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Abstract 
The aim of this paper is to investigate the WC-10Co-4Cr coatings reinforced with 5 % 
and 10 % of yttria-stabilized zirconia (Y2O3/ZrO2; YSZ) nanoparticles deposited on the 
CA6NM turbine steel by using the high-velocity oxy-fuel (HVOF) thermal spraying 
technique. In the HVOF technique, the hot jet of the semi-solid particles strikes against 
the workpiece and creates a layer of coating of varying thickness on the substrate 
material. The coatings fabricated with HVOF were analyzed by scanning electron 
microscope (SEM) / energy-dispersive x-ray spectroscopy (EDS). The phase 
identification of a crystalline material was made with the x-ray diffraction (XRD) 
technique. The mechanical properties in terms of porosity, surface roughness and 
microhardness of the nanocomposite coatings were also evaluated. The SEM/EDS 
analysis showed that dense and homogeneous coatings were developed by the 
reinforcement of YSZ nanoparticles. The peaks of XRD graphs of WC-10Co-4Cr coating 
reinforced with 5 and 10 % of YSZ nanoparticles revealed that the WC was present as a 
major phase and W2C, Co3W3C, Co, Co6W6C, Co6W and Y2O3/ZrO2 nanoparticles were 
observed as a minor phase. The porosity level decreased up to 42 and 56 % by the 
addition 5 and 10 % of YSZ nanoparticles as compared with conventional WC-10Co-
4Cr coating. The surface roughness values for WC-10Co-4Cr conventional coating, 95 % 
(WC-10Co-4Cr) + 5 % YSZ and 90 % (WC-10Co-4Cr) + 10 % YSZ nanocomposite coated 
samples were found to be 5.03, 4.89 and 4.28 respectively. The nanocomposite coatings 
reinforced with 10 % YSZ nanoparticles exhibited the highest microhardness value 
(1278 HV). The WC-10Co-4Cr coatings reinforced with 10 % of YSZ nanoparticles 
resulted in low porosity, low surface roughness and high microhardness. During the 
coating process, the nanoparticles of YSZ flow into the pores and are dispersed in the 
gaps between the micrometric WC particles and provide a better shield to the 
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substrate material. The WC-10Co-4Cr with 10 % of YSZ nanoparticles showed better 
results in terms of mechanical and microstructural properties during the investigation. 

Keywords 
High velocity oxy fuel (HVOF); mechanical properties; microhardness; nanocomposite coating; 
porosity 

 

Introduction 

Hydroelectric power plants have a significant contribution to power generation. Half of the 

hydroelectric power resources lie only in the Asian countries [1]. India lies at the seventh 

position in hydroelectric power production in the world. Due to the increase of sediment content 

in the water, the problem of erosion becomes more critical during the rainy season and sometimes 

may cause the major shutdown of these hydroelectric power stations, which causes huge financial 

loss to the hydropower industry [2]. Major components of the hydro turbines, which are badly 

eroded, are draft tube, facing plate, runner inlet and outlet, shaft seal, guide vanes, nozzle, spear 

and spiral casing. Traditional steels used in the manufacturing of hydro turbine components are not 

able to overcome the problems that occurred due to erosion in the hydroelectric power stations. 

But different types of surface coatings can be deposited to enhance the life of the materials used in 

the fabrication of hydro turbine components [3]. 

Many authors also highlighted that the problem of slurry erosion of hydro turbine components 

cannot be eliminated, but it can be reduced by using coated components for the hydro turbine. 

Many researchers compared the conventional coatings with nanostructured coatings and lots of 

improvements were observed in mechanical and microstructural properties of as-sprayed material 

as like increase in the microhardness, lower the value of porosity, surface roughness, erosion rate 

etc. Different types of thermal spray coatings are used daily to resist the erosion wear in various 

industrial applications such as hydropower plants, thermal power plants and mineral industry. Choy 

highlighted the utilization of thermal spray processes along with the versatility to spray an extensive 

variety of materials like composites and ceramics [4]. HVOF spray coatings are used very vastly due 

to their better mechanical strength, corrosion resistance, erosion resistance, higher value of 

microhardness, low porosity and improved surface properties of the substrate materials [5,6]. By 

the application of coatings, the erosion resistance increased and the life of the turbine components 

was also enhanced [6,7]. To date, many researchers have shown the better mechanical and 

microstructural properties of the various types of coating deposited by HVOF technique.  

From the literature survey, it was observed that the tungsten-based WC-10Co-4Cr coatings are 

mostly used to resist slurry erosion. Lee et al. have observed that the mostly used harder phases are 

Al, Ni, Cr and Fe, while WC, Si and Al2O3 are mainly used as harder binders. The significant impro-

vement was observed in the mechanical properties and the erosion resistance of the target material 

by applying WC-based coatings [8]. Many researchers like Santa et al. and Singh et al. applied WC and 

Cr as the harder materials to control the surface properties of the materials [9,10]. Lee et al. examined 

the surface properties of WC–10Co–4Cr coated stainless steel by using the HVOF technique. The 

results reveal that stainless steel's wear resistance and bond strength were increased after coating 

with powders of various particle sizes [8]. Maiti et al. studied the effect of WC-based HVOF coatings 

on the performance of stainless steel 304 by using different compositions of WC-based coatings [11]. 

Results reveal that the hardness of WC–9Co–5Cr was improved with the addition of 20% WC powder. 

Hong et al. observed the surface properties of Ni–Cr coated 13Cr4Ni steel using the HVOF technique. 
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It was found that the microhardness of substrate material increased due to the presence of coating 

composition of different elements [12]. 

By the addition of chromium, WC-Co-Cr coatings improve the wear resistance, erosion and 

corrosion as compared to the WC-Co coatings [13]. Investigations showed that the erosion resistance 

of WC-10Co-4Cr coatings deposited with the HVOF technique increased up to 50% more than 

substrate stainless steel. The results of WC-based coatings mostly depend on the coating technique 

[14,15]. Further, the composition of feedstock powders also plays a major role. Chromium carbide 

coatings enhance the erosion resistance of hydro turbine components [16]. Cermets coatings can be 

deposited by HVOF, which is a promising technique due to its characteristics [17,18]. The selection of 

the coating mainly depends on the application; however, the scope of thermal spray coatings has 

increased vastly in recent years [19,20]. Murthy et al. studied HVOF sprayed carbide coatings that have 

better erosion and wear resistance as compared to D gun spray coatings [21]. The studies of various 

researchers revealed that the adhesion strength, fracture strength and hardness of the coatings are 

mainly responsible for the resistance to erosion.  

Murthy et al. deposited Cr3C2-20NiCr and WC-10Co-4Cr on a mild steel material by using the 

HVOF coating technique [22]. Results revealed that the WC-based coating has a better wear 

resistance in comparison to the Cr C-based coating due to the high value of hardness of the WC and 

better bond strength of Co Cr. Additionally, the HVOF coated carbide has excellent wear resistance 

as compared to other spraying techniques [23]. Goyal et al. analyzed the effect of erodent particles 

on ASTM A743 turbine steel coated with Cr3C2-NiCr. They observed that coated steel exhibited 

brittle behavior, but uncoated steel showed ductility [24].  

Kitamura et al. studied that Y2O3 (yttrium oxide) based coatings performed better than Al2O3 

(aluminum oxide) based coatings against the erosion resistance [25]. The life span of the various 

components of the hydro turbine can be increased by depositing nanocomposite coatings on 

the CA6NM turbine steel material. The major advantage of the HVOF thermal spray technique 

is that the coatings have low porosity, low surface roughness and high microhardness. There is 

wide scope of yttria-stabilized zirconia (Y2O3/ZrO2; YSZ) nanoparticles reinforced WC-10Co-4Cr 

coatings as no more literature exists in this field. In the present research work, the WC-10Co-

4Cr reinforced with 5 and 10 % YSZ nanoparticles were deposited on the CA6NM turbine steel 

by the HVOF technique. The microstructure, different phases of the coatings, porosity, surface 

roughness, microhardness were investigated using SEM/EDS, X-ray diffraction (XRD), image 

analyzer software, surface roughness tester, Vickers microhardness tester. 

Materials and methods 

Substrate material 

CA6NM turbine steel material suitable for hydro turbine components was selected for the 

present investigation. The substrate material (CA6NM turbine steel) was procured from the Atul 

Precision Cast, Rajkot, Gujarat. The chemical composition of substrate material is reported in 

Table 1. The samples with dimensions (35×25×5 mm) were prepared from the substrate material to 

deposit the coatings. 

Table 1. Chemical composition of substrate material (CA6NM turbine steel) 

Element C Mn Cr Ni P Si Mo S Cu Al Fe 

Content, wt. % 0.018 0.58 12.02 3.63 0.035 0.53 0.76 0.006 0.34 0.005 Rest 
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Coating powders 

The conventional WC-10Co-4Cr coating powder and WC-10Co-4Cr reinforced with varying 

percentages of YSZ nanoparticles were used for the present investigation. Table 2 shows the 

coating powders of different coating compositions. To prepare coating powders of different 

compositions, WC-10Co-4Cr was reinforced with 5 and 10 % of YSZ nanoparticles and rolled 

continuously for four hours at 200 RPM using RETSCH-Planetary PM-100 low-energy ball mill. 

The nanocomposite coating powders were prepared to apply on the CA6NM turbine steel to 

improve the performance and life of turbine components. In the mixture of nanocomposite 

coating powders, the nanoparticles of YSZ were uniformly dispersed. The presence of blended 

elements was observed during SEM/EDS analysis. 

Table 2. Composition of coating powders deposited on CA6NM turbine steel samples 

No. 
Coating powder content, % 

Base powder (WC-10Co-4Cr) Reinforcement, YSZ (Y2O3/ZrO2 nano powder) 

1 100 0 

2 95 5 

3 90 10 

Coating technique 

The samples of the substrate material were polished using SiC papers of different grit sizes. Then 

an abrasive blasting machine was used to shoot blast the samples to obtain better bonding between 

the samples and the coatings. Different nanocomposite feedstock powders were applied on the 

samples of the substrate material with the HVOF spray coating technique to obtain better bonding 

with the base material. The different process parameters of HVOF spraying selected for the 

fabrication of nanocomposite coating are shown in Table 3. After deposition of the nanocom-

posite coatings, the coatings were cooled with the help of air supplied by air jet. 

Table 3. Process parameters of HVOF used for the fabrication of nanocomposite coating 

Process 
parameter 

Spray distance, 
mm 

Particle size, 
mm 

Flow rate, L min-1 Powder feed 
rate, gmin-1 

Pressure, kPa 

Air  Oxygen  Fuel (LPG)  Fuel Air Oxygen 

Value 138 15 640 260 75 30 6.2 10 5 

Characterization 

After the deposition of coatings with the HVOF technique, the samples were cut into the required 

size (10×10×5 mm) to perform the SEM analysis. SEM analysis was carried out on JEOL (JSM-6510LV) 

microscope. SEM allows to analyze the grain morphology of the coating powders and coated surface 

after the deposition of coatings. The SEM provides detailed information about surface 

characteristics at high magnifications that produce high-resolution images of the coating 

powders, uncoated, conventionally coated and nanocomposite coated surfaces. Energy 

dispersive x-ray spectroscopy, also known as EDS analysis, were performed to obtain detailed 

information about the elemental composition of all samples. X-ray diffraction (XRD) was used 

for the identification of the crystalline and grains forms known as phases of mixtures present 

in coating powders, uncoated, conventionally coated and nanocomposite coated surfaces. 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 nm, 40 kV and 45 mA). 

Phase identification was made with High Score PLUS software.  
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Table 4. Mechanical properties of uncoated and coated samples 

S. No. Material/coating combination Porosity, % 
Average 

microhardness, HV 
Average surface 
roughness, µm 

1 Uncoated CA6NM Steel 3.402 319 1.59 

2 WC-10Co-4Cr 1.942 1088 4.82 

3 95 % (WC-10Co-4Cr) + 5 % YSZ 1.131 1257 4.13 

4 90 % (WC-10Co-4Cr) +10 % YSZ 0.853 1278 3.45 

 

To observe the porosity of the substrate material, WC-10Co-4Cr conventionally coated sample 

and WC-10Co-4Cr + YSZ nanocomposite coated samples were cut by wire EDM on either side 

of the sample for porosity analysis. Measurements of the porosity of the different samples were 

done with an image analyser, having software of the Envision 3.0 Series (Chennai Metco Private 

Limited, Chennai, India). The surface roughness of the uncoated and coated samples was measured 

with the help of a surface roughness tester (Surftest SJ310, Mitutoyo). The microhardness of the 

substrate material, WC-10Co-4Cr coating and WC-10Co-4Cr + YSZ nanocomposite coatings was 

measured at a load of 2.942 N using a digital micro vickers hardness tester (SHV-1000, Chennai 

Metco Private Limited, Chennai). 

Results and discussion 

SEM/EDS and XRD analysis 

Figure 1 shows the surface morphologies of the WC-10Co-4Cr conventional powder, YSZ 

nanopowder, WC-10Co-4Cr + 5 % YSZ and WC-10Co-4Cr + 10 % YSZ nanocomposite powder. 

The WC-10Co-4Cr powder is spheroidal in shape and the surface of the powder particles is 

porous. As seen with high magnification that WC grains are blocky in shape. The density of the 

YSZ nanopowder is higher than that of the WC-10Co-4Cr conventional powder. 
 

 

Figure 1. SEM images of (a)WC-10Co-4Cr conventional powder (b) YSZ nanopowder 
(c) 95 % (WC-10Co-4Cr) + 5 % YSZ nanocomposite powder  

(d) 90 % (WC-10Co-4Cr) + 10 % YSZ nanocomposite powder 
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The SEM/EDS micrographs of the WC-10Co-4Cr coating powder, as shown in Figure 2, 

depicted that most of the particles are of spherical shape. It also highlights W is present as a 

major phase, while Co, Cr and C as a minor phase. After mixing the 5 and 10% of YSZ 

nanoparticles in WC-10Co-4Cr coating powder using a low-speed ball milling, the SEM/EDS 

micrographs were taken, as shown in Figure 3 and Figure 4.  
 

 
Energy, keV 

Figure 2. SEM/EDS micrograph of WC-10Co-4Cr conventional coating powder 

 
Energy, keV 

Figure 3. SEM/EDS micrograph of 95 % (WC-10Co-4Cr) + 5% YSZ nanocomposite coating powder 
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Energy, keV 

Figure 4.SEM/EDS micrograph of 90% (WC-10Co-4Cr) + 10 % YSZ nanocomposite coating powder 

These figures clearly show the uniformly dispersed nanoparticles in conventional coating 

powders. They also exhibited that W, C, O, Co and Zr are present as a major phase while Cr and 

Y are observed as a minor phase. The YSZ nanoparticles have formed a uniform layer on the 

outer surface of WC-10Co-4Cr coating powder. The microstructure of HVOF coated samples 

was also obtained by SEM/EDS surface morphology analysis. Figure 5 shows the surface 

morphology and composition of the substrate material.  
 

 
Energy, keV 

Figure 5. SEM/EDS micrograph of the CA6NM steel substrate 
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The WC-10Co-4Cr coated samples have a uniform, dense structure, as shown in Figure 6. 

Some un-burnt particles were seen on the coated surface. The figure also revealed that the Cr, 

C, O and Ni are present in more percentage. Figure 7 and Figure 8 showed the SEM images of 

WC-10Co-4Cr + 5 % YSZ and WC-10Co-4Cr + 10 % YSZ nanocomposite coatings. The dense and 

uniform layer of coating was obtained by the reinforcement of nanoparticles of YSZ. The Cr, O 

and C are observed as a major phase.  
 

 
Energy, keV 

Figure 6. SEM/EDS micrograph of WC-10Co-4Cr coated sample 

 
Energy, keV 

Figure 7. SEM/EDS micrograph of 95 % (WC-10Co-4Cr) + 5 % YSZ nanocomposite coated sample 
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Energy, keV 

Figure 8. SEM/EDS micrograph of 90 % (WC-10Co-4Cr) + 10 % YSZ nanocomposite coated sample 

The oxide formation was reduced as the nanoparticles of YSZ filled the porous gaps. It was 

also analyzed by SEM/EDS that the nanoparticles of YSZ are well dispersed in WC-10Co-4Cr 

coating powders, which are responsible for decreasing the porosity and surface roughness of 

the nanocomposite coatings. 

The XRD tests were performed on the substrate material, traditional coating of WC-10Co-4Cr and 

nanocomposite coatings of WC-10Co-4Cr with 5 and 10 % of YSZ nanoparticles. The XRD pattern for 

WC-10Co-4Cr coated surface, as shown in Figure 9(a), presented the peaks corresponding to WC, W2C, 

Co3W3C, and Co phases. WC was identified as the major phase present in the coating. Further W2C, 

Co3W3C phases were also present due to the decarburization of WC particles. Co was also identified 

from the XRD diffraction pattern. It is in good agreement with the observations made by other 

researchers [26,27]. The transformation of WC to W2C on the surface of WC particles occurred due to 

the direct oxidation of solid WC [28,29]. Figures 9(b) and 9(c) represent the results of the XRD analysis 

of WC-10Co-4Cr coatings reinforced with 5 and 10 % of YSZ nanoparticles. The XRD pattern in the 

figures reveals the presence of WC, W2C, Co6W6C, Co6W and Y2O3/ZrO2crystalline phases. The WC was 

observed as the major phase followed by CO6W6C. Similar trends have been reported by the other 

authors [30-32]. The existence of Co6W is owing to the reaction of WC particles slightly melted in the 

bond phase Co–Cr during solid-state sintering. The diffraction peaks of the Co phase disappear owing 

to the formation of the amorphous phase by rapid cooling. The peaks of the Co6W6C phase are 

observed in both nanocomposite coatings because of the dissolution of WC in the cobalt matrix. The 

XRD peaks corresponding to Y2O3/ZrO2 indicate that the YSZ nanoparticles are dispersed in the gaps 

between the micrometric WC particles or partially agglomerated in the bonding phase. 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. The increase in the 

formation of non-crystalline amorphous phases occurs due to very fast cooling during the spraying 

process [33]. Stewart et al. demonstrated that the presence of different phases and their proportion 
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mostly depends on the process conditions when depositing the coating powder on the base material 

[34]. 
 

 a b 

 
c 

 

Figure 9. XRD images of (a) WC-10Co-4Cr coated sample (b) 95 % (WC-10Co-4Cr) +5 % YSZ 
nanocomposite coated sample(c) 90 % (WC-10Co-4Cr) + 10 % YSZ nanocomposite coated sample 

Figure 10(a) shows the microstructure of the cross-section of uncoated CA6NM steel. Pores were 

observed in the substrate material, resulting in low microhardness and high porosity. Figure 10(b) shows 

the small voids and pores in the cross-sectional microstructure of the WC-10Co-4Cr coated sample. 

Dense grains were observed in the cross-sectional microstructure of nanocomposite coating of WC-

10Co-4Cr + 5 % YSZ and WC-10Co-4Cr + 10 % YSZ as presented in Figure 10(c) and Figure 10(d). The 

material spreads uniformly on the surface and forms a more homogeneous layer as the YSZ 

nanoparticles fill the pores in the coatings. Minor imperfections were observed in the cross-sectional 

microstructure of nanocomposite coating of WC-10Co-4Cr + 10% YSZ, as shown in Figure 10(d). 

Figure 11(a) shows the morphological characteristics of the substrate material. Dense grains were 

observed in the substrate material, due to which material spreads uniformly on the surface and 

forms the more homogeneous layer. Some imperfections and protrusions in the WC-10Co-4Cr 

coated surface as shown in Figure 11(b). Goyal et al. also observed that protrusions were formed 

due to improper melting of ceramic particles before sticking with base metal during the HVOF 

coating process [35]. The microstructure of nanocomposite coating of WC-10Co-4Cr + 5 % YSZ 

showed delamination, unmelted nanoparticles of Y2O3/ZrO2, small pores and a layer with lamellar 

structure, containing a discrete oxide film in their outline, which is the common feature of HVOF 

coatings as presented in Figure 11(c). 
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Figure 10. Microstructure of the cross-section of (a) uncoated CA6NM steel;  

(b) WC-10Co-4Cr coated sample (c) 95 % (WC-10Co-4Cr) + 5 % YSZ nanocomposite coated sample; 
(d) 90 % (WC-10Co-4Cr) + 10 % YSZ nanocomposite coated sample 

 
Figure 11. SEM images of (a) uncoated CA6NM steel (b) WC-10Co-4Cr coated sample  

(c) 95 % (WC-10Co-4Cr) + 5 % YSZ nanocomposite coated sample 
(d) 90 % (WC-10Co-4Cr) + 10 % YSZ nanocomposite coated sample 

These features are appeared due to the overlapping of high-speed melt and semi-fused particles 

deposited on the base material [36]. As the YSZ nanoparticles fill the pores in the coatings, only 

minor imperfections were observed in the microstructure of nanocomposite coating of WC-10Co-

4Cr + 10 % YSZ as shown in Figure 11(d). These types of coatings have dense grains, which create a 

more homogeneous layer because material spreads more uniformly over the surface. Also, this type 

of surface morphology is desirable for the HVOF coating process, as it allows the better flow of the 
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coating powder in the spray gun during the deposition of the coating [37-39]. Thus, WC-10Co-4Cr + 

10 % YSZ nanocomposite coating performed better than the other coatings mentioned. The mixing 

of coating powders improved the microstructure of the coating, attributed to the decrease in 

process temperature during HVOF coating [40]. Ramesh et al. and Rao et al. studied that lower 

porosity and higher microhardness of the coating were exhibited due to the dense laminar structure 

of the coating along with higher cohesive strength [41-43]. 

Porosity and surface roughness analysis 

The porosity of the coatings was measured at the as polished cross-section of the samples. The 

apparent porosity values for the substrate material, WC-10Co-4Cr conventional coating, 95 %  

(WC-10Co-4Cr) + 5 % YSZ and 90 % (WC-10Co-4Cr) + 10 % YSZ nanocomposite coatings were 

observed as 3.040, 1.942, 1.131 and 0.853 %. Table 4 shows that the porosity decreases with an 

increase in the percentage of nanoparticles of YSZ in the conventional coating powder. The 

porosity of the nanocomposite coatings was decreased as the nanoparticles of YSZ filled the pores 

and interlocked the grains of the coating matrix. The maximum decrease of the porosity level 

0.853 % was observed for 90% (WC-10Co-4Cr) + 10 % YSZ nanocomposite coating. The surface 

roughness values for uncoated and coated samples are also given in Table 4. Improvements were 

observed by the addition of the nanoparticles of YSZ in the WC-10Co-4Cr coating powder. The surface 

roughness values for WC-10Co-4Cr conventional coating, 95 % (WC-10Co-4Cr) + 5 % YSZ and 90 % 

(WC-10Co-4Cr) + 10 % YSZ nanocomposite coated samples were found to be 4.82, 4.13 and 3.45 

respectively. Better surface characteristics were observed for 90 % (WC-10Co-4Cr) + 10 % YSZ 

nanocomposite coating as compared to conventional WC-10Co-4Cr coating as the surface 

roughness was decreased by the addition of YSZ nanoparticles. The lower value of the porosity for 

90 % (WC-10Co-4Cr) + 10 % YSZ nanocomposite coating is the main reason for decreasing the surface 

roughness. Porosity is one of the major coating characteristics that greatly affect the coating 

properties. Manjunatha et al. studied that carbon nanotubes reinforced HVOF coating resulted in 

low porosity as the carbon nanoparticles fill the voids in the coatings and improve the bond strength 

of the coatings [44]. Goyal and Goyal studied that the coatings of Cr3C2–20NiCr reinforced with carbon 

nanotubes exhibited a decrease in the porosity of the coating. Carbon nanotubes interlocked the 

particles of Cr3C2–20NiCr and provided resistance to the surface against eroding particles [45]. 
 

 
Figure12. Microhardness profile for substrate material and coated samples 
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Vickers micro-hardness 

The variation of microhardness along the cross-section of coated substrate material is shown in 

Figure 7. There is a substantial increase in the microhardness from the substrate to the coating. The 

average microhardness values of substrate material, WC-10Co-4Cr conventional coating, 95 % 

(WC-10Co-4Cr) + 5 % YSZ and 90 % (WC-10Co-4Cr) + 10 % YSZ nanocomposite coatings were found 

to be in the range of 320 HV, 1088 HV, 1257 HV, and 1278 HV respectively as reported in Table 

4. The reinforcement of YSZ nanoparticles in the coatings helps to reduce the voids and pores 

between the coating matrix, thereby decreasing porosity and increasing the microhardness of 

the nanocomposite coatings. The increase in slurry erosion resistance of coated materials can be 

attributed to the increase in the microhardness of the coatings [42,35]. Singh et al. analysed the 

erosion tribo performance of WC-10Co-4Cr and WC-10Co-4Cr + 2 % Y2O3 deposited on pump 

impeller steel by HVOF. Results showed that the reinforcement of 2 % Y2O3 in WC-10Co-4Cr has 

increased the erosion wear resistance as the hardness of the substrate material increases from 1130 

HV to 1190 HV [46]. The presence of different phases in the SEM images is mainly responsible for 

the variation in microhardness values. 

With the addition of 5% and 10 % of the YSZ nanoparticles in the WC-10Co-4Cr, the surface 

roughness and porosity were reduced significantly. The porosity decreased up to 42 and 56 % and 

the surface roughness was reduced up to 15 and 28 % by the reinforcement of 5 and 10 % of the 

YSZ nanoparticles, respectively, compared to conventional WC-10Co-4Cr coating. Nanoparticles 

of YSZ interlocked the WC-10Co-4Cr grains and filled the pores in the nanocomposite coating 

matrix, which resulted in a decrease in surface roughness and porosity. The decrease in porosity 

with the reinforcement of nanoparticles in the conventional coatings has also been observed by 

various researchers [47-51]. Reduction in the surface roughness and porosity resulted in the 

increase in the microhardness of the WC-10Co-4Cr nanocomposite coatings as compared to 

conventional coating. Indentation resistance was enhanced due to the reinforcement of 

nanoparticles of YSZ in the WC-10Co-4Cr. Enhanced melting due to the higher thermal conductivity 

of YSZ nanoparticles resulted in better adhesion with the substrate material and increased 

microhardness of the WC-10Co-4Cr nanocomposite coatings. Therefore, based on the result and 

discussion, it was reported that the WC-10Co-4Cr + YSZ nanocomposite coatings are able to 

enhance the microstructural and mechanical properties of turbine steel. 

Conclusion 

The experimental analysis conducted on the nanocomposite coating concluded as given 

below: 

The SEM/EDS analysis revealed that the reinforcement of YSZ nanoparticles developed 

dense and homogeneous coatings. It was also analyzed by SEM/EDS that the nanoparticles of 

YSZ is well dispersed in WC-10Co-4Cr coating powders, which are responsible for decreasing 

the porosity and surface roughness of the nanocomposite coatings. 

The XRD peaks of WC-10Co-4Cr coatings reinforced with 5 and 10 % of YSZ nanoparticles 

revealed that the WC was present as a major phase and W2C, Co6W6C, Co6W and Y2O3/ZrO2 

nanoparticles were observed as a minor phase. The XRD peaks corresponding to Y2O3/ZrO2 indicate 

that the YSZ nanoparticles are dispersed in the gaps between the micrometric WC particles. 

For the coated samples, the porosity values were found as 1.942, 1.131 and 0.853 % and the 

porosity decreased up to 42 and 56 % by the addition of YSZ nanoparticles compared with 

conventional WC-10Co-4Cr coating. The maximum decrease of 0.853 % of porosity was 
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obtained for the nanocomposite coating reinforced with 10% YSZ nanoparticles. The surface 

roughness values for WC-10Co-4Cr conventional coating, 95 % (WC-10Co-4Cr) + 5 % YSZ and 90 % 

(WC-10Co-4Cr) + 10 % YSZ nanocomposite coatings were found to be 4.82, 4.13 and 3.45 

respectively. The surface roughness was improved up to 15 and 28 % by reinforcing 5 and 10 % of 

the YSZ nanoparticles. 

The average microhardness for the coated samples was found to be 1088 HV, 1257HV, and 

1278 HV, respectively. The nanocomposite coatings reinforced with 10 % YSZ nanoparticles 

exhibited the highest microhardness value (1278 HV) and low value of porosity and surface 

roughness. The YSZ nanoparticles fill the porous gaps, resulting in the increase of bond strength 

as well as the microhardness of the nanocomposite coatings. 

The microstructure of nanocomposite coating of 90 % (WC-10Co-4Cr) + 10 % YSZ showed 

improved surface morphology. These coatings have dense grains, which create a more 

homogeneous layer because material spreads more uniformly over the surface. 

The present analysis revealed that the reinforcement of YSZ nanoparticles in the 

conventional coating improved the bonding at the interface of the substrate base and the 

coatings. Therefore, it is concluded that the CA6NM turbine steel coated with 90 % (WC-10Co-4Cr) 

+ 10 % YSZ exhibited better microstructural and mechanical properties. 
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