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Abstract. A synthetic-aperture-radio-detection-and-ranging- (SAR) algorithm is 
implemented to develop a three dimensional (3D) visualization of zirconia (ZrO2) 
based coatings and to determine their thickness non-destructively. Zirconia based 
coatings are often used for thermal shielding due to their low thermal conductivity. 
To provide a sufficient heat protection the evaluation of the coating after the 
fabrication and during maintenance is of high importance. The presented near-field 
SAR-reconstruction algorithm does not include any kind of geometrical assumptions. 
Therefore, it is possible to visualize coatings on non-planar and complex structured 
metal substrates. Moreover, detecting the surface and taking the electrical permittivity 
of the coating into account allows for the determination of its thickness. It will be 
shown that the reconstruction of the radar signals inside a coating leads to a 
significantly higher resolution compared to measurements in vacuum. The reason for 
this is the relatively high permittivity of zirconia at frequencies between 325 and 500 
gigahertz. A diffraction limit in range direction of about 0.8 mm is expected assuming 
vacuum during the reconstruction process. However, by taking the relative 
permittivity into account this value decreases and therefore enables the detection of 
smaller changes in thickness. Measurement results are presented to demonstrate the 
capability of the described approach for the evaluation of ceramic coatings and to 
show the potential of defect or edge detection. 

Introduction  

Among other physical properties, the crystalline structure of zirconia based ceramics and its 
stability at high temperatures offer a wide range of applications. For instance, metallic 
components, which are equipped with an appropriate zirconia based thermal barrier coating 
(TBC) have a significantly prolonged tool life than without this thermal shielding when 
exposed to high temperatures [1]. To ensure the functionality of the TBC, the thickness of 
the coating should not drop below a certain value. Furthermore, imperfections of the material, 
such as cracks may also have a negative influence on the thermal shielding [2]. This is why 
the evaluation of the coating is of high importance. The non-destructive determination of the 
thickness and the location of material defects after the fabrication and during maintenance 
are desirable.  
In the field of non-destructive testing (NDT) a huge amount of measurement technologies 
has already been utilized to examine zirconia coatings. This includes ultrasound, X-rays, 
microwaves, terahertz (THz) and optic based methods. Among these are time- and frequency-
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domain imaging techniques, such as tomography, radio detection and ranging (radar), the 
synthetic aperture focusing technique (SAFT) and the time of flight (TOF) approaches, which 
offer the possibility to visually observe a field of view (FOV) of the coating [3]–[7]. 
In the following, the results of a 3D-SAR-measurement are presented to demonstrate a new 
non-destructive way of determining the thickness of zirconia based coatings and locating 
material imperfections of the coating. 

1. SAR-Measurement and Reconstruction 

1.1 Modified Near-Field SAR 

Measuring with a monostatic stepped frequency continuous wave (SFCW) SAR-system, an 
electromagnetic wave emitted by a horn antenna with wide beam angle is used to illuminate 
the sample under test. Figure 1 shows a schematic of the near-field SAR-principle.  

 
Fig. 1. Illumination of the sample using one antenna. The position of the antenna is stepwise changed in 捲 and 

y direction to create a planar and square synthetic aperture. 

A square, planar synthetic aperture is created by detecting the backscattered signal for a set 
of frequency steps for every antenna position. 
The volume in front of the aperture is divided into cubic volumetric elements (voxels). For 
every voxel and every frequency a convolution of the point spread function and the detected 
signals is performed to reconstruct the target [8]. The point spread function is an analytical 
description of a spherical wave, which is backscattered by an infinitesimal small volume 
element located in vacuum surroundings. 
A voxel of the reconstructed volume shows a high absolute value in case of a changing 
relative permittivity. Analogously, a constant relative permittivity does not cause any 
backscattering which leads to a zero-valued voxel. 
For a monostatic SAR-measurement it is possible to approximate the diffraction limit in 
range direction �ra樽ge ≈ �02� using the Rayleigh criterion and far field approximations. The 
frequency bandwidth � = �鱈ax − �鱈i樽 and the speed of light in vacuum �0 are the relevant 
parameters. A diffraction limit of approximately 857 µm can be approximated using 
frequencies from �鱈i樽 = 325 GHz to �鱈ax = 500 GHz. 
To achieve a sufficient measurement accuracy for the SAR-reconstruction at these high 
frequencies, the near-field SAR-principle as described above is modified: The synthetic 
aperture is not created by moving the antenna in front of the sample. Instead, the sample is 
moved in front of a fixed antenna. This modification has no influence on the reconstruction 
algorithm, which depends on the relative distance change between the antenna and the voxels. 
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The modified near-field SAR is preferred to avoid phase distortions caused by moving the 
antenna and the cables, which are connected to it. 

1.2 Vacuum Reconstruction in a Non-Vacuum Coating  

The point spread function is calculated to focus on a voxel of the target assuming a vacuum 
surrounding. To visualize the defocusing of the beam inside of a non-vacuum coating figure 2 
exemplarily shows a 1D-aperture created by an array of five antennas that is focused on a 
voxel inside of a coating.  
 

 

Fig. 2. Expected and physically correct modelled beam focusing inside of the coating assuming vacuum 
surroundings. 

The expected direct paths between the antennas and the voxel show the focusing process 
using a vacuum point spread function: In case of a vacuum surrounding, the beam is perfectly 
focused to the voxel. However, taking into account Snell’s law at the top surface of the 
coating as well as the speed of light inside of the coating it is evident that the vacuum model 
does not match reality. This causes imaging errors. The presented measurement results show 
that it is possible to visualize the TBC and to determine its thickness in spite of the presence 
of these errors. 

1.3 Equipment 

The signal’s amplitude as well as its phase information is required to realize a SAR-
reconstruction. Therefore, one port of a vector network analyser (VNA) is used to transmit 
the illuminating wave and to receive the backscattered signal.  Frequencies from 325 to 500 
GHz are stepwise generated. To obtain a sufficient unambiguousness range of 257 mm the 
frequency range is divided into 151 steps. A robot arm with six degrees of freedom is used 
to provide a sufficient stepwise positioning accuracy when moving the sample to create the 
synthetic aperture.  

2. Samples 

The three samples (see figure 3, 7 and 11) with differently shaped surfaces consist of a metal 
substrate covered by a zirconia based TBC. The exact material structures of the metal and 
the coating are not relevant for demonstrating the visualisation principle of a SAR-
reconstruction and are therefore not mentioned further. For the same reason the 
electromagnetic properties of the coating are not specified in the regarded frequency range. 
It is sufficient to assume a real-valued and frequency-invariant constant to demonstrate the 
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principle of determining the thickness of the TBC. 
The thickness of the planar and the convex formed TBC have a discontinuity (see figure 7 
and 11). This artificial material imperfection is added to demonstrate its influence on the 
reconstruction. Figure 15 shows a microscopic image of the material imperfection. 

3. Results 

The results of three different shaped samples are presented. The data acquisition process and 
the reconstruction algorithm are identical for each measurement. Only the step size, the 
number of steps and the side length of the aperture are changed (see Table 1) to show the 
influence on the results. 

Table 1. Step size, number of steps and side length in x- and y-direction of the measurements. 

Shape Step size in mm  Number of steps Side length in mm  
Concave 
Planar 
Convex 

0.3 
0.3 
0.1 

267 
233 
201 

80.1 
69.9 
20.0 

3.1 Concave TBC 

 
Fig. 3. Photograph of the concave formed sample. The arrows mark the edges of the two reflecting material 

boundaries of the TBC. 

 
Fig. 4. 3D-visualisation of the SAR-reconstruction. An appropriate equipotential surface is chosen to 

visualize the two reflecting material boundaries. 

Figure 3 and figure 4 show a photograph of the concave TBC and a 3D-visualisation of the 
SAR-reconstruction in a comparable position. The reconstruction shows a relatively high 
signal reflected from the surface of the zirconia coating. The identification of the metal 
substrate is partially impossible due to the relatively low signal.  
Figure 5 and figure 6 show two slices orientated in 捲権- and 検権-direction. The slices allow the 
observation of the coating for imperfections. In this case, no imperfection can be localized. 
The determination of the thickness is only partially possible, due to the low signal of the 
reconstruction in the region of the metal substrate. 
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Fig. 5.  捲権-orientated slice of the reconstructed volume. The arrows mark the reflected signal of the two 
boundaries. 

 

Fig. 6. 検権-orientated slice of the reconstructed volume. The arrows mark the reflected signal of the two 
boundaries. 

3.2 Planar TBC 

 
Fig. 7. Photograph of the planar formed sample. The cyan arrows mark the edges of the two reflecting 

material boundaries of the TBC. The red arrow marks the material imperfection. 

 

 
Fig. 8. 3D-visualisation of the SAR-reconstruction. An appropriate equipotential surface is chosen to 

visualize the two reflecting material boundaries. The arrow marks the position of an artefact. 

Figure 7 and figure 8 show a photograph of the planar TBC and a 3D-visualisation of the 
SAR-reconstruction in a comparable position. The reconstruction shows a relatively high 
signal reflected from the surface of the zirconia coating. It is possible to locate the metal 
substrate due to the relatively high signal. The equipotential surfaces are partially 
overlapping.  
Figure 9 and figure 10 show two slices orientated in 捲権- and 検権-direction. The imperfection 
caused artefact can be located in the 検権-slice. The determination of the thickness is only 
partially possible, due to the overlapping of the reflecting boundaries within the 
reconstruction. 
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Fig. 9.  捲権-orientated slice of the reconstructed volume. The arrows mark the reflected signal of the two 
surfaces. 

 

Fig. 10. 検権-orientated slice of the reconstructed volume. The cyan arrows mark the reflected signal of the two 
surfaces. The red arrow marks the position of an artefact. 

3.3 Convex TBC 

 
Fig. 11. Photograph of the convex formed sample. The arrow marks the material imperfection of the TBC.  

 

 
Fig. 12. 3D-visualisation of the SAR-reconstruction. An appropriate equipotential surface is chosen to 

visualize the two reflecting material boundaries. The arrow marks the position of an artefact. 

Figure 11 and figure 12 show a photograph of the convex TBC and a 3D-visualisation of the 
SAR-reconstruction in a comparable position. The reconstruction shows a relatively high 
signal reflected from the surface of the zirconia coating.  It is possible to locate the metal  
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Fig. 13.  捲権-orientated slice of the reconstructed volume. The arrows mark the reflected signal of the two 

material boundaries. 

 

Fig. 14. 検権-orientated slice of the reconstructed volume. The cyan arrows mark the reflected signal of the two 
material boundaries. The red arrow marks the position of an artefact. 

substrate due to the relatively high signal. The reconstruction allows for the determination of 
the thickness in the whole FOV. The artefact enables the identification of the material 
imperfection of the coating.  
Figure 13 and figure 14 show two slices orientated in 捲権- and 検権-direction. The imperfection 
caused artefact can be located in the 検権-slice. The two reflecting boundaries can clearly be 
distinguished, thus it is possible to measure the thickness of the coating. 

4. Calculation of the Thickness  

One possible way to measure the thickness using a SAR-reconstruction is demonstrated. The 
relative permittivity of zironia �r = 18 is assumend to be real-valued and frequency-
invariant. To verify the results of the thickness calculation, an optical microscope is used to 
measure the thickness destructively. Figure 15 shows the result of the microscopic 
measurement. Figure 16 shows a comparable slice of the reconstruction. The distance in 権-
direction is divided by the refractive index � = √�r to take the relative permittivity of the  
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Fig. 15. Microscopic image and destructive measurement of the thickness of the coating on a broken edge.  
The arrow marks the material imperfection. 

 

Fig. 16. 検権-orientated slice and non-destructive determination of the thickness. The values of the 権-axis are 
divided by the refractive index n. The arrow marks the artefact caused by the material imperfection. 

coating into account and thus to enable the measurement of the real distance between the two 
reflecting material boundaries. 
The accuracy of the SAR-aided thickness measurement is determined by the resolution of 
the reconstructed image and, therefore, is depending on the relative permittivity of the 
coating. Furthermore, the orientation of the coating in relation to the synthetic aperture has 
also a non-negligible influence on the resolution.  Figure 16 shows that at a distance of about 
200 µm the determination of the thickness would be still possible. Thus, the resolution inside 
the zirconia based coating improved by a factor 4 compared to the result of the approximation 
in chapter 1.1. 

Discussion and Outlook 

The presented results show that a radar measurement in the lower terahertz region in 
combination with a SAR-reconstruction offers the possibility to visualize a zirconia based 
TBC. It is not necessary to know the sample geometry and the exact material parameters. 
The comparison of three reconstructed images shows that the ability to distinguish the 
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reflections from the substrate and the surface of the coating strongly depends on the step size 
of the synthetic aperture: At a step size of 0.1 mm the material boundaries of the convex 
shaped sample can be clearly identified inside of the reconstructed volume.    
It is possible to assume a real-valued and frequency-invariant relative permittivity to enable 
the measurement of the thickness. The relative permittivity of the coating causes a negligible 
error inside the coating and increases the resolution: The presented measurement show a 
resolution enhanced by a factor of about 4, compared to the calculated value in vacuum 
surroundings.  
Material imperfections cause artefacts inside the reconstructed volume and can therefore be 
identified.  
Subsequent work will focus on the determination of the complex and frequency-depending 
relative permittivity of the coating. This enables a physically more precisely reconstruction. 
A polarisation sensitive measurement setup enables the use of further methods, such as 
polarimetry and ellipsometry. A multistatic measurement may enhance the illumination 
process [9]–[11]. 
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