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ABSTRACT 

A self-heating effect, resulting from the hysteretic energy dissipation in polymer matrix composites, is a phenomenon, which can 

be effectively used as a thermal excitation in thermographic structural inspections by subjecting a tested composite structure to 

multimodal resonant vibrations. Loading cyclically a tested structure with certain frequencies it is possible to achieve a 

temperature increase of several centigrades, which is sufficient to observe differences in temperature distributions due to existing 

damage or flaws, and simultaneously, it is safe for the tested structure in terms of its durability. However, due to heat transfer 

processes occurring during self-heating, the resulting thermograms are often blurred and damage signatures are masked. 

Therefore, additional post-processing of the resulting thermograms is necessary for their enhancement and increasing the 

sensitivity of the self-heating based vibrothermography to identify various types of small damage sites. In the present study, the 

authors present an overview of the inspection method as well as post-processing algorithms applied to thermograms in order to 

enhance their quality. The presented results clearly show the potentialities of the application of the post-processing algorithms, 

which allow for more accurate detection and identification of damage in composite structures. The method is dedicated to 

inspection of composite structures, especially those to which a direct access is limited. 

 

KEYWORDS: Self-Heating Effect, Vibrothermography, Image Processing, Damage Identification  

1. INTRODUCTION  

Non-destructive testing (NDT) is one of the crucial procedures of polymer matrix composite (PMC) structures considering the 

modern trends of design and maintenance philosophies applied for such structures, since timely detected and identified damage 

may prevent structural degradation, and loss of integrity, in a consequence. Therefore, the development of new and improvement 

of existing NDT methods is observed over the last decades. From the variety of NDT methods, one of the most effective and 

simple in use is a group of infrared thermographic (IRT) methods, which additionally allow for rapid inspection of big areas of 

structures.  In classical IRT testing the thermal excitation is usually provided by halogen lamps, heaters, lasers, etc. However, in 

order to eliminate additional external devices, which play a role of a direct heat source, and to take a control on thermal 

excitation of tested structures, a subclass of active IRT methods – the vibrothermography (VT) – was developed in early 1980th 

[1,2]. This subclass of methods assumes an excitation of a testing structure by vibrations, mainly in the ultrasonic range [3-9] 

using ultrasonic boosters or actuators integrated with a tested structure, to induce the dissipation processes inside the material in 

the form of heating. The idea is that heat distribution in a tested structure, resulting from introduced mechanical energy 

dissipation, is disturbed when the flaw or defect is present, which is detected by the infrared (IR) camera. Among the ultrasonic 

excitation in VT, other methods were developed, where the approaches are still based on dissipation of the mechanical energy, 

but the nature of dissipation is different. An interesting approach was proposed in [10], where the authors used electromagnetic 

induction applied to the reinforcing carbon fiber of a composite in order to heat-up the structure locally. In VT methods, the 

excitation is also possible by subjecting a tested structure to mechanical vibrations with low-range frequencies. Such an approach 

was reported in several studies [11,12]. In this case, depending on the materials condition and properties, three mechanisms are 

possible: energy dissipation due to friction, micro-plasticization, and thermoviscoelasticity [13-15]. 

The self-heating effect occurs during cyclic loading of a polymeric or PMC structure due to the mechanical energy dissipation 

resulting from the viscoelastic hysteresis. This mechanical energy is dissipated mainly in a form of heat. When the magnitude of 

loading is high enough, a thermal equilibrium between the generated thermal energy and the energy released to the environment 

is disturbed, and the temperature increase on the surface of the tested structure is observed. The occurrence of such a 

phenomenon is usually considered as a problem from the maintenance point of view, since, depending on a loading level, self-

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

23
53

9

https://shm-ndt.net/


International Symposium on Structural Health Monitoring and Nondestructive Testing 2018, Saarbruecken, Germany 

 

2 

 

 

 

heating may occur in a non-stationary regime, which causes a significant acceleration of the structural degradation 

and shortening of its residual life [16], which is also an unwanted phenomenon during fatigue testing of PMCs [17]. 

However, the self-heating effect excited in the PMC structures with low loading levels, thus, in the stationary regime, does not 

influence on the structural durability as much as the non-stationary self-heating, and its influence in the stationary regime is 

negligible. This created an opportunity to use this phenomenon for delivering thermal excitation to the tested PMC structures by 

vibrations only. Previous studies of the authors were focused on investigation of criticality of the self-heating effect (see e.g. 

[16,18,19]), and the obtained results clearly show that the degradation processes initiate at a temperature higher than 50°C. These 

studies proved that the increase of the self-heating temperature to 30-35°C does not affect any considerable degradation effect, 

thus the developed testing method can be considered as an NDT one. The method was submitted for a patent protection [20]. 

2. THE SELF-HEATING BASED VIBROTHERMOGRAPHY 

The main idea of the self-heating based vibrothermography (SHVT) is the excitation of a tested structure by a multi-harmonic 

signal, which is composed of resonant harmonics of this structure in order to cover the whole surface by the thermal excitation, 

since the heating regions coincide with the regions of stress concentration. Therefore, the test is performed in two steps: firstly, 

the modal analysis is performed in order to determine resonant frequencies of a tested structure, and secondly, the structure is 

excited by a multi-harmonic signal, and the thermal response is registered by an infrared camera (for more information see [21]). 

The experimental test rig used for performing these tests is presented in Fig. 1. 

 

    

Fig. 1 Experimental test rig. 

 

The verification tests were performed using the notched specimens made of glass fabric-reinforced polymeric (GFRP) composite 

with 9 notches (see Fig. 2 for the geometrical details). At the first step the modal analysis was performed in order to collect 

information about resonant frequencies of the tested specimen. The frequency response function and corresponding mode shapes 

for considered resonant frequencies are presented in Fig. 3. 

 

 

Fig. 2 Notched specimen with characteristic dimensions. 

 

As it can be observed, the highest magnitudes in mode shapes (which correspond to the stress concentration locations) allow for 

covering the whole length of the tested specimen, thus, the thermal excitation appearing from the self-heating effect is sufficient 

when the excitation signal consists all the three determined mode shapes. The exemplary resulting thermogram is presented in 

Fig. 4. One can see that all notches are detectable, however, some of them are barely visible, therefore the improvement of the 

raw thermograms obtained from the analysis is necessary. This necessity is even stronger when damage has no a through-the-
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width character: the performed studies on machined specimens with different shapes of hollows (circular, square, rectangular) 

confirmed that the detectability of damage based on raw thermographic results is difficult [22]. 

 

 

Fig. 3 Results of modal analysis: (a) frequency response function, (b) 1st mode shape, (c) 2nd mode shape, (d) 3rd mode 

shape [21]. 

 

 

Fig. 4 Exemplary thermogram with identified notches [21]. 

3. POST-PROCESSING OF THERMOGRAMS 

An inspection using SHVT, however, might be disturbed by the heat transfer processes occurring during self-heating, e.g. 

thermal diffusion between hot spots (indicating the damage locations) and other regions. This results in blurring of the damage 

signatures in thermograms, and makes the damage identification step difficult and the method less sensitive. To overcome these 

problems, it is essential to apply post-processing algorithms. The performed studies using a sequence of thermograms show that 

post-processing algorithms may significantly improve the detectability of damage. The examples of the application of various 

primary post-processing methods based on statistical features on the thermograms, collected after the SHVT inspection of the 

tested specimen with 9 notches, are presented in Fig. 5. 

 

(a)  

(b)  

(c)  

(d)  

Fig. 5 Selected results of damage identification in composite specimens using SHVT: (a) a single raw thermogram, (b) mean 

value, (c) median, (d) standard deviation of a sequence of collected thermograms. 
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Analysing the case presented in Fig. 5(a) one can clearly see that considering single raw thermograms is ineffective, since the 

image is disturbed by noise and two of the damage sites are practically undetectable. Analysing the statistical features of 

a sequence of collected thermograms, such as mean, median, or standard deviation value, gives much better results, i.e. all 9 

damage sites are well detectable. Moreover, additional enhancement of the resulted image can be achieved by the appropriate 

selection of a range of thermograms from the entire sequence (which was discussed in detail in [22]), as well as additional 

mathematical operations related with signal and image processing. 

Besides the presented primary methods based on basic mathematical operations or statistical features several advanced methods 

of the thermograms enhancement were developed to date. An overview of the most widespread post-processing methods for 

thermograms were described by the authors of [23]. They include determination of derivatives, wavelet transform, principal 

component thermography (PCT), and thermal signal reconstruction (TSR). Another commonly applied enhancement method for 

thermograms is the partial least-squares regression (PLSR), which performance was described in detail in [24] with experimental 

verification. Considering that these methods can be successively applied for post-processing of thermograms obtained during 

SHVT testing their performance was tested using the previously analysed specimen. The results of processing using the 

mentioned methods are presented in Figs. 6-10. 

 

(a)  

(b)  

(c)  

(d)  

(e)  

(f)  

(g)  

(h)  

Fig. 6 Results of the application of derivative-based enhancement algorithms: (a) gradient x-direction, (b) gradient y-direction, 

(c) sum of gradients, (d) Laplacian, (e) Hessian matrix coeff. xx, (f) Hessian matrix coeff. yy, (g) Hessian matrix coeff. xy, 

(h) sum of Hessian coeffs. 

 

                

Fig. 7 Results of the application of wavelet-based enhancement algorithm (undecimated discrete wavelet transform). 

 

(a)  

(b)  

(c)  

(d)  

(e)  

Fig. 8 Results of the application of PCT algorithm, principal components: (a) 1st, (b) 2nd, (c) 3rd, (d) 4th, (e) 5th. 
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(a)  

(b)  

(c)  

(d)  

(e)  

Fig. 9 Results of the application of PLSR algorithm, components: (a) 1st, (b) 2nd, (c) 3rd, (d) 4th, (e) 5th. 

 

(a)  

(b)  

(c)  

(d)  

(e)  

(f)  

(g)  

Fig. 10 Results of the application of TSR algorithm, coefficients: (a) 1st, (b) 2nd, (c) 3rd, (d) 4th, (e) 5th, (f) 6th, (g) 7th. 

 

The results of the second part of tests of the enhancement of thermograms show that the most sensitive algorithm for the 

considered thermograms of the notched specimen is the wavelet transform, since using this algorithm all of the notches are 

recognizable, including the 8th notch, which is invisible in the raw thermogram – see Fig. 5(a), however, due to the blurring of 

the damage signatures it is useful for the detection purposes only. Good results were also obtained for PCT and PSLR 

algorithms, where only the first component is sensitive enough to detect all notches. The rest of components obtained within 

these algorithms are noisy, and do not provide any additional information with respect to the first components. The derivative-

based algorithms provide acceptable detectability, i.e. the 8th notch was not detected by any of them, however, the 7th notch was 

detected, which can be considered as an improvement with respect to the raw thermogram (Fig. 5(a)). Finally, TSR algorithm 

provides barely recognizable damage signatures for the 7th coefficient, however, no coefficients are sensitive to notches in the 

analysed study. 

4. CONCLUSIONS 

The self-heating based vibrothermography is an effective and alternative NDT method, which does not require external heat 

sources (like halogen lamps or lasers used in classical thermography) and provide the thermal excitation of tested composite 

structures by subjecting them to vibrations on multiple resonances simultaneously. The damage detectability using this method 

can be enhanced by the application of post-processing algorithms to a sequence of thermograms. The exemplary results based on 

statistical features and several advanced methods are presented in this study. The results of analysis of thermograms 

enhancement show that simple primary methods that are based on statistical features can be equally effective as the dedicated 

advanced post-processing algorithms, while some of these advanced algorithms remain insensitive to damage. It was observed 

that, in general, the application of the enhancement algorithms can improve the damage detectability significantly. The SHVT 

testing method together with a set of effective post-processing algorithms can find potential application for testing of composite 

structures, when the direct access to them (in order to excite them externally) is limited or impossible. 
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