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Abstract 
The main purpose of this study was to fabricate carbon nanotubes (CNTs) reinforced 
zirconnium yttrium coatings on boiler tube steel and to investigate the microstructural 
and mechanical properties of these coatings. Plasma sprayed conventional ZrO2-Y2O3, 
ZrO2-Y2O3 and 1 wt.% CNT and ZrO2-Y2O3 and 4 wt.% CNT were prepared and deposited 
successfully on boiler tube steel material T-91 (ASTM SA-213) by plasma thermal spray 
technology. Microhardness, porosity, XRD (X-ray diffraction), SEM/EDAX (scanning elec-
tron microscopy/energy dispersive X-ray spectroscopy), X-ray mapping and cross-
sectional analyses were used to analyse the specimens. The hardness of CNT reinforced 
ZrO2-Y2O3 increased with the increase in the percentage of CNT, whereas the porosity of 
the composite coatings decreased with the increase in the CNT percentage. The observed 
increase in hardness may be attributed to the content of CNT in the composite coating. 
The present research gives important information related to the fabrication and physical 
characteristics of CNT-reinforced ZrO2-Y2O3 coatings deposited on T-91 boiler tube steel. 
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Introduction 

In recent years, the importance of stainless steel alloys has attracted considerable attention 

because of their usage in a wide range of industrial applications to withstand high temperatures and 

a critical environment. Stainless steel is used to perform in harsh environments, and this seems to 

be possible due to its excellent mechanical and thermal properties [1]. Serious and never-ending 

hot corrosion problem occurs in boiler tubes, I.C. engines, power generation equipment, aircraft 

and gas turbines [2]. In these installations, corrosive salts are formed by low-quality fuels used, 

which contain Na and V as impurities that can form Na2SO4 and V2O5 corrosive elements [3]. To 
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enhance the corrosion resistance of the conventional steels used in thermal power plants, the 

researchers have applied many types of coatings on these steels.  

Thermal spraying methods are one of the important methods of applying coatings on steel to 

increase its life span [4]. Along with alloys, some reinforced coatings are employed to increase the 

resistance of the component against high-temperature oxidation [5]. In the recent past, there have 

been advancements in powder production technologies along with advancements in spraying 

methods, which have resulted in developing coatings with high corrosion resistance properties [6]. 

The spraying techniques do not limit the material selection in respect of coatings and substrate 

composition [7]. These techniques can apply coatings of a few millimeter thicknesses on the steel 

surface with high hardness. The flame spray, arc spray, plasma and HVOF techniques are used to 

apply coatings on the boiler components [8,9]. Defect-free plasma coatings are not possible because 

thermal spray coatings consist of pores and voids. These pores and voids originate at the splat 

boundaries during the spraying process. Therefore, through these pores and voids, the corrosive 

elements penetrate towards the substrate material in the corrosive environment [10,11]. 

The carbon nanotubes (CNTs) were developed and invented by Iijima [12]. The carbon nanotubes 

have high strength and excellent thermal properties [13–16]. Carbon nanotubes have more than 

five times elastic constant and more than 100 times tensile strength than conventional steels 

[17,18]. Due to these properties, CNTs are used as prospective reinforcement for fabricating 

composite materials [19]. A few researchers have used CNT-metal composite coatings to enhance 

the corrosion resistance of Ni- and Zn-based composite coatings [20]. CNT reinforced coatings act 

as an inert physical barrier to initiating and developing corrosion mechanisms. It is revealed in the 

literature that very few research has been conducted on the corrosion behavior of CNT reinforced 

coatings. Some researchers have developed different CNTs-Al2O3 composite coatings to study their 

tribological behavior [21-25], but no studies on CNT - zirconium yttrium (ZrO2-Y2O3) composite 

coatings for high-temperature corrosion are available. 

In the present research work, plasma sprayed conventional ZrO2-Y2O3, ZrO2-Y2O3 and 1 wt.% CNT 

and ZrO2-Y2O3 and 4 wt.% CNT coatings were deposited successfully, as coatings, on T-91 boiler tube 

steel material to protect in the high-temperature applications.  

Experimental  

Substrate material  

The fresh T-91 boiler tubes were procured from Talwandi Sabo Thermal Power Plant situated at 

Banawali, Bathinda, Punjab, India. The chemical composition of the base material analyzed using 

spectroscopy is shown in Table 1. The specimens of 22×15×3 mm were cut from boiler tubes. The 

standard metallurgical procedures were followed to prepare the samples. Due care was taken to 

avoid structural and metallurgical changes in the samples. The specimens were then polished using 

silicon carbide paper. Before deposition of different coatings, the specimens were shot blasted using 

grit 45 alumina powder. 

Table 1. Chemical composition of T-91 

Composition 
Content, wt.% 

C Si Mn P S Cr Mo Ni V Fe 

Nominal 0.07~0.14 0.20~0.50 0.30~0.60 ≤0.02 ≤0.02 8-9.5 0.85-1.05 0.4 ≤0.4 Bal. 

Actual 0.12 0.42 0.42 0.016 0.004 8.354 0.93 0.2 0.05 Bal. 
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Coating powders 

Compositions of coating powders were prepared by blending conventional zirconium yttrium, 

ZrO2-Y2O3 and 1 wt.% CNT, and ZrO2-Y2O3 and 4 wt.% CNT in a laboratory ball mill, using a low-energy 

ball milling method. Mixing of coating powders was done in a ball mill for 4 hours at 200 rpm [26]. 

Powder particles were asymmetric in shape and size 45 ± 10 µm. The SEM images of coating powders 

after mixing in a ball mill are shown in Figures 1 (a)-(c). 
 

 
Figure 1. SEM micrographs of powders of (a) conventional ZrO2-Y2O3; (b) ZrO2-Y2O3 and 1 wt.% CNT and  

(c) ZrO2-Y2O3 and 4 wt.% CNT 

Formulation of coating 

The different CNT mixed ZrO2-Y2O3 coatings were deposited on T-91 boiler steel substrates with a 

plasma spray process at Metallizing Equipment Company Pvt. Limited, Jodhpur, India. The process 

parameters selected for the plasma spray technique are shown in Table 2. The process parameters 

were constant during the deposition of coatings. Coatings of around 250-270 µm thickness were 

deposited by the plasma spray process. The macrographs of as-coated samples are shown in Figure 2. 

 
Figure 2. Macrographs of (a) conventional ZrO2-Y2O3; (b) ZrO2-Y2O3 and 1 wt.% CNT; and  

(c) ZrO2-Y2O3 and 4 wt.% CNT-coated steel specimen 

Table 2. Plasma spraying process parameters 

Voltage, V Current, A Primary gas (Argon) flow, L min-1  Powder feed rate, g min-1 Spray distance, cm  

70 575 39 30 10.16 

Coating examinations 

The coated specimens were sectioned by a slow-speed diamond cutter at a controlled rate 

and then hot mounted in epoxy for cross-sectional examination. The mounted specimens were then 

polished by a standard polishing procedure for XRD, SEM/EDAX and cross-sectional elemental 

analysis. The microhardness of coated samples was measured from the coating substrate interface 

[27,28]. The thickness of ZrO2-Y2O3 CNT coated steel specimens was measured with the help of 

minitest 2000 thin film thickness gauge (Make: Elektro Physik Koln Company, Germany, precision 

±1 µm). The image analysis method was adopted to measure the porosity of all the coated 
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specimens. A PMP3 inverted metallurgical microscope installed with LEICA image analyser software 

was used to measure the porosity of air plasma sprayed CNT-reinforced zirconium yttrium coatings 

on T-91 steel specimens. The porosity was evaluated of as-coated samples after polishing by a 

computer-based analyzing system. 

Results  

Coating thickness measurement 

The thickness of the coating was examined along the cross-section of the specimens. The 

thickness was found to be in the range of 225-250 µm and is reported in Table 4. The coating 

thickness was found to be in parity with research work reported in the literature [16,29,30].  

Porosity analysis 

The thermal spray coatings are generally porous in nature due to splats and voids during 

deposition. The porosity strongly influences the properties of coatings [26,31]. It is concluded from 

the literature study that the lower the value of porosity better the corrosion resistance [32,33]. 

Table 3 shows the porosity values of conventional ZrO2-Y2O3 and ZrO2-Y2O3-CNT coated T-91 steel 

specimens. The tabulated values clearly show that with the increase in CNT’s percentage in ZrO2-

Y2O3, the porosity of the coatings decreases. The porosity was evaluated within the range of 3.45 to 

4.25 % for the coatings under study. The specimen with ZrO2-Y2O3 and 4 wt.% CNT showed the 

lowest value of porosity among various coatings under investigation.  

Table 3. Average coating thickness and porosity of different coatings 

Substrate Coating type Coating thickness, µm Porosity, % 

ASTM SA-213 T-91 

ZrO2-Y2O3 252 4.25 

ZrO2-Y2O3 and 1 wt,% CNT 254 3.62 

ZrO2-Y2O3 and 4 wt,% CNT 247 3.45 

Microhardness measurement 

Figure 3 shows the microhardness profiles across the cross-section of conventional ZrO2-Y2O3 and 

CNT coated samples. The microhardness measurement for conventional ZrO2-Y2O3, 99 wt.% ZrO2-

Y2O3 and 1 wt.% CNT, and 96 wt.% ZrO2-Y2O3 and 4 wt.% CNT coated specimens were in the range 

of 789-796, 908-910 and 1047-1051 Hv, respectively.  

 
Figure 3. Microhardness of CNT- ZrO2-Y2O3 reinforced coatings across the cross-section 
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It is observed clearly from Figure 3 that with the increase in CNT content in the ZrO2-Y2O3 matrix, 

the microhardness value of the coating increases. The graph shows the hardness profile along the 

cross-section of the substrate coating interface and hardness was found uniform across the surface 

of specimens.  

X-ray diffraction analysis 

The X-ray diffractions analysis for the surface of CNT- ZrO2-Y2O3 coated specimens was done at 

IIT Roorkee. The diffraction patterns are shown in Figures 4(a)-(c). The XRD curves of plasma-sprayed 

ZrO2-Y2O3 coated T-91 boiler tube steel sample showed ZrO2-Y2O3 as the main phase present during 

analysis. The XRD peaks of ZrO2-Y2O3 and 1 wt.% CNT and ZrO2-Y2O3 and 4 wt.% CNT composite 

coating also depicted ZrO2-Y2O3 as the main phase with a small proportion of carbon, as shown in 

Figure 4(b). C peaks indicate the presence of CNT content in the coating matrix peaks increased with 

an increase in CNT percentage, as shown in Figure 4(c). The C peaks in the diffraction pattern 

indicated that the CNTs were present in the pure carbon form in the coating matrix and had not 

reacted with ZrO2-Y2O3 to form any complex compounds. 

 
Figure 4. XRD profile of plasma sprayed: (a) conventional ZrO2-Y2O3; (b) ZrO2-Y2O3 and 1 wt.% CNT;  

(c) ZrO2-Y2O3 and 4 wt.% CNT coated specimen 

 

SEM micrographs with EDAX analysis of plasma-sprayed ZrO2-Y2O3, ZrO2-Y2O3 and 1 wt.% CNT 

and ZrO2-Y2O3 and 4 wt.% CNT coatings on T-91 boiler steel are shown in Figures 5(a)-(c). The 

coatings consist of interlocked particles having regular morphology with dense structure, as shown 

in SEM images. 

The SEM micrographs shown in Figures 5(b) and 5(c) indicate that the reinforcement of CNT 

in the coating powders forms a uniform coalescence of ZrO2-Y2O3 and CNT. EDAX analysis confirms 

the uniform dispersion of CNT in zirconia coating mixtures. Plasma sprayed CNT reinforced coatings 

over T-91 steel formulate lamellar and dense coating microstructures. EDAX results show the rich 

presence of Zr with O and some minor percentile of carbon in CNT-reinforced coatings. The 
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propositions of Zr, O and C in ceramic coatings are nearly approaching the composition of the 

blended powders used for coating deposition. 

 
Figure 5. SEM/EDAX of: (a) conventional ZrO2-Y2O3; (b) ZrO2-Y2O3 and 1 wt.% CNT; 

(c) ZrO2-Y2O3 and 4 wt.% CNT reinforced composite coatings 

Cross-sectional morphology 

The plasma spray conventional and CNT-reinforced samples were examined for cross-sectional 

morphology with the variation of elemental composition at different points, as shown in Figures 

6(a)-(c). Due to the solidification and de-solidification of the molten droplet on the surface of the 

substrate, steel splat-type morphology can be visualized.  

The elemental analysis indicates the presence of Fe content in the substrate of coated specimens. 

With the reinforcement of CNT in the composite coatings, the traces of carbon content appear and 

the coatings show a rich percentage of zirconium, yttrium and oxygen. The content of zirconium, 

yttrium and oxygen were found uniform throughout the surface area, showing that all the 

composite coatings are uniform in elemental composition.  



S. Kumar et al. J. Electrochem. Sci. Eng. 12(5) (2022) 877-888 

http://dx.doi.org/10.5599/jese.1228    883 

 
Figure 6. Cross-sectional morphology and the elemental composition of: (a) conventional ZrO2-Y2O3;  

(b) ZrO2-Y2O3 and 1 wt.% CNT; (c) ZrO2-Y2O3 and 4 wt.% CNT coatings 

Elemental X-ray mapping 

The ZrO2-Y2O3 and CNT-based ZrO2-Y2O3 composite coatings have been analyzed using the 

elemental X-ray mapping technique as shown in Figure 7, Figure 8 and Figure 9. In the elemental 

analysis of the substrate part of all specimens show the rich presence of iron while the reinforced-

CNT based coating matrix of specimens shows the presence of zirconium in rich dominance in all X-

ray mapping along with the minor presence of carbon as shown in Figure 8 and Figure 9. 
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Figure 7. X-ray mapping along the cross-sectional of conventional ZrO2-Y2O3 coating 

 
Figure 8. X-ray mapping along the cross-sectional of ZrO2-Y2O3 and 1 wt.% CNT coating 
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Figure 9. X-ray mapping along the cross-sectional of ZrO2-Y2O3 and 4 wt.% CNT coating 

Discussion 

The coating thickness of all samples was measured along the cross-section of coated specimens. 

The range of coating thickness was between 250- 270 µm and was uniform throughout the surface. 

The coating thickness was in the desired range as reported in the literature for plasma spray coatings. 

In conventional ZrO2-Y2O3 coating deposited over T-91 boiler tube steel, the porosity was found to be 

4.25 percent which decreased with the addition of CNT in the ZrO2-Y2O3 composite matrix. 

The CNTs were able to lower the porosity of conventional ZrO2-Y2O3 coating. The plasma-sprayed 

CNT formed a locked structure with ZrO2-Y2O3 grains. The CNTs were able to fill the pores, which 

helped to decrease the porosity of the ZrO2-Y2O3 composite coating. There is a notable decrease in 

the value of porosity with an increase in the content of CNT content [16,34,35]. The microhardness 

values of conventional ZrO2-Y2O3 coated T-91 steel specimen was in the range of 789-796 Hv, as 

presented in Figure 3. With the addition of CNT in the ZrO2-Y2O3 composite matrix, the microhardness 

increased tremendously and was between 908-910 Hv for ZrO2-Y2O3 and 1 wt.% CNT coated T-91 

specimen and 1047-1051 Hv for ZrO2-Y2O3 and 4 wt.% CNT coated T-91 specimen, respectively. The 

increase in microhardness results in enhancement in melting point and resistance to inden-

tation [27,36,37]. The increase in microhardness results from CNT presence in the coating powder, 

which undergoes dispersion hardening. The improvement in microhardness of composite coating 

acknowledges the main role of CNT reinforcement [38]. ZrO2-Y2O3 was the main phase identified by 

X-ray diffraction analysis of the ZrO2-Y2O3 coated T-91 boiler steel specimen. The presence of carbon 

as small peaks in the CNT-based ZrO2-Y2O3 coated specimens proves the presence of pure carbon in 

the form of CNT. This reveals that CNTs were inert during the spraying and deposition process and 

have not chemically reacted with the zirconium and yttrium even at high temperatures of plasma 

spray during the coating process. The presence of carbon content in the X-ray diffraction graphs 

increases with the increase in the weight percent of CNT in the ZrO2-Y2O3 composite matrix. With the 

plasma spray process, the composite coatings on substrate T-91 boiler steel material solidify faster. 

This results in the formation of metastable phases, as presented in X-ray diffraction graphs. Similar 

findings were reported by researchers in their research work [28,39,40]. The results observed by 
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SEM/EDAX analysis of conventional ZrO2-Y2O3, ZrO2-Y2O3 and 1 wt.% CNT and ZrO2-Y2O3 and 4 wt.% 

CNT coated on T-91 boiler steel revealed that the coating is uniform and dense throughout the cross-

section. CNT was completely coalescent with the ZrO2-Y2O3 matrix in the composite coating. EDAX 

analysis at selected points reveals the presence of zirconium, yttrium and oxygen, along with carbon 

in CNT reinforced coating matrix. As the weight percentage of CNT in ZrO2-Y2O3 coatings increases, the 

carbon content traces also increase. CNTs form bridge-like stricture between coating mat-

rix [28,39,41]. The results for cross-sectional morphology for CNT-based ZrO2-Y2O3 composite coated 

T-91 specimens show a completely uniform and dense microstructure of coatings. There seems to be 

no gap between the interface of substrate and coating layer, which forms strong adhesion due to the 

good thermal properties of CNT [15]. The results shown by X-ray mapping help to identify the 

distribution of elements in coating throughout the cross-section. The mapping shows that Fe was 

present in a rich percentage in the substrate zone. Further coating zone of conventional ZrO2-Y2O3 

indicates the presence Zr, Y and O, whereas CNT-based ZrO2-Y2O3 composite coatings show the 

presence of Zr, Y, O and C, which indicates the presence of CNT in the coating matrix. 

Conclusions 

The following conclusions are made from this experimental work: 

• In the present research work, conventional ZrO2-Y2O3 and CNT reinforced coatings having  

ZrO2-Y2O3 and 1 wt.% CNT and ZrO2-Y2O3 and 4 wt.% CNT coating were successfully deposited 

on T-91 boiler tube steel. 

• The coating formed had dense and uniform microstructure with coating thickness ranging from 

250-270 µm. 

• The porosity of the coatings decreased with the increase in CNT weight percentage in the 

zirconium yttrium matrix, whereas the microhardness of the coatings increased with the 

addition of CNTs.  

• The microhardness of 4 wt.% of CNT reinforcement coated specimen was recorded between 

1047-1051 Hv. Due to the strong bond between ZrO2-Y2O3 and CNT, the mechanical properties 

were improved.  

• Scanning electron microscopy morphology shows a uniform distribution of CNT with ZrO2-Y2O3 

on T-91 substrate by the plasma spray process. Even at the high temperature of the plasma spray 

process, CNT was chemically stable and did not react with zirconium and yttrium. The traces of 

Zr, Y, O and C were shown in EDAX analysis, confirming the presence of major elements in the 

composite coatings. 
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