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Abstract. Many metal parts and semi-finished products have to be 100% tested to 
localize surface cracks and to avoid of delivering defective products. Nowadays 
mainly three standardized techniques are used:  magnetic particle, eddy current and 
penetration testing. A new alternative method of the active thermography with 
inductive heating shows couple of advantages compared to these methods: it is 
quick, delivers a well documentable image, it can be fully automated and it gives 
also the possibility to determine the depth of a surface crack. In this way a limit for a 
crack depth can be defined, when a product is specified as defective and when it has 
to be thrown away.  
Analytical modelling and finite element simulations have been carried out to model 
the heating process and the heat diffusion around cracks with different inclination 
angle to the surface. The simulation results are compared with measurements.  
The result of inductive thermography, similarly to magnetic particle testing, is 
sensitive to the angle between the applied magnetic field and the orientation of the 
surface crack. Therefore investigations were done regarding the crack detectability 
depending on this angle. Additionally a new experimental setup is proposed 
allowing of detection of surface cracks independently from their orientation. 

1.  Introduction  

Inductive thermography has been already used 30 years ago in the Therm-O-Matic [1] 
testing plant to detect surface cracks in steel billets. Since then more theoretical and 
experimental investigations have been done [2-5], to explore its possibilities and to increase 
the scope of its applications. Even if the method has not been standardized yet, also this 
step is in progress [6]. The inductive thermography has couple of advantages compared to 
other, traditionally used techniques, as magnetic particle or eddy current testing and 
therefore it will surely be used in the future more and more as automated testing procedure 
to detect surface cracks. 

In the case of inductive thermography a short inductive heating pulse is applied to 
the piece and the temperature distribution at the surface is recorded by an infrared camera. 
As surface cracks disturb the eddy current as well as the heat flow, the infrared images 
reveal these defects. Additionally to the evaluation of one single infrared image, analysis of 
the temporal evolution of the temperature distribution, e.g. by using Fourier transformation 
[7], gives an even more reliable technique to detect cracks and distinguish them from 
artefacts and surface effects.  
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2.  Crack detection with inductive thermography  

For inductive testing the specimen is located either inside a coil or close to it, in order to 
provide a good coupling of the magnetic field. Eddy currents will be induced inside the 
work-piece, and due to its ohmic resistance heat is generated in the material tightly below 
the surface. The depth of the heated range is influenced by the skin effect: the penetration 
depth of the eddy current depends on material parameters and on the excitation frequency. 
For typical steel with ferro-magnetic properties by a frequency of 200 kHz the penetration 
depth is about 0.03mm, which means heating occurs only in a very shallow depth below the 
surface. 

The induction generator is switched on for a short pulse, usually in the range of 0.1-
1s. Using a 10 kW generator, during this short heating pulse a temperature increase of 
about 1-5°C occurs at the surface of the specimen, which is quickly flowing away into the 
inner part of the workpiece. The surface temperature is recorded with an infrared camera 
and the image sequence will be evaluated to localize failures. As a surface crack disturbs 
the eddy current distribution and also heat diffusion, it can be well located in the infrared 
images.  

Fig.1a and 1b show microscopic images of two typical surface cracks with a depth 
of 0.7 and 0.35mm. The samples are steel wires with a diameter of 22 and 11mm. Before 
creating the microscopic images and so before destroying the specimen, thermographic 
testing has been carried out. In Fig.1c and 1d the temperature images are shown after a 0.1s 
heating pulse. For the heating a so-called Helmholtz coil has been used [8] where the 
magnetic field and the heating between the windings are almost homogeneous. In both 
images the cracks are well visible along the whole wire due to the higher temperature 
increase. It can be noticed that the heating of the wire pieces is not fully uniform, closer to 
the windings, on the left and right side of the visible range of the wires, the heating is a bit 
higher. Additionally some surface artefacts, as scratches can be also seen. Investigations 
have shown [7] that instead of using only one infrared image, much better and more reliable 
results can be achieved by evaluating the whole sequence of the recorded images during 
and after the heating pulse. Using Fourier transformation to calculate a phase image 
eliminates the effect of inhomogeneous heating and surface artefacts which only influences 
the emissivity factor of the surface. Fig.1e and 1f show the corresponding phase images, 
which depict in fact a much more homogeneous image of the cracks, free of the disturbing 
factors observable in the temperature image. Comparing these two images it is also to 
notice that the crack with larger depth (Fig.1e) causes a higher contrast. This will be 
investigated closer with analytical models and with finite element simulations in the next 
sections.  

Additionally, it is also to note, that the opening of the cracks is less than 10µm and 
they are hardly or not at all visible at surface with human eyes. The infrared camera has a 
pixel resolution of about 0.25-0.3 mm / pixel, nevertheless the cracks are visible in the 
phase images in a range of couple of pixels. This outlines one of the big advantages of the 
thermographic testing: not the crack itself, but its effect becomes visible in the infrared 
image, and therefore a much lower pixel resolution is enough to localize even small cracks. 
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 a)             b) 
 

 c)        d) 

e)         f) 

Fig. 1. a, b: microscopic images of two wires with surface cracks, depths are 0.7 and 0.35mm; c, d: 
temperature images after 0.1s heating pulse; e, f: the corresponding phase images.  

3. Analytical model calculations 

In earlier publications [1,9-11] an analytical model has been presented to calculate the 
temperature increase around a surface crack. This model assumes that the penetration depth 
of the eddy current is negligible small, which is well valid for ferro-magnetic materials. In 
Fig.2a the calculated additional temperature increase around cracks with different depths 
after a 0.1s heating pulse are shown. The crack is selectively heated by the eddy currents 
therefore the maximal temperature occurs at the crack position. The heat flows laterally 
away into a distance of 2dth, where dth denotes the thermal diffusion length, depending on 
the time (t) and on the material parameter thermal diffusivity ():  

tdth 2  (1) 

 
For typical steel after t=0.1s dth is about 2.1mm. Fig.2b shows the calculated phase image 
for a frequency of 

cooldownpulse tt
f  11

  (2) 

 
The maximum of the phase occurs at the crack position and the minimum is in a distance of 
dth/2 from it. It is to note that position of the minimum itself is independent of the crack 
depth [10-11]. On the other hand, the phase contrast, the difference between maximum and 
minimum phase value depends well on the crack depth [10-11]. 
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a)  b) 

Fig. 2a: calculated temperature increase around cracks with different depths after 0.1s heating pulse; b: the 
corresponding phase distributions.  

Fig.3 shows how the temperature and the phase contrast depend on the crack depth. 
The temperature increases monotonically with the depth, but due to emissivity changes, 
surface effects or inhomogeneous heating it is not reliably usable for crack depth 
determination. On the other hand the calculation of the phase contrast eliminates these 
factors and hence is much more stable for depth determination. The phase contrast 
increases until a crack depth of dth/3 and then it saturates. Therefore it gives a very good 
depth resolution only until this depth. As dth depends on the time, with longer heating pulse 
duration this resolution limit can be well shifted to higher values. 

a)  b) 

Fig. 3a: calculated temperature increase at the position of the crack versus its depth; b: phase contrast versus 
crack depth 

4. Measurement results for artificial cracks 

A sample with artificial cracks has been produced using the technique of Direct Metal 
Laser Sintering. Based on CAD data the sample is created layer-by-layer from metal 
powder. Fig.4a shows the sample with a size of 40 x 40 x 7 mm³, containing 12 cracks with 
different depths and inclination angles. In Fig.4b are depicted the geometry and the 
measurement results for the 2nd row of cracks. The cracks lie perpendicular to the surface 
and have depths between 0.4 and 1 mm. The phase image from the measurement with 0.1s 
heating pulse shows that the phase contrast is in fact larger for the deeper cracks, as it has 
been expected from the model calculations of the previous section.  

Further measurements, carried out on different samples with artificial cracks [10-
11], show the same tendency and proving the correctness of the model results. 
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a)         b) 

Fig. 4.a: Photo of the sample produced by Direct Metal Laser Sintering; b: top: CAD data for the 2nd row of 
cracks; middle: phase image after 0.1s heating pulse; bottom: profile through these cracks, marked by red line 

in the mid figure. 

5. Finite element simulations for inclined cracks 

In many cases the cracks do not lie perpendicular to the surface, like in Fig.1a and 1b, but 
are slanted under an angle. Rolling laps are typical examples for such inclined surface 
cracks, which detection is an important topic for the metal producing industry. 

For the calculation of the heating and heat diffusion process around inclined cracks 
the Multiphysics simulator ANSYS [12] has been used. Fig.5a shows the temperature 
distribution for a crack with 30° inclination angle to the perpendicular direction and in 
Fig.5b is the corresponding phase profile through the crack depicted.  The heat is trapped in 
the right corner, causing a larger phase shift value. In the left corner, where the angle 
between surface and crack is larger than 90°, the heat flows quicker away hence the phase 
shift is less than it would be by a vertical crack. In this way a strongly asymmetrical phase 
profile occurs around the crack position (x=0).  

  a) b) 

Fig. 5. a: Temperature distribution around an inclined crack, calculated by FEM simulation, crack depth = 
1mm, angle =30°, heating pulse =0.1s; b: phase around the crack calculated from the simulated temperature. 

The more the crack slants from the perpendicular direction with the inclination 
angle of , the stronger is the heat accumulation in the corner with the small angle (right 
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corner). In contrast, from the other corner (left side) the heat escapes quicker and quicker. 
Therefore the phase profiles become more and more asymmetric, as it can be seen in Fig.6.  

 
Fig. 6: Phase around cracks with different inclination angles, depth of each crack is equal to 1mm. 

For the vertical crack (=0°), the phase profile is symmetric. With increasing inclination 
angle raises the difference between the phase minima at the left and right sides. Fig. 7a 
shows this dependency, calculated for two different crack depths. As it can be seen, this 
asymmetry in the phase can be well used to estimate the inclination angle of a crack.  
The phase difference depends also on the crack depth: for the same inclination angle for a 
deeper crack the phase difference is higher.  On the other hand, if the mean value of the left 
and right side minima is taken, then it is mainly constant, see Fig.7b, and this is 
characteristic for the crack depth itself, as it has been shown the previous sections. 

a)  b) 

Fig. 7a: Phase difference between the minima on the left and right side, calculated for crack depths 0.6mm 
and 1mm; b: phase contrast on the left and on the right side and their mean value (crack depth = 1mm) 

6. Measurement results for inclined cracks 

The first row of the artificial cracks in the sintered sample (see Fig.4a) contains cracks with 
0.6mm and 1mm depth, once perpendicular to the surface and once with 30° inclination 
angle, see Fig.8a. The phase distribution after 0.1s inductive heating pulse shows in fact the 
behaviour as expected from the simulation results [13]:  The deeper crack (d=1mm) causes a higher phase contrast, than the shallow crack 

(d=0.6mm);  the inclined cracks results in an asymmetrical phase distribution;  in the case of the deeper crack (d=1mm) the difference of the phase minima is larger 
than for the crack with 0.6mm depth; 
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 The mean value of the phase minima at the left and right side is closely equal to the 
minimum phase of the vertical crack. 
 

a) 

           b) 

c) 

Fig. 7a: CAD data for the first row of cracks in the sample shown in Fig.4a; b: phase image (heating pulse = 
0.1s); c: phase profile through the four cracks. 

7. Investigations regarding the crack orientation 

Similarly to the magnetic particle testing, the detectability of a crack with inductive 
thermography is strongly affected by the angle between the crack direction and the 
orientation of the magnetic field. In the case of magnetic particle testing the ideal direction 
for the detection is, if the crack and the magnetic field are perpendicular to each other. By 
inductive thermography the eddy current must flow perpendicular to the crack for an ideal 
detection, which means on the other hand that the magnetic field is then parallel to the 
crack line. Fig 8 demonstrates this effect for a specimen with a crack of about 10mm length 
in the mid area. It is to note, that this area of the specimen has been grinded to try to 
remove the crack, but it exists further. Therefore this region is plain with a low emissivity 
value, which is usually a problem for thermographic measurements. But with using the 
phase image instead of a single temperature distribution this emissivity problem can be 
very well minimized [7].  

If the crack is lying perpendicular to magnetic field direction (see Fig. 8a), then the 
eddy currents flow without any disturbance parallel to the crack, therefore it is almost 
invisible. With rotating the workpiece in the magnetic field the crack becomes more and 
more detectable. Investigating how the phase contrast depends on the angle () between the 
magnetic field and crack line orientation, results in the diagram in Fig.9. The phase contrast 
decreases with a value between cos() and cos²(). This can be explained with the fact that 



8 

from the eddy current j the part j*cos() impacts perpendicularly on the crack and only this 
part is responsible for the selectively generated heat at the crack [13]. 

 
a)                                  b)                              c)                             d) 

Fig. 8: phase images of a specimen by varying the angle  between the magnetic field and the crack 
orientation: 90°, 60°, 45° and 0° respectively from the left to the right image. 

 
Fig. 9: Phase contrast versus angle ß between the orientation of the magnetic field and crack orientation 

8. Measurements with two generators 

In order to be able to detect a crack with any orientation, it is possible to use a setup 
with two generators [8]. Both induction coils are Helmholtz coils, see Fig.10, with 
perpendicular axes to each other. The two generators have to work at different excitation 
frequencies; otherwise the magnetic fields of both coils would be added as vectors. In 
contrast, in the case of two similar frequencies the magnetic field is rotating in the x-y-
plane and therefore a mainly homogeneous heat generation occurs independently on the 
crack orientation.  

Fig.11 shows the results for the same specimen as in Fig.8, but now with the two- 
generators-setup. It can be seen, that the crack is really visible with the same phase contrast, 
independently how the workpiece lies in the induction coils. 
 

B 
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Fig. 10: Measurement setup with two generators (working frequencies 102 kHz and 61 kHz) and with two 

Helmholtz coils, and the sintered sample (see Fig.4 a) positioned for the measurement. 

 
a)                                  b)                              c)                             d) 

Fig. 11: phase images of the same specimen and in the same positions as in Fig.8, but now both generators are 
switched on creating a floating rotating magnetic field and therefore the crack becomes visible always with 

the same contrast. 

It is interesting to note, that around short cracks a kind of ‘butterfly’ pattern occurs 
[13], see in Fig.12a in close-up the crack of Fig.8d. The end points of the crack occur as hot 
spots, as they deflect the eddy current laterally and causing a local increase in the eddy 
current density. On both sides of the crack in the middle range the phase value has a 
minimum according to the calculations of Section 3. This pattern changes with the angle 
between the magnetic field and the crack line, see Fig.12b: the direction of the pattern of 
the phase minima remains the same, in spite of rotated orientation of the crack. On the other 
hand, applying both generators simultaneously causing the circular magnetic field, the 
‘butterfly’-pattern becomes again symmetrical, showing that each crack is really equally 
heated independently of its orientation. 

 

 a)      b)     c) 

Fig. 12: Close-up phase images of the crack, shown in previous figures: in Fig.8d, in Fig.8c and Fig.11c. 
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9. Summary 

Inductive thermography is an excellent method for detection of surface cracks in metallic 
materials, especially in ferro-magnetic materials. It is quick, it can be fully automated, also 
shallow cracks can be reliably detected and it gives also a very good possibility to estimate 
the crack depth. Therefore this technique has a very good potential to replace the magnetic 
particle testing and the eddy current testing in the future. 
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