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ABSTRACT 

A promising new technique in the field of non-destructive testing (NDT) is the multi-pulse thermography. With pulse 

thermography a test object is heated by short energetic flashes from an external source while the local- and time-dependent 

surface temperature is being measured by an infrared camera.  

The following paper gives an overview of multi-pulse thermography, its applications and its advantages against alternative 

thermographic methods. Furthermore the capability of this technique for coating thickness measurements is presented. For this 

purpose a periodic sequence of six flashes was applied. The thermographic response was evaluated at the respective frequency of 

the pulse sequence, which, due to the high-frequency character, allowed a resolution of the coating thickness on µm-scale. This 

technique, called pulsed lock-in thermography, combines advantages of both lock-in thermography and conventional pulse 

thermography.  
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1. INTRODUCTION  

Pulse thermography has grown to an important technique for NDT of components. By using a short energetic pulse from an 

external source the surface of a component is heated. The excitation can be induced by xenon lamps, lasers, radiant heaters, 

ultrasonic waves, or in case of conductive materials also by an induction coil. Heat waves are either generated at the surface, 

from which they propagate into the material and interact with the sample’s internal structure, or created directly at discontinuities 

in the inside of the material. The behavior depends on the excitation technique, as optical methods are limited to surface heating 

whereas ultrasonic methods allow an internal heating at material interfaces [1]. In both cases abnormalities in the internal 

structure become detectable from the temperature distribution at the surface of the sample. The temperature decay is measured in 

real time by an infrared camera. In this study the focus lies on pulse thermography with an optical excitation since it is the most 

common type.  

Assuming the thermal pulse being a Dirac impulse and the sample being a semi-infinite isotropic solid, the temperature behavior 

at the surface can be described by the one-dimensional solution of the heat equation as follows [2, 3]. 

 � �, � = � + �√� �� �  � − �4��      (1) 

 

Here, Q  describes the energy absorbed at the surface and �  is the initial temperature. The temperature distribution also depends 

on material characteristics like the thermal conductivity λ, the specific heat capacity cp, the density ρ and the thermal diffusivity 
α. Equation (1) describes the surface temperature as a function of depth z and time t and reveals that it decreases with t− /  after 

pulse excitation.  

The pulsed temperature response can be decomposed into individual sinusoidal thermal waves with different frequencies and 

amplitudes [4]. By submission to a Fast Fourier Transformation (FFT), the thermographic data can be evaluated in the frequency 

domain which is well-known from lock-in thermography. With this so called pulse phase thermography (PPT), amplitude and 

phase images can be created at frequencies that are present in the thermal signal by pixelwisely applying a FFT and plotting the 

respective phase value. For PPT the penetration depth µ plays an important role as it allows a determination of the depth range of 

thermal waves in dependence of the respective evaluation frequency f. The correlation is defined as [3]: 
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� = √ ��        (2) 

According to equation (2), the excitation frequency is inversely proportional to the square of the penetration depth. Deeper 

defects require a lower evaluation frequency. In case of thickness measurement, this means that the thinner the layer to be 

characterized, the higher is the required frequency.  

In this paper a novel approach of applying multi-pulse excitation in order to overcome drawbacks from conventional pulse 

thermography is presented. In addition to already known enhancements, also a novel technique for contactless thickness 

measurements of coatings is presented. 

2. MULTI-PULSE THERMOGRAPHY 

The aim of research on pulse thermography as well as any other NDT technique is mostly an increasing industrial applicability. 

The short measurement time, the large inspection area and the cost-effective setup of pulse thermography are factors that 

promote an inline application and hence are significant advantages for the acceptance of this NDT method. An excitation with 

multiple flashes opens an even broader spectrum of applications compared to conventional pulse thermography. Multi-pulse 

thermography is already known to offer various advantages as further elaborated in the following. 

2.1 IMPROVEMENT OF ENERGY COUPLING 

There are two main effects responsible for the heat loss at the surface of the test object after a flash excitation. One of them is the 

loss due to radiation and the other one being the loss due to convection from the surface into the surrounding air. Both terms may 

depend on the maximum temperature increase at the surface, as Krankenhagen et al. have discussed [5]. The radiation term 

shows a non-linear correlation with the temperature, which leads, especially in case of materials with low thermal conductivity 

like plastics, to a decrease of the energy coupling efficiency with increasing maximum temperature. Additionally, they stated that 

a fast temperature change at the surface of the sample may create an air flux which again results in a higher heat loss compared 

to a lower temperature rise. This can be ascribed to free convection of the heat since an additional particle flux enhances the 

energy transport from the surface of the sample into the surroundings. Therefore by applying several pulses of lower energy 

instead of one energetic pulse the surface temperature may decrease leading to a more efficient energy coupling. 

2.2 INFLUENCE ON HEATING SHAPE AND SPECTRAL COMPOSITION 

Moreover recent investigations have shown that the heating shape can be modified by exciting with several pulses which in turn 

can lead to a higher thermal contrast of defects and to a higher penetration depth. Neuhaeusler et al. demonstrated in a simulation 

experiment that the temperature gradient is affected by additional flashes leading to a linearization of the thermal waves [6]. 

Additionally, when applying two pulses with amplitude A instead of one pulse with amplitude 2A it was found that the resulting 

frequency distribution changes, as Ziadi et al. presented [7]. The difference can be particularly seen at high frequencies, where 

the two-pulse spectrum is much more attenuated compared to the one-pulse spectrum. This may lead to a better detection of 

deeper defects with increased Signal-to-noise ratio (SNR). The SNR value also depends on the temporal distance between the 

two pulses and can be amplified over the one-pulse result at the suitable distance [4]. 

2.3 IMPROVEMENT OF THE DETECTABILITY OF DEFECTS 

Another advantage of the multi-pulse thermography is the possibility of increasing the total energy input. Whereas the energy of 

one pulse is limited, in case of an optical heating source to the maximum power of the flashbulb, a multi-pulse excitation offers 

no restrictions concerning the amount of energy transmitted. A higher amount of excitation energy results in a better detectability 

of defects, as Schober et al. demonstrated with measurements on a carbon fiber reinforced plastic (CFRP) plate with milled 

holes [8]. It was shown that an increasing total energy input, accomplished by an increase in the number of flashes, results in an 

improved contrast between a defected and a defect-free area. Not only a higher penetration depth, but also an increased SNR 

were achieved by a multi-pulse excitation entailing an increase in the probability of detection. 

2.4 REDUCTION OF THERMAL IMPACT DAMAGE   

To further study the capability of the multi-pulse technique, Schober et al. also investigated the effect of the temporal stretching 

of the applied energy on the maximum surface temperature [8]. It was analyzed, how the use of more pulses with lower energy 

affects the surface temperature compared to a one pulse excitation with high energy. Especially for plastic components or 

polymeric coatings the reduction of the maximum surface temperature is very helpful to avoid thermal damages that are caused 
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by heat stresses since their melting or decomposition temperature is in the order of only a few hundred degree Celsius. In 

addition, also the thermal load on the excitation source can be reduced by applying a sequence of pulses with lower energy.  

It was found that the maximum surface temperature could be considerably reduced by applying multiple consecutive pulses with 

the same total energy as one high-energy pulse. The visibility of the defects depends on the temporal distance between the 

flashes. With the use of six pulses and a temporal distance of 25 ms almost the same contrast as with one pulse could be 

achieved, while the maximum surface temperature could be reduced by approximately 30 %. 

2.5 PULSED LOCK-IN THERMOGRAPHY FOR THICKNESS MEASUREMENT   

 

 

Fig. 1 Amplitude spectrum as the result of a pixelwisely applied FFT over the measuring time. The frequencies of the 

amplitude peaks at 1, 2, 3, 4 and 5 Hz correspond to the excitation frequency and its harmonics.  

 

Pulsed lock-in thermography is a special case of multi-pulse thermography, where the sample is excited with a sequence of 

consecutive flashes instead of one single flash. The modulation frequency for the Fourier analysis of the recorded sequence is 

given by the temporal distance between the pulses. With a higher number of pulses the flash excitation can be compared to lock-

in thermography, leading to a high SNR at the respective frequency, which is clarified by the amplitude spectrum shown in 

figure 1. Thus, by using a multi-pulse excitation it is possible to obtain low-noise phase images where the phase angle correlates 

with the coating thickness. Frequencies in the range of several hertz that are required for thickness measurements of thin coatings  

can be achieved by the pulse generator that is a result of a successfully completed research project between Hensel-Visit GmbH 

& Co. KG and SKZ Wuerzburg [9]. With pulsed lock-in thermography it is possible to combine the advantages of conventional 

lock-in (high SNR) and pulse thermography (high frequencies) while the disadvantages as expensive excitation sources and long 

measurement times are avoided. 

 

Materials and methods. The aim of this study was to investigate the applicability of pulsed lock-in thermography for coating 

thickness measurement. For an assessment of the scope of this technique a range of samples was prepared where the substrate 

material as well as the coating material was varied (see table 1). The number of layers and therefore the thickness of the coating 

were modulated over the sample resulting in a step-wise coating with six to seven layers and with increasing thickness from 

20 µm to 330 µm. The technique was tested on three metal samples, as their thermal properties are significantly different to 

those of the used polymeric coating materials. Furthermore, the feasibility was tested on three different plastic materials with 

thermal properties comparable to those of the coating, namely polyethylene (PE), polypropylene (PP) and polymethyl 

methacrylate (PMMA). On the sample M3 the step-like coating was applied in the middle part of the object, whereas for the rest 

one half of the sample was coated.  

 
Label Substrate material Coating Color and gloss 

M1 Steel Alkyd resin Green, glossy 

M2 Steel Acrylic resin Black, dull 

M3 Aluminum Acrylic resin Black, dull 

P1 PE Alkyd resin Green, glossy 

P2 PP Acrylic resin Black, dull 

P3 PMMA Acrylic resin Black, dull 

 

Table 1 Coated samples investigated with pulsed lock-in thermography. 
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Fig. 2 Photograph of the experimental setup including the newly developed flash generator (1) as well as the flash head 

VH3-6000 (2), the infrared camera VarioCam hr (3) and a green coated sample (M1) (4), which is fixed with a vise (5). 

 

The setup consists of a flashbulb for excitation and the infrared camera VarioCam hr (Infratec GmbH, Dresden) for data 

acquisition. The sample was fixed with a vise to the table in front of the camera and the flashbulb, as shown in figure 2. Among 

others the flash head VH3-6000 was used together with the pulse generator (both Hensel-Visit GmbH & Co. KG, Wuerzburg). 

With the pulse generator it is possible to generate reproducible sequences of pulses with a total pulse energy of 10 kJ, an 

adjustable pulse duration between 100 µs and 3 ms as well as a temporal distance starting at 25 ms [8].  

The measurements were performed with a maximum number of 6 and 60 pulses, a pulse power of 1,650 J and 250 J respectively 

as well as a temporal distance of 1 s. For data recording the maximum acquisition frequency of 50 Hz was used.  

 

Results and discussion.  

 

     

Fig. 3 Phase images of sample M1 (left), M2 (center) and M3 (right) at the corresponding evaluation frequency of 1 Hz.  

The dashed lines display the measurement lines for subsequent evaluations with the arrow indicating the direction. 

 

The phase images of the metal samples with polymeric coating (M1, M2 and M3) are shown in figure 3. The layers with varying 

thickness can be differentiated from each other with a relative high SNR. However, the layers partially merge into each other due 

to the manual coating process. This can be clearly seen on the right side of sample M3. As it is well known for lock-in 

thermography, phase images will become noisy, if the energy input is below a certain threshold. This is the case for the areas of 

the uncoated substrate with a low emissivity which are visible on the bottom of the phase images of sample M1 and M2 and on 

the upper part of sample M3. 

(3) 

(1) 

(2) 

(4) 

(5) 

50 mm 
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Fig. 4 Phase values along the dashed lines in figure 3 of the three metallic samples M1, M2 and M3. 

 

The phase values along the dashed lines, which are displayed in the phase images, are plotted in figure 4. Since the excitation 

and the recording had not been synchronized and therefore the time interval between excitation and recording start was different 

for every measurement, no consideration of the absolute phase value is possible but only relative values can be inspected. For a 

better visualization the line values for each sample were standardized by subtracting an average phase value calculated from the 

first 20 mm of the line in order to let every graph start from zero. The thinnest layer of the steel samples is not included in this 

evaluation as it has a higher noise level and hence affects the clearness of the diagrams. The reason for this higher noise might be 

a lack of energy input at the lower part of the sample and may also come from faster heat spreading and dissipation through the 

metal at such thin layers. Independently from that, the phase values show a step-like increase along the layers with decreasing 

thickness for all metallic samples indicating a correlation between phase and thickness.   

 

 

 

Fig. 5 Phase images of sample P1 (left), P2 (center) and P3 (right) at the corresponding evaluation frequency of 1 Hz. 

The dashed lines display the measurement lines for subsequent evaluations with the arrow indicating the direction. 

 

 

50 mm 
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Fig. 6 Phase values along the dashed lines in figure 5 of the three polymeric samples P1, P2 and P3. 

The arrows indicate visible steps between two layers with varying thickness. 

 

For the samples with a plastic substrate the phase images showed a similar trend, as seen by the course of the phase values in 

figure 5. Nevertheless, the transitions are not as clear as with metallic substrates and the phase differences from thickest to 

thinnest layer are about three-quarters lower. A look at the values along the dashed line gives further clarification (figure 6). The 

thickness of each layer seems to have only little effect on the phase values, since the phase is decreasing to a certain point and 

then continuously increasing. The steps between the layers are only at particular positions visible as indicated by the arrows in 

the graph.  

This outcome can be led back to similar properties of coating and substrate as both are polymeric materials. The reflectance at an 

interface between two materials 1 and 2 is the square of the reflection coefficient R which again is defined as: 

 R = e −ee +e  (3) 

 

The material parameter e is the thermal effusivity and can be calculated from e = √λρcp [10]. It can be deduced that the 

reflectance is strongly depending on the material properties, especially on thermal properties. When using materials with a 

similar thermal effusivity a higher amount of the heat is transmitted instead of reflected at the interface between the sample and 

the coating which complicates the resolution of the thickness. The lower grade of reflection can be derived not only from the 

lower phase differences from thinnest to thickest layer but also from the higher noise level. For a better visibility of the separate 

layers, a higher amount of heat needs to be reflected at the interface and for that a bigger energy input may be needed. The 

reason for the initial drop of the phase values along the line is unknown, but may come from a lower energy input at this position 

or from edge effects [8]. 

The samples with metallic substrate yield higher phase values and a higher contrast between the individual layers which 

confirms the assumption of the strong dependence on the dissimilarity of the material properties. Whereas a big difference leads 

to a high resolution of layers, the reflection is significantly lower with similar material characteristics leading to a lower 

deflection of the phase-thickness course which makes the separation of layers more difficult, as in the case of the samples P1, P2 

and P3.  

3. SUMMARY AND FUTURE WORK 

This paper is intended to provide an overview of the positive aspects of multi-pulse thermography that were described in 

literature in recent years. The excitation itself can experience an improvement as the energy coupling may become more efficient 

and the thermal stresses on flashbulb and component can be reduced with a sequence of pulses. Additionally, the technique has 

the potential to increase the detectability of defects. This is not only due to the modification of the heating shape which may lead 

to a reduced lateral diffusion of the heat but also due to the change in the spectral composition of the excitation which may allow 

a better detection of deeper defects after submitting the data to a Fourier analysis. Moreover, with a multi-pulse excitation it is 

possible to apply the multiple amount of energy compared to a one-pulse excitation. Since the increase in total energy is 

accompanied by an improvement of the SNR and an increase of the penetration depth, it also features in an enhancement of the 

detectability of defects. Compared to the conventional pulse thermography, the technique allows a reduction of the maximum 

surface temperature while keeping the thermal contrast of the defect constant. This partition of the total energy can reduce not 
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only the thermal impact damage on the material, but also the running costs since the flashbulb has a longer service life as it is 

less stressed. 

In the second part of the paper, the applicability of the newly introduced pulsed lock-in thermography for coating thickness 

measurement was demonstrated. For metallic substrate materials layers with varying thickness from 20 µm to 330 µm could be 

quantified with the use of the multi-pulse excitation technique. However, for plastic samples it is more challenging to 

differentiate between layers on that scale as their properties are very close to those of the polymeric coating.  

Summarizing pulsed lock-in thermography offers the potential for a less expensive and reproducible way for large-area 

monitoring of the layer thickness with a high SNR compared to conventional pulse thermography. Additionally, due to the 

short measurement time inline measurements are realizable in the future. Still, the scope of possible constellations of 

substrate and coating materials needs to be further determined. In order to increase the resolution of the thickness for plastic 

substrates in combination with polymeric coatings a higher energy input is necessary. Ongoing developments on the 

existing flash unit will overcome this problem. With thickness reference measurements as well as with a higher number of 

thickness steps a correlation curve between phase value and thickness can be created with the aim to allow a calibration for 

thickness measurements of coatings with unknown thickness. 
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