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Abstract. The parts of modern turbine aircraft engines are complex high 
performance components. Due to the exposure to high thermal, mechanical and 
chemical stress the internal integrity of the coating system and the substrate material 
may fail. Thus, the non-destructive integrity check of the protective systems, the 
detection of damage in the substrate material as well as material characterization are 
important issues during periodic engine maintenance. As a part of the collaborative 
research centre 871 a novel high-frequency induction thermography inspection 
technique is being developed for material characterization and damage detection in 
turbine components. The high-frequency induction thermography system uses 
excitation frequencies of up to 3 MHz in pulsed mode and allows a sensitive 
analysis of the surface and near subsurface for local damages and defects. This high 
frequency approach is necessary owing to the low electrical conductivity of the 
turbine components materials and the resulting relatively large eddy-current 
penetration depth at lower excitation frequencies. Excitation frequencies in the 
megahertz range limit the inductively excited volume to the near-subsurface region 
and allows for separately probing the layer and substrate materials. Experiments 
were carried out in particular using high-pressure turbine blades of the first and 
second stage made of superalloys René 142, PWA 1426 and PWA 1440 with PtAl-, 
MCrAlY-, and ceramic (ZrO2 - Yt.-stab.) thermal barrier coatings. The pulsed 
excitation with a pulse length of approx. 50 ms improves the dynamics and the 
sharpness of the temperature field and lowers the global heating of the component. 
This approach allows detection of defects such as cracks, chipping, spalling and 
delamination of the coating as well as a rough estimation of the coating thickness. 
The inspection resolution can be varied by using exchangeable infrared optics with 
various focal lengths and enables the local or global component investigation. At the 
global scale damages greater than 1 mm2 can be detected. The evaluation of smaller 
damages occurs on a local scale using macro optics providing a spatial resolution of 
up to 15 µm/pixel.  

1. Introduction  

During operation of the turbine, the substrate material and the outer protection layers of the 
turbine components are subject to substantial wear. Failure of the coating system and 
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damages in the substrate material would lead to rapid destruction of the component. 
Clearly, regular inspection of the turbine is indispensable to keep the engine in a reliable 
condition. Because the regeneration of worn blades is economically attractive, there is a 
demand for fast non-destructive testing techniques allowing reliable damage detection and 
material characterisation of turbine blades. High-frequency (HF) induction thermography 
with pulsed excitation is an alternative to other optical methods and allows for imaging of 
surface and subsurface defects with high optical resolution. Experiments were carried out in 
particular using high-pressure turbine blades of the first and second stage made of the 
superalloys René 142, PWA 1426 and PWA 1440 with PtAl-, MCrAlY-, and ceramic 
(ZrO2 - Yt.-stab.) thermal barrier coatings. 

2. Measuring system 

Induction thermography is an electromagnetic non-destructive evaluation technique by 
which an object can be assessed without permanent alteration by means of inducing electric 
currents or magnetic fields within the object and observing the electromagnetic response 
[1]. The response to this type of excitation is detected in form of the dynamic temperature 
field caused by resistive losses in the eddy current flow. The induced temperature 
distribution and heat flow patterns on the object’s surface are typically recorded with an 
infrared camera. Generally, the excitation frequencies of conventional induction generators 
are limited to the several hundred kilohertz range. In the combination with the relative low 
electrical conductivity and the low magnetic permeability of the materials used for turbine 
components result in penetration depths of the eddy current of about several millimetres. In 
order to confine the eddy current generation within the coating with a thickness of approx. 
20...50 µm, to the near subsurface region of the substrate material, excitation frequencies 
within the megahertz range are required. Figure 1 shows the FEM calculated magnetic flux 
in the cross-section of a specimen simulating a typical material configuration of a turbine 
blade. Eddy currents generated at lower frequencies are distributed over a large volume of 
the substrate material underneath the coating. This is disadvantageous for defect detection 
and the characterisation of the thin coatings as there is a large bias in the signal from the 
substrate. 

 
Fig. 1. FEM calculated magnetic flux distribution for frequencies of 250 kHz and 4 MHz for a typical turbine 

blade coating configuration in cross section 

The experimental setup for the current measurements employed a thermal imaging system 
with a spectral sensitivity in the short and middle wave infrared range (SMWIR) from 1.5 
to 5.1 µm and a high output generator using excitation at frequencies between 2 and 
4 MHz. The use of interchangeable lenses with various focal lengths gives the possibility of 
global and local testing with high optical resolution of up to 15 µm per pixel. Figure 2 
depicts three different levels of spatial resolution through different lens configurations. At 
the global level, the whole turbine blade can be inspected in one shot. In this case only the 
coarse irregularities such as large losses of the coating or long cracks can be detected. 
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Using the macro lenses and taking the longer measurement time into account, the whole 
component’s surface can be scanned thoroughly at considerable higher resolutions 
expanding the detection capability to smaller defects. 

 
Fig. 2. Turbine blade inspection. Examples of measurements at different levels of spatial resolution. a) global 

scale, b) medium scale – blade only, c) local scale with a resolution of 15µm per pixel  
 

The high resolution scan is realized through the synchronization of the infrared camera with 
an excitation unit and a 6-axis robot arm, which places the turbine blade at defined 
positions in respect to the excitation coil during the measurement, figure 3.  

 

 
Fig. 3. Turbine blade during automated scan using the induction thermography system 

Long excitation times during the testing of metallic components lead to temperature 
equalization in the excited region and eventually in the whole component due to the 
material’s thermal conductivity, which is high for electrically conductive materials. 
Consequently, longer excitation times reduce contrast in the image between irregularities 
and the background and the measurement sensitivity becomes lower [2, 3]. This restriction 
can be overcome by implementing a controlled pulse operation of the HF generator. Using 
a series of sequential excitation pulses a thermal response in the component can be 
generated, which results in a certain temperature-time profile for each image point. This 
can be later processed and evaluated using various signal processing methods and finally an 
enhanced infrared image is obtained. In the present study, excitation times between 50 ms 
and 100 ms and pulse frequencies of 10-20 Hz were found to give best results. This 
approach has the advantage that locally varying emission coefficients of the sample’s 
surface, i.e. as a result of impurities, can be filtered out. 
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3. Defect detection and coating characterisation  

At high frequency the inductive excitation promotes the increase of the eddy current 
density at sharp edges, and thus, causes enhanced temperature gradients. This is particularly 
advantageous for detecting cracks and other sharp-edged defects that force the eddy current 
flow to increase its local density. During the pulsed excitation both, the temperature rise 
and fall, are proportional to the amplitudes of the eddy current density in the current’s flow 
disturbed areas. Regions with faultless material are also heated but the temperature rise is 
much lower than in the regions that contain defects. Areas distant to the excitation coil are 
warmed up mainly by the heat flow.  

3.1 Cracks 

Figure 4 shows a FEM simulated temperature distribution around a crack in the substrate 
material with and without the thermal barrier coating. 
 

 
Fig. 4. FEM calculated temperature distribution around the crack  

High frequency thermography allows the detection of cracks in the substrate material but is 
also capable of detection of cracks through the ceramic thermal barrier coating. However, 
defects detected under the TBC generally appear with much lower contrast in the infrared 
image.  
The turbine blade’s tip shown in figure 5 has two hardly recognizable cracks in the 
substrate material. The thermographic technique, however, clearly reveals these defects. 

  
Fig. 5. Two cracks in the tip area of a turbine blade detected with the induction thermography technique  

 

In further experiment, a stator blade of an aircraft engine with a crack on the trailing edge 
was used as an object to demonstrate the capability of detecting cracks under a TBC layer. 
The visible crack was covered with a non-conductive layer with a thickness of approx. 350 
µm. As shown in figure 6, the crack can still be detected underneath the covering layer. 
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Fig. 6. Crack in a stator blade.  Left: Crack prior to coating; right: Thermographic image shows the same 

crack detected under the covering layer 
 

3.1 Coating delamination 

Figure 7 shows an FEM calculated temperature distribution on the surface of a specimen 
coated with a 20 µm thin MCrAlY as result of a short inductive excitation pulse with a 
frequency of 4 MHz. The FEM simulation was validated by a measurement on an actual 
turbine blade made of René 142 superalloy with an artificially created delamination of a 
thermally sprayed MCrAlY coating. The resulting enhanced IR image was computed 
subsequently. The delamination of the MCrAlY coating appears as a hot-spot on the 
object’s surface. Owing to the high excitation frequency and the slightly higher electrical 
conductivity of the MCrAlY layer than the substrate material, the eddy current flow is 
inducted for the most part in the coating volume. In the delamination region, there is a 
reduced conductive cross section area causing the local increase of the eddy current density 
and a rapid rise of the temperature. Moreover, the lack of bonding between the coating and 
the substrate prevents undisturbed heat outflow into the substrate volume. 

 
Fig. 7. FEM simulated thermographic image from an artificial MCrAlY delamination on a turbine blade 

3.2 Coating thickness 

Apart from detecting the coating delamination, high frequency induction thermography can 
be also applied to determine the MCrAlY layer thickness. Figure 8 depicts an evaluation of 
a turbine blade sample made of René 142 superalloy with MCrAlY coating thickness 
varying between 30 and 100 µm. Owing to the different flow times of the heat wave front 
across the coating volume, there is a small phase shift in the thermal response, in respect to 
pulsed excitation, for different coating thicknesses. Applying an FFT based algorithm to the 
sequence of infrared images and evaluating the phase shift for the thermal response at every 
image point, it is possible to reveal the differences in layer thickness between two regions. 
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Fig. 8.  MCrAlY coated specimen with various layer thickness and corresponding FFT phase image 

5. Conclusions 

Employing high excitation frequencies in the range of up to 4 MHz for induction 
thermography reduces the eddy-current penetration depth to the sub-surface region for 
coated high-pressure turbine blades. Pulsed excitation and temperature-time profile 
evaluation supress the noise and the contribution of artefacts. This in turn allows for 
isolating the relevant information and make defects stand out in stark contrast in the 
infrared images. High-frequency induction thermography using excitation frequencies of up 
to 4 MHz in pulsed mode is a promising tool for inspection of the turbine components for 
detection of cracks, coating delamination and distinguishing different layer thicknesses.  
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