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Abstract 
In the present work, 5 and 10 wt.% yttria-stabilized zirconia (YSZ) nanoparticles were reinforced in 
Ni-20Cr powder and deposited on boiler tube steel using a high-velocity oxy-fuel spraying process. 
The effect of YSZ reinforcement on microhardness, surface roughness and porosity were investiga-
ted. The hardness was the highest for nanocomposite coating reinforced with 10 wt.% YSZ and hard-
ness was found to increase with a decrease in porosity. The coating microstructure and elements 
were characterized using field emission scanning electron microscopy (FE-SEM) with an energy 
dispersive spectroscope (EDS). The constituents of the coating were identified using X-ray diffracto-
meter. It was found that the composite coating with 10 wt.% YSZ reinforced nanocomposite coating 
has the highest microhardness, in the range of 1008-1055 hv. During the coating process, nano YSZ 
particles were dispersed in the gaps between the micrometric Ni-20Cr particles, providing a better 
coating matrix than conventional Ni-20Cr. The Ni-20Cr with 10 wt.% of YSZ nanoparticles showed 
better results in terms of mechanical and microstructural properties during the investigation. 
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Introduction 

The desire to raise the power output of thermal power plants is the main drive for the inventions 

of novel materials due to increasing market competition. Heat and corrosion-resistant coatings are 

among the novel materials used in these units [1,2]. The coatings are applied to the surface of boiler 

steels used in thermal plants in order to slow down their deterioration [2-4]. Surface modifications 

of these components result from corrosion and erosion in a high-temperature environment. Surface 

changes result in a loss of quality, which eventually leads to sudden premature failure [2,3]. The 

thermal spray coatings extend the life of these boiler steels in high-temperature environments 

significantly [4]. 

Various thermal spraying techniques, such as flame spraying, plasma spraying, arc spraying, and 

high-velocity oxygen fuel (HVOF) techniques, are used to coat the components of these power 
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plants. Due to the powder spraying technique, these coatings have a large number of pores, and 

corroding species attack the substrate steels through these pores [4-6]. With the development of 

an oxide layer, this attack induces alterations in the microstructure. The failure of thermal spray 

coatings has been linked to the severe development of oxide layers [7]. Many researchers have 

discovered that changing the microstructure of these coatings can increase their corrosion 

resistance [8,9]. The microstructure of coatings is affected by various coating spraying procedures, 

as well as post-treatment of as-sprayed coatings [10]. Using composing powders, some researchers 

have altered the microstructure of coatings. Traditional powders were combined with nano-size 

ceramic powders, cermet, and rare earth oxides to create composite coatings. Because of the pos-

sibilities of synthesizing a surface protection layer with unique physical-chemical properties often 

not achieved in conventional materials, nanostructured coatings composed of crystalline/amor-

phous nanophase mixtures have recently gained interest in developing corrosion resistance 

coatings [11]. Nanostructured materials are a new type of engineering material with improved 

characteristics and a structural length scale ranging from 1 to 100 nm [12]. Shaw et al. [13] 

investigated the relationship between microstructure and nanostructure properties, as well as those 

of nanostructured coatings and plasma spray settings. Using reconstituted nanosized Al2O3 and TiO2 

powder, plasma spray was used to create Al2O3 – 13 wt.% TiO2 coatings [14]. Mohsen et al. [10] and 

Saremi et al. [15] combined YSZ powder with alumina to create a composite coating that reduced 

the thickness of the oxide layer and improved corrosion resistance at high temperatures. 

Yugeswaran et al. [16] revealed that a number of interfaces are higher in composite coatings than 

in conventional coatings, which causes blocking of the micro-pores. This blocking causes a hindrance 

to the corrosion species and improves corrosion resistance.  

Many authors have reported the development of Ni-20Cr coatings on steel alloys [17-23], but no 

researcher has deposited nano yttria-stabilized zirconia (Y2O3/ZrO2) (YSZ) reinforced composite 

coatings on boiler steels. Therefore, there is a scope to develop new nano yttria-stabilized zirconia 

(YSZ) reinforced (Ni-20Cr) nanocomposite coatings and subsequently deposit and investigate the 

microstructure, porosity, and microhardness of these newly developed composite coatings on boiler 

tube steel.  

In this research work, HVOF sprayed 5 and 10-weight percent YSZ-(Ni-20Cr) nanocoatings were 

developed and deposited on T22 boiler tube steel. The microstructure, porosity and microhardness 

of these newly developed composite coatings have been investigated. HVOF thermal spraying 

technique was used in this research work because the coatings produced with the HVOF method 

have high adhesive strength with the base material and also individual splats have high cohesive 

strength [24,25]. Goyal et al. [26] have observed that this spraying process provides homogeneous 

coatings having a low value of porosity along with high hardness.  

Experimental 

Coating material 

To generate different coating powders, commercially available Ni-20Cr powder was blended with 

5 and 10 wt.% YSZ powder using low energy ball milling. 950 Ni-20Cr powder was mixed with 50 g 

YSZ (Y2O3/ ZrO2) powder to get the composite mixture. Similarly, 900 g Ni-20Cr powder was mixed 

with 10 g YSZ (Y2O3/ ZrO2) powder. The composite powders were continuously rolled for four hours 

at a speed of 200 rpm.  
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The T22 steel substrates were cut from the boiler tubes procured from Guru Gobind Singh 

Thermal Power Plant, Ropar, India. The sample size was 22155 mm. The T22 substrates were 

polished with SiC paper, and subsequently, grit was blasted with alumina powder of grit 45. The 

substrates were coated using high-velocity oxy-fuel spraying equipment at Metallizing Equipment 

Co. Pvt. Ltd. Jodhpur, India. The process parameters of the HVOF spraying method are shown in 

Table 1. During the spraying procedure, these process parameters were kept constant. 

Table 1. HVOF spraying process parameters 

Oxygen flow rate, L min-1 260  

Fuel (Acetylene) flow rate, L min-1 80 

Air-flow rate, L min-1 560 

Spray distance, mm 220 

Powder feed rate, g min-1 25 

Fuel pressure, kg cm-2 1.4 

Oxygen pressure, kg cm-2 2.40 

Air pressure, kg cm-2 3.50 

 

Mechanical properties, microstructural properties and phase characterization of coatings 

Using a Minitest-2000 thin film thickness gauge, the coating thickness was measured during the 

thermal spraying process. To expose the coating cross-section, the coated samples were sectioned, 

mounted in epoxy, and polished. With a load of 300 g, the microhardness of the coating was tested 

along the coating cross-section with a Vickers hardness tester. The surface roughness of the 

uncoated and coated samples was measured with the help of a surface roughness tester (Surftest 

SJ310, Mitutoyo). From SEM micrographs of the cross-section, the porosity of the HVOF sprayed Ni-

20Cr, 5 and 10 wt.% YSZ reinforced Ni-20Cr nanocomposite coatings were assessed using an image 

analysis method employing LEICA Image analyzer software. The pore area size is calculated using a 

computer-based porosity analysis technique that converts grey-level areas (pore areas) into a 

background different from the rest of the microstructure. After that, the computer system counts 

the number of pixels. The average of five porosity measurements was calculated for each type of 

coated specimen. FE-SEM was used to examine the microstructure of Ni-20Cr, 5 and 10 wt.% YSZ 

reinforced Ni-20Cr nanocomposite coatings. Using an X-ray diffractometer, the phases in the 

conventional and CNT-enhanced coatings were discovered. To investigate the various phases, 

present in all types of samples, XRD analysis was carried out using PANalytical X’Pert Pro x-ray 

diffractometer with the copper target (0.15419, 40 kV and 45 mA). Phase identification was made 

with High Score PLUS software. 

Results and discussion 

The thickness, porosity, surface roughness and microhardness values of Ni-20Cr, 5 and 10 wt.% 

YSZ reinforced Ni-20Cr nanocomposite coatings are shown in Table 2.  

Table 2. Average coating thickness, porosity and surface roughness values for different coatings 

Substrate Coating type Coating thickness, µm Porosity, % Average surface roughness, μm 

ASME-SA213-T22 

Ni-20Cr 252 1.89 3.98 

5 wt.% YSZ- (Ni-20Cr) 255 1.67 3.32 

10 wt.% YSZ- (Ni-20Cr) 253 1.38 2.86 
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The average coating thickness for all the coatings was in the range of 250-255 µm. The average 

thickness of Ni-20Cr was measured as 255 µm, whereas the average thicknesses of 5 and 10 wt.% 

YSZ reinforced Ni-20Cr nanocomposite coatings were 255 and 253 µm. The thermal spray coating is 

usually porous in nature, which affects coatings' properties. The porosity values of Ni-20Cr and YSZ 

reinforced Ni-20Cr nanocomposite coatings were less than 2 %. The Ni-20Cr coating showed a 

porosity value of 1.89 %. The porosity value of 5 wt.% YSZ- (Ni-20Cr) was found to be 1.67 %. The 

composite coating with 10 wt.% YSZ was found to be denser with 1.38 % porosity. With the addition 

of nano yttria-stabilized zirconia (Y2O3/ZrO2), the porosity of nanocomposite coatings was significan-

tly reduced. The surface roughness values for Ni-20Cr conventional coating, 5 wt.% YSZ- (Ni-20Cr) 

and 10 wt.% YSZ- (Ni-20Cr) nanocomposite coated samples were found to be 3.98, 3.32 and 2.86, 

respectively. Better surface characteristics were observed for 10 wt.% YSZ- (Ni-20Cr) nanocom-

posite coating as compared to conventional Ni-20Cr coating as the surface roughness was decreased 

by the addition of YSZ nanoparticles. The lower value of the porosity for 5 wt.% YSZ- (Ni-20Cr) 

nanocomposite coating is the main reason for the reduction in surface roughness. 

The higher degree of melting of nanoparticles reinforced powders causes a decrease in porosity 

with increasing nanoparticle concentration [24,25]. The nano yttria-stabilized zirconia distributed in 

the Ni-20Cr matrix can absorb more heat, resulting in improved powder particle melting. According 

to Goyal et al. [25], accelerated melting is caused by the higher thermal conductivity of 

nanoparticles. The inflight temperature is affected by nanoparticle content and uniform 

distribution, which further affects heat transfer and results in a dense composite coating [25,26]. 

Figure 1 shows the microhardness profiles for Ni-20Cr conventional coating, 5 wt.% YSZ- (Ni-20Cr) 

and 10 wt.% YSZ- (Ni-20Cr) nanocomposite coatings. The hardnesses of Ni-20Cr conventional 

coating, 5 wt.% YSZ- (Ni-20Cr) and 10 wt.% YSZ- (Ni-20Cr) nanocomposite coated specimens were 

found to be in the range of 712-759 Hv, 912-964 Hv, and 1008-1055 Hv, respectively. The hardness 

values of nanocomposite coatings increased with an increase in nano yttria-stabilized zirconia 

content in the coating. The nano yttria-stabilized zirconia particles were able to increase the 

hardness values of the composite Ni-20Cr coatings. 

 
Distance from the interface, m 

Figure 1. Microhardness profiles of Ni-20Cr conventional coating across the cross-section 
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The hardnesses of Ni-20Cr conventional coating, 5 wt.% YSZ- (Ni-20Cr) and 10 wt.% YSZ- (Ni-20Cr) 

nanocomposite coated specimens were found to be in the range of 712-759, 912-964 and  

1008-1055 Hv, respectively. The hardness values of nanocomposite coatings increased with an 

increase in nano yttria-stabilized zirconia content in the coating. The nano yttria-stabilized zirconia 

particles were able to increase the hardness values of the composite Ni-20Cr coatings. The nano 

yttria-stabilized zirconia particles were able to fill the pores in the Ni-20Cr matrix and reduced the 

porosity of the coating, which caused an increase in hardness. The microhardness profiles clearly 

show that the hardness through the coating cross-section was found to be nearly uniform for all 

coated specimens. 

The increase in hardness has been attributed by Porthina et al. [27] and Kumar et al. [28] to the 

decrease in porosity. Due to the closure of porosities, the inclusion of YSZ nanoparticles increased 

the resistance to indentation. Due to accelerated melting, nano YSZ particles were able to fill the 

spaces between the Ni-20Cr particles, resulting in an increase in the hardness of composite coatings 

as YSZ concentration increased. Increased hardness of YSZ reinforced composites is attributed to 

fracture suppression and improved dispersion hardening [29]. The effect of carbon-based nano-

particle reinforcement has been firmly substantiated by the increase in hardness of composite 

coatings, as described in the literature [30-32]. 

The X-ray diffraction spectra for all coatings are shown in Figure 2.  

 
Diffraction angle, o 

Figure 2. XRD profiles of HVOF sprayed coatings: (a) Ni-20Cr; (b) 5 wt.% YSZ- (Ni-20Cr);  
(c) 10 wt.% YSZ- (Ni-20Cr)  
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of nickel, yttrium, and zirconium was also observed as a minor phase. The identical phases were 

obtained for all coatings. Because of the rapid cooling during the spraying process, the development 

of non-crystalline amorphous phases increases in cases of YSZ reinforced nanocomposite coatings. 

The XRD patterns depicted that the HVOF method can effectively limit the generation of 

decarburization phases because of the high velocity and relatively low temperature of the flame. 

Figure 3 shows FE-SEM micrographs obtained with energy dispersive X-Ray spectroscopy analysis 

for HVOF sprayed Ni-20Cr nanocomposite coatings on T22 boiler steel, as well as 5 and 10 wt.% YSZ 

reinforced Ni-20Cr nanocomposite coatings.  

 
Figure 3. FE-SEM with energy dispersive spectroscopy analysis of HVOF sprayed coatings: (a) Ni-20Cr;  

(b) 5 wt.% YSZ- (Ni-20Cr); (c) 10 wt.% YSZ- (Ni-20Cr) 

As illustrated in Figure 3a, the microstructure of Ni-20Cr coating is dense, consisting of 

interlocking particles of regular shape. Several oxide stringers may also be seen in the coating 
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microstructure. As illustrated in Figures 3b and 3c, the YSZ nanoparticles diffused uniformly in the 

Ni-20Cr matrix. The use of YSZ nanoparticles to strengthen the coating layer resulted in a dense and 

uniform layer. The microstructures demonstrate that in the composite coating, homogeneous 

coalescence of nano YSZ has happened with the base Ni-20Cr matrix. Energy dispersive spectroscopy 

analysis revealed that the elemental composition of the various coatings was comparable to that of 

the feedstock powder, as shown in Figure 3. The presence of Fe and Mn in the Ni-20Cr conventional 

coating was found by EDS analysis, which could be attributable to Fe and Mn migration from the 

substrate to the coating matrix due to porosity in conventional coating. Diffusion of base elements 

through pores/voids in the coating matrix has also been reported by various authors [32-35]. 

Reinforcement of nano YSZ particles in Cr3C2-25NiCr coating filled the gaps, reducing porosity which 

prevents diffusion of base elements to the coating matrix, thereby increasing the microhardness of 

the coatings.  

Conclusions 

The following conclusions are made from this experimental work: 

• The thicknesses of HVOF sprayed Ni-20Cr, 5 and 10 wt.% YSZ reinforced Ni-20Cr nanocomposite 

coatings were determined to be between 250 and 255 m. 

• As the amount of YSZ in a nanocomposite coating increases, the porosity value lowers. The 

1.38 % porosity of the 10 wt.% YSZ-(Ni-20Cr) coating was revealed to be the lowest. The surface 

roughness values are improved as the porosity decreases. 

• The composite coating with 10 wt.% YSZ reinforced nanocomposite coating showed the highest 

microhardness, which was in the range of 1008-1055 Vickers. This could be due to nano YSZ 

particles filling pores/voids in the coating matrix. 

• The quick cooling of the spraying procedure resulted in the formation of non-crystalline 

amorphous phases, as evidenced by the XRD spectra of all nanocomposite coatings.  

• The presence of Fe and Mn in the Ni-20Cr coating was detected by SEM/EDS analysis, which 

could be attributed to the diffusion of these elements through holes in the coating matrix. 

SEM/EDS investigation of YSZ reinforced nanocomposite coatings revealed a homogeneous, 

dense coating surface with no base element diffusion due to nanoparticle filling of voids/pores. 
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