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S u m m a r y  

In the paper the comparison of open porosity measurement results of ceramic topcoats in thermal barrier 
coatings (TBCs) was presented. TBCs were produced by Air Plasma Spraying (APS) method and were 
consisted of two coatings – an outer ceramic topcoat and metallic MeCrAlY bond coat deposited onto 
surface of René80 Ni-based superalloy. For deposition of ceramic coatings Metco 201 B NS, Metco 204 
NS and Metco 210 powders were used whereas for deposition of metallic bond coat AMDRY 365-1 
MeCrAlY powder was used. Both types of coatings were deposited using Thermico A60 plasma gun. The 
microstructure investigations of cross-sections of produced TBC’s were carried out using Hitachi S-3400N 
scanning electron microscope. Qualitative image analysis of microstructure of produced TBCs as well as 
analysis of percentage of pores surface area content AA was performed. The evaluation of porosity in 
ceramic topcoat was carried out by image analysis using MeTilo v.12.1 quantitative software.  
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Ocena porowatości warstwy ceramicznej powłokowej bariery cieplnej (TBC)  

wytworzonej w procesie natryskiwania plazmowego (APS) 

S t r e s z c z e n i e  

W pracy przedstawiono analizę wyników badań porowatości otwartej w zewnętrznej warstwie 
ceramicznej powłokowej bariery cieplnej TBC. Międzywarstwę metaliczną wytworzono przy użyciu 
proszku AMDRY 365-1, natomiast warstwę ceramiczną przy zastosowaniu proszku Metco 201 B NS, 
Metco 204 NS i Metco 210 firmy Oerlikon Metco. Warstwy natryskiwano za pomocą jednoelektrodowego 
palnika plazmowego A60 firmy Thermico, w warunkach ciśnienia atmosferycznego (APS) na podłożu 
nadstopu niklu René 80. Badania mikroskopowe powłokowych barier cieplnych TBC prowadzono przy 
użyciu skaningowego mikroskopu elektronowego Hitachi S-3400N. Wykonano analizę jakościową 
obrazów mikrostruktury oraz określono pole powierzchni przekroju płaskiego porów otwartych.  
W ocenie porowatości zewnętrznej warstwy ceramicznej stosowano program komputerowy do ilościowej 
analizy obrazu MeTilo v.12.1.  

Słowa kluczowe: natryskiwanie plazmowe APS, międzywarstwa MeCrAlY, zewnętrzna warstwa 
ceramiczna ZrO2xnY2O3, porowatość warstwy ceramicznej 
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1. Introduction 

Thermal Barrier Coatings (TBCs) can be produced using various methods, 
i.e. APS – Air Plasma Spraying, LPPS PS-PVD – Low Pressure Plasma 
Spay/Plasma Spray-Physical Vapor Deposition or EB-PVD – Electron Beam-
Physical Vapor Deposition. Generally are consisted of two types of coatings, an 
outer ceramic topcoat and metallic bond coat. Ceramic topcoats are deposited on 
various types of bond coats but mostly on MeCrAlY bond coats deposited by Air 
Plasma Spraying method or on diffusion aluminide coatings deposited by, e.g. 
CVD method [1-6].  

TBC’s form a composite structure and are consisted of at least two coatings 
where each of them plays a different role due to its different chemical and phase 
composition and properties, e.g. the outer ceramic coating (top coat) made from 
yttria stabilized zirconia (YSZ) powders or ingots plays a role of thermal 
insulation which lowers the base material temperature by up to 200°C. Between 
the outer coating and substrate material (most common Ni-based superalloy) 
occurs a bond coat, which protects the substrate from high temperature oxidation 
or hot corrosion. A compensation for mechanical and thermal stresses is also a 
role of these coatings (resulting from different coefficients of linear thermal 
expansion α and thermal conductivity γ between Ni-based superalloy and the 
ceramic coating) [7]. Bond coats are mostly diffusion coatings, while thermal 
barrier coatings are attached to the substrate surface by adhesion strength (YSZ-
APS) or by a bonding to the TGO zone (thermally grown oxide), e.g. in EB-PVD 
TBC system, however the bonding mechanism of these coatings remains a subject 
of continuous research [8-11]. Various methods of producing TBC coatings 
determine their structure, which influences their properties. This, in turn, 
influences their application. EB-PVD TBC-type coatings can be successfully 
applied on rotating elements in the hot section of the jet engine or in stationary 
gas turbines, whereas APS TBC-type coatings are most often used on stationary 
elements, combustion chambers, vanes etc. This results from their structure and 
properties as presented in Table 1.  

Differences in structure of APS and EB-PVD TBC systems TBC’s are the 
cause of differences in their porosity [1,12]. In PS-PVD or EB-PVD TBC coatings 
with columnar structure of ceramic topcoat a gradient porosity can be observed, 
that is porosity values vary on the cross-section from the surface towards the 
substrate. In TBC coatings such as EB-PVD type an inter-columnar gaps, intra-
columnar micro-pores or nanopores are observed [13,14]; its value varies from the 
substrate (e.g. surface of bond coat) towards the outer surface due to the fact that 
columns are more narrow at the base (bond coat) (where they have been deposited) 
and then become wider towards the outer surface. An example of analysis of 
intercolumnar porosity in EB-PVD TBC coatings was presented by Kelly M., 
Singh J. et al [15]. In TBC coatings deposited by APS method the porosity can be 
open and closed, however only open (or interlamellar) porosity can be observed 
and measured using microscopic methods. Open pores seen as darker areas are 
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only a part of the total porosity, and their flat surface area is a relative value of the 
total porosity of these TBCs. 

Table 1. Comparison of basic microstructure characteristics of EP-PVD and APS TBCs 

Coating Characteristics 

EP-PVD 

Columnar microstructure, 
Excellent tolerance to thermal stresses, 
Required careful preparation of the Bond Coat surface to obtain good quality of 
the YSZ coating, 
YSZ ceramic coating is attached to the TGO oxide layer (Al2O3), 
Deposition occurs above 900 °C 

APS 

Porous, lamellar microstructure, 
Good tolerance to stresses due to porosity and subcritical microcracks, 
Required coarse surface of the bond coat for good mechanical adhesion of the 
YSZ coating, deposition occurs below 300 °C 

 
Due to the fact that these coatings differ in their microstructure and complex 

structure, and also because of their composite character, a number of 
metallographic techniques for preparing microsections for microstructure 
examination are required. In order to determine their porosity, distribution and 
oxide shape, and to differentiate them from pores, various of microstructure 
observation techniques are used, e.g. with the use of light microscope (LM) or 
scanning electron microscope (SEM).  

The presence of pores in TBCs is one of the most important characteristics 
of TBCs which affects many of their properties, i.e. affects the thermal diffusivity 
and conductivity, allows the compensation of thermo-mechanical stresses. 
Therefore, an important aspect is to apply an appropriate methodology for 
metallographic sample preparation and subsequent image analysis of TBC 
coatings in order to carry out a thorough evaluation of porosity [16-18]. 

To render a good quality image of the microstructure of complex coatings 
such as TBC with use of light microscope (metallographic), a number of 
conditions must be fulfilled. First and foremost, the microsection surface must be 
even, clean and free from impurities, and pores must be well exposed. Even if the 
microsection of TBC coatings has been made properly, it is difficult with use of 
an light microscope (LM) to render a good depth of field of the image, contrast 
and evenly distributed lighting due to differences in optical properties of ceramic 
coating and metallic substrate (bond coat or base material). Ceramics then gives  
a dark image, while metal is illuminated too strongly. 

This makes contrast and image focus quite difficult to render. The problem 
can be solved through combination of proper preparation and use of a scanning 
electron microscope for microstructure examination, which deliver good results. 

Images rendered by SEM have higher resolution than LM, are focused, 
sharper, well illuminated and display a good depth of field. It also enables the EDS 
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analysis (also X-ray EDS mapping) of chemical composition of individual 
microstructure constituents, e.g. determining whether a given constituent is an 
oxide or other inclusion, which can often be mistaken. Image manipulation is also 
possible (observation parameters can be amended, just as sample current, 
acceleration voltage etc.) in order to distinguish a particular constituent of the 
microstructure. 

2. Examinations  

The aim of the study was to determine the value of porosity of the ceramic 
coatings in the produced APS TBC coatings. The percentage of the surface area 
of pores AA in the analyzed image of the microstructure of produced TBC coatings 
was measured. Qualitative assessment of the micrographs of TBCs microstructure 
was also conducted. As the research material René 80 polycrystalline Ni-based 
superalloy (GE trademark) was choosen. Both the metallic bond coats and the 
ceramic topcoats were deposited onto René 80 surface using Thermico A60 
plasma gun by APS method. The metallic bond coats were prepared as the first. 
All the metallic bond coats were deposited with use of AMDRY 365-1 metallic 
MeCrAlY powder: Ni in balance,18-28 wt.% of Co, 13-21 wt.% of Cr, 10-15 wt.% 
of Al, 0.1-0.8 wt.% of Y and other element ≤ 5.0 wt.% then onto their surface 
ceramic topcoats with use of Metco 201 B NS, 204 NS and 210 ceramic powders 
by Oerlikon Metco (formerly Sulzer Metco) were deposited of which the chemical 
composition was presented in the Table 2 [19]. As the plasma gases argon and 
hydrogen was used and their flow rate amounted to 70 dm3/min, current intensity 
was 500A and flow rate of powders was 15 g/min. The distance from the source 
to the René 80 surface was 100 mm.  

Table 2. Chemical composition of ceramic powders applied for deposition of Thermal Barrier 
Coatings by APS method – provided by manufacturers 

Powder 
type 

Chemical composition, wt.% 

ZrO2 Y2O3 CaO MgO Al2O3 SiO2 TiO2 Fe2O3 
Other 
oxides 

Metco 
201 B 

NS 
  91.5  

 4.5 
-5.5 

     
 3.0 
-4.0 

Metco 
204 NS 

  89.7 
-91.7 

 7.0 
-9.0 

- - 
max. 
0.2 

max. 
0.7 

max. 
0.2 

max. 
0.2 

- 

Metco 
210 

~93.0   
 15.0 
-30.0 

    
max. 
7.0 

 
The metallographic samples were mounted in epoxy resin and also in Struers 

Polyfast thermosetting resin (electrically conducted). The microsections were 
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prepared in accordance with the procedure as shown in Table 4. This method  
is faster than a standard methodology for metallographic sample preparation 
(Table 3). Microstructural examinations were carried out using Hitachi S3400N 
 

Table 3. Standard methodology for preparation of metallographic specimens 

Step 
no. Paper/Disc/Cloth Abrasive type/ 

size 
Lubricant/  

Coolant 

Force per 
sample, 

N 

Speed, 
RPM 

Time, 
s 

1 Paper 120 Water 35 300 60 
2 Paper 220 Water 35 300 60 
3 Paper 320 Water 35 300 60 
4 Paper 500 Water 35 300 60 
5 Paper 600 Water 35 300 60 
6 Paper 800 Water 35 300 60 

7 Paper 
1000 or next 

2400 
Water 35 300 60 

8 MD-Mol/Nap 
3 µm diamond 

suspension 
Green 
coolant 

15-25 150 
120-
240 

9 MD-Mol/Nap 
1 µm diamond 

suspension 
Green 
coolant 

15-25 150 
120-
240 

10* MD-Chem 

colloidal silica 
OP-S/U  

or alumina 
OP-AN/AA 

Distilled 
water 

10 150 
60-
120 

Polishing surface and sample rotate (1-9) can be in the same direction 
 

*not always necessary 

Table 4. Modified method for APS TBCs microsections preparation used in this research 

Step 
no. 

Paper/Disc/Cloth Abrasive type/  
size 

Lubricant/ 
Coolant 

Force per 
 sample, 

N 

Speed, 
RPM 

Time, 
s 

1 Paper 120/220* Water 35 350 60 
2 Paper 320 Water 35 350 60 

3 
Diamond  

grinding disc 
9µm Green coolant 35 350 240 

4 MD-Mol 
3 µm diamond 

suspension 
Green coolant 20-25 150 120-240 

5 MD-Mol/Nap 
1 µm diamond 

suspension 
Green coolant 15 150 120-240 

6* MD-Chem 

colloidal silica 
OP-S/U 

or alumina OP-
AN/AA 

Distilled water 10 150 60-120 

 

*not always necessary 
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scanning electron microscope. Samples for SEM examinations which were 
mounted in epoxy resin in the next step were gold sputter coated with the use of  
a High-Vacuum Cressington 108 Sputter Coater. Image recording for 
microstructure of examined coatings was carried out at 200x magnification and 
area of measurement was 100x500 µm. For porosity analysis MeTilo v.12.1 
software was used [20, 21]. All testing and processes were performed in 
Department of Materials Science and in The Research and Development 
Laboratory for Aerospace Materials, which is an independent department located 
in Department of Materials Science within the Faculty of Mechanical Engineering 
and Aeronautics at Rzeszow University of Technology in Poland. 

3. Results 

The results of the SEM microstructure examinations of APS TBCs showed  
a typical structure for such coating as seen in Fig. 1-4. It was found that the 
microstructure is lamellar, dense and is characterized by many areas of elongated 
pores as well as the pores of the spherical shape as seen in Fig. 5-7. The coatings 
were also characterized by high surface roughness, and their thickness was 
different as shown in Table 5.  

 

 
Fig. 1. Microstructure of APS TBC deposited using a Metco 201 B NS 
powder (ceramic top coat) onto AMDRY 365-1 NiCoCrAlY (bond  
 coat) surface and René 80 substrate (mounted in epoxy resin) 
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Fig. 2. Microstructure of APS TBC deposited using a Metco 204 NS 
powder (ceramic top coat) onto NiCoCrAlY (bond coat) surface  
 and René 80 substrate (mounted in thermosetting resin) 

 
Fig. 3. Microstructure of APS TBC deposited using a Metco 210 
powder (ceramic top coat) onto NiCoCrAlY (bond coat) surface  
 and René 80 substrate (mounted in thermosetting resin) 

 
Fig. 4. An example of an incomplete detection of image detail (pores)  

due to inadequate lightning of sample 
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Fig. 5. Microstructure of Metco 201 B NS APS-TBC – a part of the image 
chosen for porosity analysis: a) BSE-SEM image; b) after binarization  
 procedure; c) after complete image analysis procedure 
 

 

 

 

Fig. 6. Microstructure of Metco 204 NS APS-TBC – a part of the image 
chosen for porosity analysis: a) BSE-SEM image; b) after binarization  
 procedure; c) after complete image analysis procedure 
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Fig. 7. Microstructure of Metco 210 APS-TBC – a part of the image chosen  
for porosity analysis: a) BSE-SEM image; b) after binarization procedure;  

c) after complete image analysis procedure 

Table 5. Measurements of thickness of each coatings forming APS TBC 

No. Material/ 
type of coating 

Average 
Thickness, 

µm 

St Dev, 
µm 

1 
Metco 201 B NS/ceramic top coat 

AMDRY 365-1/bond coat 
258 
47 

22 
15 

2 
Metco 204 NS/ceramic top coat 

AMDRY 365-1/bond coat 
150 
43 

10 
9 

3 
Metco 210/ceramic top coat 
AMDRY 365-1/bond coat 

286 
38 

14,9 
17 

 

Table 6. The results of measurement of the percentage of surface area of pores AA  
in ceramic topcoat in APS TBC 

Surface area of 
pores 

Material/type of coating 

APS ceramic topcoat 

Metco 201 B NS Metco 204 NS Metco 210 

AA, % 
4.0* 14.3*  5.9*  

4.7** 14.0** 6.0** 
 

*mounted in epoxy resin: BSE-SEM low-vacuum mode at 30 Pa + gold sputtered, **mounted in thermosetting 
bakelite-BSE-SEM + gold sputtered 
 
 

b 

c 

a 
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                a)  

 
                b) 

 
              c) 

 
Fig. 8. The pores distribution as a function of their surface area measurements for APS ceramic 

topcoat produced using ceramic powders: a) Metco 201 B NS, b) Metco 204 NS and c) Metco 210  
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The total number of detected objects in analyzed image was 165 for Metco 
201 B NS, 253 for Metco 204 NS and 145 for Metco 210 APS ceramic coating. 
Minimum measured surface area of pores was 2.21 µm2 for Metco 201 B NS,  
2.22 µm2 for Metco 204 NS, 2.23 µm2 for Metco 210. An average value of surface 
area of pores was 14.2 µm2 for Metco 201 B NS , 27.5 µm2 for Metco 204 NS and 
21.1 µm2 for Metco 210 while the maximum surface area of pores was 157 µm2 
for Metco 201 B NS, 774 µm2 for Metco 204 NS and 233 µm2 for Metco 210 APS 
TBC ceramic coatings as seen in Fig. 8. 

4. Conclusions 

On the basis of microstructural examinations of produced APS TBC coatings 
including qualitative and quantitative image analysis of their microstructure and 
porosity measurements it has been found that there are differences in the 
percentage of the pores surface area content in ceramic topcoats. Metco 201 B NS 
ceramic topcoat is characterized by the lowest (~4%) porosity among the studied 
coatings, the porosity of the Metco 210 ceramic topcoat was about 6% and for the 
Metco 204 N porosity was the highest and was 14% as shown in Table 6. The 
microstructural examinations of porous ceramic coatings of APS TBCs showed 
also that the use of BSE-SEM mode and low vacuum mode at 30 Pa and sputtering 
a thin layer of gold onto TBCs microsections surface gives good results in imaging 
of microstructure of TBCs for samples mounted in epoxy resin while for APS 
TBC samples mounted in thermosetting and electrically conductive resin, in a high 
vacuum mode, sputtering a thin layer of gold is sufficient. Vacuum sputtering a 
thin layer of gold allows for the improvement of image quality especially for the 
samples mounted in epoxy resin. It was found that the use of the proposed research 
methodology enables precise image analysis and evaluation of porosity of ceramic 
topcoat in APS TBC. Additionally the modified metallographic methodology of 
TBC microsections enables to reduce different types of artifacts and differentiate 
them from pores. 

Microscopic examination of TBC coatings with use of SEM in the BSE or 
BSE3D modes renders very good results. Limitations which results from the 
electrical conductivity of YSZ ceramic coatings and metallic substrate can be 
avoided through sputter coating of a thin layer of gold onto the surface of 
microsection using vacuum sputter coater (glow discharge technique). Most 
commonly samples are mounted in epoxy resin (cold mounting) or in electrically 
conducting bakelite (hot mounting - at 150-180°C, 25 kN), which in turn can cause 
some limitations in image rendering (SEM), especially in the SE mode. In some 
cases hot press mounting of TBC’s causes destruction of microsections due to 
spallation of the ceramic coating. Cold mounting in epoxy resin with gold 
sputtering technique can significantly reduce these limitations. 
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