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Abstract  

 
Lockin-thermography is a valuable tool in non-destructive testing of materials because it provides reliable 

and easy-to-interpret phase images. This paper presents a way to combine phase images obtained at different 
lockin-frequencies by using scatter plots. Not only features like defects can be extracted out of the raw data, but 
also thermal wave parameters like reflection coefficients. The extracted features can be traced back to the original 
image. Additionally, deviations from the expected and well-known model of one-dimensional heat flow reveal 
lateral heat flow within the measured sample. 

 
1. Introduction  

 
There are many different methods used for non-destructive testing of materials, e.g. ultrasound testing and 

eddy current testing. Most of these techniques have two significant disadvantages: they generate images slowly 
by scanning and they require physical contact to the tested object while optically excited lockin thermography is a 
fast and remote method. 

Lockin-thermography provides phase images that are insensitive to inhomogeneous excitation and local 
variations of emission coefficients.  Usually, only one phase image at a certain lockin-frequency is evaluated. 
Much more information, however, can be revealed when multiple phase images taken at different frequencies are 
combined.  

In the simplest case such images can be combined just by data fusion, as has been shown elsewhere at 
this conference [1]. However, this paper suggests a different approach based on feature extraction using scatter 
plots of phase values. The advantage of scatter plots is that two phase images are projected into one diagram 
where features can be extracted on the basis of their thermal properties and not on the location of the pixel in the 
original image.  

 
2. Reflection of thermal waves 

 
The complex amplitude of a thermal wave at the surface of a flat sample with thickness L is given by [2,3] 
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where F0 is a constant, R the thermal wave reflection coefficient of the rear sample surface and σ is the 

complex wave number linked to the thermal diffusion length µ by 
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where ω is the lockin-frequency and α the thermal diffusivity. The phase value can be extracted from Eq. 
(4) using 

 

( )),(arg ωθ L=Φ .       (3) 

 
The phase has a characteristic dependence on sample thickness where frequency is a parameter 

(figure 1).  
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Fig. 1. Phase versus thickness of the measured sample for two frequencies that differ by factor two. 

 
The phase contrast of lockin thermography depends strongly on the reflection coefficient R at the 

measured boundaries. R is almost 1 for the boundary solid/ air, and almost –1 when the thermal wave in a 
thermally insulating material hits a boundary to a good thermal conductor (e.g. polymer to aluminum). When R is 
close to zero the thermal wave is not reflected. The dependence of the phase curve on reflection coefficient is 
plotted in figure 2. 

 

 

Fig. 2: Phase curves for different reflection coefficients R [4]. 

 
3. Lockin-Thermography 

 
The schematical setup of optically excited lockin-thermography is shown in figure 3. The thermal waves 

are generated at the sample surface by intensity modulated lamps, while an infrared camera records remotely the 
thermal emission field on the surface. The pixelwise Fourier transformation of the stack of temperature images at 
the modulation frequency results in just two images, one displaying amplitude of local temperature modulation 
and the other one phase. 
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Fig. 3.  Principle of Optical Lockin-thermography (OLT) in reflection mode. 

 
The phase shift between heat source and reflected thermal wave depends on the local thermal properties 

of the sample. Therefore the phase image, which maps the delay of the thermal wave, shows hidden boundaries 
and thermal features. An advantage of the phase image is its insensitivity to surface properties (e.g. varying 
emission coefficients, surface topography) and to inhomogeneous heating due to non-uniform illumination. All 
these properties are suppressed in phase images due to internal normalisation of real to imaginary part performed 
by Fourier transformation [5]. 

 
4. Data fusion 

 
Every phase image is recorded at a single lockin-frequency. However, the variation of the phase in respect 

to frequency yields additional information, e.g. reflection coefficients. Therefore, it is beneficial to combine phase 
images obtained at different frequencies in multi-dimensional scatter plots. The calculated scatter plot for a wedge 
of homogeneous material and different reflection coefficients is shown in figure 4. The lockin-frequency f1 for the 
first phase image is twice as high as frequency f2 of the second phase image. The curves were calculated with 
equations 4 and 6. Every thickness value with a certain reflection coefficient corresponds to one point in this plot.  

 

 

Fig. 4: Data fusion: combined phase values for different reflection coefficients R. Lockin frequency f1 is twice the 
frequency f2. 
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There are three main advantages: 
 1. Scatter plots are particularly suited for extracting meaningful features or parameters out of two (or 

multiple) physically different values. Therefore, it is much easier to extract thermal reflection 
coefficients and thicknesses out of scatter plots than out of phase images directly. 

2. The information about the pixel where the specific phase value is located in the original image is 
temporarily lost. This information is not needed and might even be disturbing when thermal parameters 
need to be distinguished in order to characterise defects. Defects of the same thermal appearance 
might be far from each other in the phase image but they find themselves at the same place in the 
scatter plot. Once a defect is characterised it can easily be traced back to the original image, because 
the location of each pixel is stored internally.  

3. As figure 4 relates to one-dimensional heat flow, this curve can be used as a special filter that 
suppresses all data points in the initial images complying with this model. In that case, only data points 
related to deviations like lateral heat flow are imaged (e.g. edges). Such methods are similar to spatial 
filtering in optical imaging methods. 

 
5. Experimental Setup 

 
The experimental equipment includes an infrared camera “Emerald” (CEDIP Infrared Systems, France) 

with an InSb-detector array of 640 x 512 pixels and an NETD of about 15 mK in the wavelength range 3  - 5 µm.  
The heat is generated with four halogen lamps each with up to 500 W electrical input power. The computer and 
the software “DisplayIMG” are from e/de/vis GmbH, Stuttgart. 

 
6. Results 

 
 Feature extraction and classification 

 
The concept of data fusion described above is demonstrated on a polymer wedge which was milled into a 

rectangular plate. Optically excited lockin thermography measurements were performed at lockin-frequencies 
0.1 Hz and 0.05 Hz (figure 5). 

 

    

Fig. 5. Optically excited lockin thermography. Phase images of a wedge-shaped polymer specimen at 0.1 Hz 
(left) and  0.05 Hz (right).  

 
In the white areas in figure 5 the lockin-frequency was so low that the thermal wave could propagate 

through the sample. As the thermal diffusion length increases with decreasing frequency, the area is larger in the 
right image (0.05 Hz).  

The two phase images were correlated by plotting the two phase angle data obtained for each pixel in a 
scatter plot plane (figure 6). The cloud of data points obtained this way from the two images displays several 
clusters and a curved line which matches the theoretical lines in figure 4. This line represents the wedge. The 
clusters are caused by the background above the wedge and the wood table underneath the sample. 
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Fig. 6. Scatter plot: Phase data of the images shown in figure 5 plotted at each pixel against each other. 

 
 Tracing features back to the original image 

 
How can we determine, that the source of the cluster in the middle is the wood table? The location in the 

original image is stored internally before the data fusion, so every pixel can be traced back to the original image. 
Using this technique the wood in figure 6 can be distinguished from the wedge.  

More useful in most cases is to map certain thermal features into a resulting image. For demonstration 
purposes, the polymer wedge was positioned next to a sample with flat bottom holes drilled in different depths 
(hole 1 is nearest, hole 3 is farthest to the surface). Phase images where generated at 0.0250 Hz and 0.0125 Hz 
(figure 7). 

 

    
 

Fig. 7. Optically excited lockin thermography. Phase images of a sample with flat bottom holes drilled from the 
rear at 0.0250 Hz (left) and  0.0125 Hz (right). The numbers identify the holes. 

 
Again, the fused data was displayed in a two-dimensional plot (figure 8). The curved line of the wedge 

shows the ideal one-dimensional case.  
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Fig. 8. Scatter plot of the phase images shown in figure 7. The meaning of the two solid and dotted drawn areas 
is explained in the text.  

 
The three flat bottom holes are visible as curved tubes in the middle of the image. Due to lateral heat 

flows, they never reach the ideal case (the wedge line). The three holes become more distinct when the region of 
interest for the scatter plot is concentrated on the flat bottom hole sample on the right (figure 9). 

 

 

Fig. 9. Scatter plot of the flat bottom hole sample without the wedge. The numbers identify the holes. The 
meaning of the two solid and dashed framed areas is explained in the text.  

 
When the pixels in the dashed-framed area are marked black and all other pixel white, only one of the 

holes becomes visible in the backtraced image (figure 10, left). This means that the technique is, as expected, 
strongly sensitive to depth. Moreover, lateral heat flows can also be mapped as they are deviations from the one-
dimensional model. This can be shown by backtracing a “less ideal” area of the hole, marked by the solid framed 
area (figure 10, right). 
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Fig. 10. Backtraced images obtained from areas marked by dashed (left) and solid line (right). 

 
 Determining thermal parameters 

 
The suggested way of fusing different phase images can also be used to determine thermal wave 

parameters like reflection coefficients. As the phase angle depends on reflection coefficient and thickness, at least 
two phase values are needed to measure reflection coefficients (without measuring the thickness with another 
method). This can be accomplished with a fit into the scatter plot. Such a fit, plotted into the diagram of figure 6, is 
shown in figure 11. The curved line of the wedge can be fitted best with a reflection coefficient R = 0.905. At 
present, we can only determine reflection coefficients in areas without significant lateral heat flows like plates or 
wedges. Interestingly, the wood cluster lies at the thin end of the fitted curve. Wood is pervaded by small pores of 
air, which might be the reason for the thin appearance of wood. 

 

 

Fig. 11. Fit of an ideal wedge into the measured data. 

 
7. Conclusions 

 
A new approach for the evaluation of lockin phase images with scatter plots was presented. It is not 

something physically new but it can be a valuable analysis tool. Features can easily be extracted out of 
complicated data and defects can be classified. Lateral heat flows in certain depths can be mapped and traced 
back to the original image. Additionally, reflection coefficients could be determined in areas without lateral heat 
flows. 

In the near future, we will determine the accuracy of the measurements and combine several 
measurements at different lockin-frequencies into multi-dimensional scatter plots. This should reveal the 
frequency-dependence of thermal reflection coefficients and might be useful to characterize not only adhesive 
joints but also defects in complex materials like CFRP. 
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This concept of feature extraction by suitable filtering within scatter plots is obviously not confined to phase 
images of lockin thermography. It is generally applicable to many other cases where image parameters have 
been changed or where images have been obtained that are based on different contrast mechanisms. Therefore 
it is a valuable tool in nondestructive evaluation for rapid identification of certain kinds of defects, especially for 
automated defect detection on production lines. 
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