distributed over the whole spectrum, one can 
reduce noise as well. That kind of evaluation technique using Fourier or Wavelet 
transformations  is also applicable to flash light excited thermography (18-20). The signal 
to noise ratio of ULT and UBP images (and hence defect detectability) is significantly 
better than just one temperature snapshot image in a sequence (21, 22).

Figure 3. Principle of ultrasound burst thermography.
The following example  confirms that high frequencies probe only near-surface areas while 
low frequencies with their larger depth range provide information about defects deeper 
inside the component. Thus depth resolved mapping of defects can be performed with only 
one measurement.

For this demonstration we manufactured a sample which had four delaminations in various 
depths between 0.2 mm and 2.2 mm. After an ultrasonic burst of 100 ms duration had been 
applied the resulting temperature sequence was evaluated at different frequencies. In the 
phase image at 3 Hz (Figure 4a) only the defect next to the surface causes a change in the 
phase angle. At 1 Hz (Figure 4b) already three delaminations in depths from 0.2 mm to 1.5 
mm become visible. At 0.5 Hz (Figure 4c) all defects appear. At an even lower frequency 
(0.1 Hz, see Figure 4d) the image contrast is reduced due to lateral diffusion effects.

a) 3 Hz b) 1 Hz

c) 0,5 Hz d) 0,1 Hz

Figure 4. UBP images of a CFRP sample with delaminations in different depths. 
Excitation: 1 kW, ultrasonic frequency 20 kHz, burst duration: 100 ms.

Due to the signifance of non-destructive inspection for safety-relevant structures we 
applied these techniques (OLT, ULT, and UBP) to various CFRP components of aircraft. 
The results using this defect-selective technique will be described below.



Results
Ruptures, delaminations, and cracks in CFRP stringer structures
Stringers are used if stiffness needs to be enhanced along a certain direction. Stringer 
disbond caused e.g. by excessive loading therefore results in a loss of structural stiffness. 
Therefore one is highly interested to detect such defects early enough to prevent failure.

Ruptures of stringers in aerospace components are a serious problem because this kind of 
damage is almost invisible from the outer surface of an aircraft for most non-destructive 
testing methods, since stringers are hidden behind a panel. The access from inside the 
aircraft is difficult and time consuming.

The CFRP structure to be inspected had ruptures in its stringers as shown in Figure 5a 
schematically. The damage was covered by a CFRP skin with a thickness of more than 6 
mm. While stringer delaminations can be detected with Optical Lockin Thermography 
(13), the depth range of optically generated thermal waves is not sufficient to reveal hidden 
stringer ruptures (Figure 5b). Ultrasound Lockin Thermography (Figure 5c and 5d) and 
Ultrasound Burst Phase image (Figure 5e) can  reveal the rupture in the left stringer 
clearly. The damage in the right stringer is too far from the surface (30 mm), therefore it 
remains undetected even with sonic excitation.

a) CFRP stringer structure
thickness of skin: 6 mm.
Laminated stringer (thickness 5 mm, height 48 mm).
Ruptures are marked white.

b)
Optical Lockin 
Thermography Phase 
image at 0.01 Hz, 200 
seconds acquisition time

c)
Ultrasound Lockin 
Amplitude image at 0.01 
Hz, 400 W, and 100 
seconds acquisition time

d)
Ultrasound Lockin Phase 
image at 0.01 Hz, 400 W, 
and 100 seconds 
acquisition time

e)
Ultrasound Burst Phase 
image at 0,0485 Hz, 
burst length 5s, 400 W

Figure 5. Comparison of different phase images of ruptures in a aerospace 
component

Another example is the flap shown in Figure 6 where the results of OLT and ULT are 
compared. While OLT displays the whole structure where the small effect of the defect 
readily escapes attention, a small white spot in the ULT image indicates a crack and a 
delamination in the stringer underneath the intact CFRP-skin.



Figure 6. Comparison of OLT and ULT images of a delamination caused by a crack
Another example is the component investigated previously (23). The photograph of the 
rear surface displays the structure that needs to be inspected with access only from the flat 
front surface. It is composed of a CFRP skin and T-shaped stringers bonded to it while the 
lighter rectangular areas are glass fiber reinforced polymer (GFRP) wedges attached to the 
structure to perform tests under load. With OLT performed on the front surface the intact 
structure (including the GFRP area) is revealed where the disbond appears as an 
interruption of the straight lines which indicate the bonded stringers. The ULT phase image 
shows only the area where the disbond starts since only there the components can rub 
against each other in the ultrasound field. Surprisingly, there is an additional small spot 
which is not due to disbond but rather to a crack in the perfectly bonded stringer so that the 
heat modulation generated by friction can propagate as a thermal wave across the bond into 
the front of the skin over a cm-distance.

Figure 7. Stringer disbonding and cracks in an aircraft panel. OLT (left) and ULT 
(right).

Damage detection using small piezo-ceramic actuators
From previous investigations it is known that soft materials could be damaged by injecting 
elastic waves with high energy (24). An alternative approach is the use of many small 
distributed piezo-ceramic actuators to generate an elastic wave field in the inspected 
component. This results in a reduction of mechanical and thermal load. Here we examined 
a thin carbon fiber plate with seven impact damages. Three piezo-ceramic actuators were 
bonded to the sample to generate a wave field at a frequency of 8 kHz with 200 W for 1 
second. Some milliseconds after the excitation burst, the best thermal contrast for defect 



detection is achieved (Figure 8 a). However, there is only a small change in temperature at 
the damaged regions of the sample. The amplitude image calculated with a Fourier 
transform at 0.24 Hz is an improvement in terms of signal to noise ratio (Figure 8b). The 
defects are displayed with better contrast, but friction between sample and actuators causes 
thermal fringes around the actuators. This effect is reduced in the phase image (Figure 8c), 
where inhomogenities of temperature variations are eliminated.

a) Temperature image one second 
after sound injection.

b) UBP: amplitude image at 
0.24 Hz

c) UBP: phase image at 0.24 Hz

Figure 8. UBP: amplitude and phase image of seven impacts in CFRP (d = 2 mm)
Growing dimensions of new aircraft require rigid and lightweight structures. Fibre 
composites such as CFRP are increasingly being used since they satisfy these demands. 
The wall thickness of these structures is growing also, causing problems with many 
established non-destructive testing methods.

An example is the examination of a 9 mm thick CFRP plate with OLT. Six areas of heat 
damage are at the rear side of the sample (Figure 9). Limited depth range of optically 
excited thermal waves prevents a successful application of this remote technique. The 
damages remain undetected. The use of sonic excitation improves the situation. With an 
excitation power of 0.5 kW and acquisition time of 100 seconds, both heat damages are 
revealed. Using the burst phase technique, a reduction of acquisition time is possible. The 
result looks similar to the Lockin measurement, the measurement time, however, is 
reduced from 100 seconds to only 16 seconds.

before reinforcement d=2 mm after reinforcement d=9 mm
OLT ULT OLT ULT UBP

0,01 Hz phase image 0,01 Hz phase image
500 W

0,01 Hz phase image 0,01 Hz phase 
image, 500W

Burst length 500 ms, 
1kW, phase image at 
0,06 Hz

Figure 9. Comparison of Ultrasound Burst Phase evaluation and Lockin technique



Conclusion
Phase Thermography (Lock-in or Burst) has some advantages as compared to conventional 
pulse thermography: sensitivity variations within the detector array as well as optical 
sample characteristics are suppressed. Furthermore the signal to noise ratio is improved 
significantly. Compared to OLT, using the ULT / UBP methods in CFRP defects can be 
detected up to a depth of 12 mm. Using UBP the probability of defect identification is thus 
improved at a reduced measuring time. The measurements presented in this paper show 
that even larger components can be examined with this technique.

However, the high excitation power contained in short pulses or bursts could possibly 
cause damage of the inspected structure. Standing waves can occur if the frequency applied 
to the sample is at a mechanical resonance. Due to hysteretic losses in the elongation 
maximum, these standing elastic waves can appear as temperature patterns.  which can 
cause misinterpretations. To eliminate standing wave patterns and to reduce the high 
excitation power the application of small piezo-ceramic actuators was investigated. Good 
results where found for relatively small samples. However, the excitation efficiency must 
be improved to make this technique applicable to non-destructive testing of large 
struc tures.
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