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Abstract. Detection of degradation of ceramic materials from zirconia stabilized with 
different rare earth oxides by noninvasive procedures represents an essential step 
toward the broad usage of these materials in thermal barrier coating (TBC). Zirconia, 
is an important versatile ceramic material due its novel physical-chemical properties. 
Zirconia doped with yttria (YSZ) ceramics are considered a good TBC material due 
of its low thermal conductivity, refractory, chemical inertness, and compatible 
thermal expansion coefficient with metallic support. The paper proposes the use of an 
electromagnetic method for evaluation of zirconia coating on some stainless steels 
using a sensor with metamaterial lens and comparison of the results with those 
obtained by complementary methods. 

1. Introduction  

The NDE of materials consists of applying a physical field to the examined object and 
evaluating the interaction between the field and the material in order to assess its properties 
and discontinuities. NDE techniques have evolved in the last decades due to requirements of 
miniaturization and the improvement of properties of new and advanced engineering 
materials. Fundamentally, these methods study the evolution of reflected and/or transmitted 
waves after interacting with the test part. In electromagnetic nondestructive evaluation 
(NDE), one important question is the prediction of sensor response.  
One problem requiring such detailed evaluation is the study of thermal barrier coatings (TBC) 
[1]. A TBC is a system which consists of a metallic substrate on which a ceramic coating of 
low thermal conductivity has been deposited using either plasma spraying or electron beam 
physical vapor deposition processes, with or without Thermally Grown Oxide (TGO) 
[2],[3],[4]. Zirconium oxide (zirconia, ZrO2) is versatile ceramic material having very 
interesting physical-chemical properties [5],[6], which is widely used for TBCs because of 
its low thermal conductivity [7].  
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There are three polymorphic forms of pure ZrO2: monoclinic oxide m-ZrO2, (P21/c), stable 
at temperatures below 1170 °C, tetragonal t-ZrO2, (P42/nmc) stable in the temperature range 
1170-2370 °C and cubic c-ZrO2, (Fm-3m), appearing at temperatures above 2370 °C [1],[8].  
Properties of tetragonal and cubic ZrO2 are preferred to monoclinic form. Tetragonal zirconia 
is important for practical use due to its active surface and relatively smaller grain size [6]. 
However, polycrystalline t-ZrO2 slowly transforms to m-ZrO2 over a rather narrow but 
important temperature range, typically between room temperature and around 400 °C, 
depending on the stabilizer, its concentration, and the presence of moisture and the grain size 
of the ceramic. The t→m transformation during cooling is accompanied by a volume increase 
(approximately 4 %) and a shear distortion, enough to cause failure. At nanoscale level, the 
main method of tetragonal phase stabilization is the introduction of a stabilizer component 
such as Ce or Y. In particular, pure yttrium oxide (yttria) is a very stable compound with a 
high melting point; it is chemically very inert and exhibits excellent electrical insulation 
(volume resistivity and dielectric breakdown strength). The main method used for the 
stabilization of tetragonal ZrO2 phase is the substitution of Zr with Mg, Ce, Fe, Y, etc 
[9],[10],[11]. Yttria Stabilized Zirconia (YSZ) ceramics are widely used as thermal protective 
layer for metallic components in the high temperature region on engines and gas turbines, 
and it can enhance component reliability and increase the operating temperature, resulting in 
higher efficiency and better environmental benefits[12],[13]. 
Actually, the weakest part of TBCs is the substrate-ceramic interface, where fractures can 
appear under the action of thermal shock and the effect of the t→m transformation. Using 
Yttria Stabilized Zirconia (YSZ) ceramics, the quality of top coat applied to the surface of 
metallic substrate increases. However, supplementary loadings during service can lead to 
degradation of the components and therefore, special attention must be given to coating 
surfaces. For a good quality coating, it is necessary to assure the optimization of substrate 
surface in the sense of achieving reasonable equilibrium between the induced tensions and 
the deposition of the ceramic layer. Laminar structures of YSZ TBC layers deposited on 
stainless steels are typically porous, the pore size and character depending on the process 
parameters. 
The substrate used here is austenitic stainless steel AISI 316L. So far, coatings made of new 
nanocomposites, in which nanometer - sized second phase particles are dispersed within a 
ceramic matrix and/or at grain boundaries, have shown significant improvements in strength 
and creep resistance, even at high temperatures, and assure an exciting future in different 
technological fields. Hence, it is very important to assess coating quality. This paper proposes 
the possibility to enhance the results obtained in the evaluation of the quality of zirconia layer 
deposition using an electromagnetic sensor with metamaterials (MM) lenses. The quality of 
the surface is analyzed also by alternative characterization methods as Scanning Electron 
Microscopy (SEM), X-ray diffraction and metallography. 

2. Electromagnetic transducer made with metamaterials, conical Swiss roll type 

Metamaterials (MM)[14] are artificial materials which can be tuned towards properties with 
values that cannot be obtained in nature (MM with negative µ and ). Nowadays, multitudes 
of structural elements for MM are known, conferring them special electromagnetic 
properties. Depending on the frequency of the incident electromagnetic field, and the type 
and geometrical shape of MM, devices with high relative magnetic permeability either 
positive or negative[15] can be obtained. These properties strongly depend on the geometry 
of MM rather than on their composition [16] as experimentally demonstrated by Smith [17] 
et al.  MM have attracted intensive research interest from engineers and physicists in recent 
years because of their wide application in perfect lens [18], slow light[19], data storage [20], 
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etc. MM as wave guide improve the image of scattering objects. The reconstruction of an 
object’s image using data of electromagnetic field scattered in the near field, on the respective 
object, has been studied in different conditions tied both to the field parameters as well as to 
the properties of the scattering object. The capability of MM to be used as lens and 
concentrator of the magnetic flux recommend them as having high potential in development 
of NDE sensors [21]. 
The electromagnetic sensor with an MM lens (Figure 1a) is an absolute receiver-type sensor. 
The actual detection system is made from a lens sensor consisting of two identical conical 
Swiss rolls (CSR) having the large basis front to front [22],[23]. A CSR consists of a number 
of spiral wound layers of an insulated conductor on a conical mandrel. CSRs are tuned at 105 
MHz frequency. The geometrical parameters of CSR are 20 mm base diameter, 3.2 mm top 
diameter, 20° aperture angle, 55 mm height and 3 turns made from 18 µm thickness copper 
foil adhesiveless laminated with 12 µm thickness polyimide foil (LONGLITE™200 
produced by Rogers Corporation), in order to decrease the losses at high frequencies (Figure 
1b). 
The focal distance of this lens is f= l, where l represents the height of the CSR. The frequency 
dependence of the effective magnetic permeability of the CSR was determined measuring 
the S parameters (S11 and S21) and applying the effective medium method [24], [25] using a 
4395A Network/Spectrum/Impedance Analyzer coupled with an Agilent 87511A S 
Parameters Test kit. As shown in [22], the sensor with a lens is constructed with CSR, 
functioning in the range of frequencies such that µeff is maximum. 
The TMz polarized incident field was created with a one turn rectangular 20x60 mm2 frame 
made of 1.2 mm diameter Cu wire. The frame, having a working frequency of 105 MHz, was 
placed perpendicular to the sample, 3 mm above its surface. The short side of the frame is 
perpendicular to the surface of the sample. The reception coil functions as a detection 
antenna, converting localized energy into an electromotive force. 

  
a                                                 b 

Fig. 1. Sensor with MM lens :a) Schematic representation b) physical realization  

The calculation of the field can be made using the dyadic Green’s functions method for free 
space as well as the method of an integral on the source volume [26]. The detection principle 
is similar to that of near-field electromagnetic scanning microscopy (NFESM). In the present 
case, the specimen is a plate with a coating, NFSEM imaging is the sampling technique. The 
specimen is probed point by point by raster scanning with the MM sensor over the specimen 
surface. The recording for energy image pixel corresponds to an electromagnetic signature. 
The functioning of the entire detection system can be described using Fourier optics 
[27],[28].  
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3. Studied samples and experimental set-up 

The nonconductive TBC coating was deposited on rectangular austenitic stainless steel AISI 
316L plates 20×80 mm2 and 2 mm thick. The chemical composition of the substrate is given 
in Table 1. According to EN 1.4404, the electrical conductivity of AISI 316L is 1.3513 × 106 
S·m-1, its thermal expansion coefficient is 17.2 × 10-6 K-1 at 473 K. It has a good corrosion 
resistance, though it may be susceptible to inter-granular corrosion in certain corrosive media 
after it is welded or otherwise heated at high temperatures [29],[30]. Prior to the deposition 
process, the metallic surface of the AISI 316L plates were abraded with mesh 220 emery 
paper, to produce surface roughening, achieve a better mechanical interlocking with the bond 
coat and induce compressive residual stresses in the substrate. Therefore, cleanliness and 
good adherence of the ceramic layer was assured.  

Table 1. Chemical composition of substrate material 

element C % Si % Mn % P % S % Cr % Ni % Mo % N % 

wt. % 0.018 0.458 1.294 0.032 0.003 16.815 10.086 2.004 0.032 

The deposition of ceramic coatings was made with a plasma torch F 400 with a commercial 
atmospheric equipment APS 100 produced by Plasma-Technik AG, Switzerland. The coating 
material is produced by Metco as powder MetcoTM 202NS and Metco 6035A-1 used for 
plasma spraying, having excellent resistance to oxidation and corrosion at temperature up to 
1000 °C and can create excellent thermal barrier coatings.  
Monolithic coatings of various thickness consisting of a) zirconia doped with 20 % yttria and 
b) sandwich zirconia doped with 20 % yttria and pure yttria coatings were deposited on AISI 
316L. The samples are presented in Figure 2. 

    
a                                                          b 

Fig. 2. Steel specimens with spray coated a) ZrO2 and b) ZrO2 and 20 % Y2O3 

SEM and EDX analysis was used for characterization of the interface between substrate and 
zirconia layer [31]. Because of the porous structure of ZrO2, compared with the substrate, to 
obtain relevant information about the influence of yttria concentration on the adherence to 
the substrate, secondary electrons (SE) images and backscattered electrons (BSE) images 
were made. The chemical composition of the studied specimens was further studied with 
Energy Dispersive X-ray Spectroscopy (EDXS). 
An investigation related to the difference between the chemical composition at the surface 
and inside the specimen is ongoing by the structural analysis of ceramic specimens of 
zirconium dioxide ZrO2 and was performed at room temperature using time-of-flight (TOF) 
High Resolution Fourier Diffractometer HRFD at the IBR-2 pulsed reactor in Joint Institute 
for Nuclear Research (JINR), Dubna, Russia [32]. 
The electromagnetic ND inspection was made with MM lens sensors, the frequency control 
is 105 MHz and the distance between the conductive screen and the surface of the specimen 
is 75 µm. The specimens with the 0.2 mm thick zirconia coatings with and without yttria 
were examined with this sensor. The ceramic zirconia being nonconductive and 
nonmagnetic, the coating behaves like an air gap between the electromagnetic sensor and the 
conductive substrate, simply creating a probe lift-off effect. 
The MM lens electromagnetic sensor is fixed on a support and is connected to a Network/ 
spectrum /Impedance Analyser 4395A-Agilent. The object to be examined is placed on an 
XY displacement system, Newmark USA. Figure 3 shows the experimental setup and the 
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measurement equipment. Both systems are commanded by PC through programs developed 
in Matlab 2014b. 
The Newmark X-Y displacement system assures the displacement in plane with ± 10 µm 
precision, enabling scans of 5 × 5 mm2 surface with 0.1 mm step in both directions. The 
signal is generated and processed by 4395A Agilent Impedance/Spectrum Analyzer coupled 
through IEEE 488 interface switch to a PC which also commands the displacement system. 
For a better spatial resolution, a circular aperture [22] of 0.1 mm diameter was placed in front 
of the MM lens sensor. At the scanning of the region of specimen, the image delivered by 
the sensor-equipment assembly is amplified. The signal is due to the diffraction on the 
aperture of the electromagnetic field generated by scattering on the specimen assuring a 
clearly visible surface structure.  

  
a                                                                          b 

Fig. 3. Experimental setup: a) basic diagram; b) picture. 

The performances of the MM sensor have been verified from a spatial resolution [21] point 
of view, the answer of the sensor coupled to the measurement equipment satisfying the point 
spreading function [27].  

4. Results 

Samples of Y-doped ZrO2 as well as sandwich-like coatings made of Y-doped ZrO2 layers 
plus layers of pure Y have been analysed using BSE images. No visible boundary between 
the ZrO2 and Y2O3 layers of the sandwich ceramic coating could be observed with SE and 
BSE. Therefore other techniques are needed for the detection of the very thin Y2O3 layer. 
SEM images (Figures 4a and 5a) emphasize that the 316L steels substrate is compact, with 
some inclusions and/or pores between it and the ZrO2 layer. In particular, the results obtained 
[31] show: 
- for type a) specimens, with 0.2 mm thick monolithic coating of ZrO2 with addition of 20 

% Y2O3, the 316L substrate is compact, some little inclusions and/or pores between the 
support and the ZrO2 layer; 

- for type b) specimen with the sandwich coating of 0.25 mm ZrO2 with addition of 20 % 
Y2O3 and a 0.005 mm layer of Y2O3, an interface containing large dimples between the 
layers of doped zirconia and the metallic substrate. 

EDX analysis emphasizes: Transversal line profiles were considered for both specimens 
(Figures 4 and 5). For the first case, in the cumulative spectrum shown in Figure 4b, the 
presence of Fe, Ni and Cr can be observed as belonging to the 316L substrate, and Zr and O 
belonging to the deposited layer. The images show the possible formation of new oxides in 
both specimens - with yttria and without it. However at the interface between the steel and 
the zirconia layer, a higher degree of oxidation takes place, more scattered within the zirconia 
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doped with yttria. Nondestructive identification of the last type of oxidation is of interest in 
this paper. 

 
a 

 
a 

 
b 

 
b 

Fig. 4. Specimen with 0.2 mm thick monolithic 
coating ZrO2 + 20 % Y2O3. 
a) SEM image; b) EDXS 

Fig. 5. Specimen with sandwich coating of 0.25 mm 
ZrO2 + 20 %Y2O3 and 0.005 mm layer of Y2O3. 

 a) SEM image; b) EDXS   

As already mentioned, the nonconductive and nonmagnetic ceramic top-coating behaves like 
an air gap between the electromagnetic sensor and the conductive substrate, only creating a 
probe lift-off effect. The influence of the substrate in the electromagnetic test with the MM 
lens sensor was the same for all the specimens. The response of the sensor depends only on 
coating thickness and the existence or lack of adhesion. On the other hand, the residual 
stresses in the TBC affected its performance.  
The amplitude of the signals received by the sensor are presented in Figure 6.  

                        
a                                                                    b 

Fig. 6. The amplitude of the voltage induced in the reception coil of the electromagnetic transducer at the 
scanning of the two specimens: a) 0.2 mm thick monolithic coating of ZrO2 with addition of 20 % Y2O3; b) 
sandwich coating of 0.25 mm ZrO2 with addition of 20 %Y2O3 and 0.005 mm Y2O3   

Examining Figure 6, it can be observed that the values of electromotive force induced in the 
reception coil of sensor are usually affected by several parameters, as lift-off, inspection 
frequency, material composition, and the presence of inhomogeneity on or near the object 
surface.  Monolithic coating zirconia, with addition of 20% yttria having different thickness 
(Figure 6a) does not presents non adherence zones. The amplitude of the voltage induced in 
the reception coil has relatively constant value, excepting the regions where the variations 
appear due probable to oxide agglomerates.  Sandwich coating zirconia with addition of 20% 
yttria  and 0.005mm Y2O3  show that with yttria doping, the voids are larger, however their 
number decrease (Figure 6b). This is confirmed by SEM images. Both samples have been 
analysed using BSE image. 
The surface of metallic substrate was blasted to create perfectly clean and rough enough 
surface for good adhesion of deposited ceramic coating. Supplementary, sandwich coating 
has a larger amount of oxidation shown scattered green areas that are associated with oxide. 
The electromagnetic method is non-invasive and relatively easy to apply on samples, 
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interpretation of results requires considerable knowledge of the electromagnetic properties 
of the specimen as well as the technique itself. 
The modern technique imposes the use of new types of materials or of materials already 
studied in special environmental conditions. The challenge for the development of new types 
of electromagnetic sensors consists in the obtaining of good detection sensitivity for a 
minimum 3/1 signal to noise ratio (signal strength relative to background noise) as well as 
good spatial resolution. The signal to noise ratio has been determined measuring the signal 
in the reception coil over the tested samples and in free space. The analysis of the results 
show the possibility to apply this method to determine the eventual dislocations of zirconia 
layer from the substrate layer and can be improved further to complete the existent methods 
(infrared thermography, ultrasounds, etc). 

5. Conclusions 

New nanocomposites, with nanometer - sized second phase particles dispersed in ceramic 
matrix and/or at grain boundaries have shown an ability to withstand thermal cycling at 
temperatures significantly higher than simple layer YSZ-coatings. They also have significant 
better strength and creep resistance than other coatings. Hence the evaluation of the surface 
structure and possible delamination at the interface of deposited layers for this type of 
zirconia coating on stainless steel is important. 
The performances of the MM lens electromagnetic sensors can be improved, regarding the 
sensitivity and the spatial resolution, using the electromagnetic field generated by scattering 
on the specimen excited with a plane electromagnetic wave, TMz polarized, in order to 
characterize the adhesion of layer on the support.  
Further tests on a larger number of specimens with different coating aspects of the surface / 
number of layers are needed to establish the accuracy of the results and also the correlation 
between the localized small-sized discontinuities and the resulting MM sensor indication. 
Such tests are being planned for the future, theoretical development would also be helpful in 
predicting the sensor response of specific TBC systems and such analysis is underway. 
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