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Abstract 
The hot gas components in a gas turbine have to withstand extreme loads. As failure of 

turbine blades could have catastrophic consequences, the integrity of the entire engine must 

always be guaranteed, hence quick and reliable structural health monitoring (SHM) or 

nondestructive testing techniques (NDT) are essential. 

In this work, an ultrasonic stimulated thermographic test system was developed to efficiently 

detect cracks in turbine blades. The used technique is based on the ultrasound excitation with 

a piezo actuator, where the contact surfaces of the crack are excited and generate frictional 

heat which is captured by a thermal imaging camera. A method was developed, where the 

temperature increase is measured as a function of the electrical energy supply to the actuator. 

This allows understanding crack topology and the prediction of preloads in the crack. 

Numerical analysis were conducted for optimising the frequency to be excited for the type 

of damage experienced by the blade and for understanding the basic physics of the coupling 

between cracks configuration, local crack velocity and temperature increase. The procedure 

presented helps to efficiently detect cracks and to optimize the inspection cycles of these 

components. 
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1 Introduction 
Different causes can lead to failure of components in a gas turbine [1]. Among various NDT 

methods for damage imaging, the vibro-stimulated thermography process has been 

developed in recent years to detect cracks quickly and efficiently. A component is vibrated 

so that the surfaces of the crack rub against each other and the generated frictional heat can 

be detected using a thermal imaging camera.  

There are different possibilities how infrared thermography can be used for NDT [2–4]. 

Rahammer et al. conducted vibrothermal tests in composites using local defect resonance 

(LDR) technology [5] to investigate the changed resonance behaviour due to the changed 

stiffness in the area of the crack. Vibrothermography successfully demonstrated the 

viscoelastic temperature increase due to the delamination of composites [6, 7], while 

Solodov et al. utilised Chladni figures to demonstrate and visually illustrate resonance 

defects [8]. Gao et al. used statistical methods to detect cracks in turbine blades using sonic 

IR [9], and Obeidat et al. developed algorithms for post-processing to better extract damages 

[10–12]. The effect on the temperature of a closing crack was studied by Lu et al. [13], and 

the energy and heat index was developed for crack classification [14–16] based on the 

dissipated energy in the crack. Rothenfusser et al. examined the behaviour of open and 

closed cracks in turbine blades in an energy context [17]. Mendioroz et al. developed a 

technique to detect vertical cracks with a thermal imaging camera using ultrasound 

excitation [18]. Cracks in aluminium structures were successfully detected using sonic IR 

thermography and extended post-processing techniques to process the results [19]. Weekes 

et al. successfully detected cracks under a ceramic thermal barrier coating (TBC) used in 

many hot gas components in gas turbines [20], and Zang et al. developed finite element 

methods for verifying experiments using sonic IR on turbine blades with cracks [21, 22]. 

In the literature overview shown so far, single frequencies were used for excitation. Studies 

with multi-frequency excitations are presented in the following. 

Zang et al. excited turbine blades using multiple frequencies to locate cracks with a thermal 

imaging camera [23, 24], and some studies used high-frequency loudspeakers as a source of 

excitation [25, 26]. Kang et al. increased the vibration amplitudes in the test component 

through an alternative constructive fastening solution for the ultrasonic horn and test 

component [27]. It was shown that different excitation frequencies offers advantages in 

crack detection. Holland successfully detected delamination under the TBC of turbine vanes 
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with a broadband vibrothermography technique [28]. A frequency dependency of the heat 

generated at the flaws was shown. 

Many technical possibilities can stimulate and vibrate the components, such as using 

sonotrodes [29–45], where 20 to 40 kHz signals are transmitted with high energy to the 

component to be measured. This creates a quasi-chaotic excitation, since single impulses are 

mainly transmitted and no periodic signals [18, 20, 34, 38, 43, 45–48]. A disadvantage is 

that damage to the contact surface of the sonotrode with the test component can occur [31, 

33, 38, 44]. Typical piezoelectric sensors can also be used for excitation [49–51]. Dyrwal, 

Meo and Ciampa used air-coupled transducers (ACT) to excite turbine blades to detect 

cracks with thermography [52]. An advantage here is the contactless use of these 

transducers, but the whole system sensitively reacts to the position of the sensor and to 

smallest deviations of the focusing point.  

The aim of this work was the development of an efficient detection and classification of 

cracks with an ultrasonic stimulated thermal wave imaging approach. In addition, a novel 

developed procedure was used to identify preloads in cracks. This is an important indicator 

of plastic deformations caused by one of the typical failure modes in turbine blades. A piezo 

actuator was used as a source of excitation in this study, which allowed exciting the test 

components with frequencies up to 100 kHz and detecting the generated frictional heat using 

a thermal imaging camera. The turbine blades were excited indirectly via a rigid holding 

device to prevent damages to the blades and the TBC. For this purpose, turbine blades were 

used with cracks located at different positions on the trailing edges. This cracks formed 

during operation in a gas turbine.  

The temperature increase on the cracks was mapped as a function of the excitation 

frequencies. This was used to investigate the crack behaviour using varying actuator 

amplitudes with constant excitation frequencies. Finite element simulations were developed 

to study the behaviour of the crack and to optimise the experimental approaches. It was 

numerically demonstrated the importance of exciting the appropriate velocity component to 

generate frictional heat when the crack is open or closed. The generated heat was calculated 

numerically and compared with the experiments. 

2 Specimen description 
For the thermographic study, 12 turbine blades made from Inconel 628 of a 10 MW 

industrial gas turbine with cracks at the trailing edges were used. These blades are internally 

cooled. The cooling air is led into the blade via the blade root and exits after serpentine 
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cooling via different exit slots at the trailing edge. Figure 1 shows the positions of the cracks 

on the trailing edges of the turbine blades for further evaluations. In Table 1, all blades were 

summarised with corresponding names, crack positions and the visible crack lengths.  

 

Table 1. Investigated turbine blades – overview. 
Blade name Crack in 

cooling air 
chamber 

Visible Crack length  
L [mm] 

B327 1 1.6 
B285 1 4.5 
B100 2 5.4 
B046 2 6 
B189 2 6 
B154 2 6.1 
B221 2 6.6 
B259 3 2.4 
B115 3 5.8 
B254 3 6.8 

VKH1084 6 2.5 
B286 6 6.1 
B189 9 - 

 
Figure 1. Cracked turbine blades. 

3 Experimental setup 
A piezo actuator was used to vibrate the turbine blades. Typical applied strains are 0.1% to 

0.15% of the actuator length. Piezo actuators behave like capacitive loads, which is why 

their charging and discharging currents increase with the working frequency. The preloaded 

actuator from Piezosystem Jena was used due to its robust design and low heat impact area. 

Table 2 summarises the properties. 
Table 2. Properties – piezo actuator. 

Type Dimensions 
[mm] 

Stiffness 
[N/µm] 

Displacement 
[µm] 

Mechanical 
resonance 

[kHz] 

Blocking 
Force 

[N] 
Piezosystem Jena 
PiSha 150/16/2 

Ø25×29 
Holder: Ø10×4 

600 2 40 1000 

 

The entire scheme of the experimental setup is shown in Figure 2(a). The actuator was 

directly bolted to the mounting device of the turbine blade using internal thread (Figure 2(b)).  
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Figure 2. Experimental setup: (a) Scheme; (b) Components: (1) Breakout box, (2) Oscilloscope - Picoscope 

5243D, (3) Puls generator - Rigol DG1022Z, (4) Amplifier - HV-LE150/100/EBW, (5) Piezo actuator - 
PiSha150/16/2. 

 
A linearly rising sine wave signal generated by the Rigol DG1022Z pulse generator was 

used to excite the crack resonance frequencies. This signal is amplified by the device HV-

LE150/100/EBW from Piezosystem Jena. The extended bandwidth of the amplifier 

introduces sufficient power over a large frequency range to the piezo actuator. As a control, 

the signal was transmitted via the monitor output to an oscilloscope and further evaluated 

using a computer. A breakout box was integrated via the trigger output to synchronise the 

frequency signal of the pulse generator with the recorded images of the thermal camera. For 

recording, the Infratec thermography system was used with the VarioCAM® HDx head 

research 645S camera, which is an uncooled micro bolometer camera with a detector format 

of 640 × 480 pixels and automatic focusing. The noise equivalent differential temperature 

(NETD) is up to 20 mK.  

The device for blade mounting was clamped to achieve maximum system rigidity, and to 

avoid erroneous reflection measurements, a black paper box was placed over the specimen.  

4 Thermographic spectra 
To examine the investigations with increasing energy supply in the actuator, the frequencies 

leading to the highest temperature increase were first determined. For this purpose, the 

thermograms for all turbine blades were measured. 

All measurements were performed in 5 kHz steps and synchronised with the highest 

accuracy. The frequency was linearly increased by 60 seconds for each excitation block, 

which guaranteed detecting small temperature increases. This was performed in the 

frequency range of 0 to 100 kHz. 
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Thermal energy is also transferred into the system through the piezo actuator’s heat and can 

thereby influence the result of the thermal imaging camera measurement. An influence of 

the heating of the ambient air and convective transmission to the blades was not measured.  

The thermal power 𝑃𝑃𝑡𝑡ℎ generated in the actuator can be estimated as follows [53] (Equation 

(1)): 

𝑃𝑃𝑡𝑡ℎ ≈
𝜋𝜋
2
𝑡𝑡𝑡𝑡𝑡𝑡(𝛿𝛿)𝑓𝑓𝑓𝑓𝑈𝑈2,  (1) 

where 𝑡𝑡𝑡𝑡𝑡𝑡(𝛿𝛿) is the dielectric loss factor (ratio of effective to reactive power), 𝑓𝑓 the working 

frequency, 𝑓𝑓 the actuator capacitance and 𝑈𝑈 the voltage difference between positive and 

negative peak voltage. Figure 6(a) shows the heat loss, Pth, as a function of the input voltage, 

U, for frequencies up to 100 kHz. The frequency influences the thermal output emitted, 

where the higher the actuator frequency, the greater the temperature increase.  

Measurements from 0 to 100 kHz were performed to estimate the heat influence on the 

experimental setup (Figure 6(b)). Temperature profiles were measured at different positions 

and compared regarding the outer shell of the actuator (1), the contact surface for the washer 

(2), the holder (3), the inner shroud of the turbine blade (4) and two positions on the airfoil 

(5) and (6). The temperature significantly rises at the contact surface (2) with an excitation 

of 10 kHz, and a temperature increase of 4.2 K was measured at 30 kHz to 40 kHz.  

This also affects the airfoil, where the temperature begins to rise continuously from an 

excitation of 20 kHz. The influence on two cooling air outlets on the airfoil were also 

evaluated. A maximum temperature increase of 1.19 K was measured at the position of the 

first cooling air chamber (5), further up on the ninth cooling air chamber (6) a maximum of 

1.03 K. 
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Figure 3. Temperature influence actuator: (a) Theoretical heat loss actuator - U f(Pth); (b) Experimentally 

determined heat transfer. 
 

The theoretical calculations and experiments showed actuator influence on the heating of 

the turbine blade with a slow transfer of heat to the test object. Rapid heating in the crack 

area due to friction represents a clear difference detectable due to the higher temperatures.  

Figure 4 shows the thermograms of the various turbine blades and cooling air openings. The 

designations C1, C2, C3, C6 and C9 in the figures describe the evaluated positions of the 

cracks on the turbine blades. The significant temperature increases occur primarily in the 

frequency range from 30 to 50 kHz for all measurements. As already shown in Figure 3(b), 

the general temperature difference increases continuously. Nevertheless, the temperature 

peaks were clearly identified. With consideration of all blades, the arithmetic average 

temperature increase was 6.5 K. In the case of cracks in the sixth chamber, the frequencies 

also shift to higher values since a maximum temperature increase of 26 K was measured 

(Figure 4-C6(b)). These significant increases in temperature are certainly favoured by the 

rigid clamping and thus by the direct transmission of the actuator energy.  

The crack in the ninth chamber (Figure 4-C9(a)) is noteworthy, as a crack in the second 

chamber was originally detected on blade B189, but a further crack was not detected using 

conventional inspection methods and only made visible by thermographic experiments. This 

crack was located under the TBC. 
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Figure 4. Thermograms: C1(a) B327; C1(b) B285; C2(a) B100; C2(b) B046; C2(c) B189; C2(d); C2(e) 

B221; C3(a) B259; C3(b) B115; C3 (c) B254; C6(a) VKH1084; C6(b) B286; C9(a) B189. 
 

Some cracks also showed two positions of high heat generation. The point of maximum heat 

generation of all blades, L1 (Figure 5), is approximately 50% of the visual crack length, 

which proves that the cracks are wedge shaped and slightly open to the outside. This also 

means that there are plastic deformations in the areas of the cracks or erosion. Since there 

are mainly turbine blades with cracks in the second chamber, these were dominant for the 

evaluation. In addition, for blade B254 the heat generation point was located very deep in 

the component (88% compared to the visual crack length, L). 

 
Figure 5. Positions heat generation. 
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Table 3 summarises the most important results of the experiments. The crack dimensions 

and positions (L1, L2) of the temperature generation are shown along with the highest 

temperature peaks with the corresponding frequencies. The number of measured peaks in 

the thermograms provides information about incorporating the thermographic measuring 

method. 
Table 3. Results thermography turbine blades – summary. 

Blade name Crack 
chamber 

Visible Crack 
length  

L [mm] 
Position max. heat 

generation Peak ∆T   
[K] 1 Peak f  

[kHz] 1 No. Peaks L1 
[mm] L2 

[mm] 
B327 1 1.6 1.3 -  2.7 38.0 6 
B285 1 4.5 3.6 2.3 8.48 27.25 22 
B100 2 5.4 2.5 1.1 4.6 39.7 18 
B046 2 6 1.9 - 9.6 39.0 16 
B189 2 6 3.2 - 3.3 43.7 19 
B154 2 6.1 4.7 1.0 4.7 29.0 11 
B221 2 6.6 3.5 2.2 12.1 40.3 13 
B259 3 2.4 1.1 - 1.9 37.5 11 
B115 3 5.8   - 2.0 67.0 11 
B254 3 6.8 6.6 2.2 9.7 34.0 14 
B286 6 6.1 2.7 0.9 25.2 34.8 14 

VKH1084 6 2.5 0.9  - 6.0 38.7 18 
B189 9  - 2.2 1.4 5.93 41.56 16 

1 Refers to max. heat generation point L1.  

The frequencies determined from the maximum temperature peaks serve as the basis for the 

investigations in the next section. 

5 Temperature behaviour with increasing energy supply 
In the previous section, the frequency was gradually increased and relevant crack resonance 

frequencies determined using thermography. Next, the frequencies with the highest 

temperature increase were kept constant for the individual blades while the energy supply to 

the actuator (amplitude) was gradually increased. The electrical power is defined as [53] 

(Equation (2)): 

𝑃𝑃𝑒𝑒𝑒𝑒 = 1
2
𝑓𝑓𝑈𝑈2𝑓𝑓.  (2) 

Figure 6 show the temperature behaviour with slowly rising electrical energy in the piezo 

actuator. The frequencies with the highest temperature increase (Table 3) were selected for 

the individual blades and kept constant for the studies. After each measuring point, the 

actuator was switched off for electrical voltage readjustment. The actuator was activated for 

2 seconds at each measuring point. This concept also works with frequencies with a lower 

temperature increase, but the frequencies with the peak temperatures offer the best possible 

response to even small actuator excitations. 
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The power display on the abscissa was shown in a standardised manner (Pnorm) since the 

induced power in the actuator fluctuates depending on the excitation frequency. 

The closer the friction point is to the trailing edges of the blades, the higher the relative 

sliding speeds and thus also the temperature. Uncertainties occur such as residual internal 

stresses or constraints due to the crack topography. The curves are characterised by different 

curve gradients. If the curve gradient is negative, saturation occurs and the temperature 

increase is limited, which could indicate closed cracks. With positive gradients, the 

temperature continues to rise and it is assumed that the crack has minimal inner constraints. 

  
Figure 6. Heating behaviour: (a) Chamber 1; (b, c) Chamber 2; (d) Chamber 3; (e) Chamber 6; 

(f) Chamber 9. 
 

A quadratic fitting curve was used through the measuring points on all measurements (dotted 

line). It can be observed that there is a direct connection to the kinetic energy  

(𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = 1
2
𝑚𝑚�⃗�𝑣𝑠𝑠𝑒𝑒2 ) since the measured temperature is proportional to the relative sliding 

velocity (∆𝑇𝑇 ∝ �⃗�𝑣𝑠𝑠𝑒𝑒). If excitation occurs in the resonance area of the crack, a significant part 

of the energy induced in the actuator was converted into crack vibration.  
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6 Preload 
Different behaviour of the cracks were determined, where constraints from preload forces 

were assumed. Therefore, the influence of preloads on the cracks was examined more 

closely. Figure 7 shows an experimental setup to demonstrate a preload’s influence on 

thermographic examinations. A metallic body is clamped in the test setup and was painted 

matte black to avoid reflections. Using additive manufacturing, a device was constructed to 

guide a cylindrical pin, which should lead to a heat increase on the friction surface of the 

device. To measure the temperatures with changed preloads, the cylinder pin is preloaded 

with a compression spring and grub screw. The influence of the screwed-in threaded pin on 

the inertia of the vibrating system is estimated to be negligible. Six different load positions 

were examined (0.14 N to 0.98 N). 

 
Figure 7. Influence preload: (a) Experimental setup - overview; (b) Experimental setup - components. 

 
Figure 8 shows the result, where the input energy, Pel, was illustrated standardised. With 

small contact forces, a convex course appears, which becomes concave with higher forces. 

Quadratic behaviour occurs, as demonstrated in the other experiments. The numerical 

evidence and comparison are shown in Section 7.3. 

 
Figure 8. Experimental evidence influence preload. 
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7 FEM Simulations 
Cracks react differently to different excitation frequencies or excited wave modes. Using the 

finite element method (FEM), the excitation frequency could be optimised to achieve the 

highest temperature increase at crack locations. The different velocity vectors in the crack 

area were calculated and compared with the simulated temperature increases due to friction. 

Figure 8 experimentally showed a preload’s influence on the thermographic results, which 

were numerically evaluated and compared. 

 FEM Model 

The blade model was geometrically simplified for the numerical thermographic simulations. 

To avoid influencing the thermal flow and stiffness, the FEM model’s internal cooling 

channels were modelled. The lower surface was fixed, and the periodic excitation, equivalent 

to the experiments, occurs over the root area of the blade (Figure 9). This excitation is 

transferred to the crack model and vibrates this region. A sufficiently small time increment 

must be selected to correctly represent the temperature increase (6e-5 s). With the Ansys 

calculation program, the “CoupledFields” extension is required to calculate temperature 

increases due to friction. The thermo-mechanical contact condition was programmed via the 

Ansys Parametric Design Language (APDL). The crack was simulated using a frictional 

contact algorithm, and an initial force of 10 N was applied whereby the contact areas were 

lightly pressed together.  

 
Figure 9. Thermographic FEM model. 

 
The crack was modelled over the visual crack length, L, and the heat generation point, L1, 

where the temperature-increase evaluation was conducted. The surfaces to the right and left 

of the heat generation zone move freely and cannot overlap during vibration. 
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The damping of the entire system significantly influences the measured results. Many factors 

have influence which cannot be mapped with FEM due to the chosen system boundary. The 

ground below the measuring device also affects the damping. One method is to 

experimentally determine the attenuation for the numerical simulations. The Rayleigh 

damping 𝑪𝑪 = 𝛼𝛼𝐷𝐷1𝑴𝑴 + 𝛼𝛼𝐷𝐷2𝑲𝑲 is used for this purpose, where 𝛼𝛼𝐷𝐷1 is the proportionality 

constant of the mass matrix and 𝛼𝛼𝐷𝐷2 the proportionality constant of the stiffness matrix. 

High-frequency vibrations are damped by the factor 𝛼𝛼𝐷𝐷2 and low-frequency vibrations by 

the factor 𝛼𝛼𝐷𝐷1. If the damping ratios of two different vibrations are known (𝜆𝜆𝐷𝐷𝑘𝑘), these 

factors can be calculated with Equation (3): 

𝛼𝛼𝐷𝐷1 = 2𝜔𝜔1𝜔𝜔2
𝜔𝜔2
2−𝜔𝜔1

2 (𝜆𝜆𝐷𝐷1𝜔𝜔2 − 𝜆𝜆𝐷𝐷2𝜔𝜔𝐷𝐷1), 

𝛼𝛼𝐷𝐷2 = 2(𝜆𝜆𝐷𝐷2𝜔𝜔2−𝜆𝜆𝐷𝐷1𝜔𝜔1)
𝜔𝜔2
2−𝜔𝜔1

2 .   
(3) 

The experiment was positioned on the same ground as those in the previous section. The 

blade was manually excited and the vibration measured using a portable laser vibrometer 

(Polytec Laser PDV 100). These experiments were repeated with different samples. The 

decay coefficient, 𝛿𝛿, is determined by the logarithmic decrement with the measured values 

𝛿𝛿𝑘𝑘 = 1
𝑘𝑘
𝑙𝑙𝑡𝑡 𝑥𝑥𝐷𝐷(𝑡𝑡)

𝑥𝑥𝐷𝐷(𝑡𝑡+𝑘𝑘𝑇𝑇𝐷𝐷)
, where 𝑡𝑡 is the number of measured oscillations, 𝑡𝑡 is the time, 𝑇𝑇𝐷𝐷 are 

the periods and 𝑥𝑥𝐷𝐷 are the vibration amplitudes of the decaying vibration. The value 𝑖𝑖 

describes the respective evaluated frequency. The damping ratio 𝜁𝜁𝑘𝑘 = 1

�1+(2𝜋𝜋𝛿𝛿𝑖𝑖
)²

 was then 

determined. The 𝜆𝜆𝐷𝐷 values are the values of 𝜁𝜁, which are given as percentages, which were 

used to calculate the damping factors of 𝛼𝛼𝐷𝐷1 and 𝛼𝛼𝐷𝐷2 for the FEM calculation (Table 4). 
Table 4. Experimental determined damping values. 

f1 [Hz] 𝛿𝛿1 [s-1] ζ1 [%] f2 [Hz] 𝛿𝛿2 [s-1] ζ2 [%] αD1 αD2 
3263 7,1 0,035 6707 11,53 0,027 11,74 6,2e-9 

 

 Crack dynamics 

In this section, the different crack modes are shown, the velocity vectors are computed and 

the reaction forces of the cracks’ contact surfaces are demonstrated for comparison.  

If a component with an outwardly open crack is set in oscillation, different vibration modes 

result depending on the resonance frequency at the crack region (Figure 10). The local 

resonance crack modes can be exploited to generate a high temperature gradient.  

The behaviour of the rubbing mode in y-direction can be compared to that of a mass-

swinging pendulum (Figure 10(a)), where due to laws of energy conservation, the kinetic 
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energy is equal to the potential energy. In the maximum deflection at point P1, the oscillation 

speed and thus also the kinetic energy are zero and the potential energy in this case is the 

strain energy with the maximum value 𝐸𝐸𝑝𝑝𝑝𝑝𝑡𝑡 = 𝐸𝐸𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑘𝑘𝑘𝑘 = 1
2
𝑉𝑉𝐸𝐸𝜀𝜀2. When swinging back to 

point P2, the strain energy is zero and the kinetic energy also reaches its maximum by the 

maximum swinging speed 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑦𝑦 = 1
2
𝑚𝑚�̇�𝑦2 in the y-direction. The sliding velocity at the 

contact point of the crack thus leads to an increase in temperature, which is important for 

thermographic measurements.  

Figure 10(b) shows the shear vibration mode, where the energy behaviour is identical to the 

previous mode. This means that at P2 the kinetic energy reaches its maximum value 

(𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑥𝑥 = 1
2
𝑚𝑚�̇�𝑥2), whereas in P1 the strain energy is maximum and the kinetic energy is 

zero.  

The clapping mode, shown in Figure 10(c), allows the crack surfaces to clap onto each other, 

where the maximum speed is reached before the cracks’ surfaces meet (𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧 = 1
2
𝑚𝑚�̇�𝑧2). 

Real systems always involve a combination of all three modes. 

 
Figure 10. Crack modes: (a) Rubbing mode y-direction; (b) Rubbing mode x-direction; (c) Clapping mode  

z-direction. 
 

The FEM investigations were conducted similarly to the experiments in the frequency range 

from 0 to 100 kHz (Section 4). The simulation results showed the behaviour of the various 

vibrating crack modes (Figure 10). Figure 11(a) and (b) show the velocity vectors and 

relative temperature increase due to friction for the exemplary B286 blade. The two 

temperature peaks (Figure 11(c)) occur at the points where the lateral velocity vectors have 

a maximum and the relative displacement creates a surface pressure at the crack location 

(Figure 11(b)). It was shown that the rubbing mode in y-direction (Figure 10 (a)) causes a 

large increase in measured temperatures. 
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Figure 11. Results FEA: (a) Legend; (b) Crack velocity vectors and reaction forces; (c) Frictional 

temperature. 
 

 Influence Preload 

A preload’s influence on a crack during the thermographic experiments was examined for 

blade model shown in the previous section. The highest relative sliding velocity was 

determined at a frequency of 31.1 kHz (Figure 11(b)). Figure 12 shows the maximum 

temperature increase of the friction surface for the various contact loads from 10 N to 200 N. 

The preload was integrated into the surface normal of the upper contact surface of the model. 

The periodic sinusoidal excitation with a maximum amplitude of 1000 N was introduced 

into the test object to simulate the functionality of the piezo actuator. 
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Figure 12. Study preload: (a) Load = 10 N to 100 N; (b) Load = 150 N to 200 N. 

 

Figure 12(a) showed quadratic behaviour of the curves at forces from 10 N to 100 N, where 

if the load increases, the curve progressively reverses and becomes concave (Figure 12(b)). 

This confirms the previous assumption that the concave course of the curve evidences the 

presence of constraints due to vertical loads. 

Figure 13 shows the qualitative comparison of the experimental data (Figure 8) and 

numerically determined data (Figure 12) for sequentially increased loads denoted by the 

increasing number of "+" signs. 

 
Figure 13. Comparison normalised preload study: (a) Numerical analysis; (b) Experimental results. 

 

The verification of experiments and numerical calculations allow statements about possible 

preloads in cracks. 

8 Conclusion 
This paper proposes an ultrasonic stimulated thermal wave imaging system for crack 

detection in turbine blades. The presented method allows determining the presence of 

preloads on the crack surface as well as local plastic deformation. It was shown that the 

temperature increase as a function of the introduced actuator energy changes from concave 
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to convex with higher preloads in the crack areas. This was demonstrated by the 

development of finite element models able to reproduce results. 

Turbine blades with real cracks on the trailing edges and in unknown locations under the 

ceramic TBC were investigated. The experimental results supported by finite element 

modelling results showed that the acquired thermograms provide crack detection and allow 

to provide information about the crack characteristic.  

The presented procedure enables quick and accurate nondestructive investigation of turbine 

blades or other hot gas-leading components of gas turbines, leading to significant cost saving 

and safer operations. 
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