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Vibrothermography is a promising technique that uses elastic ultrasonic wave excitation in solids for 

quality maintenance, e.g. in aerospace and automotive industry to monitor the integrity of surface or 

subsurface features. Vibrothermography allows for defect selective imaging using thermal waves that are 

generated by elastic sound or ultrasound waves. The mechanism involved is local friction or hysteresis that 

turns a dynamically loaded defect into a heat source, which is identified by a thermography system. 

Efficient numerical modeling allows a deeper understanding of the physical mechanisms of ultrasonic wave 

propagation in solids and this paper summarizes some of the recent results in modeling elastic waves to 

non-destructive evaluation (NDE) of isotropic materials. In this paper, a finite element modeling (FEM) of 

vibrothermography is presented to investigate the elastic wave propagation around cracks and to predict the 

time history of elastic waves scattering and diffraction. A fully coupled thermoelastic response is computed 

by combining stress-strain analysis with the heat equations in order to analyse the influence of the damage 

for the wave propagation. This work is divided into two parts, the first part describes the theoretical 

background of elastic waves propagation in isotropic materials. The second part introduces numerical 

simulations of elastic waves propagating in structures containing cracks. 

Keyword: Vibrothermography, FEM (finite element modeling), Heat Generation, Thermoelasticity, Elastic 

Waves 

1.Introduction

Industries are continuously demanding more reliable, 

convenient and quicker nondestructive testing 

methods for the detection of small cracks and 

damage in metals. Several non-destructive testing 

techniques  have been used to detect cracks and 

defects in metallic structures. These techniques 

include x-ray imaging, various ultrasonic  methods, 

eddy current methods, magnetic particle inspection 

and IR thermography. Over recent years, many 

authors have turned their attention to explore high 

frequency ultrasonic elastic waves because elastic 

waves are capable of propagating long distances in 

specimens, and tend to interact with changes such as 

cracks and delaminations  in a workpiece. Such 

interactions can be detected and further analysed to 

determine characteristics of the change[1]. 

Vibrothermography is a non-destructive testing  

method  in which cracks in an object are made 

visible through frictional heating caused by high  

frequency ultrasound. In this technique  the heat  is 

generated  through  the dissipation  of mechanical  

energy at the  crack surfaces by vibration.   The  

frequency range used for excitation  of structures is 

from 20 kHz to 100 kHz. A schematic representation 

of the method is given in Figure 1.The presence of 

the crack results in a temperature rise around the  

area  and  the  surface close to the  crack.  The 

temperature rise is measured  by a high sensitivity  
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infrared  imaging camera  whose field of view covers 

a large area. The  method  therefore  covers large  

area  from a single excitation position  so it  is much 

quicker than  conventional  ultrasonic  or eddy 

current inspection that  requires scanning  over the  

whole surface  and  can  also be a convenient and  

reliable inspection technique  for structures with 

complex geometries that are difficult to inspect by 

conventional methods.  

 

Fig.1 - Principle and ultrasonic thermography. 

Vibrothermography is also particularly well-suited to 

the detection of closed cracks that can cause 

problems with other techniques such as conventional 

ultrasound and radiography [2]. In this technique,  

when ultrasonic waves reach the defects, their 

mechanical energy decay rapidly because of the 

friction between the interface of the cracks, or the 

elastic property of the crack areas is much more 

different than any other areas, so that thermoelastic 

effect and hysteresis effect are generated. 

Accordingly, vibrothermography is a very attractive 

and fairly recent NDT  method many industries may 

benefit from .  However, more systematic research is 

required to understand the physics behind 

vibrothermography in order to make it more reliable 

with repeatable results. 

 

2.Finite element modeling (FEM) 

 Finite element modeling is used to understand the 

principle behind crack detection using 

vibrothermography and the effect of induced 

ultrasound pulse on the damage zones, and also to 

investigate the effect of complex parameters, such as 

geometry, material properties, loads and 

nonlinearities. By using a numerical analysis we can 

predict the optimal excitation parameters. FEM also 

provides a better understanding of the influence of 

different excitation parameters on the system 

resonance and of the characteristics of the coupling 

between the exciter and the test piece. Once the 

system characteristics resulting from the coupling of 

exciter and the test piece are known, it is possible to 

construct a more practical and efficient excitation  

system.  

For instance, in parallel with experiment, Han et al. 

[3] created a basic finite element model for a metal 

fatigue crack in order to study the efficiency of 

chaotic vs. non-chaotic sonic excitation in generating 

heat around cracks. In ultrasonic thermography, the 

hysteresis induced by the elastic waves might be 

responsible of the thermoelastic stresses in the crack 

and the subsequent localized heating. Clearly the 

thermoelastic stresses could modify the acoustic 

loading necessary to initiate heat generation in a 

crack area. Another possible mechanism for 

observed hysteresis phenomena in ultrasonic 

thermography might be due to intrinsic nonlinearity 

of the interaction forces within  the crack itself.  

In a simulation model, the specimen is subjected to 

ultrasonic elastic wave that generates a significant 

amount of heat within the structure because of 

mechanical losses in the material and  thermoelastic 

damping. This thermoelastic effect represents the 

energy transfer between the thermal and mechanical 

domains.  

In this paper we model a plate with a notch crack 

under excitation and compute a fully coupled 

thermoelastic response for a model induced 

ultrasonic elastic wave combining the stress-strain 

analysis with the linearized heat transport equation. 

The crack is located 150 mm away  the excited edge; 

its depth and width are 10 and 0.1 mm, respectively. 

The analysis is performed in the frequency domain.  

With this model we can observe the temperature rise 

in the crack area. The corresponding heat transfer 

equation contains two source terms computed using 

the analysis results. These terms represent the heat 

generation due to mechanical losses in the material 

and the nonlinear effects related to the thermoelastic 

damping. In this paper we suppose the transducer 

vibrates at 20 kHz with constant amplitude.  

Nowadays, commercial software such as COMSOL, 

ANSYS, ABAQUS, LS-DYNA are available for the 

analysis of elastic wave propagation. In this paper, 

ABAQUS was used to run and analyse the 

simulations. The ABAQUS element library provides 

a complete geometric modeling capability. We used 

coupled three-dimensional temperature-displacement 
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elements. Thermoelastic effect is considered during 

the numerical simulation.  

 Heat convection is neglected in the numerical 

simulations and all degrees of freedom were 

restricted at one end (Fig.2). A time-dependent 

sinusoidal displacement load is applied on the other 

end, and then thermoelastic effect analysis is then 

performed. The applied displacement amplitude is of 

0.06 mm at the position of excitation with a 

frequency of 20 kHz, and is applied over a 50 ms 

period to save computation time.  

               

Fig.2 - Model  with a  crack under a sinusoidal force. 

For the purpose of simulating the thermoelastic 

effect, a subroutine was created and the simulations 

were limited by the assumptions that the material is 

isotropic and applied stresses are within the limit of 

elasticity and the heat generation within the system is 

only caused by thermoelastic effect and hysteresis, 

which is based on the classical theory. The physical 

properties of the material are described by the 

following parameters: elasticity modulus, Poisson’s 

ratio, density, linear thermal expansion coefficient 

which is considered as constant, specific heat 

capacity, thermal conductivity, surface emissivity 

and Stefan-Boltzmann constant. (Fig.3) 
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Fig.3 – Physical properties of model. 

 

3.Modeling Results 

 

In the simulation, the ultrasonic elastic wave is   

induced into the sample until the wave hits a defect. 

Because the loading and unloading of solid material 

occurs at every cycle, the wave is damped and the 

material is warmed up by hysteretic effects and 

friction of crack lips. We used the monofrequency 

excitation. According to the modeling results, heat 

changes at the crack tip and the temperature 

distribution in the time domain can provide 

information about the depth where the defect is 

located.By using FEM we were able to directly 

calculate the temperature distribution on observed 

area of the specimen and to explain the mechanism 

of heat generation and the associated temperature 

evolution at the crack vicinity. (Fig. 3) 

    

Fig.4 - Thermal changes at node in vicinity of crack. 

Numerical simulation results revealed that the 

calculated stress generated under the excitation for 

the above mentioned frequency is lower than the 

material yield stress during the non-destructive 

testing.According to the observed heating in the 

sample, there was no standing wave present during 

this simulation and moreover, the excitation 

frequency did not match the resonance of the sample.  

It is clear that for the case of complex geometries or 

thin specimens,  standing elastic waves can appear as 

temperature patterns causing misinterpretations. In 

other words, in the worst case the defect could be 

hidden in a node while the standing wave maximum 

might appear as a defect. This can be avoided by 

frequency modulation of the signal. In such a case, 

the standing wave pattern is superimposed by a field 

of propagating waves. 
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Fig.5 - Stress in crack at  the beginning of heat                   

generation. 

4.Conclusion 

In this study, a small open crack in a plate was 

assessed using vibrothermography. We observed the 

thermal evolution caused by the  thermoelastic effect 

induced by the elastic waves and also stress 

concentration around crack and we analyzed the 

thermoelastic effect and the mechanical losses via 

FEM analysis. In this simulation, we observed that 

the thermoelastic effects and heat changes in the 

crack were proportional to the stress amplitude and 

the position of the crack can be clearly seen from the 

heat generation within the crack. To calculate the 

effect of thermoealsticity on sample during the 

excitation, we solved the coupled thermoelastic via a 

FEM simulation. By using the fully coupled 

thermoelastic response and combining stress-strain 

analysis with the heat equations we were able to 

directly calculate and analyse the influence of the 

damage for the wave propagation and the 

temperature distribution on the sample and explain 

the mechanism of heat generation and the associated 

temperature evolution at the crack vicinity.ùdfsadf sd

 

Acknowledgements 

The National Science and Engineering Research Council of Canada (NSERC) is thanked for its financial support as 

well as the Canada Research Chair MiViM – Multipolar Infrared Vision Infrarouge Multipolaire and the Canadian 

Foundation for Innovation through the LIVE installation (Laboratory for Infrared Vision Excellence). 

Reference: 

1) Mian, A., et al., “Fatigue damage detection in graphite/epoxy composites using sonic infrared imaging Technique” 

Composites Science and Technology, 2004. 64(5): p. 657-666. 

2) J.-M.Piau,A.Bendada and X.Maldague,“Ultrasound  Vibrothermography Applications for Nondestructive Discontinuity 

Detection ” Materials Evaluation, 66[10]: 1047-1052, 2008. 

3) Han, X., et al., “Simulation of Sonic IR Imaging of Cracks in Metals with Finite Element Models” Review of Progress 

in Quantitative Nondestructive Evaluation; Volume 25A. Vol. 25A, pp. 544-549. 2006. 

4) Maldague, X.P.V., Theory and practice of infrared technology for nondestructive testing. Wiley series in microwave 

and optical engineering, ed. K. Chang. 2001: John Wiley & Sons. 684. 

5) Mian, A., et al., Response of sub-surface fatigue damage under sonic load - a computational study. Composites Science 

and Technology, 2004. 64(9): p. 1115-1122. 

6) ABAQUS User Manual. 

7) Rantala, J., D. Wu, and G. Busse” Amplitude-modulated lock-in vibrothermography for NDE of polymers and 

composites”. Research in Nondestructive Evaluation (USA). Vol. 7, no. 4, pp. 215-228. 1996, 

8) J. Rantala, D. Wu, A. Salerno and G. Busse, “Lock-in thermography with mechanical loss angle heating at ultrasonic 

frequencies,” Proc. Int Conf. Quantitative InfraRed Thermography (QIRT96), Stuttgart,  

9) Germany, Sep.2-5, (1996).  M. Reza Eslami “Thermal Stresses –Advanced Theory and Applications” 

10) Clemente, Jean-Marc Piau, Stéphane Guibert, Xavier Maldague and Abdel Hakim Bendada, "Inspection of aerospace 

materials by pulsed thermography, lock-in thermography and vibrothermography: A comparative study", in SPIE - The 

International Society for Optical Engineering, Thermosense XXIX, (Orlando, FL, USA), 9-13 April 2007.  
11) Renshaw, Jeremy; Holland, Stephen D, “Full-Field Vibration Measurement for Vibrothermography “,34th Annual Review of 

Progress in Quantitative Nondestructive Evaluation. AIP Conference Proceedings, Volume 975, pp. 498-503 (2008). 

12)   X.Y. Han, M.S. Islam, and G.M. Newaz, “Finite element modeling of the heating of cracks during sonic infrared 

imaging”, Journal of Applied Physics, 99(7), 074905, 2006. 

 


