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ABSTRACT 

The quality of thermal barrier coatings (TBCs) mainly depends on their internal structure. Industrial computed tomography (CT) 

is an important method used to study the three-dimensional (3D) structure of TBCs. In this paper, TBCs were prepared by 

plasma spraying and imaged by nanofocus CT (nano-CT) with resolutions of 1.57 microns and 0.99 microns. The 3D 

morphology, internal composition, and microstructure of the coatings were studied. The 3D structures of ceramic topcoat, bond 

coat, and substrate were determined through image processing. Surface roughness, thickness and porosity of TBCs were 

analyzed quantitatively. Results show that nano-CT can be used to analyze the inherent 3D distribution characteristics of TBCs. 
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1. INTRODUCTION 

Thermal barrier coatings (TBCs) are a key technology for high-temperature protection of turbine blades[1-3]. TBCs 

typically consist of four layers, namely, ceramic topcoat, bond coat, thermally grown oxide (TGO), and substrate, and 

have a typical multilayer structure. TBCs are deposited on the surface of superalloys to insulate and reduce the substrate 

temperature so the turbine blades can operate at high temperatures. The primary purpose of the bond coat is to protect the 

metal substrate from oxidation and corrosion[4,5]. During the preparation and service process of TBCs, pores, porosity, 

thickness uniformity, crack, delamination, and TGO are often encountered and examined nondestructively. Existing 

methods for quality testing for TBCs include microstructure analysis, ultrasonic testing, eddy current testing, and 

computed tomography (CT), thus far, CT is the most important method used to characterize the 3D structure[6]. CT is a 

very attractive approach for 3D microstructure analysis of materials and thus can be used to evaluate the composition, 

structure (porosity, thickness, etc.), and morphology of TBCs. The structure of TBCs can be analyzed by X-ray CT, and 

the common instruments used for analysis are high-resolution micro-CT, nanofocus CT, 3D X-ray microscopy (XRM), 

and synchrotron radiation CT[7]. Synchrotron radiation CT offers high phase contrast, thereby highlighting the interface 

among different materials. This method is used to detect the internal defects of TBCs prepared by plasma spraying [8,9] 

and characterize the 3D morphology of TBCs prepared by electron beam/physical vapor deposition [10]. Considering the 

limitations of the experimental equipment in China, synchrotron radiation experiment of TBCs has not been reported to 

date. 3D X-ray microscopy is used to characterize TBCs prepared by plasma spraying after four-point bending test and 

heat treatment at 1150 °C[11]. The TGO and cracks of TBCs were observed by X-ray microscopy after high-temperature 

oxidation[12]. A 3D structural model of TBCs was obtained through 3D XRM (Xradia Versa 520), a finite element 

analysis model of TBCs prepared by plasma spraying was established, and residual stress analysis was performed[13]. 

Focused ion beam scanning electron microscopy (FIB-SEM) is another method of 3D microscopic imaging, it can be used 

to assess the structure, composition, and morphology of TGO inside the coating[14]. However, this method is destructive. 

The 3D structure characterization of APS TBCs by X-ray microscopy was conducted and achieved significant results[15]. 

Experimental reports on CT for analysis of TBCs are increasing, but the influence of imaging resolution has been rarely 

investigated. In the present study, a double-layer TBC was prepared by plasma spraying. High-resolution imaging was 

performed by nano-CT at different resolutions. Comparison and characterization of TBCs were conducted using different 

imaging resolutions. 

2. EXPERIMENTAL SAMPLE AND IMAGING 

The sample was a double-layer structure TBC produced by plasma spraying and composed of ceramic topcoat, bond coat, and 

matrix alloy. Before CT experiment, the sample was machined to the size of 10 mm×0.3 mm×0.3 mm (fig. 1). The sample was 

scanned by Phoenix Nanotom M (GE Sensing & Inspection Technologies, Fairfield, Connecticut, United States) (fig. 2). 
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Fig.1 Schematic of the TBC sample                            Fig.2 Loaded sample of TBCs 

 

When the sample was scanned, the nano-CT setting for TBCs with different resolutions are shown in Table 1, showing that the 

voxel sizes were 1.57 microns and 0.99 microns. When the imaging resolution was 1.57 microns, approximately 590 

tomographic images was reconstructed along the z-axis direction, and 204 images (image matrix is 590×391) were reconstructed 

along the x-axis direction. When the imaging resolution was 0.99 microns, approximately 931 tomographic images were 

reconstructed along the z-axis direction, and 316 images (image matrix 931×600) were obtained along the x-axis direction. 

 

                          Voxel size 

Setting parameters 

1.57 µm 0.99 µm 

Tube voltage (kV) 80 100 

Tube current (Ǻ) 180 120 

Integration time (ms) 1500 1500 

Source to sample (mm) 3.93 3.97 

Source to detector (mm) 250 400 

Number of projections 1400/360° 1200/360° 

Projection image 1000×1800 1800×2400 

Tomographic image 590×391 931×600 
Table 1 Nano-CT settings for TBC sample with different resolutions 

3. EXPERIMENTAL RESULTS AND ANALYSIS 

3.1 MICROSTRUCTURE ANALYSIS 

The microstructure of TBCs was closely related to its protective properties. The high temperature protection mechanism of 

coating can be further analyzed by the microstructure analysis of the coating (pores, cracks, and inclusions). Nano-CT had high 

magnification, good imaging resolution and can realize the observation and analysis of the microstructure and interface inside 

and outside the coating. 

 

Fig. 3 shows the tomographic images of different locations of the TBCs at different imaging resolutions along the x-axis. Fig. 

3(a) and fig. 3(b) show the tomographic images of the coating in different positions with an imaging resolution of 1.57 microns, 

and fig. 3(c) and fig. 3(d) show the tomographic images of the coating in different positions with an imaging resolution of 0.99 

microns. The tomographic image indicated the layered structure distribution characteristics of the plasma-sprayed coating, from 

top to bottom are the ceramic topcoat, the bond coat, and the substrate. The ceramic topcoat is brighter, thereby indicating that 

the gray value of the layer is larger, and the linear attenuation coefficient is larger. The difference in gray contrast between the 

bond coat and the substrate was very small, indicating that the linear attenuation coefficients of the two alloys are similar. 

 

The microstructure inside the coating can be observed from the tomographic images. There are mainly microscopic defects such 

as pores, agglomerates, and cracks in the ceramic topcoat. The shape of pores and agglomerates is regular, mostly ellipsoidal, 

with the gray value slightly lower than the average gray value of ceramic topcoat, while the shape of cracks is complex and 
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mostly distributed at the boundary of pores where stress concentration exists, as shown in fig. 3(d). Pore defects were mainly 

present in the bond coat, especially at the interface between the bond coat and the substrate, the pores were densely distributed 

and run along the interface, while  the substrate has uniform structure and basically  no defects inside. 
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 (a) The 132th tomographic image (1.57 microns)                                     (b) The 192th tomographic image (1.57 microns)  
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 (c) The 201th tomographic image (0.99 microns)                                 (d) The 296th tomographic image (0.99 microns) 

Fig.3 Tomographic image of TBCs with different imaging resolutions 

 

The microstructure analysis of pores, cracks and agglomerates inside the coating can be realized through the tomographic image 

of TBCs, and the tomographic image is clearer when higher imaging resolution is adopted. 

 

3.2 3D SEGMENTATION AND SURFACE ROUGHNESS 

The ceramic topcoat in the tomographic image showed a high gray value and a large gray scale difference with the surrounding. 

Therefore, the ceramic topcoat can be extracted via the gray threshold segmentation. The bond coat and the substrate can not be 

divided directly by gray threshold method because of their similar gray values, but the characteristic pores at the interface 

between the bond coat and the substrate provide a possibility for the segmentation of the bond coat and the substrate. Taking the 

imaging resolution of 0.99 microns as an example, the ceramic topcoat was segmented by the region growth method (eight 

connected region, the growth threshold is 10780), and the boundary line between ceramic topcoat and bond coat was obtained 

and then improved by USM filtering method. The interface line approaches the characteristic pores at the interface of the bond 

coat and the substrate, as shown in fig. 4. The three-dimensional structure of each layer can be obtained by reconstructing the 2D 

segmentation results of all tomographic images for TBCs, so the segmentation of the bond coat and the substrate is realized. 
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Fig.4 2D segmentation of tomographic image (image resolution 0.99 microns, the 109th image) 

 

When the imaging resolution was 1.57 microns, the 3D structure of the coating can be obtained by reconstructing the 

tomographic image, as shown in fig. 5(a). It is observed that the brighter part is the ceramic topcoat from the reconstructed 

model, and the remaining part are the bond coat and the substrate, but the difference between them is not obvious. In order to 

enhance the contrast of different structures of TBCs, different colors are used to represent the ceramic topcoat, the bond coat and 

the substrate respectively, and the reconstructed results are shown in fig. 5(b). The 3D reconstructed result was shown in fig. 5 

(c) and fig.5 (d) when the imaging resolution was 0.99 microns. 

 

    

     (a) 3D reconstruction result of TBCs (1.57 microns)                (b) 3D segmentation result of TBCs (1.57 microns) 

    

(c) 3D reconstruction result of TBCs (0.99 microns)             (d) 3D segmentation result of TBCs (0.99 microns) 

Fig.5 3D segmentation of TBCs 

 

The interface morphology of TBCs can be described by surface roughness. Surface roughness refers to the unevenness of the 

tiny peaks and valleys between the points where the surface of the material is close. The surface roughness is smaller, the surface 

is smoother. For the TBCs system, the surface roughness of the ceramic topcoat will affect its high temperature oxidation, 

thermal resistance and thermal cycling performance, while the roughness of the interface between the ceramic topcoat and the 

bond coat will affect the bonding strength, hence, quantitative analysis is required. 

 

According to the three-dimensional segmentation, the positions of all points in outer surface of the ceramic topcoat are counted, 

and the arithmetic average is selected as the reference line. The surface roughness of the ceramic topcoat is calculated by 

equation (1). 
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Where: 
Ra - surface roughness 

L - the length of the sample, which is the length of the horizontal straight line of the contour 

Y - the vertical distance of the point on the contour line from the baseline 

n - the number of outline pixels 

The surface roughness of different interfaces are obtained at different imaging resolutions, as shown in Table 2. The results show 

that the surface roughness measured at different imaging resolution is basically the same, but the surface roughness of the 

interface between ceramic topcoat and bond coat, the interface between bond coat and substrate differ greatly, which may be 

caused by segmentation error.  

 

                              Resolutions(microns) 

Surface roughness (microns) 

1.57  0.99 

Outer surface of ceramic topcoat 9.30 9.37 

Interface of ceramic topcoat and bond coat 5.76 6.09 

Interface of bond coat and substrate 4.69 4.07 
Table 2 The surface roughness of the interface at different imaging resolutions 

 

According to the segmentation results of TBCs, three-dimensional structure analysis and surface roughness of ceramic topcoat 

and bond coat can be carried out respectively. 

3.3 STATISTICAL ANALYSIS OF THICKNESS 

In order to quantitatively analyze the thickness and thickness uniformity of the TBCs, the number of pixels is counted along the 

thickness direction (y-axis direction) of thermal barrier coatings in tomographic images, the thickness of each layer is converted 

according to the calibration result of pixel size (reconstruction resolution). The two-dimensional statistical analysis of thickness 

of each layer is obtained. When the imaging resolution was 1.57 microns, the thickness of ceramic topcoat is observed to obey 

normal distribution, the formula is listed below. 

  2* 08.13,21.126NT
C
                                                                  (2) 

Where the average thickness of the ceramic topcoat was 126.21 microns, and the standard deviation of thickness was 13.08, the 

fitting result is shown in fig. 6 with the solid blue line. Similarly, the thickness distribution of the bond coat was obtained.  

  2* 66.8,87.100NT
L
                                                                          (3) 

Where the average thickness of the bond coat was 100.87 microns, and the standard deviation of thickness was 8.66, the fitting 

result is shown in fig. 6 with the dotted blue line. The average thickness of the TBCs was 227.08 microns when the imaging 

resolution is 1.57 microns. 

 

Similarly, when the imaging resolution was 0.99 microns, it was also found that the thickness also obey normal distribution, and 

the result of fitting the ceramic topcoat thickness was calculated as follows. 

 

   231.13,96.124NT
C
                                                                 (4) 

Where the average thickness of the ceramic topcoat was 124.96 microns, and the standard deviation of the thickness was 13.31, 

the fitting result is shown in fig. 6 with the solid red line. The thickness of bond coat is observed to obey normal distribution also, 

the formula is listed below. 

  237.8,02.105NT
L
                                                                  

 
(5) 

Where the average thickness of the bond coat was 105.02 microns, and the standard deviation of thickness was 8.37, the fitting 

result is shown in fig. 6 with the dotted red line. 
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Fig.6 Thickness statistical analysis of TBCs 

 

The average thickness of the TBCs was 229.98 microns when the imaging resolution was 0.99 microns. The thickness of each 

layer at different imaging resolutions are shown in Table 3. 

 

Resolution 

(microns) 

Thickness(microns) 

Ceramic topcoat Bond coat TBCs 

1.57 126.21 100.87 227.08 

0.99 124.96 105.02 229.98 
Table 3 TBC thickness with different imaging resolutions 

 

According to the statistical analysis results, when the imaging resolutions were 1.57 microns and 0.99 microns, the measurement 

results of the two TBCs did not differ significantly. The reason for this difference may be that the tomographic image obtained 

when the projected image was reconstructed was incomplete in the same position of the sample. At the same time, certain errors 

may be present in the segmentation process. The thickness distribution of the bond coat was mostly concentrated from the cloud 

profile and the histogram of the TBC thickness distribution. Thus, the thickness uniformity of the bond coat is better than that of 

the ceramic topcoat. 

3.4 POROSITY ANALYSIS 

The size, quantity, shape, and distribution of pores in TBCs have great influence on the strength and thermal insulation of TBCs, 

pores and porosity are important indicators to reflect the quality of TBCs. 

 

The pores of the ceramic topcoat and the bond coat are extracted respectively, porosity measurement need to get the volume of 

the pores and the total volume of the total volume, the value is the ratio of the two. Generally speaking, the porosity is expressed 

as a percentage (%). The porosity includes surface porosity and volume porosity, volume porosity is considered in this paper, the 

formula of porosity is as follows. 

%100
V

V
P P

V
                                                                 

 
(6) 

Where PV is the volume porosity, VP is the volume of internal pores, and V is the total volume of the component. 

 

Fig. 7 is the 3D visualization of internal pores for different imaging resolutions, fig. 7(a) and fig. 7(b) are the 3D visualization 

results of internal pores in ceramic topcoat for different imaging resolutions, and the results are consistent. Fig. 7(b) and fig. 7(d) 

are the 3D visualization results of internal pores in bond coat for different imaging resolutions, and the results are basically the 

same. 
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   (a) 3D visualization of pores in ceramic topcoat (1.57 microns)           (b) 3D visualization of pores in bond coat (1.57 microns) 

   

           (c) 3D visualization of pores in ceramic topcoat (0.99 microns)           (d) 3D visualization of pores in bond coat (0.99 microns) 

Fig. 7 3D distribution of pores in TBCs with different imaging resolutions 

 

The volume porosity of the thermal barrier coatings are shown in Table 4. 

 

Resolution 

(microns) 
Composition 

Volume of 

pores (m3) 

Total volume 

(m3) 
Porosity (%) 

1.57 

Ceramic topcoat 1198907.4 38643018.3 3.10 

Bond coat 965977.8 30424420.5 3.18 

TBCs 2164885.2 69067438.9 3.13 

0.99 

Ceramic topcoat 1259155.0 37237565.4 3.38 

Bond coat 1087716.1 31564332.8 3.45 

TBCs 2346871.1 68801898.2 3.41 
Table 4 Porosity analysis of TBCs 

4. CONCLUSION 

1) The thermal barrier coatings prepared by plasma spraying were scanned and reconstructed by nano-CT, high-resolution 

tomographic images were obtained. The micro-structures such as pores, cracks and aggregates were observed. 

 

2) The surface roughness of ceramic topcoat, interface of ceramic topcoat and bond coat, interface of bond coat and substrate 

were calculated. When the imaging resolution was 1.57 microns, the surface roughness was 9.30 microns, 5.76 microns, and 
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4.69 microns respectively. When the imaging resolution was 0.99 microns, the surface roughness was 9.37 microns, 6.09 

microns, and 4.07 microns respectively. 

 

3) The thickness of ceramic topcoat and bond coat were analyzed statistically. When the imaging resolution was 1.57 microns, 

the thicknesses of the each layer was 126.21 microns and 100.87 microns respectively. When the imaging resolution was 0.99 

microns, the thicknesses of each layers was 124.96 microns and 105.02 microns respectively. 

 

4) The volume porosity of the coatings, the ceramic topcoat and the bond coat were calculated at different imaging resolutions. 

When the resolution was 1.57 microns, the porosity each layer was 3.13%, 3.10% and 3.18% respectively. When the imaging 

resolution was 0.99 microns, the porosity of each layer was 3.41%, 3.38% and 3.45% respectively. The 3D distribution of the 

pores in TBCs was visualized. 

 

ACKNOWLEDGMENT 

       This work was  supported by National Natural Science Foundation of China(51561025). 

REFERENCES 

[1] Padture N, Gell M, Jordan E H. Thermal barrier coatings for gas-turbine engine applications.[J]. Science, 2002, 296(5566):280-284. 

[2] Bargraser C, Mohan P, Lee K, et al. Life approximation of thermal barrier coatings via quantitative microstructural analysis[J]. Materials 

Science and Engineering:A,2012, 549:76-81. 

[3] Evans H E. Oxidation failure of TBC systems: An assessment of mechanisms[J]. Surface & Coatings Technology, 2011, 206(7):1512-1521. 

[4] Wei S B, Lu F, He L M et al. Research progress of thermal barrier coatings technology and ceramic topcoat materials[J]. Thermal spraying 

technology, 2013,5 (1): 31-37. 

[5] Sa S Y, Wang D W. Research progress of thermal barrier coating materials and technology[J]. Corrosion Science and Protection 

Technology, 2014,26 (5):479-482. 

[6] Stock S R. Microcomputed Tomography Methodology and Applications[M]. Boca Raton: CRC Press,2009.  

[7] Wang Shaogang,Wang Sucheng, Zhang Lei. Application of high resolution transmission X-ray three-dimensional imaging in material 

science[J]. Journal of Metals, 2013,49 (8): 897-910. 

[8] Spanne P, Jones K W, Herman H, et al. Structure determination of thermal-spray materials using synchrotron X-ray mictotomography[J]. 

New York: Brookhaven National Laboratory,1991.  

[9] Spanne P, Jones K W, Herman H et al. Measurement of imperfections in thermal spray coatings using synchrotron-computed 

microtomography[J]. Journal of Thermal Spray Technology,1993, 2(2):121-124. 

[10] MAUREL V, HELFEN L, N’GUYEN F, et al. Three-dimensional investigation of thermal barrier coatings by synchrotron-radiation 

computed laminography[J]. Scripta Materialia, 2012, 66(7):471-474. 

[11] Zhao Y, Shinmi A, Zhao X et al. Investigation of interfacial properties of atmospheric plasma sprayed thermal barrier coatings with four-

point bending and computed tomography technique[J]. Surface&CoatingsTechnology,2012,206:4922-4929. 

[12] Ahmadian S, Browning A, Jordan E H. Three-dimensional X-ray micro-computed tomography of cracks in a furnace cycled air plasma 

sprayed thermal barrier coating[J]. Scripta Materialia,2015,97:13-16. 

[13] Li C, Zhang X, Chen Y et al. Understanding the residual stress distribution through the thickness of atmosphere plasma sprayed (APS) 

thermal barrier coatings (TBCs) by high energy synchrotron XRD; digital image correlation (DIC) and image based modelling[J].Acta 

Materialla,2017,132:1-12. 

[14] Song X M，Meng F L, Kong M G et al. Thickness and microstructure characterization of TGO in thermal barrier coatings by 3D 

reconstruction[J].Materials Characterization, 2016,120(12):244-248. 

[15] Ao B, He S Y, Deng C Z. Thermal barrier coating X-ray microscopy three-dimensional imaging[J], Rare Metal Materials and 

Engineering,2016,45 (12): 3306 


