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Abstract 
In the last few years, composites increasingly have been used in various fields. Carbon fiber reinforced polymer 
(CFRP) is one of the composites that is widely used for a variety of purposes  such as in the aerospace field, aircraft 
industry, medical field, automobile industry, military and many others. Non-destructive testing (NDT) with infrared 
thermography techniques have been broadly applied to defect detection in specimens. 
In the later, excitations sources from mechanical, convective, optical, or induction sources are typically employed. In 
this paper, the capabilities of different approaches such as conventional pulsed and Lock-in thermography, 
vibrothermography and LED illumination have been compared in order to detect artificial Teflon inserts between 
CFRP plies. For this purpose, Tanimoto criterion has been used on acquired images by different methods. A 3D finite 
element method (FEM) with COMSOL Multiphysics has been used in parallel to simulate and optimize the parameters 
of experiments. 
 
Keywords: pulsed thermography, Lock-in thermography, vibrothermography, non-destructive testing, carbon fiber 
composite 

 
1. Introduction 

In the recent years, carbon fiber reinforced plastic (CFRP) has been considered one of the most popular 
composite materials and has been increasingly used in different fields such as aerospace industry, civil 
engineering, renewable energy, sport tools, and many others due to its specific capabilities such as low 
weight, high thermal strength, high rigidity, high corrosion resistance, high mechanical, chemical, and 
temperature resistance. Carbon fiber composite has a low resistance to impact and compression. It can be 
affected by different damages, failures and defects in various ways. Normally, the damages to composites 
are not visible. 
Non-destructive testing (NDT) is one of the useful methods for the detection of defects in different materials 
[5, 6, 7]. This technique does not have any negative effect on the specimens. The various techniques of non-
destructive testing are used in different fields to ensure accuracy, verify integrity, reduce production costs 
and detect defects. There are many useful NDT methods to detect the flaws and delamination which have 
been used according to defect size and type, material, and defect location. 
One of the attractive methods in NDT is infrared thermography, which is divided into two main groups: 
active and passive thermography, which depends on use or not of an external source [13].  
There are many sources in active thermography, which are selected according to material physical 
properties, size and shape of specimens, the thermal properties, and etc. They can be divided into 
mechanical (vibrothermography) and optical sources (photographic flash and halogen lamps) [16]. 
In addition, light emitting diode (LED) technology has been developed in recent years. In comparison with 
incandescent lamps, it has some advantage such as: more compact, low power, and little radiation. These 
characteristics of the LED make them a potential candidate for thermographic NDE applications to test 
specimens. High power light emitting diode (LED) has been used for long pulse and lock-in thermography 
[14]. The powerful LEDs are used to reduce reflection of radiation. These types of techniques are based on 
the principle of a ‘dark field’ which can be used for detecting limits for structural defects [15]. In this paper, 
the specimen is stimulated by pulsed thermography (PT), lock-in thermography (LT), vibrothermography 
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(VT) and a light emitting diode (LED) to detect the defects. Normally, the raw images are not perfect for 
analysis. Therefore, data processing methods have been used for defect detection and characterization [17]. 
In this work, a number of techniques have been used to process the images such as: Thermographic signal 
reconstruction (TSR), Differential absolute contrast (DAC), Pulsed Phase Thermography (PPT), principal 
component thermal (PCT), Partial least squares (PLS). These techniques are described in the following 
sections. 
  
2.  Thermography 

2.1 Pulsed thermography 

Pulsed thermography (PT) is a very fast technique in the NDT field. In this technique, energy is applied to 
the specimen in a short time. This time can be a few milliseconds (2-15 ms) for high thermal conductivity 
materials and a few seconds for low-conductivity materials. Pulsed thermography (PT) uses a power optical 
source to submit a short heating pulse on the specimen surface [8]. Pulse energy increases the temperature of 
the specimen surface. After the pulse heating, the surface temperature will decrease [9]. The surface 
temperature will decrease with a uniform rate for non-defect areas and with a non-uniform rate for defect 
areas. The IR camera will record the abnormal temperature patterns. Therefore, the defect can be detected. 
The flaw depth can be estimated by thermal propagation time(�) and thermal properties of the materials. 
 

� = ��/� (1) 
 

α = k/(c. ρ) (2) 
 
In equation (1) and (2)  � is the thickness of the material and � is the thermal diffusivity, � is the thermal 
conductivity, � is the specific heat and �	is the density. In a complex structure, a specimen’s calibration is 
used to estimate location of the flaws [18]. 
 
2.2 Lock-in thermography 

Lock-in Thermography (LT) [2] is based on thermal waves which are generated inside a specimen by 
periodic deposition of heat on a specimen’s surface [1]. In the lock-in thermography (LT), sometimes called 
modulated thermography, thermal waves are injected into the specimen periodically by one or several 
heating sources such as halogen lamps. Internal defects change amplitude and phase of the response signal 
on the surface. The response signal is recorded by an infrared camera. In this technique sinusoidal waves are 
usually employed although use of other periodic waves is also possible. Sinusoidal waves are suggested as 
input in lock-in thermography because the amplitude and phase can be changed, while the frequency and 
shape of response signal are preserved [3]. Generally, the phase information (which is related to the 
propagation delay of the thermal waves) is of interest since being related to the travel propagation of the 
thermal waves inside the specimen. This propagation is obviously affected by the presence of subsurface 
defects. 
 
2.3 Vibrothermography (VT) 

Vibrothermography is another method of active thermography. This technique evaluates heat that is 
produced by vibration or ultrasonic in the specimens [4]. Under the effect of mechanical vibration, heat is 
released by friction at defect locations (such as cracks). Vibrothermography can be employed in acoustic 
thermography, elastic-wave-activated thermography, ultrasonic infrared thermography, sonic IR, thermal 
vibration method (vibroIR) [4]. Vibrothermography is a very fast and sensitive technique [8]. For the 
detection of defects which are located in the deeper layer or cracks, vibrothermography is superior to optical 
methods. To compare VT with optical methods, thermal waves travel half the distance from the defect to the 
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surface in VT (waves produced in the defect) while in optical methods these 
waves (reflection) have to travel from the surface to the defect and the return to the surface. VT is more 
appropriate for small objects. The limitation of vibrothermography in comparison to optical methods is that 
it needs a coupling media between the sample and the transducer [3]. In this study the vibration frequency 
was set to 20 kHz in all cases. The modulation frequencies are 0.125 Hz, 0.250 Hz, and 0.500 Hz. The 
percentage of energy are 00-50 pct, 20-50 pct, and 30-50 pct, the amplitude is varied between these two 
values. 
 
  
2.4 LED optical excitation 

In this paper, high power LED arrays for pulse and lock-in thermography are studied.  Long pulse LED is 
compared to conventional flash thermographic and square wave lock-in LED excitation is compared to 
conventional lock-in approach. 
 

3.  Test specimen and data analysis 

 
In this study, the experiment was tested on a CFRP laminate where 25 square defects between the different 
plies. The defects are composed of TeflonTM pieces which have dimensions ranging from 3 mm to 15 mm 
and are located at different depths ranging from 0.2 mm to 1 mm. Figure 1 shows the schematic of the 
specimen. 
 

 
Figure1. Schematic representation and defect location for specimen CFRP006 

 
In this paper, the Tanimoto criterion was used to compare the capabilities of the different signal processing 
methods (DAC, PPT, PCT, TSR, PLST) for qualitative defect detection [10-12,19]. 
The Tanimoto criterion has been defined as follows: 
 
 

�� =
��.� − ��.�

��.� +��.�
 (3) 
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Figure2. A typical raw image 

 
In this equation ��.� , ��.� , ��.� represent the numbers of true, missed and false defects which were 
detected by different data processing methods.  In this study, the thermograms selected are summarized in 
the table 1:  
 

Table 1 

Excitation source 
Signal processing 

method 
The thermogram selected 

Tanimoto criterion 

% 

Pulsed thermography RAW t = 1.7159 s 64.2 

Lock-in thermography RAW 

f = 100 58.6 
f = 200 60.7 
f = 300 55.6 
f = 400 53.5 
f = 700 51.8 

  f = 1200  50.5 

Vibrothermography RAW 

20kHz 0.125Hz 00-50 pct 52.0 
20kHz 0.250Hz 00-50 pct 48.0 
20kHz 0.250Hz 20-50 pct 52.0 
20kHz 0.500Hz 20-50 pct 50.0 
20kHz 0.500Hz 30-50 pct 53.8 

Pulsed thermography DAC t = 1.109 s 66.7 

LED (Pulsed 

thermography) 
DAC t = 0.98 s 16.0 

Pulsed thermography TSR 
polynomial 4 and derivative 1 88.4 

polynomial 4 and derivative 2 75.0 

LED (Pulsed 

thermography) 
TSR 

polynomial 4 and derivative 1 27.5 
polynomial 4 and derivative 2 25.0 

Pulsed thermography PCT EOF4 76.9 

Vibrothermography PCT 

20kHz 0.125Hz 00-50 pct EOF3 60.7 
20kHz 0.250Hz 00-50 pct EOF3 58.6 
20kHz 0.250Hz 20-50 pct EOF3 64.2 
20kHz 0.500Hz 20-50 pct EOF3 48.1 
20kHz 0.500Hz 30-50 pct EOF4 50.0 

Lock-in thermography PCT 
f = 100 EOF3 88.4 
f = 200 EOF4 84.6 
f = 300 EOF3 73.0 
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f = 400 EOF3 80.0 
f = 700 EOF3 71.4 

  f = 1200  EOF3 57.6 
LED (Pulsed 

thermography) 
PCT EOF3 28.0 

LED (Lock-in) PCT EOF2 16.0 

Pulsed thermography PPT Phase image, f = 0.27 Hz  69.2 

Vibrothermography PPT 

20kHz 0.125Hz 00-50 pct Phase image: f = 0.055 Hz  60.7 
20kHz 0.250Hz 00-50 pct Phase image: f = 0.165 Hz  60.7 
20kHz 0.250Hz 20-50 pct Phase image: f = 0.055 Hz  62.9 
20kHz 0.500Hz 20-50 pct Phase image: f = 0.183 Hz  46.4 
20kHz 0.500Hz 30-50 pct Phase image: f = 0.165 Hz  57.1 

Lock-in thermography PPT 

f = 100 Phase image: f = 0.110 Hz 88.4 
f = 200 Phase image: f = 0.165 Hz 66.6 
f = 300 Phase image: f = 0.165 Hz 69.2 
f = 400 Phase image: f = 0.110 Hz 50.0 
f = 700 Phase image: f = 0.110 Hz 57.6 

  f = 1200  Phase image: f = 0.760 Hz 28.5 
LED (Pulsed 

thermography) 
PPT f = 0.25 Hz 12.0 

LED (Lock-in PPT f = 0.30 Hz 12.0 

Pulsed thermography PLST 4th PLS loading 92.3 

Vibrothermography PLST 

20kHz 0.125Hz 00-50 pct 2nd PLS loading 60.7 
20kHz 0.250Hz 00-50 pct 2nd PLS loading 60.7 
20kHz 0.250Hz 20-50 pct 2nd PLS loading 58.6 
20kHz 0.500Hz 20-50 pct 2nd PLS loading 51.8 
20kHz 0.500Hz 30-50 pct 3rd PLS loading 48.1 

Lock-in thermography PLST 

f = 100 3rd PLS loading 92.3 
f = 200 3rd PLS loading 92.0 
f = 300 3rd PLS loading 65.3 
f = 400 3rd PLS loading 60.0 
f = 700 3rd PLS loading 41.6 

  f = 1200  3rd PLS loading 18.5 
LED (Pulsed 

thermography) 
PLST 2nd PLS loading 44.0 

LED (Lock-in) PLST 2nd PLS loading 28.0 

 
In Table 1, t = 1.7159 s was selected because it corresponds to the best visibility time for a 
«maximum number of defects». 
 
The results of different methods are compared as below: 
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Figure3.Diagram of compared results of different data processing techniques in pulsed thermography 

 
Figure4. Diagram of compared results of different data processing techniques for Vibro-thermography 

 

  
Figure5.Diagram of compared results of different data processing techniques for lock-in thermography 
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Figure6.Diagram of 
compared results of 

different data processing 
techniques for LED 

 

 
 
 

 
 
4. Discussion 

The important conclusion is that all used techniques have provided estimates of detection 
efficiency around 60 to 90 % by the Tanimoto criterion. For example, the best results (Tanimoto 
criterion ~ 90 %) appeared in the case of lock-in thermography with PLST processing. However, 
we consider that not only the type of test procedure and/or the data processing algorithm used but 
also the power and rate of heating play a crucial role in ensuring detectable signals over hidden 
defects. In fact, this study simply confirms the fact that heating must be short and powerful (for this 
kind of CFRP laminates). This explains the surprisingly bad results obtained when applying LEDs 
(Tanimoto criterion values not exceeding 16 %). Even if reflected radiation was absent in this case, 
the energy input was fairly weak. For instance, continuous heating for 25 seconds resulted only in 8 
°C of excess temperature while using a 500 W LED panel and the measured differential 
temperature signals (defect vs non-defect) were in order of centigrade fractions. Probably, the 
absorption coefficient was relatively low at the LED wavelength of about 0.6 µm even if the CFRP 
laminate was visually black. Therefore, the rate of heat diffusion in defect areas was comparable if 
not higher than the heating rate elsewhere, thus «washing away» defect patterns. 
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5. Conclusion  

It has been confirmed experimentally that infrared thermography is a useful tool in non-destructive 
testing of CFRP composite. There are different thermal NDT techniques of which efficiency 
depends on material characteristics test conditions. In this paper, four types of stimulating sources 
(pulse, lock-in, vibro and LED) have been applied to a CFRP laminate. The qualitative defect 
detection based on Tanimoto criterion was used to compare different signal processing methods. In 
the raw images, the defects which are large and near the surface are easily observed. To detect the 
defects which are smaller and deeper, signal processing techniques such as TSR, DAC, PPT, PCT 
and PLST need to be used. Surprisingly, the results of using LED heating have not confirmed 
efficiency of this stimulation approach, probably, because of slow and low power input. 
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