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Abstract

The nondestructive testing (NDT) techniques active thermography and terahertz time domain spectroscopy
(THz-TDS) are both newcomers to the large range of established NDT methods: Both are contactless imaging
techniques and well suited for analysing layered materials e.g. ceramic coatings, polymer laminates and glued materials.
These two methods are compared for characterising ceramic coatings.  Measurement results show these two methods
are practicable and complimentary for NDT applications of layered structures. The pulse-thermography is suitable for fast
screening inspection and THz-TDS imaging performs well for the detailed investigation of coatings and boundary
variations.

1. Introduction

Today, gas turbines strive to be ever more efficient. One way to achieve a higher efficiency is to increase the
temperature of the gas. However, the higher the temperature, the higher the wear of the turbine parts resulting in
declined component life. Plus, even the employed super alloys reach their limit and their melting point at 1100°C to
1200°C. To withstand the high temperatures the super alloy blades are coated with a thermal barrier coating (TBC). For
one thing, the TBC acts as a thermal shield keeping a lower temperature at the base material through the insulating
functionality of its porous structure. For another, it acts as a barrier to oxidation of the base material. The thickness of the
TBC varies from a hundred microns to millimetres with the position of the coated part in the gas turbine. Furthermore, the
thickness is strongly dependent on the coating process.

One of the most commonly used ceramic TBC materials is yttria-stabilised zirconia (YSZ, Y2O3+ZrO2). After first
administering a metallic bond coat (BC) for further corrosion protection and better ceramic growth, the YSZ is deposited
on top. There are two main coating processes: air plasma spray and electron beam physical vapour deposition. Today,
mostly electron beam physical vapour deposition is used because it can be applied more locally. One problem is that the
process is hard to control and coordinate and hence the deposited thickness and thermal conductivity are also hard to
control precisely. However, it is important to know the coating thickness, the porosity and the thermal conductivity to
know the properties of a turbine blade and to hint at its lifetime.

Pulse-thermography or flash thermography is one of the newer NDT techniques. Yet, it is the standard
technique when it comes to examining the coating of turbine blades for delaminations or the cooling air conducts for
blockage or rather permeability. Even though it has the advantage over techniques such as ultrasonic and eddy current
testing by being non-contact, imaging i.e. two-dimensional and already in use on every turbine blade, it is almost never
employed to evaluate TBC coating thickness or thermal conductivity. In comparison to other thermal techniques such as
the flash method [1, 2], the phase of photothermal emission analysis method [3], or the laser flash method [4], the
method of flash thermography employed for these experiments needs neither two-sided access nor a strong laser for
excitation.

In 1986, Balageas et al. [5] developed the first set of analytical solutions for layered materials. These were the
basis on which Sun [6] created a numerical model using the finite difference solution technique including volume heating
and flash duration effects. In this work, a numerical model using finite difference solution [7] is also applied to the
experimental data to extract the important material parameters of coating layer thickness and thermal conductivity via a
nonlinear regression fit.

Due to real-time, non-contact and spectroscopic measurements, the THz technology has become one of the
promising future NDT methods [8, 9]. With a 3D scanning device, the depth-resolved imaging of a specimen is possible.
Compared to X-rays, ultrasound, microwaves, and thermography, THz signals provide material information in the THz
wave range. Since THz radiation can penetrate through non-metal materials, the technology is suitable for molecular
materials such as ceramics, semiconductors, fibre composites and polymer foams. In recent years, THz technology has
been increasingly used for NDT of glass fibre reinforced plastics (GFRP), foams and other composites [10, 11]. As a
NDT method, the THz signal can be used to measure thickness of layers and to detect bonding defects between layers
or between a coating layer and the substrate.
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An important field of application is the non-destructive and non-contact testing of ceramic coatings. The THz
Time-Domain systems allow for simultaneous measurement of the coating related parameters and the THz spectrum of
the coating.

2. Experimental

In the pulse-thermography experiments, a FLIR SC 7600 (FLIR Systems, Inc., Portland OR, USA) in quarter
frame mode with 160	x	128 pixels, an integration time of 2000 µs and a frame rate of 469	Hz was employed. The camera
consists of an InSb-detector and a Stirling cooler. With the mid-wave broad band object lens, the band from 1.5 to 5 µm
can be covered with a NETD of 25 mK. The camera was not calibrated and the arbitrary intensity values were used in the
analysis. The pulse-thermography was performed in reflection with both, the camera as well as the flash, on the zirconia
coated side of the sample.

For the pulsed excitation, a Broncolor Grafit A4 (Bron Elektronik AG, Allschwil, Switzerland) photographic flash
with a maximum of 3.2	kJ was operated at 1054 J with a flash duration of 1/750 s. Characteristic for this flash is that the
flash itself is cut off after exactly the set time. Furthermore a PMMA filter was employed.

For the eddy current thickness measurements, a FISCHER DUALSCOPE MP0D (Helmut Fischer GmbH,
Sindelfingen, Germany) was used.

For the THz-TDS experiments, the terahertz measurement system TERA ASOPS (Menlo Systems GmbH,
Martinsried, Germany) was applied. It is based on two C-fiber femtosecond fibre lasers with a repetition rate of 250	MHz
and 90 fs pulses at 1560	nm central wavelength. Two fibre coupled antennas of type TERA15-FC were used (the emitter
TERA15-TX-FC and the receiver TERA15-RX-FC). The terahertz emitter and receiver are based on the principle of a
photoconductive switch, which generates pulses with up to 5 THz bandwidth and a continuous power of about 40 µW.
The optical power of the fibre lasers is about 30 mW with a pulse energy of about 0.3	nJ (corresponding to 5	x	10-13 J for
the THz radiation). The focus of the used lenses (TPX35) is approximately 1 mm (full bandwidth, maximum at 0.3 THz)
and 0.2 mm at high frequencies (about 2 THz). The repetition rates of both lasers were locked and stabilised by using
two repetition rate synchronisation electronic devices (RRE SYNCRO). A 16-bit 10-MHz data acquisition board is used in
the scan control program of Menlo Systems. The measurement speed can be adjusted in the measurement system. For
the measurements, the scan speed was 50 Hz, which means 50 time-domain traces per second, therefore also 50	
spectra per second.

3. Zirconia thermal barrier coatings on Inconel 738

For these experiments, a nickel-based super alloy sample coated with a layered TBC-system was examined.
The substrate material is Inconel 738 (IN 738). It was coated first with a metallic bond coat of a thickness between 100
and 230 µm. Afterwards, YSZ was added on top by electron beam physical vapour deposition.

Table 1. Nominal, calculated and measured thickness values for the different layers of the zirconia coated IN 738
sample.

Step 1 Step 2 Step 3 Step 4
Nominal TBC thickness (mils) 6.0	 7.0	 9.0	 11.0	
Nominal TBC thickness (µm) 152.4	 177.8	 228.6	 279.4	

Substrate thickness measured
with calliper (mm) 8.85	 8.85	 8.85	 8.85	

Sample thickness measured
with calliper (mm) 9.30	 9.29	 9.43	 9.37	

Calculated BC thickness (µm) 200.7	 175.9	 229.0	 128.4	

There are four steps of different TBC thickness to the sample, cf. Table 1 and Fig. 1. As mentioned before, TBC
coating process is hard to control and therefore the actual thickness differs from the nominal TBC thickness value in
Table 1. The also included BC thickness was calculated by subtracting the TBC thickness measured by eddy current and
the substrate thickness from the sample thickness.

Due to YSZs partial transparency in the mid-wave infrared band and its low emissivity, one half of the sample
was additionally sprayed with graphite absorbing coating (Graphit 33, Kontakt Chemie). While this graphite layer has
almost no impact on the properties of the sample measured by eddy current or pulse-thermography [12], there is a strong
influence on the measurement with THz-TDS imaging due to the high refractive index of graphite. The graphite layer
causes an additional time difference of around 1 ps. Therefore, the pulse-thermography measurements are performed on
the graphite coated upper half of the zirconia coated IN 738 sample, whereas the lower half without graphite is used for
the THz measurements.
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Fig. 1. Photo of zirconia coated IN 738 sample. Dimensions: 89 mm x 19 mm x 9 mm. Upper half is additionally sprayed
with graphite.

4. Pulse-Thermography

Pulse-thermography is the act of heating a sample surface with a short light pulse and thereafter examining the
transient sample surface temperature with an IR camera. Fig. 2 corresponds to the thermogram of the zirconia coated IN
738 sample directly after flash excitation. The time evolution of this surface temperature which depends on the heat
diffusion process then provides information about the thermophysical properties, the inner composition such as layer
structure, and subsurface features such as delaminations. The absorption coefficient of the sample surface and the
effusivity of the top layer govern the heating of the surface from the absorbed flash and therefore the recorded IR signal.
As the flash system allows cutting off the flash duration, the flash can be treated as instantaneous for the purpose of the
measurements presented here. After the flash, the signal is determined by the heat conduction in the layered system
driven by the thermal parameters and the layer geometry [13, 14, 15]. When using a flash system without the capability
to limit the flash duration, the finite duration has to be taken into account as most flashes have, after a fast intensity rise,
an exponential intensity decay due to the discharging of the capacitor.

Fig. 2. Thermogram of zirconia coated IN 738 sample directly after flash excitation with subtracted background. The
figure consists of two partial images due to the quarter frame mode of the camera.

4.1. Theoretical background of heat diffusion

The one-dimensional Fourier heat equation in Eq. (1) describes the heat diffusion process for a one-
dimensional system. It includes the thermal conductivity , the absolute temperature , the body heat generation rate per
volume ̇ , the density , the specific heat capacity  and the time .

+ ̇ = (1)

The flash used in pulse-thermography usually heats a large area of the sample uniformly in the x-y-plane.
Hence, the heat transfer over the entire sample can be considered as one-dimensional in the depth- or z-direction and
the data analysis can be performed in 1D. Furthermore, the analysis is valid for ideal flash conditions only. This means
instantaneous flash energy absorption at the surface as well as a very thick substrate in respect to the coating thickness
and no concern is given to finite flash duration and TBC translucency.

Balageas et al. [5] provided the analytical solutions for layered systems with different heating pulses at the
surface. The problem is that with complex layered systems and accounting for finite flash duration, the heat equation in
Eq. (1) becomes increasingly difficult to solve analytically. Therefore, a numerical approach which limits computational
time is advantageous.

4.2. Numerical modelling

To solve the Fourier heat equation in Eq. (1) with the finite difference solution technique, the Crank-Nicholson
algorithm (see for example [16]) is applied. The actual discretisation results from looking at the six states or rather the
three states ( − 1, , + 1)  for  each  of  the  two  time  steps  ( , + 1).This  results  in  Eqs.  (2)  or  (3)  with = Δ Δ⁄ ,
=	 ⁄  and the heat input = ( ) [6].

1cm

1cm
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− 2 + + − 2 +
2Δ + =

− 2
Δ

(2)

− + 2(1 + ) − = − 2( − 1) + + (3)

Wherein  can incorporate volume heating and flash duration effects. Considering − 2 time steps returns − 2
equations for  unknowns which leads to the need for the two boundary conditions for the top and the bottom surface.
The heat input on the top surface has already been included in the general heat equation and the bottom surface is
considered adiabatic, therefore the two conditions can be written as Eq. (4) and (5) [7].

= (4)

= 	 (5)

For an interface between layer  and layer  in multi-layered materials with negligible interface resistance, Eq.
(6) follows as the discretised equation with the spatial grid size Δ  [7].

−Δ + (Δ + Δ ) − Δ = 0	 (6)

In these experiments, the experimental data was fitted with the numerical solution for a three-layer system,
consisting of the TBC, the metallic bond coat (BC) and the substrate, using a nonlinear regression method. Since there is
no calibration for the camera and the flash duration effect is not considered, the fit of the normalised intensity does not
work well due to a big offset in the logarithmic intensity. Therefore, for further evaluation, the second derivative of the
logarithmised temperature or in this case the arbitrary intensity in Eq. (7) is used, with Δ = ( )− . Shepard et al. [17]
verified that the second logarithmic derivative is very effective in defect depth characterisation which is analogous to
coating thickness measurements.

2 =
(logΔ )		
(log )

(7)

This method of regression fitting the numerical data to the experimental values can determine three values at
once: , =  and = √⁄ . Only  and  are parameters of the TBC layer. This leads to the conclusion
that of the three important TBC parameters thickness , thermal conductivity  and heat capacity  only two can be
determined independently by pulse-thermography [6]. For the fit in this work, the parameters thickness and thermal
conductivity were chosen as free fit parameters. Every other parameter was kept at the constant input value.

4.3. Experimental results

For a homogenous, non-layered sample of finite thickness, the surface temperature decay after the pulsed
excitation is directly proportional to 1/√  until the back wall i.e. a constant value is reached [5]. This leads to a straight
line with a slope of -0.5 plotted on a double logarithmic scale. For a layered sample, e.g. a coating on metal, the surface
temperature decay is more complex: after reaching the interface between the different layers, the slope of the
temperature evolution changes dependent on the quality of the interface and the thermal properties of the layers [5]. The
inflection point as well as the new curvature of the curve is determined by the thickness and the thermal properties of the
coating layer.

Fig. 3. Normalised intensity evolution of the zirconia coated IN 738 sample after flash excitation. One frame corresponds
to 2.13 seconds.

Fig. 3 shows the experimental data in a double logarithmic graph for the four steps of the zirconia coated IN 738
sample. The inflection point of the curves moves to the right, i.e. to later times, for a higher coating thickness. This
correlates well with the notion that it takes longer for the heat to reach the interface to the metallic substrate if the coating
is thicker. Also, the slope of the curves steepens after the inflection point due to the higher thermal conductivity of the
metal in comparison with the ceramic coating.
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The second logarithmic derivative of the experimental data for the four steps of the zirconia coated IN 738
sample is shown in Fig. 4 as continuous lines. For each step only one point on the sample was selected for this figure.
Noticeable is again the shift of the minimum to the right for thicker coatings.

Also included in Fig. 4 as dashed lines is the numerical model which was fitted via nonlinear regression to the
minima of the experimental data. Basis for the fit is a three-layered system consisting of TBC, BC and the substrate.

Fig. 4. Experimental (continuous line) and numerical (dashed line) evolution of the second derivative of the logarithmised
intensity. The numerical model was fitted to the experimental data via nonlinear regression with the two free parameters

TBC thickness and thermal conductivity.

For the fit, the free fit parameters thermal conductivity and coating thickness were chosen. The extracted values
are compiled in Table 2 with the values of the standard deviation of the averaging. No error consideration was
performed. Table 3 includes all the input material properties for the numerical model.

Table 2. Nominal and extracted values for the YSZ-layer with pulse-thermography. For the error margins the standard
deviation of the averaged values was used.

Step 1 Step 2 Step 3 Step 4
Nominal TBC thickness (µm) 152.4	 177.8	 228.6	 279.4	

Averaged TBC thickness (µm)
with numerical flash model 116.3	±	2.5	 145.3	±	3.4	 221.9	±	7.7	 274.8	±	2.9	

Averaged TBC thermal
conductivity (W/(mK))
with numerical flash model

0.331	±	0.011	 0.370	±	0.007	 0.443	±	0.034	 0.546	±	0.021	

Table 3. Parameters of the different layers of the zirconia coated IN 738 sample (TBC, BC and substrate). Values were
either estimated and validated with the model or 1) from [18].

Density
(1e-3 kg/m3)

Heat capacity
(1e-2 J/(kgK))

Thermal conductivity
(W/(mK))

TBC 6.05	 5.37	 -			
BC 7.00	 4.80	 5.0	
Substrate 8.11	1)	 4.19	1)	 10.0	

5. THz-TDS imaging

THz waves are electromagnetic radiation in the frequency range of 100 GHz to 10 THz, and are located
between infrared radiation and microwaves on the spectrum. This spectral range is an important transition area between
photonics and electronics. There are two important applications for THz technology: THz spectroscopy and THz imaging
[19, 20]. Compared to electromagnetic waves in other spectral ranges, THz radiation has the following application
relevant properties: low radiant energy, permeation into many materials (plastics, ceramics, semiconductors, etc.),
broadband, coherence, and spectrum fingerprinting for many materials. THz technology plays an important role in
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modern physics; from Fourier transform infrared spectroscopy to X-ray technology. The THz-TDS finds many
applications in material characterisation and quality control due to simultaneous determination of time and spectrum
properties of materials (Fig. 5) [21, 22].

Fig. 5. Schematic temporal terahertz time domain spectroscopy (THz-TDS) signal (left) and calculated THz absorption
spectrum by means of the Fourier transform.

5.1. Measurement principle

In the THz-TDS measuring system, two femtosecond lasers are used to generate and detect THz pulses (Fig.
6) [23].

Fig. 6. Setup of the THz-TDS measuring system based on two femtosecond lasers (left) and the Menlo-THz system
(right) [23, 24].

A photoconductive element converts the laser pulse energy into the THz pulses and another photoconductive
element operates as a receiver. The measuring principle is based on the pump-probe method, in which the second laser
is responsible for the sampling of the THz pulses (Asynchronous Optical Sampling System ASOPS).

The two femtosecond lasers are synchronised via radio-frequency locking electronics. The ASOPS principle is
shown in Fig. 7, where the sampling pulses are delayed by a time difference of several times Χt from the pump laser
pulses.

Fig. 7. Asynchronous Optical Sampling System (ASOPS) with one pump laser for THz pulse generation and a second
laser for THz pulse sampling [25].
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The schematic drawing (Fig.  8) shows the measurement principle of the THz-TDS system. The THz incident
pulses are reflected on the interfaces due to changes of layer refractive indices. The polarity of the THz reflection pulses
can vary depending on the sign of the reflectivity. The THz signals behave very similar to ultrasonic pulse echo signals.

Fig. 8. Schematic drawing of the THz pulse-echo method including the reflectivity at the interfaces. The reflectivity
depends on the refractive indices of the layers.

The reflection and transmission of THz waves at an interface between two media can be calculated with Eqs.
(8) and (9) for perpendicularly incident waves.

=
−
+ =

− 1
+ 1 (8)

=
2
+ =

2
+ 1 (9)

In case of an angle between THz emitter and receiver, the Fresnel relations need to be considered as well as
the polarization effect. Since the coating thickness of the sample is in the sub-millimetre range, the angle effect is very
small and can be neglected for the thickness determination.

The time required for the THz pulse to propagate through the coating and to be reflected back to the receiver
can be determined with Eq. (10), where c is the speed of the light, d the coating thickness, n the refractive index
respectively.

2 =
Δt (10)

5.2. Experimental results

Fig.  9 shows the measurement setup with the 2D scan stage for the THz imaging. The imaging software is
applied for the data analysis such as time delay map, Fourier spectroscopy of the signal and contrast enhancement
algorithms. The measurement results are shown in Fig. 10.

Fig. 9. Measurement setup (reflection measurement) with the 2D-scan device for THz imaging of the zirconia coated IN
738 sample.

In Fig. 10 the scan image with a line profile shows the time delay profile, where the time delay between the first
and the second reflection is coded with a colour scale (Fig. 10 left). The numbers above the scan images are the
thickness values which are set in the manufacturing process. The time delays between the first and the second reflection
are shown in Fig. 10 on the right, whereas the measurement positions 1 to 4, corresponding to the 4 steps of the sample,
are marked on the time delay image. The THz time delay signals show a quite large time difference (around 2.77 ps)

10.21611/qirt.2018.121

QIRT 2018 Proceedings Page: 898



14th Quantitative InfraRed Thermography Conference, 25 – 29 June 2018, Berlin, Germany

8

between step 2 and step 3. The time delay differences are around 1 ps between step 1 and step 2 as well as between
step 3 and step 4.

Fig. 10. Time delay map (upper left) with time delay profile (lower left) as well as time delay differences corresponding to
coating thicknesses (right).

For the absolute thickness determination, a kind of measurement calibration needs to be considered. The
typical refractive index of plasma sprayed ceramic coatings for THz signals ranges from 4.5 to 5 [26]. For 1 ps time
difference between two reflections, the coating thickness may vary from 30 µm to 33 µm. With Eq. (10), the coating
thicknesses can be estimated. In Table 4 the four coating steps are estimated with an assumption for the refractive index
( = 4.5	–	5.0) in the THz range.

Table 4. Extracted and calculated values for the THz-TDS imaging.
Step 1 Step 2 Step 3 Step 4

Nominal TBC thickness (µm) 152.40	 177.80	 228.60	 279.40	
 (ps) ±	0.2 (ps) 5.07	 6.04	 8.61	 9.97	

TBC thickness with THz-TDS
for =	4.5	–	5.0

	
152.1	-	169.0	

	
181.2	–	201.3	

	
258.3	–	287.0	

	
299.1	–	332.3	

The temporal THz signals in Fig. 11 show the surface reflection and interface reflections at step 1 and step 4,
whereas the THz spectrum of signals at step 1 and step 4 show the damping effect up to 0.5 THz due to the thicker
coating layer at step 4.

Fig. 11. Temporal THz signal (left) and the corresponding spectrum of the zirconia coating on IN 738 (right).

For the pulse-thermography the ceramic coating surface was coated with a thin graphite layer to increase
emissivity and avoid depth absorption of ceramic coatings. This thin graphite layer has a strong impact on the THz
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measurements due to high refractive index of the graphite layer. The graphite layer causes an additional time difference
of around 1 ps. For pulse-thermography this thin graphite layer has much less effect on the thickness measurements.

6. Discussion and comparison

Table 5 shows the compiled values of the TBC layer which resulted from the measurements with pulse-
thermography and THz-TDS imaging. Also included is again the standard deviation for each averaged value. Since the
nominal thickness cannot be taken as a reference because the process is hard to control precisely, additionally to the
two methods of thickness evaluation discussed here, the method of eddy current testing was employed. Cutting and
microscopic examination could not be performed without damaging the sample. A test with computed tomography did not
yield results because of the density of IN 738 and therefore problems with the radiolucency.

Table 5. Compilation of the nominal, extracted and measured properties of the TBC layer. For the error margins the
standard deviation of the averaged values was used.

Step 1 Step 2 Step 3 Step 4
Averaged TBC thermal
conductivity (W/(mK))
with numerical flash model

0.331	±	0.011	 0.370	±	0.007	 0.443	±	0.034	 0.546	±	0.021	

Nominal TBC thickness (µm) 152.4	 177.8	 228.6	 279.4	

Averaged TBC thickness (µm)
measured with eddy current 249.3	±	6.9	 264.1	±	5.5	 351.0	±	7.1	 391.6	±	13.4	

Averaged TBC thickness (µm)
with numerical flash model 116.3	±	2.5	 145.3	±	3.4	 221.9	±	7.7		 274.8	±	2.9	

TBC thickness with THz-TDS
for =	4.5	–	5.0

	
152.1	-	169.0	

	
181.2	–	201.3	

	
258.3	–	287.0	

	
299.1	–	332.3	

It is noticeable that the thermal conductivity is not constant for different thicknesses. For thicker TBC coating,
higher thermal conductivity can also be observed. The difference between steps also appears to increase with the
thickness. This could mean that the crystallisation process or rather the crystal structure changes with the thickness to
allow better conduction.

There is a variation of up to 115 percent between the determined thicknesses for all of the employed techniques
(Namely, the largest difference is between thermography and eddy current testing). One problem is that the used
methods measure thickness differently. While thermography and THz measure roughly  the median of the surface
roughness, eddy current determines the thickness by using the outermost edge of the surface roughness. This means,
due to the measurement principle, eddy current will always measure a larger thickness than the other two methods. Still,
the difference is unusually large with 120-130 µm to thermography and 100-60 µm to THz, which would mean up to 60	
µm surface roughness on the inner and outer surface of the TBC. One possible explanation could be the formation of a
thermally grown oxide in between the TBC and the BC which could be part of the measured thickness with eddy current
but not with THz and pulse-thermography.

Analogously to THz, pulse-thermography also sees the largest increase in thickness between step 2 and step 3.
While THz results show a thicker TBC layer than the nominal one, thermography always sizes a thinner layer. Especially
for step 1 and 2, thermography determines a value with a difference of about 40 µm to the value with THz-TDS. Since
the refraction index of coatings plays an important role in thickness measurements with THz, the used literature values
can differ from the real case. Measurements concerning the refraction index of ceramic coatings in the THz region will be
continued. To definitely clarify the differences between the employed techniques, further investigations on comparable
systems are needed.

7. Conclusion

We examined an Inconel 738 sample coated with an yttria-stabilised zirconia two-layered thermal barrier
coating system in four steps of different thickness with pulse-thermography and terahertz time domain spectroscopy
imaging. Both techniques are able to identify the thickness of the coating. THz-TDS can also evaluate the THz spectrum
of the coating whereas thermography is able to determine its thermal conductivity.

 While thermography needs the help of a numerical model and nonlinear regression fitting as well as a lot of
input parameters for the different layers in a TBC system, THz-TDS imaging needs a calibration via the reflective index of
the coating material in the THz range. Furthermore, thermography needs an additional graphite coating due to low
emissivity and partial transparency of YSZ. THz-TDS imaging on the other hand, can operate (only) without this coating.
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