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ABSTRACT 

Hydropower plants located in the Himalayan region face the typical problem of heavy silt 

erosion of underwater components, especially during monsoon season. This results in a 

reduction in efficiency of hydropower plants. Silt erosion mainly occurs due to impingement 

of hard silt particles (700-1000 HV) entrained in the water on the underwater parts of the 

hydroturbine (300-400 HV). 

The research work reported in this thesis primarily concentrates on addressing silt erosion 

problem in the hydroturbine components. A surface engineering route was taken to counter 

the problem. Thermal spray coatings were applied on hydroturbine steel, and their erosion 

behavior was studied. Mechanism of material removal in the case of uncoated and coated 

steel was also investigated.  

In the first part of the study, erosion behavior of uncoated steel at different impingement 

angles and velocities was studied. Currently used CA6NM hydroturbine steel was taken as a 

base material. Solid particle erosion resistance of CA6NM steel was evaluated by air jet 

erosion tester as per ASTM G76-13 at three different impingement angles (30°, 60° and 90°) 

and two impingement velocities (35 m/s and 70 m/s) respectively. Higher cumulative volume 

loss was observed at 70 m/s impingement velocity in comparison to 35 m/s impingement 

velocity. This was attributed to the higher kinetic energy of erodent in the case of 70 m/s 

impingement velocity. CA6NM steel showed ductile behavior during erosion as highest 

cumulative volume loss was observed at 30° impingement angle, followed by 60° and 90°. 

Eroded surfaces of steel were studied using field-emission scanning electron microscopy 

(FESEM) to understand the mechanism of erosion and its morphology.  

In the second part of the study, WC-10Co-4Cr powder was thermally sprayed using currently 

used high-velocity oxy fuel (HVOF) and the rapidly emerging high-velocity air fuel (HVAF) 

process on as-cast CA6NM steel. X-ray diffraction (XRD) analysis of coated surfaces 

revealed a higher degree of WC decarburization in HVOF coating in comparison to HVAF 

coating.  Higher particle velocity and lower particle temperature during spraying were the 

main factors, which resulted in a lower degree of decarburization in HVAF coating. Higher 

hardness, fracture toughness, tensile adhesion and lower porosity were also observed in 

HVAF coating compared to HVOF coating. Cross-sectional micrographs of HVOF coating 

revealed interlaminar oxidation. However, same features were not observed in HVAF coated 

steel. HVAF sprayed WC-10Co-4Cr coating on CA6NM steel exhibited significant 

improvement in the erosion resistance compared to HVOF sprayed WC-10Co-4Cr coating at 
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both impingement velocities. Both coatings exhibited mixed mode of erosion as the highest 

cumulative volume loss was observed at 60° impingement angle, followed by 90° and 30° 

impingement angles. The better erosion performance of HVAF sprayed coating was 

attributed to the combination of homogeneous and well-bonded structure with low porosity 

along with high hardness, fracture toughness and tensile adhesion than HVOF sprayed 

coatings. 
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CHAPTER 1 

 

Introduction 

1.1. Background 

Hydropower plants play a vital role in fulfilling the India's domestic energy requirements. It 

is the most substantial and economical source compared to other sources of energy [1–7]. The 

Himalayan rivers provide a huge potential for hydropower generation due to its steep gradient 

and topography [8–10]. However, due to geographically fragile and young mountains, the 

amount of silt in flowing river water increases to alarmingly high level during the monsoon 

season [11–14].  

Consequently, silt contents exceed up to 50 kg of silt per cubic meter of water, which is 

above the permissible limit (1 kg of silt per cubic meter of water) [15]. Hence, the silt 

particles (700–1000 HV)  present in the water interacts with the surface of the hydroturbine 

and causes serious damage to hydroturbine components due to silt erosion [16]. Fig. 1.1 

shows the damaged hydro turbine components due to silt erosion. In particular, blades, guide 

vanes, bearing bodies and nozzles, etc. bears high risks of being damaged by silt particles 

[17,18]. Various materials used for the construction of hydroturbine component is given in 

Table 1.1. 

The gradual removal of material from underwater parts changes the profile of turbine, which 

reduces the lifespan of the hydro turbine and its overall efficiency [19,20]. The silt erosion 

intensity depends on the (i) particle variable: particle size, shape, and hardness. (ii) 

Impingement variable: velocity of silt and fluid, impact angle, concentration, flow media and 

(iii) base material variables: microstructure and mechanical properties [3,5,21–27]. Among 

these, base material properties play a paramount role, as it is the only variable that can easily 

minimize the erosion up to greater extent.  

The silt erosion menace can be controlled by three approaches: (i) effective de-silting 

arrangement (ii) developing silt resistance equipment design and (iii) surface engineering 

route [19]. However, during the monsoon season, it becomes challenging to stop the 

interaction of silt with turbine even after application of de-silting arrangement and 

incorporating silt resistance equipment design [15,28]. Hence, the application of surface 
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engineering is the most viable alternative. Different researchers [29–31] have suggested 

various surface engineering routes to enhance the properties of turbine steel. However, it has 

been found that the deposition of thermal spray coatings can significantly improve the 

erosion performance of the hydroturbine steel [32–34]. 

  

 

Fig. 1.1. Eroded Hydroturbine components of Nathpa Jhakri Hydro Power Station, 

SJVN Limited, Jhakri, India. 

 

Table 1.1 Materials used for the construction of hydroturbine components. 

Sr.No. Component Material 

1.  Runner 13%Cr, 4% Ni stainless steel 

2.  Labyrinth seals 13%Cr, 4%Ni or 18%Cr, 10%Ni stainless steel 

3.  Guide vane 13%Cr, 4% Ni stainless steel 

4.  Liners for top cover and 

pivot ring 

18%Cr, 10%Ni stainless steel 

5.  Fasteners in water path Stainless steel 

6.  Tubes for bearing coolers Cupro-Nickel (80% Cu-20%Ni) 

7.  Rubber seals Neoprene synthetic rubber 

(a) (b) 

(c) 
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Thermal spray coatings are versatile means of depositing coating with high inter-splat 

strength, better adhesive strength, low porosity and oxide contents [35,36]. Various types of 

feedstock powders [37–39] have been attempted by different investigators to improve the 

erosion resistance of hydroturbine components. It has been found that WC-Co-Cr based 

coating gives the exceptional erosion performance compared to other type of powders [39–

42],
 
It is due to the presence of hard WC particle in a tough and ductile Co-Cr matrix [43–

45]. Corrosion resistance of the coating is also enhanced by the presence of chromium (Cr) in 

the metallic binder (Co-Cr) phase [46]. Presently, high-velocity oxy-fuel (HVOF) process 

(flame temperature-2800
o
C, particle velocity-200-1000 m/s) is widely used for developing 

erosion resistant coating on hydroturbine steel [34,45,47,48]. However, in this process 

decarburization of WC to W2C takes place, which deteriorates the erosion resistance of the 

coating [49–53]. Recently, high-velocity air fuel (HVAF) system is gaining much attention 

among the researchers [54–61]. This process operates at a much lower combustion 

temperature (flame temperature-1950
o
C, particle velocity-600-1250m/s) using compressed air 

(not oxygen) for combustion [59,62–64]. Which significantly decreases the decarburization 

of WC and produces a homogeneous and dense coating [65–67]. HVAF technique also 

reduces the production cost of coatings by using compressed air instead of pure oxygen 

[57,68–70]. Therefore, there is a scope to explore the possibility of HVAF sprayed coating in 

erosion resistance application like hydroturbine. In literature, application of HVAF coating 

on CA6NM hydro turbine steel as a solution to silt erosion problem has not been addressed. 

Hence, in this present work, HVOF and HVAF sprayed WC-10Co-4Cr coating was deposited 

on a CA6NM steel substrate. A detailed microstructural and phase compositional study was 

carried out on the coatings. Mechanical properties of the coatings were also evaluated. 

Consequently, their erosion resistance was assessed using solid particle erosion test at various 

impingement angles and velocities. The percentage improvement in erosion resistance of 

CA6NM steel after application of HVOF and HVAF coating was also discussed.  

1.2. Objectives of the Study 

The primary aim of this study was to prevent the silt erosion of hydroturbine steel by 

developing suitable carbide based thermal spray coatings. To achieve the primary objective, 

the following specific objectives were carried out: 

1. Study of erosion behavior of as-cast CA6NM steel at different impingement angles and 

velocities.  
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2. Study of HVOF processed WC-10Co-4Cr coating characteristics on the as-cast 

CA6NM substrate. 

3. Evaluate and compare the erosion resistance of HVOF sprayed WC-10Co-4Cr coating 

on as-cast CA6NM steel with the uncoated CA6NM steel. 

4. Study of HVAF processed WC-10Co-4Cr coating characteristics on the as-cast 

CA6NM substrate. 

5. Evaluate and compare the erosion resistance of HVAF sprayed WC-10Co-4Cr coating 

on as-cast CA6NM steel with the uncoated CA6NM steel. 

 

1.3. Outline of the Thesis 

The thesis has been organized into five chapters, references and appendix as follows: 

Chapter 1 provides an introduction to the basic background of the research including 

objectives of the research as well as the outline of the thesis. 

Chapter 2 presents a comprehensive review of available literature. The chapter begins with a 

brief introduction about hydropower plant and types of turbine. It discusses the silt erosion 

problem faced by hydro turbine components. Types of erosive wear (solid particle, slurry, 

cavitation and liquid impingement erosion) are also described in brief. The mechanism of 

erosion is a complex phenomenon and governed by various factors. The various contributing 

factors for erosion such as cutting by silt particles, cavitation, subsurface damages, plastic 

deformation, fatigue, and synergy are also discussed. Erosion dependent variables have been 

categorized into three categories: particle variable,  impingement variable, base material 

variables. Each variable is discussed in detail to gain insight into their effect on erosion 

behaviour.  

The principle of thermal spraying and different types of thermal spraying process used for 

hydroturbine application are discussed. Various properties and microstructure features of 

thermal spray coatings are also discussed. The primary focus was paid to HVOF and HVAF 

spraying techniques due to their versatile advantages in term of coating deposition. WC-Co 

based cermet coatings are presented as a novel method for protecting the hydroturbine 

components. Hard WC particles in the coating provide high hardness and wear resistance 

while the metal binder (Co) offers the sufficient coating toughness, which in turn, results in 

higher erosion resistance. This chapter also covers the erosion performance of various WC-

Co/WC-Co-Cr coatings deposited by HVOF and HVAF thermal spraying. After an extensive 

review of the available literature, research gap has been described at the end of the chapter. 
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Chapter 3 describes the materials, equipment, and methodology employed to complete the 

present study. The chapter is divided into three sections. 

The first part discusses the selection of base material, evaluation of mechanical properties of 

steel and its characterization. The second part of the study focuses on thermal spray coatings. 

Different WC-10Co-4Cr powder was used in HVOF and HVAF spraying to achieve the 

maximum benefits. The sprayed coatings were characterized in terms of coating roughness, 

phases present, index of carbide retention, cross-sectional microstructure, microhardness, 

coating porosity, density and fracture toughness. The third section of the chapter provides a 

detailed description about erosion tester used to evaluate the erosion behavior of uncoated 

and coated steel.  

Chapter 4 presents the results and discussions of the experimental work performed in this 

study and their discussion. This chapter is divided into four sections.  

The first section discusses the characterization of as-cast CA6NM steel. The CA6NM steel 

was characterized in terms of microstructure, phases and mechanical properties followed by 

detailed discussion.   

The second section deals with erosion performance of as-cast CA6NM steel at different 

impingement angles and velocities.  

The third section discusses the characterization of HVOF sprayed WC-10Co-4Cr coated 

CA6NM steel and its erosion performance at different impingement angles and velocities. 

The last section focuses on HVAF sprayed WC-10Co-4Cr coating on CA6NM steel and its 

characterization. It also discusses erosion performance at different impingement angles and 

velocities.  

Chapter 5 presents the conclusions of the experimental work performed in this study and 

suggestions for future work in the area. 

References 

Appendix I presents the solid particle erosion experimental data of uncoated CA6NM steel 

substrate. 

Appendix II  presents the solid particle erosion experimental data of HVOF coated CA6NM 

steel substrate. 

Appendix III presents the solid particle erosion experimental data of HVAF coated CA6NM 

steel substrate. 
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Publications arising from this work and reprint of published paper are attached at the end of 

this thesis.  
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CHAPTER 2 

 

Literature Review 

This chapter contains a comprehensive review of the literature related to hydropower plant, 

types of turbine, types of erosion, erosion dependent variables and erosion mechanism. 

Thermal spray technique and their role in combating erosion are also discussed. The studies 

related to erosion performance of thermal spray coating developed using high-velocity oxy-

fuel (HVOF), and high-velocity air fuel (HVAF) processes are also added. After a 

comprehensive review of the available literature, research gap has been described at the end 

of the chapter. 

2.1. Hydropower Plant and its Functioning 

Hydropower plants play a vital role in fulfilling growing energy requirements worldwide. 

Hydropower plants utilize the potential energy of the stored water to generate electricity 

[1,3,5,14]. In India, Himalayan rivers provide a great potential for hydropower generation 

due to its steep gradient and topography [9,19]. India ranks fifth in terms of exploitable 

hydro-potential on the global scale [71]. Currently, the total installed capacity in India 

including all resources is about 330 KMW, in which the share of hydro energy is 13.5 %. List 

of the major hydropower plants situated in India are shown in Table 2.1 [72]. A schematic 

layout of a hydropower plant is shown in Fig. 2.1. Hydro turbine is the heart of the 

hydropower plant. The hydraulic energy of the flowing water is transformed into mechanical 

energy through hydroturbine blades, and this energy is transmitted to generator shaft, in this 

way a hydropower plant generates electricity. Generated electricity is transferred to electrical 

grid based on requirement [73,74]. 

2.1.1. Types of hydro turbine 

Hydroturbines can be divided into two categories as impulse and reaction turbines [75]. 

(a) Impulse turbine 
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Table 2.1 List of the major hydropower plants in India. 

Sr. No. 
Name of hydropower 

plant 
State 

Installed 

capacity 

1 Tehri Dam Uttarakhand 2400 MW 

2 Koyna Dam Maharashtra 1960 MW 

3 Srisailam Dam Andhra Pradesh 1670 MW 

4 Nathpa Jhakri Himachal Pradesh 1500 MW 

5 Sardar Sarovar Gujarat 1450 MW 

6 Bhakra Dam Punjab 1325 MW 

7 Indira Sagar Dam Madhya Pradesh 1000 MW 

8 Kalinadi Karnataka 1240 MW 

9 Nagarjunasagar Dam Andhra Pradesh 965 MW 

10 Idukki Dam Kerala 780 MW 

 

 

Fig. 2.1. Layout of hydropower plant, adapted from [76–78]. 

 

In impulse turbine velocity of moving water is used to move the runner. An impulse turbine 

finds application in high head and low flow applications. The water stream strikes each 

bucket on the runner.The mechanism of Impulse turbine used in hydropower plant is shown 

in Fig. 2.2. A well-known example of Pelton wheel is the impulse turbine. In the case of 

Pelton wheel, the entire head (velocity head, elevation head, and pressure head) of the 
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flowing water is transformed into velocity head at the exit of supply nozzle. The force of 

individual jets of water striking the buckets generates the torque which rotates the turbine 

shaft [77,78]  

 

Fig. 2.2. Schematic layout of impulse turbine, adapted from [76–78]. 

(b) Reaction turbine 

In a reaction turbine combined the action of pressure and moving water is used to generate 

power. The runner is implanted in such a way that water stream flows over the turbine blades. 

Unlike impulse turbine, in the case of reaction turbines, the water completely fills the 

passageways through which it flows. The water is directed into the rotor with the help of inlet 

guide vanes with a tangential component of velocity [79]. The reaction turbines find 

application in hydropower plants with lower head and higher flows. Francis and Kaplan 

turbines are the two main types of reaction turbine. In Francis turbine, the blades have a 

unique curved feature which is designed to generate maximum performance from the turbine. 

The mechanism of Francis turbine is shown in Fig. 2.3. Kaplan turbine is popularly known as 

the propeller turbine because there runner/blades resembles the propeller of a ship. 

Mechanism of Kaplan turbine is illustrated in Fig. 2.4. In the case of Kaplan turbine, 

optimum efficiency is generated at different pressure condition because of adjustable blades. 

Therefore, Kaplan turbine can operate under a low head condition and gain optimum 

efficiencies, which is not feasible in the case of Francis turbines [78]. 
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Fig. 2.3. Schematic layout of Francis turbine, adapted from [76–78]. 

 

Fig. 2.4. Schematic layout of Kaplan turbine, adapted from [76–78]. 

2.1.2. Silt erosion problem in hydroturbine components 

Although hydropower is the most important and cheapest renewable source of energy, 

hydropower plants encounter problems like silt erosion, which reduces its operational 

capabilities [6,19,39,80,81]. In general purpose, turbines are designed for clear water. 

However, during monsoon season it becomes nearly impossible to avoid interaction of silt 

and turbine components [82]. This leads to the severe problem of silt erosion [8,15]. 
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Hydroturbine consists of static and moving parts [18,83]. Both of them are exposed to 

erosion. Spiral casing, draft tube, etc. are classified as static parts. Runner, guide vanes, 

shafts, etc. comes under moving parts. The high-velocity fluid (10 to 150 m/s) coming from 

reservoir contains clay, silt and sand particles [9,14,20]. Table 2.2 shows the classification of 

river sediment [84]. In order to stop them from entering the hydro turbine, desilting 

arrangements are put in place. However, during monsoon season, it becomes impossible to 

prevent the interaction of silt particles with Hydro turbine components. These silt particles 

contains quartz (70-80%) which measures 7 on Moh's scale and result in erosion [9]. 

Hydroturbine is found to undergo significant erosion when they are exposed to rivers that 

exceed 1 kg of silt per cubic meter of water. The problem is particularly severe in Himalayan 

rivers where the silt content during the rainy season exceeds 50 kg of silt per cubic meter of 

water [16].  Silt erosion in hydro turbine components reduces the performance and efficiency 

of hydropower turbines but at the same time also causes the problem of maintenance and 

operation [85]. In the case of Pelton turbine operating in the Himalayan region, the erosion 

rate of 3.4 mm/year has been recorded for the buckets and needles and the buckets, which 

resulted in a reduction of around 1.21% in the efficiency of the hydro turbine [4,20]. 

Table 2.2 Classification of river sediment 

Particle Clay Silt Sand Gravel Cobbles Bounders 

Size (mm) <0.002 0.002-0.06 0.06- 2 2-60 60-250 >250 

 

2.2. Types of Erosive Wear 

According to ASTM G40-15 Standard [86], erosion wear is defined as progressive loss of 

material from a surface of material due to mechanical interaction between that surface and 

fluid, a multi-component fluid or impinging liquid or solid particles. The erosive wear is 

mainly classified into four types according to the interaction of target material and impinging 

particle as shown in Fig. 2.5 
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Fig. 2.5  Classification of erosion. 

2.2.1. Solid particle erosion 

The solid particle erosion (SPE) may be defined as loss of material arising from the 

continuous impact of solid particles traveling at substantial velocities [87–90]. The response 

of the material to SPE by solid particles is influenced by the properties of the material such as 

the hardness and microstructure [91–93]. SPE in practical conditions includes a macroscopic 

scooping appearance, increased surface roughening and thinning of components [90,94–96]. 

Fig. 2.6 shows the schematic layout of solid particle erosion mechanism. Solid particle 

erosion is a result of the impact of solid particles on the solid surface, resulting in part of the 

surface been taken out due to higher hardness of impacting particle [24,97]. This type of 

erosion is commonly found in hydroturbine blades, soot blowers, and cyclone separators 

[98,99].  

2.2.2. Slurry erosion 

The slurry erosion may be defined as the loss of material from the surface due to the 

interaction of hard solid particles suspended in liquid moving at considerable velocities with 

the surface [82,100–102]. The slurry is defined as an insoluble mixture of solid particles 

suspended in liquid with certain consistency so that it can be transported or pumped [103–

105]. Slurry erosion is a serious problem for the operation, maintenance and reliability of 

slurry equipment used in solid-liquid hydro transportation systems, coal liquefaction plants 

and hydroelectric power stations [106–108]. 
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Fig. 2.6 Schematic layout of solid particle erosion mechanism, adapted from [109]. 

2.2.3. Cavitation erosion 

The word "cavitation" was first used by Froude, Barnaby, and Parsons in connection with the 

propeller breakdown of early steamships [110]. Cavitation erosion is the mechanical 

degradation of the surface of material due to the continuous collapse of bubbles in a 

surrounding liquid  Bubbles in the liquid are formed when the partial pressure of gases 

dissolved in a fluid decrease, due to a vibration or to a turbulent [111,112]. When the partial 

pressure increases these bubbles explodes and generate high-intensity shock waves [113,114]. 

These Shock waves penetrate the surface and material is removed from the surface. 

Cavitation erosion leads to degradation of surface roughness which further increases the 

cavitation phenomenon [115,116]. The severity of the cavitation damage is much more 

increased when silt particles are present in the liquid; this is observed in hydroturbines [117]. 

Cavitation erosion is also observed in fluid propulsion devices like pumps, ship propellers, 

and valves [118]. 
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2.2.4. Liquid impingement erosion  

Liquid impingement erosion (LIE) may be defined as the continuous removal of material 

from a solid surface due to continued exposure to impingement by liquid drops or jets 

[119,120]. The impact pressure of liquid drops or jets exceeds the target material elastic limit 

and material is deformed permanently, which leads to material removal [16]. LIE is observed 

in low-pressure steam turbine and piping. Pipes made from materials that rely on the 

formation of the passive oxide film for corrosion resistance are a greater risk of LIE. The 

mechanical action of the liquid drops or jets removes the protective oxide film from the 

surface. This repeated action can perforate pipe elbows when velocity is high [121].  

2.3.  Mechanisms of Erosion in Hydroturbine 

The erosion mechanism of hydro turbine components is a convoluted phenomenon and is 

dictated by various contributing factors [85,122]. Schematic layout of the various damaging 

factors responsible for the erosion damages is shown in Fig. 2.7. Silt erosion takes place due 

to following mechanisms: 

 

Fig. 2.7 Schematic diagram showing mechanisms of silt erosion. 

(a) Cutting by silt particles, cavitation and subsurface damages 

Erosion by hard silt particles is highly depended upon the impingement angle at which the silt 

particles impact on the target surface. At shallow impingement angles, silt erosion takes place 

due to the formation of lips and surface ploughs [21,22]. These erosion features are formed 

because impacting silt particles at shallow angles strike the surface with tangential force, 

which results in the formation of ploughs and lips in the direction of the particle movement 
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[123]. The target material which is extruded from surface form lips on the edges of the 

ploughs which is in work hardened state [124,125]. The extent of work hardening increases 

with time and further impingement, which results in embrittlement and subsequent removal 

of extruded surface. At high impingement angle, the impact of silt particles is almost 

perpendicular to the surface of the material. This provides bigger indentation force, and the 

erodent penetrates into the surface resulting in the formation of craters [126]. The schematic 

diagram showing the development of lips and crater on the surface of the material is shown in 

Fig. 2.8 and 2.9. 

Formation of ploughs and craters on the surface of hydroturbine due to silt erosion alters the 

surface profile of the hydroturbine surface. Which results in the excessive generation of 

bubbles [127]. These air bubbles explode near the surface of the material and generate high-

intensity shock waves (70 MPa). These shock waves try to pervade into the body of the 

hydroturbine component and cause severe damages at the surface as well as in the interior of 

the underwater parts as presented in Fig. 2.10. Impacting high energy silt particle and the 

explosion of bubbles transfer their energy into the material. Which results into nucleation of 

cracks at sensitive locations like inclusions and coarse precipitates [128]. These cracks travel 

through the parts of the hydroturbine component leading to accelerated failure and the total 

problem of material removal by silt erosion is compounded. 

 

 

Fig. 2.8 Schematic diagram showing formation of lips. 



Characterization and Erosion Behaviour Study of Carbide based Thermal Spray Coatings on Steel 

 

| 16 

 

 

Fig. 2.9 Schematic diagram showing formation of craters. 

 

 

Fig. 2.10 Mechanism of cavitation in hydroturbine. 

(b) Plastic deformation and Fatigue 

Plastic deformation and fatigue also play an important role in hydroturbine material failure 

[129]. The extensive pressure generated by water streams results in the distortion of blade 

profile, which leads to turbulence and rapid damage. When a material with coarse grain size 

and low thickness is given significant deformation, the grains develop a tendency to separate 

from each other. This results in the formation of a so-called ‗honeycomb structure,' in which 
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one can observe various grain segments having a tendency to separate from each other [130]. 

Plastic deformation greatly influences the mechanism of failure of underwater parts [11]. 

Therefore, it is important to select a blade material which possesses high strength and fine 

grain sizes. Fatigue also plays a significant role in the hydroturbine material failure. The 

regular impact of silt and water on hydroturbine components develops cyclic stress, which 

leads to fatigue damage [27]. 

(c)  Synergy of erosion, cavitation and corrosion 

In actual service condition, all the parameters mentioned above act together. This results in 

much higher erosion rate than the sum of erosion due to silt and liquid separately. It is often 

referred to as the synergetic erosion. Medium silt content causes four times higher erosion 

than the cavitation in clean water (without silt), and the combined effect of cavitation and 

erosion is 16 times greater than cavitation alone [131]. The particle entrainment in the 

cavitating medium increases the concentration of bubble nuclei and consequently promotes 

the occurrence of cavitation. The repeated bubble formation and collapsing may cause the 

rupture of the electrochemically formed protective passive film which results in decreased 

corrosion resistance of the metal [132]. 

2.4. Factors Influencing Erosion 

There are various factors or variables that influence the erosion of material [27,102]. Their 

classification is as follows 

(i) Impingement variables: impingement angle, the velocity of silt and fluid, flux rate or 

concentration, the medium of flow [22,133–135]. 

(ii) Particle variables: particle size, shape and hardness [136,137]. 

(iii) Base material variables: microstructure, mechanical properties such as hardness, 

ductility, work hardening behavior and physical properties like specific heat, melting 

point, and density [128,138]. 

 

2.4.1. Impingement variables 

The features of impingement variables include impingement angle, the velocity of water 

carrying silt, temperature, media of the flow, and turbulence. 

(a) Impingement angle 

The impingement angle is defined as the geometrical angle between a specimen surface and a 

nozzle axis. Erosion behavior of material strongly depends upon its nature. Ductile, brittle 

and composite material have different erosion behavior at different impingement angles 
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[22,139,140]. Finnie et al. [141] reported that ductile material suffers maximum erosion at an 

impact angle of about 20° and offer good erosion resistance at normal incidence angle, On the 

other hand, brittle materials suffer severe erosion under normal impact (90°) but provide 

excellent erosion resistance at a low angle [142] as demonstrated in Fig. 2.11 

 

 

Fig. 2.11. The relationship between the impingement angle and the erosion rate for 

ductile and brittle material [141]. 

 (b) Velocity of water and silt 

The intensity of erosion is proportional to the cube of the velocity of water, carrying silt 

particles in a suspended condition. Material damage due to cutting and plastic deformation 

occurs at the same time, and the ratio of these damage mechanisms is depended on the 

velocity of the particle and the impingement angle together with other parameters [143]. Up 

to specific velocity, also referred as critical velocity or threshold velocity, the particle cannot 

skid on the surface because friction and cutting action does not take place. As the velocity 

increases higher than critical velocity, cutting component increases, which amplify the 

erosion rate drastically [15]. Fig. 2.12 shows the erosion versus time for type 1020 steel at 30 

m/s and 70 m/s impingement velocity [144]. The relation between erosion and velocity of the 

particle is 

    Erosion ∝ Velocity
n
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Where the values of exponent ‗n‘ depend on the material and other operating conditions. 

Considering the impact of particles due to kinetic energy, as the cause of material removal. 

Theoretically, the value of n is 3 [23,145,146].  

 

Fig. 2.12 Schematic diagram showing erosion versus time for type 1020 steel at 30 m/s 

and 70 m/s impingement velocity [144]. 

2.4.2. Particle variables 

(a) Size and shape of the particle 

The intensity of erosion is directly proportional to the impinging particles size. Particle sizes 

above 0.2 to 0.25 mm are extremely harmful. It has been found that large size silt particles 

(above 0.25 mm) even with hardness lesser than five on Moh‘s scale cause wear [14,81,85]. 

Similarly, fine silt even with size less than 0.05 to 0.1 mm, containing quartz wears out the 

underwater parts. The fine silt can also be dangerous if the turbine is operating under the high 

head. Angular and sharp particles cause severe erosion in comparison to rounded ones [3]. 
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Experiments by Bahadur et al. [147] have also shown variation in the erosion due to particle 

shape. Feng et al. [148] have reported that the shape and kinetic energy of solid particles are 

the dominant parameters in case of erosion of ductile materials.  

(b) Hardness of particle 

The intensity of the erosion is also directly proportional to the hardness of particles [149–

152]. Those particles which have a hardness value above five on Moh‘s scale are considered 

harmful. Incidentally, most of the Himalayan silt contains more than 70 % Quartz particles on 

average with hardness value 7 in Moh‘s scale (700-1000VHN) [153]. Hence, the hardness of 

the particle is a highly influencing factor in the erosion rate. Tsai et al. [154] observed that 

the erosion of steels has increased by 40-100 times by SiC particles compared to that of coal. 

Levy et al. [155] have found that soft particles like calcite and apatite cause less wear due to 

breaking-up of particles during impact. 

(c) Concentration 

The silt concentration is one of the dominating factor influencing erosive wear rates. 

Concentration is the total mass (or volume) of impacting particles present in the unit mass (or 

volume) of the fluid. Turenne et al. [156] reported that wear increases with sand 

concentration because of the higher amount of erodent particles impinge on the surface of the 

sample. Padhy et. al. [4] concluded that the erosive wear rate increases with an increase in the 

silt concentration irrespective of the silt size. Sometimes, concentration is also called particle 

flux rate, or the mass of the impacting material per unit area and time. It can also be 

represented in terms of percentage of particles in a given fluid mass (or volume). Especially 

for river sedimentation, concentration is usually expressed in grams per liter (g/l). However, 

often parts per million (ppm) by weight is used, which is equivalent to mg/l, with the 

approximation of 1,000 ppm equal to 1 kg/m
3
 of water being normal usage. 

2.4.3. Base material variables 

The selection of material for the turbine components is strongly dependent on material 

variables [3,5]. The hardness of the material, its chemical composition, microstructure and its 

work hardening property influence the intensity of erosion. The choice of the material for a 

particular component is to be made considering its ability to meet the functional requirements 

like impact strength and ability to withstand cyclic loading in addition to its wear resistance 

[130]. 
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(a) Microstructure 

Microstructure plays a significant role in determining the erosion resistance of the material  

[21]. Adherence to the composition alone is not sufficient to impart proper erosion resistance. 

Salik et al. [157] performed erosion studies on AISI 1045 steel in the annealed, normalized, 

spheroidized, austempered, water quenched and tempered conditions. It was observed that the 

metallurgical changes affected the erosion resistance more significantly than the change in 

hardness. Green et al. [158] investigated the erosion of plain carbon steels. They found that 

erosion rate decreased with increasing cementite volume in pearlitic steels of constant 

lamellar spacing. Clark et al. [159] reported that ferritic structures in low carbon steels 

displayed lower erosion resistance. However, at comparable low hardness levels, the 0.35–

0.45% carbon steels displayed much superior erosion resistance than the lower carbon 

materials. The erosion resistance was found to increase with growing share of pearlite in the 

structure. Suchanek et al. [25] found that the erosion resistance of quenched carbon and low 

alloy steels increased with the increase in C content. It was attributed to the presence of M7C3 

and M23C6 complex carbides in the microstructure. 

(b) Mechanical Properties 

Erosion wear strongly depends on material mechanical properties. Since the erosion 

mechanism involves the formation of wide and deep ploughs containing lips at their edges, 

the various mechanical properties of the target material become an important parameter in 

affecting erosion. Various studies have shown that hardness is perhaps the most important 

property as it provides resistance to indentation and scratching by hard particles [3,21]. Thus 

for high erosion resistance, a material of high hardness with some definite amount of ductility 

is perhaps the best choice. Ductility and hardness have a roughly inverse relationship, 

increasing one invariably reduce the other. Naim et al. [160]  found in 18% maraging steel 

that erosion increases with the increasing hardness at constant ductility, which was in conflict 

with the results of Finnie et al. [141], who showed that erosion decreases with increasing 

hardness. Naim et al. [160] also noted an increase in erosion rate as the ductility is reduced by 

cold working primarily at constant strength. In actual service, the erodent particles impact on 

the target surface and hence the impact energy should also play a major role. 

2.5. Evolution of Hydroturbine Material 

Till now various grades of steels have been developed for hydroturbine application [14,85]. 

The selection of materials for the hydraulic turbine is based on the criteria and requirements 

as listed in Table 2.3 Initially; turbine components were made of cast iron, which was later 
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replaced by cast steel and riveted plates due to the higher requirement of strength and 

toughness. In 1950's the Cast steel was replaced by fabricated steel. After this 18Cr8Ni 

Austenitic steel was developed which offered good resistance to corrosion and cavitation, 

however, their fatigue and creep resistance are poor. They still find application in small 

hydropower plants. Martensitic steel 13Cr1Ni was developed as a replacement for 18Cr8Ni, 

but due to lower Ni content hardness and toughness of steel was on the lower side which in 

turn results in reduced corrosion, cavitation, and sand erosion resistance [85]. In 1960 

CA6NM (ASTM -A743) steel was developed. It is also known as 13Cr-4Ni MSS. It showed 

better erosion and corrosion resistance than all the steels developed before for hydro turbine 

application [161]. The reason for its better properties is owed to strength-to-toughness ratio. 

Currently, it finds wide application in the construction of hydroturbine components such as 

guide vanes, needle, nozzles, and labyrinth. A higher chromium content 16Cr-5Ni was also 

developed for salt water application. It has similar strength, higher erosion and corrosion 

resistance such as  CA6NM steel [31]. 

Table 2.3  Requirements and criteria for the selection process of turbine material. 

Requirements to be fulfilled Criteria for the choice of material 

. Operational Condition 
Static load, Dynamic load, Temperature 

And Corrosion/Abrasion/Erosion/Cavitation 

Operational Requirement Reliability, Maintainability and Life time 

Production feasibility 
Weldability, Availability in market and 

Machinability 

Price and delivery time 
Material cost, labor cost and 

Delivery time 

 

2.6. Martensitic Stainless Steel 

The name ‗martensite‘ comes from the German scientist ‗Martens.' Martensitic grades of 

stainless steel were developed to provide a group of stainless steels which are corrosion 

resistant and hardenable by heat treatment [162]. They are similar to the carbon steels or low 

alloy steels, and they have a body-centered tetragonal crystal lattice, and they are classified as 

a hard ferro magnetic. Carbon percentage plays a major role in martensitic stainless steel. 

With a suitable heat treatment, the desired hardness and strength can be achieved in 

martensitic stainless steels since the strength of the steel obtained by the heat treatment 
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depends on the carbon content [163]. If the content of carbon is on the higher side, there is an 

increase in strength and hardness but a decrease in both ductility and toughness.  The most 

widely used MSS grades are CA6NM, CB7Cu1, and CB7Cu2. CA6NM cast steel was 

initially developed at the George Fischer steel foundry to have a high impact strength, good 

weldability, and corrosion with a low carbon content. Temper embrittlement is reduced by 

adding molybdenum while increasing the nickel content achieves a microstructure free of δ-

ferrite. However, in actual practice, some δ-ferrite is retained in cast structure [164]. 

The most commonly used grades of CA6NM are: 

CA6NM Gr A487 Class A 

CA6NM Gr A487 Class B 

CA6NM Gr A743 

CA6NM Grade A743 is widely used for the construction of hydroturbine components. It also 

has an excellent corrosion resistance. A743 denotes the pressure code employed by the oil 

industry [165].  

2.6.1. Effect of alloying elements  

The effect of alloying elements present in martensitic stainless steel can be expressed as 

chromium (Cr) equivalent if they stabilize ferrite and nickel (Ni) equivalent if they stabilize 

the austenite. The Schaeffler diagram is used to predict the structure of stainless steel based 

on the function of Ni and Cr equivalent as shown in Fig. 2.13. The general effects of the 

alloying elements in martensitic stainless steel are as follows: 

Chromium is the most important alloying element in the stainless steel and acts as a ferrite 

stabilizer. Chromium also increases the resistance to oxidation at high temperatures and 

erosion resistance. It is mainly responsible for the excellent corrosion resistance.  

Nickel is a strong austenite stabilizer and facilitates the formation of austenite at room 

temperature.  It is a non-carbide forming element and improves impact toughness and fatigue 

resistance in combination with Cr and Mo. Nickel is the only alloying element that increases 

hardness, tensile strength and toughness of the steel without any loss of ductility. 

Carbon is a strong austenitized and enhances the strength by interstitial solid solution 

hardening. If present in a greater amount, forms chromium carbides thus depleting Cr in the 

matrix and hence reduce the corrosion resistance. It also reduces the ductility, impact 

toughness, and weldability of the steel. 

Manganese is also austenite stabilizer and can replace Ni to some extent. It is weak carbide 

former and favorably affects the forgeability and weldability. However greater contents of 
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Mn (>2%) results in an increased tendency towards cracking and distortion during quenching. 

Similar to Cr, it enhances segregation of the impurities to the grain boundary and induces 

temper embrittlement.  

Molybdenum is pronounced carbide former and a ferrite stabilizer. It can induce secondary 

hardening during the tempering of quenched steel. The addition of Mo produces fine-grained 

steels, improves fatigue strength and can delay temper embrittlement. Molybdenum increases 

the resistance towards crevice condition in chloride atmosphere and pitting corrosion.  

Silicon is a non-carbide former in steel and eliminates stress corrosion in Cr-Ni austenitic 

steels. Silicon, beyond 0.40%, causes a marked decrease in ductility in plain carbon steels 

[166,167]. 

 

Fig. 2.13. Modified Schaeffler diagram [168]. 

2.7. Thermal spray process 

Thermal spray process was invented by a young Swiss inventor named Dr. Max Schoop in 

1911 [169]. Thermal spraying is a class of processes in which molten metal is deposited on a 

substrate by spraying [170]. Thermal spray coating processes differ from other conventional 

coating methods as it is not atomistic processes (individual ions or atoms attached to a 

surface). Instead, metallic, ceramic, cermet materials in the form of wire, rod or powder, are 

fed to a torch or gun with which they are heated to near or somewhat above their melting 

point [40,171]. Schematic diagram showing process of thermal spray coating is shown in Fig. 
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2.14. The resulting molten or nearly molten droplets of material are accelerated in a gas 

stream and projected against the surface to be coated. On impact, particles are flattened and 

solidified to form a disk-shaped structure called ―splat" [172]. Overlapping  ―splats‖ on the 

substrate build up a coating of any desired thickness [173,174]. Schematic diagram showing 

process of coating deposition is shown in Fig. 2.15. The total coating thickness is usually 

generated in multiple passes of the coating device. The bonding between the substrate and 

coating is formed through mechanical interlocking [175]. 

 

Fig. 2.14 Schematic diagram showing process of thermal spray coating. 

 

Fig. 2.15 Schematic diagram showing the process of coating deposition. 

2.7.1. Various types of thermal spray process 

There are different types of thermal spray techniques [176–179] that are developed till date 

and put into practice. The most widely used thermal spraying processes for erosion resistance 

application are as follow: 

(a) Plasma spraying 

(b) Detonation gun spraying (D-gun) 

(c) High-velocity oxy-fuel spraying (HVOF) 

(d) High-velocity air-fuel spraying (HVAF) 
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Thermal spray process is also classified according to process temperature and velocity that 

they employ, as shown in Fig. 2.16. HVOF and D-gun are industrially established thermal 

spray processes [180]. However, they lead to inferior coating properties which deteriorates 

the erosion resistance. Recent investigations have shown that high-velocity air fuel (HVAF) 

spraying is a rapidly emerging thermal spray technology for depositing surface coatings to 

combat wear, erosion and high-temperature corrosion and has challenged the D-Gun and 

HVOF process [60,61,181]. The comparison of the thermal spray processes and their 

essential characteristics [182] are given in Table 2.4. 

 

Fig. 2.16 Classification of thermal spray process according to process temperature and 

velocity [182]. 

Table 2.4 Comparison of thermal spray process and coating characteristics [182,183]. 

Attributes Plasma D-gun HVOF 
HVAF 

 

Propellant/media Inert gas 

Detonation 

shock 

waves 

Combustion jet 
Combustion 

jet 

Gas types 
Ar, He, H2, 

N2 
O2, C2H2 

C3H6, C3H8, C2H2, 

CH4, C12H26, LPG, 

O2 

C3H6, 

C3H8, air 
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Flame or exit plasma 

temperature, 

C 

8300 3900 3300 1900-1950 

Particle velocity, m/s 200-800 910 200-1000 600-1250 

Material feed rate, g/min 50-150 17 15-50 400 max 

Density range, % 90 – 95 > 95 > 95 > 95 

Bond strength, MPa <68 82 68 >70 

Oxides 
Moderate to 

coarse 
Small 

Moderate to 

dispersed 
Negligible 

(a) Plasma spraying 

In the plasma spray process, the electrical discharge between the cathode and anode heats up 

the working gas. This working gas expands in the atmosphere and generates plasma jet 

stream [98,183]. The thermal energy of the electric arc is used to melt the particles, and they 

are sprayed upon the substrate [177,184]. The working gas is usually a mixture of some gases 

like Ar+He+H2  or Ar+He+N2 [185]. The main advantage of the plasma spraying process is 

the high flame temperature that is generated depending on the gas used, and the operating 

energy often reaches 720 MJ [178]. The high temperature of the spray torch and the rapid 

cooling of deposits result in complex chemical transformations, which leads to the formation 

of metastable phases within the coatings, which are undesirable. The presence of oxygen is 

found to promote the nucleation of oxy carbides and extensive decarburization which are 

undesirable for erosion resistance point of view. The disadvantages of plasma spray process 

are the higher cost and complexity of the process. The plasma spray process [182] is shown 

schematically in Fig. 2.17.  

 

Fig. 2.17. Schematic diagram of plasma spray process adapted from [182]. 
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(b) Detonation gun (D-Gun) spraying  

The detonation gun process is invented in 1955 by Praxair Surface Technologies, Inc [186]. 

In D-Gun spray process mixture of Oxygen, Fuel and feedstock powder is introduced in long 

tube/barrel and is ignited by the spark plug. The resulting high-pressure shock waves 

(detonation wave) heats and accelerated the entrained powder particles in the barrel. These 

particles then accelerate out of the barrel and impact the component on which coating has to 

be deposited [177,187,188]. Depending upon the proportion of the combustion gases, the 

temperature of the hot gas stream can be as high as 3900°C. In D-gun spraying processes 

decomposition of the carbide based coating is minimized in comparison to plasma spraying 

due to lower heat enthalpy and shorter duration involved in the coating process [189,190]. 

The detonation gun spray process [182] is shown in Fig. 2.18. 

 

Fig. 2.18. Schematic diagram of detonation Gun (D-Gun) spraying process, adapted 

from [182]. 

(c) High-velocity oxy–fuel (HVOF) spray process 

The high-velocity oxy fuel process is one of the most popular and industrially established 

thermal spray processes and has been widely adopted by many industries since the mid-1980s 

[191,192]. Currently, this process finds wide application in erosion resistance application of 

hydro turbine [34,42,47,193]. The HVOF coating process uses significantly lower deposition 

temperatures relative to air plasma spraying and D-Gun spraying methods [194,195]. 

Additionally, the higher particle velocity of HVOF spraying during deposition provides 

several advantages such as lower porosity, high mechanical interlocking, high adhesion 

strength and high hardness [196,197]. In the HVOF process, the combustion fuel and oxygen 

are led to the combustion chamber together with the spray powder. The resulting flame 
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expands supersonically through the nozzle. The speed of particle impact on the substrate is 

much greater, resulting in improved coating characteristics [198]. The powder may be fed 

axially or radially into the combustion chamber or supplied through a side nozzle and is 

melted and accelerated by the flame [176]. The main factors influencing the formation of 

HVOF thermal spray coatings are the fuel used and process parameters such as oxygen to 

fuel ratio, spray distance, and powder feed rate [199]. The high-velocity oxy-fuel spray 

process spray process is shown in Fig. 2.19. 

 

Fig. 2.19 Schematic diagram showing high-velocity oxy-fuel spray process, adapted 

from [200]. 

(d) High-velocity air-fuel (HVAF) spray process 

The HVAF process is a fast emerging process, and it's a modification of the HVOF process 

[57,201]. In this process, coatings are sprayed with compressed air systems rather than 

oxygen since the former lead to lower contact time of spray particles with the flame and 

lower temperatures of materials, both of which lead to less decarburization of WC [54,56]. In 

the HVAF the spray particles are heated below the material melting point, thus remaining in a 

solid state during coating deposition [202,203]. In order to form a good-quality coating, they 

are accelerated to rather a high velocity (600-1250 m/s). Propane is the primary fuel gas in 

thermal spraying. However, propylene gas is used instead of propane to increase the gas 

temperature when spraying high-melting point materials. Compressed air provides cooling of 

the gun. When partially melted particles are impacting to the substrate, thermally softened 

particles undergoes intensive plastic deformation, forming a non-porous coating. 

Deformation of the substrate during particle impact results in a good coating bonding due to 

mechanical bonding at the substrate-particle interface [55,203,204]. The high-velocity oxy-

fuel spray process spray process is shown in Fig. 2.20. 
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Fig. 2.20 Schematic diagram showing high-velocity air-fuel spray, adapted from [205]. 

2.7.2. WC-Co based coating for erosion resistance application 

The selection of coating powder for erosion resistance application depends upon the severity 

and erosion environment. For hydroturbine application coating with high hardness and 

toughness is required, in order to resist the impact of hard silt particles [39]. In the past, 

Several different types [48,206,207] of coating powders have been attempted by various 

researchers to improve erosion resistance of turbine blades. However, It has been observed 

that WC-Co based cermet coating gives excellent erosion performance in comparison to other 

type of powders [42], which is due to the presence of hard WC particle in a tough and ductile 

Co-Cr matrix [208]. Cermet materials  (ceramic and metal) in the form of coatings find wide 

application in hydro turbine components due to their combination of abrasion, erosion and 

corrosion resistance. 

The addition of chromium to the cobalt binder has shown significant improvement in the 

erosion and corrosion resistance of the coating. Several attempts [34,42] have been made to 

reduce the erosion damage to hydroturbine underwater components by deposition of cermet 

coatings. Extensive works have been done on evaluation of different properties and 

performance of thermally sprayed cermet coatings. Most of these studies are around WC-Co 

coatings produced by various thermal spray techniques.  

2.7.3. Decarburization in carbide based cermets 

To obtain cermet coatings for erosion resistance application, it is necessary that they must 

possess adequate microstructure and inter-splat bonding [209]. The interfacial nature and 
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quality of coatings are significantly affected by decarburization and formation of W2C phase 

[210]. Decarburization of WC leads into metastable phases which are brittle and undesirable, 

the presence of these phases reduce the erosion resistance [211,212]. The decomposition of 

WC is a two-step mechanism; the first reaction involves the decomposition of WC to W2C 

followed by the oxidation assisted decarburization of W2C to metallic tungsten 

[196,213,214]. 

           

         

The overall reaction is kinetically driven i.e. dependent on time and temperature, making the 

degree of decarburization sensitive to the process flame temperature and flame velocity. In 

HVOF process higher decarburization of WC is observed in comparison to HVAF process, 

which is mainly attributed to a higher temperature and in flight time. Higher process 

temperature leads to melting of WC particles which result into higher decarburization. In 

HVAF process higher velocity and lower flame temperature are used because of that particle 

in flight time is less and less decarburization of particles takes place [63,204,215].  

2.7.4. Thermal spray coating properties for erosion resistant applications 

Several properties are required for erosion resistance application and are as follow.  

(a) Microstructural properties 

The microstructure of coating can be observed by optical or electron microscope, and is a 

good indicator of the quality of the coating [204,216]. The microstructure of coating consists 

of laminar splats of WC particle in Co-Cr matrix [219]. Coating porosity is also a good 

indication of the quality of the coating [220,221]. In HVAF process lower porosity is 

generated which results in higher density, which in turn results in better erosion resistance. 

Medium coating porosity (1 - 5%) and high porosity coatings (in the range of 5 - 10%) of the 

same hardness deposited by different techniques (HVOF, D-gun, and Plasma spraying). The 

cross-sectional microstructure of WC-10Co-4Cr coating sprayed by HVOF and HVAF 

techniques are shown in Fig. 2.21, where the differences in porosity and interlamellar 

oxidation level in HVOF and HVAF coating can be seen. Therefore, HVAF coated steel 

shows higher erosion resistance than HVOF coated steel. 
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Fig. 2.21. Cross-sectional microstructure of WC-10Co-4Cr coating processed by (a) 

HVOF spraying, (b) HVAF spraying [64].  

(b) Mechanical properties 

The quality of thermal spray coatings and its erosion performance are strongly dependent 

upon its hardness. When coating hardness is higher than erodent hardness, then erosion does 

not take place. However, when the hardness of erodent is greater than coating micro cutting 

of the coating surface may take place [34]. Therefore high coating hardness is essential for 

getting better erosion resistance. Hardness improvement due to the formation of brittle phase 

W2C is undesirable and result in lowering of erosion resistance. The toughness of a coating 

material is also an important mechanical characteristic since fracture determines the erosion 

resistance against the impacted erodent particles at different impact angles. Lima et al. [222] 

reported that the fracture toughness is the most relevant property corresponding to the erosion 

resistance of WC-Co spray coatings in comparison to the hardness. Thakur et al. [223] also 

observed that fracture toughness and hardness has a strong influence on the erosion behaviour 

of WC-CoCr nano-structured coating. At low impact angle of 15
ο
 and 30

ο
, the micro cutting 

is more prominent, while at a normal impact angle of 90
ο
, direct and fatigue fracture 

dominant. In conclusion, both high fracture toughness, hardness along with tensile adhesion 

strength of the coating are necessary at all erosion conditions of impact angles. At low impact 

(a) 

(b) 
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angle, high hardness and fracture toughness are required. At high impact angle of 90
ο
, high 

toughness and low hardness are required to improve the erosion resistance.  

2.7.5. Erosion performance of HVOF and HVAF sprayed WC-Co coatings  

Thakur et. al. [223] investigated the slurry erosion behavior of HVOF sprayed WC–Co-Cr 

cermet coatings with two different WC grain sizes. Slurry erosion testing was performed 

using a pot-type slurry erosion tester to evaluate slurry erosion resistance of the coatings. It 

was observed that WC–Co-Cr cermet coating deposited with fine grain WC provides higher 

slurry erosion resistance as compared to conventional cermet coating. Goyal et al. [42] have 

conducted a slurry erosion studies on HVOF deposited WC-10Co-4Cr and Al2O3 + 13TiO2 

coatings on CF8M turbine. The bare steel and Al2O3 + 13TiO2 coating showed the ductile and 

brittle mechanisms respectively whereas WC-10Co-4Cr coating exhibited mixed behavior 

(mainly ductile). It was observed that WC–10Co–4Cr coating was found to be useful to 

increase the slurry erosion resistance of steel remarkably. Santana et. al. [41] studied the solid 

particle erosion behaviour of high-velocity oxygen fuel (HVOF) sprayed WC-12Co and WC-

10Co-4Cr coatings. The erosion tests were conducted at 30° and 90° impact angles using SiC 

particles It has been found that the WC-10Co-4Cr coating exhibited a higher erosive wear 

resistance as compared to the WC-12Co coating. Wang et. al.[66] studied the cavitation and 

slurry erosion resistances of high-velocity oxygen fuel (HVOF) and high-velocity air fuel 

(HVAF) sprayed WC-10Co-4Cr coatings. They observed that the HVAF-sprayed WC-10Co-

4Cr coating has a lower degree of decarburization and better hardness, fracture toughness, 

porosity, cavitation and sand slurry erosion resistances than that of HVOF-sprayed WC-

10Co-4Cr coatings respectively. Kumar et al. [34] studied the solid particle erosion 

performance of HVOF sprayed WC-10Co-4Cr coating on as-cast and solution treated 

Nitronic steel substrate. It is observed that coating on solution treated substrate was superior 

to cast substrate. The reason being that coating has dense and well-bonded structure with low 

porosity, less decarburization, and inter-splat oxidation. Higher erosion resistance of coated 

solution treated 23-8-N nitronic steel was attributed to combination of high fracture 

toughness and hardness of coating including optimum mechanical properties of the substrate. 

2.8. Identification of Research Gap 

Currently, HVOF process is widely used in hydropower plants for spraying WC-10Co-4Cr 

coating on CA6NM steel. However, this process leads to decarburization of WC into W2C. 

Which reduces the erosion performance of the coating. The HVAF process is a fast emerging 

process, and it has potential to replace the HVOF coating for the hydroturbine application. 
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Most of the research done on HVAF coating is done to evaluate its wear performance. 

However, erosion studies of HVAF sprayed WC-10Co-4Cr coating on CA6NM steel for 

hydro turbine application in not addressed in the literature. Hence, in the present 

investigation, solid particle erosion performance of HVAF sprayed WC-10Co-4Cr  coating 

on CA6NM steel at three different impingement angles, and two different impingement 

velocities were studied. 
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CHAPTER 3 

 

Materials and Methods 

This chapter describes the materials, equipment, and methodology employed to complete the 

present study. The chapter is divided into three sections. The first part discusses the selection 

of base material, evaluation of mechanical properties of steel and its characterization by field-

emission scanning electron microscopy (FESEM) and X-Ray diffraction (XRD) methods. 

The second part of the study focuses on thermal spray coatings. It discusses feedstock powder 

selection, HVOF, HVAF coating deposition procedure and their respective process 

parameters. Feedstock powder characterization was carried out using FESEM and XRD. Both 

the coatings were characterized in terms of cross-sectional microstructure, porosity, volume 

fractions, phases, microhardness, fracture toughness and tensile adhesion. The last section of 

the chapter provides a detailed description of air jet erosion tester used to evaluate the erosion 

behavior of uncoated and coated steel.  

3.1 Selection of Base Material 

As-cast CA6NM martensitic stainless steel (ASTM A743 grade) is used as a substrate 

material for coating deposition and erosion behavior study. It finds wide application in the 

construction of hydroturbine components. The optimum combination of strength and ductility 

makes it a potential candidate for application in hydroturbine components [224]. The steel 

was received in as-cast condition from M/s Star Wire (India) Ltd., Ballabhgarh (Haryana) in 

the form of 250 mm x 250 mm x 50 mm plate. As-cast steel test block was machined, and 

samples of 25 mm x 25 mm x 5 mm & 25 mm x 20 mm x 5 mm were prepared using wire-cut 

electric discharge machine (EDM) for erosion testing. Plates of 103 mm x 50 mm x 5 mm 

was also cut from the same test block for coating deposition. The chemical composition of 

the steel is given in Table 3.1. 

Table 3.1 Chemical composition of as-cast CA6NM steel (wt %). 

C Cr Ni Mn Si Mo S P Fe 

0.06 11.88 3.65 0.61 0.45 0.61 0.002 0.028 Bal. 
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3.2 CA6NM Martensitic Stainless Steel Characterization 

Mechanical properties and microstructure of steel have an enormous effect on its erosion 

performance. Therefore, It is necessary to characterize the martensitic steel before conducting 

the erosion testing and proceeding for coating deposition. It will help to study the correlation 

of structure properties and erosion performance of the martensitic steel. In the present 

investigation, following methods of the martensitic steel characterization and techniques were 

used: 

(i) X-Ray diffraction (XRD) 

(ii) Microhardness and roughness testing 

(iii) Tensile and Charpy impact testing 

(iv) Density measurement 

(v) Optical and FESEM analysis 

3.2.1. XRD analysis 

To identify the phase composition, the XRD pattern of martensitic steel was recorded with 

X'Pert Powder PANAlytical with Cu Kα radiation. It was operated at an applied voltage of 45 

kV with 40 mA current. The XRD was used with a step size 0.02  and a step time of 0.6 s in 

the angle range 20 to 120.   

3.2.2. Microhardness and roughness testing 

Vickers Microhardness of martensitic steel was measured using INNOVATEST (NEXUS 

4000) hardness tester under a 300 g load with 10 s dwell time. Average of ten readings were 

reported. To provide similar erosion conditions samples were mirror polished and surface 

roughness was measured using a surface roughness tester (Surftest SJ 301, Mitutoyo).  

3.2.3. Tensile and Charpy impact testing 

Standard cylindrical tensile specimens were prepared with a gauge length of 20 mm and 

gauge diameter of 4 mm according to ASTM E8/E8M-15a [225] specifications as shown in 

Fig. 3.1. The tensile tests were performed on H25KTinius Olsen machine with a crosshead 

speed of 1 mm/min. Standard Charpy impact specimens of dimension 10 mm × 10 mm × 55 

mm were prepared as per ASTM E23-12c [226]  (V-notch) specification as shown in Fig. 3.2. 

Both the tests were conducted at room temperature, and an average of three samples are 

reported. 
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Fig. 3.1. Tensile test specimen as per ASTM E8/E8M-15a specification (all 

dimensions in mm) [225]. 

 

Fig. 3.2.  Charpy V-notch impact test specimen as per ASTM E23-12c specification 

(all dimensions in mm) [226]. 

3.2.4. Density measurement 

The experimental density of martensitic steel was measured as per ASTM B962-15 [144] 

Standard using Archimedes principle. 

3.2.5. Optical and FESEM analysis 

The microstructure of martensitic steel was examined using an inverted metallurgical 

microscope (Model: SuXma- Met 1, Conation Technologies) and field emission scanning 

electron microscope (NOVA Nano 450). FESEM operated at 20 kV. The samples were 

mirror polished and etched using picral (5 gm picric acid, 5 ml HCL and 95 ml ethanol) in 

both the cases. 

 

- 
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3.3.  Thermal Spray Coating   

To overcome the problem of silt erosion in hydro turbine components, surface engineering 

route was selected. Thermal spray coating was deposited on as-cast CA6NM martensitic steel 

using HVOF and HVAF process. WC-10Co-4Cr powders were used for deposition as it 

results in significant improvement in hardness of the surface. 

3.3.1. Selection of feedstock powders 

Successful deposition of thermal spray coating is mainly dependent upon two factors i.e. 

thermal and kinetic energy. Either has to be dominant to achieve uniform coating. In HVOF 

spraying higher flame temperature and lower particle velocity is used, which accounts for 

high thermal and low kinetic energy [209]. On the other hand, HVAF process employs higher 

velocity and low flame temperature, which results in high kinetic and low thermal energy. 

HVOF focuses more on thermal energy and HVAF on Kinetic energy [67]. However, due to 

the application of higher thermal energy in HVOF process oxidation of WC takes place and it 

results in decarburization of the coating [53,208,227]. Finer the size of powder higher is the 

oxidation due to high surface to volume ratio which causes decarburization of WC into the 

molten binder at higher flame temperature [228,229]. Taking that into account a coarser 

powder is generally used for HVOF coating. In HVAF spraying finer powder is preferred as 

coarser powders need higher kinetic energy to deform and get deposited on the surface. At 

the same time as there is no risk of decarburization, finer powders are preferred as finer 

powder leads to better properties [52].  

Therefore, two different sizes of WC-10Co-4Cr powder were used for HVOF and HVAF 

thermal spraying to achieve the greater deposition efficiency. Coarse agglomerated and 

sintered powder with particle size of –45 to +15 μm was used for HVOF thermal spraying.  

Fine powder (AMPERIT
®
 556.059, agglomerated and sintered) with the nominal particle size 

of –30 to +5 μm was used for HVAF spraying.  

3.3.2. HVOF thermal spraying  

Grit blasting was performed on the substrate before coating to remove any contamination 

from the surface of the substrate and also create a rough surface to increase the mechanical 

interlocking of the sprayed coating to the substrate. WC-10Co-4Cr powder was sprayed on 

martensitic steel plates (103 mm x 50 mm x 5 mm) using HVOF thermal spray system at M/s 

Metalizing Export Company Jodhpur India using Hypojet-HP2100 HVOF gun. The HVOF 

thermal spray unit mainly consists of three parts: (i) gasses control panel, (ii) powder feeder, 

and (iii) spray gun. The complete HVOF unit is shown in Fig. 3.3. Oxygen gas and liquid 
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petroleum gas (LPG) were used for the combustion and producing chemical energy for 

maintaining the temperature of the throat of the gun, where WC-10Co-4Cr powder remains in 

the semi-molten state. The pressure of gases was controlled by the control panel, which also 

indicates the discharge rate. Nitrogen gas is used for the cover atmosphere during spraying. 

Powder to be sprayed was filled in powder feeder and carried to the spray gun with the 

compressed air and nitrogen gas through the hoses. The HVOF process parameters are 

specified in Table 3.2. These process parameters were suggested by the coating manufacturer. 

 

Table 3.2. HVOF process parameters. 

Parameters Value 

Fuel LPG 

Spray distance (mm) 160-180 

Powder feed rate (g/min) 40 

Oxygen flow rate (l/min) & Oxygen pressure (MPa) 300 - 320 & 0.98 

Air flow rate (l/min) & Air pressure (MPa) 440 & 0.5 

Fuel flow rate (l/min) & Fuel pressure (MPa) 80 - 85 & 0.44 

Deposition rate (μm/pass) 25-30 

Carrier gas flow rate (SCFH) 10-15 

Step size (mm) 3.5 

Number of passes 13 
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(a) HVOF spraying gun (b) Oxygen cylinder 

 

 

(c) Powder feeder (d) Gas control panel 

Fig. 3.3. HVOF thermal spray coating unit at Metalizing Export Company, India 
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3.3.3. HVAF thermal spraying 

Before spraying, the substrate was grit blasted by M3 HVAF gun (Uniquecoat Technologies 

USA). WC-10Co-4Cr powder was sprayed onto martensitic steel plates (103 mm x 50 mm x 

5 mm) at M/s PTC Innovation Sweden using the same gun that was used for grit blasting the 

substrate. HVAF thermal spray system is shown in Fig. 3.4. Samples were mounted on a 300 

mm round rotating carousel during spraying. The HVAF gun was placed in front of the 

samples at a stand-off/spray distance of 300 mm to give a horizontal spray jet. Propane was 

used as the primary combustion fuel gas (fuel 1) as well as secondary combustion gas (fuel 

2). Nitrogen was used as the powder carrier gas, and compressed air jets were used to cool 

the samples during spraying. The HVAF process parameters are specified in Table 3.3. The 

optimum process parameters were suggested by coating manufacturer and are used 

industrially. 

 

 

  

(a)  (b)  

 

Fig. 3.4. (a) Round rotating carousel used for sample mounting, (b) HVAF thermal 

spray system (HVAF M3, Uniquecoat) at PTC Innovation, Sweden. 
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Table 3.3 HVAF process parameters. 

Parameters Value 

Fuel 1 and Fuel 2 Propane 

Spray distance (mm) 300 

Gun traverse velocity (m/min) 100 

Step size (mm) 5 

Powder feed rate (g/min) 200 

Nitrogen carrier gas flow (l/min) 60 

Air pressure (MPa) 0.80 

Fuel 1 pressure (MPa) 0.69 

Fuel 2 pressure (MPa) 0.72 

Deposition Rate (μm/pass) 20 

Number of passes 17 

 

3.4. Feedstock Powder Characterization  

Characteristics of feedstock powder play a major role in the microstructure and performance 

of the coatings. Characterization of powder was conducted as follows: 

(i) FESEM for morphology analysis. 

(ii) XRD was used to determine constituent phases in the feedstock powders 

PANalytical instrument was used to perform the XRD analysis in the angle range of 20

 to 

100

 with a step size 0.02


 and a step time of 0.6 s. 

3.5. Coating Characterization 

Erosion performance of HVOF and HVAF coating is strongly dependent on coating 

Microstructural features. Examination of microstructural features is important to analyze the 

quality of coatings. In the present study, following methods of coating characterization and 

techniques were used: 

3.5.1. Coating roughness 

The surface roughness of as-sprayed thermal sprayed coating gives important insight into the 

coating process and its quality. After deposition of WC-10Co-4Cr coating on CA6NM 

martensitic steel using HVOF and HVAF process, as-sprayed surface roughness was 

measured using surface roughness tester (Model: SJ410, Mitutoyo). To achieve uniform 



Characterization and Erosion Behaviour Study of Carbide based Thermal Spray Coatings on Steel 

 

| 43 

 

starting condition before erosion, all the samples were mirror polished, and surface roughness 

was measured using the same tester.  

3.5.2. XRD analysis 

XRD was utilized to analyze the phases present in  HVOF and HVAF sprayed WC-10Co-4Cr 

coating over an angle range of 20 to 100. The index of carbide retention (I) in coating was 

calculated by the integral intensities of (100) peak of WC (   ) at 2 = 35.6 and the (101) 

peak of W2C (    ) at 2 = 39.6. It gives the value of WC retention against the formation of 

W2C phase in coating. It is calculated using equation [230] as given below: 

  I =  
   

            
  (3.1)   

3.5.3. FESEM & EDS analysis 

To characterize the microstructure of coating, samples were cut using the linear precision saw 

and hot mounted in resin powder (PhenoCure, BUEHLER) using the automatic mounting 

press (SimpliMet 3000, BUEHLER). Mounted samples were polished to 1 μm finish. The 

polished cross section of the coating was observed using FESEM to analyze the 

microstructure of coating  EDS analysis is used to analyze the phases present in the coating. 

The coating thickness was measured using FESEM images taken at low magnification 

(200X) on polished cross-sections.  

3.5.4. Coating density and porosity 

Image analysis was done on cross-sectional FESEM micrograph (10,000X) of the coating to 

evaluate volume fraction of the WC, binder (Co-Cr) and porosity. The density of the coating 

was calculated by the volume fraction of the WC and binder (Co-Cr). The density of the WC 

(WC = 15.7 g/cm
3
) and binder (Co-Cr = 8.6 g/cm

3
) was taken to calculate the density of the 

coating [34,217]. 

3.5.5. Microhardness 

Vickers micro Hardness measurements of HVOF and HVAF sprayed coating were performed 

on the polished transverse section of the coatings with INNOVATEST (NEXUS 4000) 

hardness tester at 300 g load with 10 s dwell time. 

3.5.6. Fracture toughness 

The fracture toughness of coating was determined by the indentation method. A Vickers 

indenter was used on metallographically prepared cross sections of coating with a 5 kg load 

with 10 s dwell time. The indenter was loaded such that the two indent diagonals were 
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parallel and perpendicular to the substrate/coating interface respectively. The length of the 

cracks, both parallel and normal to the substrate-coating interface, produced by the 

indentation technique was measured using FESEM micrograph. 

The fracture toughness (Kc) of the coatings was determined by the indentation method using 

the Evans and Wilshaw equation [232] as given below:  

Kc = 0.079 
 

     log 4.5 (
 

 
)              (3.2) 

Where ‗P‘ applied indentation load (mN), and 'a' and 'c' correspond to the length of the 

indentation half-diagonal (μm) and crack length from the center of the indent (μm), 

respectively as shown in Fig. 3.5. 

 

 

Fig. 3.5. Schematic depiction of the Vickers indentation and crack geometry. 

3.5.7. Tensile adhesion 

The tensile adhesion of thermal spray coating was measured using ASTM C633-13 [233] 

standard. In this test, two cylindrical sample were glued together in which one sample is 

coated and other remained uncoated. Tensile load is applied on the samples and the strength 

to part the samples is calculated as tensile adhesion of samples as shown in Fig. 3.6 

[234,235]. 
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Fig. 3.6. Schematic diagram showing tensile adhesion test. 

3.6. Solid Particle Erosion Testing 

The erosion behavior of as-cast and coated CA6NM  steel were evaluated using air jet 

erosion tester (Model: TR, DUCOM Bangalore). Erosion test was performed as per ASTM 

G-76-13 [236] test standard.
 
Schematic diagram of the air jet erosion tester [34]

 
used for these 

experiments is shown in Fig. 3.7. The erosion test parameters utilized in the present study are 

provided in Table 3.4. In this erosion tester, the abrasive particles were accelerated from a 

nozzle by using a compressed air stream that caused them to impact on the surface of the 

material. Figure 3.8 shows the FESEM micrograph of alumina particle (50 µm) used for 

erosion testing; it was observed that particles are flaky and angular in shape. To provide an 

initial standard surface condition before erosion test, all specimen were abraded using 0/0, 

1/0, 2/0, 3/0, and 4/0 grades of emery paper. Cloth wheel polishing was done to obtain a 

mirror finish using a diamond paste. Each sample was removed after every 2 min to 

determine the mass loss. The impingement angles used for the tests were 30
o
, 60

o 
and 90

o
. 

These angles were selected to evaluate the behaviour of these materials at low, intermediate 

and high impingement angles. A particle velocity of 35 m/s and 70 m/s is used to replicate 

severe erosion condition, and an abrasive flow rate of 2 g/min were used to conduct the tests. 

Particle velocity was measured with an accuracy of ± 2m/s, using the double disc rotating 

method [95,237,238] as shown in Fig. 3.9. 

In this apparatus, two disks are attached to a common rotating shaft. A radial slot is cut on top 

disk, and the lower disk is coated with thin layer of paint. A stream of erodent is allowed to 

strike on top disk for 10 minutes, and elliptical shape scar is formed on the bottom disk, 

which is measured using a protractor. Velocity is measured using formula as given below   

   [   ]  [     ]            (3.3) 
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Where H = Distance between disks in m (0.03) 

N = Revolution per second of double disk  system (5000/60) 

A = Angle of Incidence  

The abrasive flow rate was measured by collecting the abrasive in a container during 1 min. 

Before and after the tests, each specimen was weighed using a digital balance with an 

accuracy of 0.0001 g to observe the difference in weight loss for each test. The weight loss 

was converted into volume loss to obtain the precise data because the WC-10Co-4Cr coating 

and substrate possess different densities. Micrographs of the eroded surfaces were obtained 

using an FESEM to analyze the specimens and to identify the possible erosion mechanisms.  

 

 

Fig. 3.7.  Schematic view of air jet erosion tester used for solid particle erosion testing 

[34]. 
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Fig. 3.8.  Morphology of alumina particles. 

Table 3.4  Parameters used in solid particle erosion testing. 

Erodent particle Alumina 

Average erodent particle size 50 µm 

Impact velocity 35 & 70 m/s 

Erodent discharge 2 gm/min 

Test gas compressed air 

Standoff distance 10 mm 

Nozzle diameter 1.5 mm 

Impingement angle 30
o
, 60

o
 and 90

o
 

Test duration Cycles of 2 min 

Test temperature Room temperature 

Sample size (25x25x5) and (25x20x5) mm 
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Fig. 3.9. Schematic diagram of the double disk apparatus.  
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CHAPTER 4 

 

Results and Discussions 

 

The results of the experimental work performed in this study and their discussion are 

presented in this chapter. This chapter is divided into four sections. The first section discusses 

the characterization of CA6NM steel. The second section deals with erosion performance of 

CA6NM steel at different impingement angles and velocities. The third section discusses the 

characterization of HVOF sprayed WC-10Co-4Cr coated CA6NM steel and its erosion 

performance at different impingement angles and velocities. The last section focuses on 

HVAF sprayed WC-10Co-4Cr coating on CA6NM steel and its characterization. It also 

discusses erosion performance at different impingement angles and velocities.  

4.1. Characterization of CA6NM Steel 

Erosion performance of steel mainly depends upon its microstructure and mechanical 

properties. Evaluation of microstructure and properties are necessary to gain insight into 

erosion behavior of steel. In this section microstructure, XRD study, mechanical properties of 

CA6NM steel are presented. 

 

4.1.1. Microstructure and XRD study 

The optical and FESEM microstructure of as-cast CA6NM steel is illustrated in Fig. 4.1 (a,b). 

The microstructure of as-cast CA6NM steel consisted of lath martensitic needles. Apart from 

them, the structure also exhibited the presence of delta ferrite [15,28]. X-ray diffraction 

patterns of the as-cast CA6NM is shown in Figure 4.2. The diffraction pattern showed peaks 

of martensite. 
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Fig. 4.1.  (a) Optical and (b) FESEM micrograph of as-cast CA6NM steel. 

 

Fig. 4.2. XRD pattern of as-cast CA6NM steel 

 

(b) 

(a) 

 -ferrite 

oxidation 

 -ferrite 

oxidation 
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4.1.2. Mechanical properties and density 

Analysis of mechanical properties of steel is important in understanding its erosion behavior. 

Table 4.1 shows the mechanical properties and density of as-cast CA6NM steel. It was 

observed that steel in cast condition contains an optimum combination of strength and 

ductility. 

 

Table 4.1 Mechanical properties and density of as-cast CA6NM steel. 

Mechanical Properties Cast CA6NM steel 

Microhardness (HV0.3) 338 ± 29 

YS (MPa) 652 ± 48 

UTS (MPa) 892 ± 66 

Ductility (% elongation) 13 ± 4 

Impact energy (J) 42 ± 8 

Density (g/cm
3
) 7.70 

 

4.1.3. Fractography of tensile and Charpy specimen 

Tensile fractographs of as-cast CA6NM steel at lower and higher magnifications are shown 

in Fig 4.3. The fracture surface of the as-cast CA6NM steel was ductile, and dimples can be 

seen on the fractured surface, which points to the fact that plastic deformation had taken place 

before fracture.  

  

Fig. 4.3. FESEM fractographs of a tensile specimen of as-cast CA6NM steel (a) lower 

magnification (150 X) and (b) higher magnification (5000 X). 

 

 

(b) (a) 
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The FESEM fractographs of Charpy V-notch fractured samples of as-cast CA6NM steel is 

given in Fig. 4.4 at lower and higher magnification respectively. Fracture surface showed 

ductile features. It mainly composed of dimples, which points to relatively high toughness 

  
 

Fig. 4.4. FESEM fractographs of Charpy impact specimen of Cast CA6NM steel (a) 

lower magnification (100 X) and (b) higher magnification (5000 X). 

 

4.2. Erosion Performance of CA6NM Steel 

Erosion performance of CA6NM steel was evaluated at 35 m/s and 70 m/s impingement 

velocities and three different impingement angles (30°, 60° and 90°) using alumina as 

erodent. Effect of impingement angle on cumulative volume loss and FESEM images of 

eroded surfaces are presented in this section. 

4.2.1. Effect of impingement angle on formation of erosion scar 

Erosion mechanism of material is dependent upon the angle of impingement between erodent 

and surface of the sample. Variation in the angle of impingement results into a change of 

erosion scar morphology. Schematic diagram showing the interaction of erodent with the 

surface at different impingement angles is shown in Fig. 4.5. It was observed that as the 

impingement angle rose from 30° to 90°, vertical component of the kinetic energy of 

impacting particle increases. This results in a decrease of area of contact between erodent and 

surface, thus reducing the size of erosion scar that formed on the surface of the samples. 

Photographs of the erosion scar formed on samples at 30°, 60° and 90° impingement angles 

and their respective sample holders are shown in Fig. 4.6. The sample size used for 30° 

impingement angle is 25 mm x 20 mm x 5 mm. While for 60° and 90° impingement angle the 

sample size is 25 mm x 25 mm x 5 mm. The smaller size of 30° impingement angle sample 

prevents the contact of sample and nozzle during retrieving and placing of the sample in the 

holder. The center region of the eroded scar (Region"1") showed the region of erosion, and 

(b) (a) 
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on its periphery, it surrounded by a region of elastically loaded material (Region "2") [239]. 

At 30° impingement angle, the contact area of erodent with the substrate was high, and 

erosion scar of an ellipsoid shape covering the entire length of the sample was observed. At 

60° impingement angle material was eroded forming a perfect ellipsoid shape depression, it 

was due to the lower contact area than that of 30° impingement angle. Whereas at 90° 

impingement angle, the contact area of erodent with the surface was lowest and it created a 

perfect circular shape depression.  

 

Fig. 4.5. Schematic diagram showing interaction of erodent with surface of sample at (a) 

30
o
, (b) 60

o
 and (c) 90

 o 
impingement angle. 

 

 

Fig. 4.6.  Photographs of the erosion scar formed on eroded samples at 30°, 60°and 

90° impingement angles and their respective sample holder. 
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4.2.2. Effect of impingement angles and velocities on cumulative volume loss 

Cumulative volume loss of the as-cast CA6NM steel as a function of erosion time at 30°, 60
ο 

and 90
ο
 impingement angle for 35 m/s and 70 m/s impingement velocities are shown in Fig. 

4.7 to Fig. 4.9. It was observed that cumulative volume loss increased linearly with increase 

in erosion time. It can be observed that cumulative volume loss at 30°, 60
ο 

and 90
ο
 

impingement angles for 35 m/s impingement velocity was lower than that observed at 70 m/s 

impingement velocity. It was mainly due to the higher kinetic energy of impacting particles at 

higher impact velocities. The relationship between cumulative volume loss and impingement 

angles for as-cast CA6NM steel is shown in Fig. 4.10. It was noticed that cumulative volume 

loss continuously decreased with increasing impingement angle and reached a minimum at 

90° angle. Maximum cumulative volume loss was observed at 30° impingement angle, which 

points to the fact that the material eroded in a ductile manner, the same behavior was also 

observed by other researchers [240–242] in earlier investigations on ductile materials.  

 

Fig. 4.7. Cumulative volume loss of as-cast CA6NM steel as a function of erosion time at 

30° impingement angle for 35 m/s and 70 m/s impingement velocities. 
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Fig. 4.8. Cumulative volume loss of as-cast CA6NM steel as a function of erosion time at 

60° impingement angle for 35 m/s and 70 m/s impingement velocities. 

  

Fig. 4.9. Cumulative volume loss of as-cast CA6NM steel as a function of erosion time at 

90° impingement angle for 35 m/s and 70 m/s impingement velocities. 
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Fig. 4.10.  Comparison of cumulative volume loss of as-cast CA6NM steel at 30
o
, 60

o
 and 

90
o
 impingement angles for 35 m/s and 70 m/s impingement velocity. 

4.2.3. Erosion mechanism and FESEM analysis of eroded surfaces 

Analysis of FESEM micrographs of the eroded surface is important to understand the erosion 

features. FESEM micrograph of CA6NM steel before erosion is shown in Fig. 4.11. FESEM 

micrographs of eroded surfaces of as-cast CA6NM steel at 30° impingement angle on a 

different location for 35 m/s and 70 m/s impingement velocity are shown in Fig. 4.12 and 

Fig. 4.13 respectively. In the case of 30° impingement angle, the horizontal component (shear 

force) of the kinetic energy of the impinging particles was higher than vertical component 

(normal force) [243], as shown in Fig. 4.5. Thus, the force to slide on the surface was higher 

than the force to penetrate the surface, which resulted in the formation of lips on the surface 

of the steel [244]. Figure 4.12 showed the formation of lips on the surface of the steel. Similar 

erosion features were also observed in samples eroded at 70 m/s impingement velocity (Fig. 

4.13). However, it was more prominent in comparison to the one observed in 35 m/s eroded 

samples.   
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Fig. 4.11. FESEM micrograph of as-cast CA6NM steel before erosion.  

 

 

Fig. 4.12. FESEM micrographs of eroded surfaces of as-cast CA6NM steel at 30
o
 

impingement angle on different locations for 35 m/s impingement velocity. 

 

Lips 

Lips 

(a) 
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Fig. 4.13. FESEM micrographs of eroded surfaces of as-cast CA6NM steel at 30
o
 

impingement angle on different locations for 70 m/s impingement velocity. 

 

Figure 4.14  and Fig. 4.15 shows the FESEM micrographs of eroded surfaces of as-cast 

CA6NM steel at 60° impingement angle on two different locations for 35 m/s and 70 m/s 

impingement velocity. For medium impingement angle (60°), the horizontal component 

(shear force) of the kinetic energy of the impinging particles and the vertical component 

(normal force) were close to equal, as shown in Fig. 4.5. Therefore, the material removal 

mainly took place due to combined action of cutting and extrusion, which resulted in the 

formation of lips and craters. The eroded surfaces showed the formation of lips and craters. It 

indicated that material was removed by the combination of cutting and extrusion.  However, 

the erosion features were less prominent in samples eroded at 35 m/s impingement velocity in 

comparison to the sample eroded at 70 m/s impingement velocity. 

 

Lips 

Lips 

(b) 

(a) 
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Fig. 4.14 FESEM micrographs of eroded surfaces of as-cast CA6NM steel at 60
o
 

impingement angle on different locations for 35 m/s impingement velocity. 
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Fig. 4.15 FESEM micrographs of eroded surfaces of as-cast CA6NM steel at 60
o
 

impingement angle on different locations for 70 m/s impingement velocity. 

 

FESEM micrographs of eroded surfaces of as-cast CA6NM steel at 90° impingement angle 

on two different locations for 35 m/s and 70 m/s impingement velocity are shown in Fig. 4.16 

and Fig. 4.17 respectively. For the high impingement angle (90°), the vertical component 

(Normal force) of the kinetic energy was higher than horizontal component (shear force), as 

shown in Fig. 4.5. It provided bigger indented force, and erodent penetrates into the surface 

resulting in the formation of craters [244]. At 90° impingement angle, extrusion of the sample 

took place, and formation of craters were observed in samples [28]. However, craters were 

small in the case of samples eroded at 35 m/s impingement velocity. 
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Fig. 4.16 FESEM micrographs of eroded surfaces of as-cast CA6NM steel at 90
o
 

impingement angle on different locations for 35 m/s impingement velocity. 
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Fig. 4.17 FESEM micrographs of eroded surfaces of as-cast CA6NM steel at 90
o
 

impingement angle on different locations for 70 m/s impingement velocity. 

 

FESEM micrographs taken under all the above condition showed that extensive plastic 

deformation occurred on the surface of the CA6NM steel. It was also observed that all the 

impingement angles erosion exhibited less prominent erosion features at 35 m/s impingement 

velocity compared to 70 m/s. This phenomenon was mainly attributed to lower kinetic energy 

of erodent particles in the case of 35 m/s impingement velocity. 
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4.3. Characterization and Erosive Wear Study of HVOF Sprayed WC-

10Co-4Cr Coating on CA6NM Steel 

4.3.1. Feedstock powder characterization  

Fig. 4.18 (a, b) shows the morphology of the WC-10Co-4Cr feedstock powder used in HVOF 

spraying. The morphology of feedstock powder was found to be spherical. The spherical 

morphology improves the feedability and sprayability of powder during spraying. The 

spherical morphology also reduces the moisture absorption and helps in uniform heating of 

powder. Feedstock powder also exhibits porous nature (Fig. 4.18(b)). The porous powders do 

not shatter during impact on the surface, as the kinetic energy is converted into crushing the 

powder. This leads to homogenous and well-bonded coating.  

 

 

Fig. 4.18. FESEM micrograph of WC-10Co-4Cr feedstock powder used in HVOF 

spraying (a) Lower magnification (2000 X) and (b) Higher magnification (5000 X). 

4.3.2. XRD Study of feedstock powder and HVOF sprayed coating 

The X-ray diffraction patterns for the surface of the HVOF sprayed WC-10Co-4Cr coating, 

and the feedstock powder is shown in Fig. 4.19. Diffraction peaks of feedstock powder 

correspond to mainly WC with a minor peak of Co. WC was found to be a primary phase, a 

small amount of ternary carbides (Co, Cr)3W3C (M6C type) are also noticed. After HVOF 

   

(b) 
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spraying, some changes in XRD pattern was observed. WC was found to be a primary phase. 

Moreover, a new phase W2C was also observed. This was formed due to decarburization of 

WC phase during spraying [245]. Higher flame temperature and lower particle velocity 

during HVOF process increase the particle in-flight time, which in turn, resulted in 

decarburization of WC into W2C [41,51,53]. The retention of WC retention was found to be 

87.47 %. 

 

Fig. 4.19. XRD pattern of WC-10Co-4Cr feedstock powder and HVOF sprayed WC-

10Co-4Cr coating on CA6NM steel. 

4.3.3. Cross-sectional microstructure of HVOF sprayed coating 

The cross-sectional FESEM micrographs of the HVOF sprayed WC-10Co-4Cr coating on the 

CA6NM steel is shown in Fig. 4.20. At lower magnification (Fig. 4.20(a))  coating-substrate 

bonding can be seen clearly. It was observed that coating had a homogeneous laminar 

structure bonded to the substrate. The thickness, as-sprayed surface roughness and density of 

the coating are presented in Table 4.2. At higher magnification (Fig. 4.20(b)) pores and 

interlaminar oxidation can be seen.  
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Fig. 4.20. Cross-sectional FESEM micrographs of HVOF sprayed WC-10Co-4Cr 

coating  (a) At lower magnification and (b) At higher magnification. 

Table 4.2 Thickness, as-sprayed coating surface roughness, porosity and density of 

HVOF sprayed WC-10Co-4Cr coating on CA6NM steel 

HVOF coating data CA6NM steel 

Coating Thickness (μm) 307 ± 7 

As-sprayed surface roughness Ra (μm) 4.76 ± 0.40 

Porosity (vol. %) 4.29 ± 0.8 

Density (g/cm
3
) 11.56 

 

4.3.4. Cross-sectional micro hardness, indentation fracture toughness and tensile 

adhesion of HVOF sprayed coating 

Cross-sectional microhardness, indentation fracture toughness and tensile adhesion values of 

HVOF sprayed WC-10Co-4Cr coating on CA6NM steel is given in Table. 4.3. The 

microhardness of the coatings was measured along the depth from the coating to the 

(a) 

Coating 

Substrate 

(b) 

Resin 

Interlaminer 

oxidation 

Pores 
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substrate. The fracture toughness value was calculated at the polished cross section of the 

coating. It was observed that cracks are generated parallel to the coating–substrate interface, 

as shown in Fig. 4.21. Cracks were not observed in the perpendicular direction, which is 

attributed to the anisotropic behavior of coating. In the case of tensile adhesion, it was 

observed that some pull off coating had taken place during rupture. 

 

Fig. 4.21. Indentation and crack micrograph on the HVOF sprayed WC-10Co-4Cr 

coating cross section of CA6NM steel. 

 

Table 4.3 Indentation fracture toughness, Microhardness and tensile adhesion of HVOF 

sprayed WC-10Co-4Cr coating on CA6NM steel. 

 Indentation fracture 

toughness 

(MPa m
1/2

) 

Cross-sectional 

microhardness 

(HV0.3) 

Tensile adhesion 

(MPa) 

WC-10Co-4Cr 

coating 

2.31 ± 0.19 1107 ± 41 72 

 

4.3.5. Effect of HVOF sprayed WC-10Co-4Cr coating on erosion resistance of CA6NM 

steel substrate 

Fig. 4.22 to Fig. 4.24 shows the variation in cumulative volume loss of uncoated and HVOF 

coated CA6NM steel as a function of erosion time at 30
ο
, 60

ο
 and 90

ο
 impingement angles 

respectively. It can be seen that in all the cases cumulative volume loss increases linearly 

with increasing the erosion time. It was also observed that HVOF sprayed WC-10Co-4Cr 

coating on CA6NM steel showed lower cumulative volume loss compared to uncoated steel 
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under all the impingement angles. Comparison of cumulative volume loss of uncoated and 

HVOF coated CA6NM steel at 30
o
, 60

o
 and 90

o
 impingement angles for 35 m/s and 70 m/s 

impingement velocities is shown in Fig. 4.25. The uncoated steel showed the ductile mode of 

erosion behavior as highest cumulative volume loss was observed at 30
o
 impingement angle. 

However, in the case of HVOF coating highest cumulative volume loss was observed at 60
o
 

impingement angle, followed by 90
o
 and 30

o
. This mode is neither ductile (highest 

cumulative volume loss at 30
o
) nor brittle (highest cumulative volume loss at 90

o
). Hence, 

this behavior was called mixed mode of erosion, and it was in accordance with earlier 

findings. Mixed mode of erosion was mainly attributed to composite nature of the coating. 

The hard WC particle provides brittleness, and soft Co-Cr matrix gives ductile character to 

the coating. The percentage improvement in erosion resistance after application of HVOF 

coating on as-cast CA6NM steel is shown in Table 4.4. It was observed that improvement of 

44 to 72 % in erosion resistance occurred after application of HVOF coating. 

 

Table 4.4 Improvement in erosion resistance of as-cast CA6NM steel at 30°, 60° and 90° 

impingement angles after application of HVOF coating. 

Sample Process conditions 
Erosion resistance improvement (%) 

(30
ο
 angle) (60

ο
 angle) (90

ο
 angle) 

  35 m/s 70 m/s 35 m/s 70 m/s 35 m/s 70 m/s 

Cast steel - - - - - - - 

HVOF  
Cast steel + HVOF sprayed  

WC-10Co-4Cr coating 
72% 70% 46% 44% 45% 44% 
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Fig. 4.22. Cumulative volume loss of as-cast CA6NM steel and HVOF coated steel as a 

function of erosion time at 30° impingement angle for 35 m/s and 70 m/s impingement 

velocities. 

 

Fig. 4.23. Cumulative volume loss of as-cast CA6NM steel and HVOF coated steel as a 

function of erosion time at 60° impingement angle for 35 m/s and 70 m/s impingement 

velocities. 
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Fig. 4.24. Cumulative volume loss of as-cast CA6NM steel and HVOF coated steel as a 

function of erosion time at 90° impingement angle for 35 m/s and 70 m/s impingement 

velocities. 

 

Fig. 4.25.  Comparison of cumulative volume loss of as-cast CA6NM steel and HVOF 

coated steel at 30
o
, 60

o
 and 90

o
 impingement angles for 35 m/s  and 70 m/s impingement 

velocities. 
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4.3.6. Analysis of eroded HVOF sprayed coating surface 

The FESEM micrographs of eroded surfaces of HVOF coated CA6NM steel substrate at 30° 

impingement angle on different locations for 35 m/s and 70 m/s impingement velocities are 

shown in Fig. 4.27 and Fig. 4.28. FESEM micrograph of HVOF coated CA6NM steel before 

erosion is shown in Fig. 4.26. It was observed that material removal took place by micro 

cutting and microploughing, same is observed by several researchers [148,239,246] at these 

impingement angles. Removal of splats was also noticed, which is mainly due to the large 

tangential force acting on the splats due to the impinging particle striking at a low 

impingement angle, this resulted in the detachment of the splats from the surface 

[35,223,247]. However, samples eroded at 70 m/s impingement velocity (Fig. 4.28) showed 

severe erosion features in comparison to the samples eroded at 35 m/s (Fig. 4.27). 

The FESEM micrographs of eroded surfaces of HVOF coated CA6NM steel substrate at 60° 

impingement angle on a different location for 35 m/s and 70 m/s impingement velocities is 

shown in Fig. 4.29 and Fig. 4.30. In the case of 60° impingement angle, material removal 

took place due to the mixed mode of micro cutting and removal of a single grain of WC 

[248]. The lips and craters can be seen in HVOF coated steel eroded at 35 m/s (Fig. 4.29). 

The FESEM  micrograph of HVOF coated CA6NM steel eroded at 70 m/s also showed the 

lips and craters (Fig. 4.30). However, it was more severe than 35 m/s sample. 

The FESEM micrographs of eroded surfaces of HVOF coated CA6NM steel substrate at 90° 

impingement angle on a different location for 35 m/s and 70 m/s impingement velocities are 

shown in Fig. 4.31 and Fig. 4.32. At high impingement angle, material removal took place by 

removal of a single grain of WC. Impinging erodent particle removed the binder phase from 

the surface, and it resulted in the accumulation of plastic strain in WC particles. Eventually, 

cracks were generated in-between WC grains, which resulted in the removal of single WC 

particle [184,220,249]. Samples eroded at 70 m/s showed severe erosion features in 

comparison to the one eroded at 35 m/s. 
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Fig. 4.26. FESEM micrograph of HVAF coated CA6NM steel before erosion.  

 

 

 

Fig. 4.27. FESEM micrograph of eroded surface of HVOF coating at 30
o
 impingement 

angle on different locations for 35 m/s impingement velocity. 
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Fig. 4.28. FESEM micrograph of eroded surface of HVOF coating at 30
o
 impingement 

angle on different locations for 70 m/s impingement velocity. 
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Fig. 4.29. FESEM micrograph of eroded surface of HVOF coating at 60
o
 impingement 

angle on different locations for 35 m/s impingement velocity. 
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Fig. 4.30. FESEM micrograph of eroded surface of HVOF coating at 60
o
 impingement 

angle on different locations for 70 m/s impingement velocity. 
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Fig. 4.31. FESEM micrograph of eroded surface of HVOF coating at 90
o
 impingement 

angle on different locations for 35 m/s impingement velocity. 
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Fig. 4.32. FESEM micrograph of eroded surface of HVOF coating at 90
o
 impingement 

angle on different locations for 70 m/s impingement velocity. 
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4.4. Characterization and Erosive Wear Study of HVAF Sprayed WC-

10Co-4Cr Coating on CA6NM Steel 

4.4.1.  Feedstock powder characterization  

The morphology of the feedstock powder used in HVAF spraying is shown in Fig. 4.33. The 

morphology of feedstock powder was found to be spherical, which provides excellent fluidity 

and stability during spraying. The powder also possesses porous nature, which helps in a 

uniform coating.  

 

 

 

Fig. 4.33. Morphology of WC-10Co-4Cr feedstock powder used in HVAF spraying (a) 

Lower magnification (2000 X) and (b) Higher magnification (5000 X). 

4.4.2. XRD study of feedstock powder and HVAF sprayed coating 

The X-ray diffraction patterns for the surface of the HVAF sprayed WC-10Co-4Cr coating, 

and the feedstock powder is shown in Fig. 4.34. There was no significant difference observed 

between the diffraction pattern of the feedstock powder and the coating [66]. Both the 

powder and coating contained WC as the primary phase. However, traces of Co3W3C and Co 

phases were also noticed [66]. Traces of W2C phase is also observed in HVAF sprayed 

   

(a) 
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coating, which indicated that there was very little or negligible decarburization in the coating 

[65]. In HVAF coating, higher particle velocity and lower particle temperature during 

spraying were the main factors which resulted in a lower degree of decarburization 

[204,215,250]. The retention of WC retention was found after coating deposition via HVAF 

route was 96.00 %. 

 

Fig. 4.34. XRD pattern of feedstock powder and HVAF sprayed WC-10Co-4Cr coating 

on CA6NM steel. 

4.4.3. Cross-sectional microstructure of HVAF sprayed coating 

The cross-sectional FESEM micrograph of the HVAF sprayed WC-10Co-4Cr coating on the 

CA6NM steel is shown in Fig. 4.35. Even at lower magnification (Fig. 4.35 (a)), coating-

substrate interface bonding can be seen clearly. It was observed that coating had a 

homogeneous structure, which was dense and well bonded to the substrate. At higher 

magnification, (Fig. 4.35 (b)) porosity present in the coating can be observed. It was also 

observed that WC grains appeared in blocky shape without any deformation and dissolution. 

Therefore, it can be inferred that the Co-Cr metallic binder was wholly or partially melted, 

while the WC-particles mostly remained in the solid state during spraying. This indicated that 

very little decomposition of WC had taken place during spraying. Unlike HVOF sprayed 

WC-10Co-4Cr coating, no laminar morphology was observed in HVAF sprayed coating, 

which indicated that less decarburization of WC took place. Although minute pores are 
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visible in the coating, it is less porous than HVOF sprayed WC-10Co-4Cr coatings. The 

reason being for this is shorter particle residence time in the HVAF jet, which lowered the 

oxidation of particles.  The thickness, as-sprayed surface roughness, porosity and density of 

the coating are presented in Table 4.5.  

 

 

 

Fig. 4.35. Cross-sectional FESEM micrographs of HVAF coated CA6NM steel (a) At 

lower magnification (200 X) and (b) At higher magnification (10000 X). 

Table 4.5 Thickness, as-sprayed coating surface roughness, porosity and density of 

HVAF sprayed WC-10Co-4Cr coating on CA6NM steel. 

HVAF coating data CA6NM steel 

Coating Thickness (μm) 341 ± 6  

As-sprayed surface roughness Ra (μm) 2.61 ± 0.42 

Porosity (vol. %) 0.98 ± 0.25 

Density (g/cm
3
) 13.53  
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4.4.4. Cross-sectional microhardness, fracture toughness and tensile adhesion of HVAF 

sprayed coating 

The values of indentation fracture toughness, cross-sectional microhardness and tensile 

adhesion of investigated samples are reported in Table 4.6. The fracture toughness value was 

calculated at the polished cross section of the coating. It was observed that cracks were 

generated parallel to the coating–substrate interface, as shown in Fig. 4.36. Cracks were not 

observed in the perpendicular direction which attributed to the anisotropic behavior of 

coating. The microhardness of the coatings was also measured along the depth from the 

coating to the substrate. The microhardness values of coating were found to be in the range of 

1285–1352 Hv. It was observed that microhardness value oscillates in a narrow range (1285–

1352), which is mainly due to low porosity and uniform microstructure of the coating. 

Surface roughness for coated and uncoated steel after polishing is measured before starting 

erosion testing, to provide a uniform initial condition for erosion. In the case of tensile 

adhesion, it was observed that rupture had taken place at the interface between uncoated 

substrate and glue, while coating remained intact. This point to the fact that actual tensile 

adhesion of coating is higher because industrial available glue has maximum strength of 

around 83 MPa.   

 

Fig. 4.36. Indentation and crack micrograph on the HVAF sprayed WC-10Co-4Cr 

coating cross section of CA6NM steel. 
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Table 4.6 Indentation fracture toughness, Microhardness and tensile adhesion of HVAF 

sprayed WC-10Co-4Cr coating on CA6NM steel. 

 Indentation fracture 

toughness 

(MPa m
1/2

) 

Cross-sectional 

microhardness 

(HV0.3) 

Tensile adhesion 

 (MPa) 

WC-10Co-4Cr 

coating 

6.60 ± 0.21 1327 ± 26 83 

 

4.4.5. Effect of HVAF sprayed WC-10Co-4Cr coating on solid particle erosion 

resistance of CA6NM steel 

Cumulative volume loss of HVAF coated CA6NM steel as a function of erosion time at 30
ο
, 

60
ο
 and 90

ο
 impingement angles for 35 m/s and 70 m/s impingement velocity is shown in Fig. 

4.37 to Fig. 4.39 respectively. It can be seen that in all the cases cumulative volume loss 

increases linearly with increasing the erosion time. From all the figures (Fig. 4.37 to 4.39), it 

was observed that coated steel showed better erosion resistance than uncoated steel. Figure 

4.40 shows the comparison of cumulative volume loss of uncoated and HVAF coated 

CA6NM steel at 30
o
, 60

o
 and 90

o
 impingement angles for 35 m/s and 70 m/s impingement 

velocity. The uncoated steel exhibited the ductile mode of erosion because the volumetric 

erosion rate continuously decreased with rising impingement angle and reached a minimum 

at 90°. HVAF coating, on the other hand, showed the mixed mode of ductile and brittle 

erosion [251]. The reason being that volumetric erosion rate was maximum at 60° impact 

angle, then decreases at 90° and 30°  impact angle. The improvement in erosion rate of as-

cast CA6NM steel after HVAF coating is given in Table 4.7. Improvement of 65 to 84 % in 

erosion resistance was observed after application of HVAF coating. 
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Table 4.7  Improvement in erosion resistance of as-cast CA6NM steel at 30°, 60° and 90° 

impingement angles after application of HVAF coating. 

Sample Process conditions 
Erosion resistance improvement (%) 

(30
ο
 angle) (60

ο
 angle) (90

ο
 angle) 

  35 m/s 70 m/s 35 m/s 70 m/s 35 m/s 70 m/s 

Cast steel - - - - - - - 

HVAF  
Cast steel + HVAF sprayed  

WC-10Co-4Cr coating 
84% 83% 67% 67% 65% 67% 

 

 

Fig. 4.37. Cumulative volume loss of as-cast CA6NM steel and HVAF coated steel as a 

function of erosion time at 30° impingement angle for 35 m/s and 70 m/s impingement 

velocities. 
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Fig. 4.38. Cumulative volume loss of as-cast CA6NM steel and HVAF coated steel as a 

function of erosion time at 60° impingement angle for 35 m/s and 70 m/s impingement 

velocities. 

 

Fig. 4.39. Cumulative volume loss of as-cast CA6NM steel and HVAF coated steel as a 

function of erosion time at 90° impingement angle for 35 m/s and 70 m/s impingement 

velocities. 
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Fig. 4.40.  Comparison of cumulative volume loss of as-cast CA6NM steel and HVAF 

coated steel at 30
o
, 60

o
 and 90

o
 impingement angles for 35 m/s and 70 m/s impingement 

velocities. 

4.4.6. Analysis of eroded HVAF sprayed coating surface 

The FESEM micrographs of eroded surfaces of HVAF coated as-cast CA6NM steel at 30° 

impingement angle for 35 m/s and 70 m/s impingement velocities are shown in Fig. 4.42 and 

Fig. 4.43. FESEM micrograph of HVAF coated CA6NM steel before erosion is shown in Fig. 

4.41. It is observed that coating mainly removed by cutting and ploughing action [252]. 

HVAF coating eroded at 70 m/s impingement velocity showed large ploughs and lips (Fig. 

4.43) compared to HVAF coating eroded at 35 m/s impingement velocity(Fig. 4.42).  

The FESEM micrographs of eroded surfaces of HVAF coated as-cast CA6NM steel at 60° 

impingement angle for 35 m/s and 70 m/s impingement velocities are shown in Fig. 4.44 and 

Fig. 4.45. It was observed that coating removed by the ploughing and removal of a single 

grain of WC [253,254]. The erosion features observed in samples eroded at 70 m/s is more 

severe than one observed at 35 m/s. Fig. 4.46 and Fig. 4.47 shows the FESEM micrographs 

of the eroded surfaces of HVAF coated as-cast CA6NM steel at 90° impingement angle for 

35 m/s and 70 m/s impingement velocities. Eroded surface of HVAF coated steel revealed the 

large numbers of craters formed mainly due to the removal of a single grain of WC. 
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Fig. 4.41. FESEM micrograph of HVAF coated CA6NM steel before erosion.  

 

 

 

Fig. 4.42. FESEM micrograph of eroded surface of HVAF coating at 30
o
 impingement 

angle on different locations for 35 m/s impingement velocity. 
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Fig. 4.43. FESEM micrograph of eroded surface of HVAF coating at 30
o
 impingement 

angle on different locations for 70 m/s impingement velocity. 
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Fig. 4.44. FESEM micrograph of eroded surface of HVAF coating at 60
o
 impingement 

angle on different locations for 35 m/s impingement velocity. 
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Fig. 4.45. FESEM micrograph of eroded surface of HVAF coating at 60
o
 impingement 

angle on different locations for 70 m/s impingement velocity. 
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Fig. 4.46. FESEM micrograph of eroded surface of HVAF coating at 90
o
 impingement 

angle on different locations for 35 m/s impingement velocity. 
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Fig. 4.47. FESEM micrograph of eroded surface of HVAF coating at 90
o
 impingement 

angle on different locations for 70 m/s impingement velocity. 
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CHAPTER 5 

 

Conclusions and Suggestions for Future Work 

 

The conclusions of the experimental work performed in this study and suggestions for future 

work are presented in this chapter. 

5.1. Conclusions 

The important conclusions drawn from the present investigation are divided into three parts, 

and they are as follows: 

(i) Cast CA6NM steel: 

1. CA6NM steel shows lath martensite with delta ferrite as a secondary phase. 

2. Maximum cumulative volume loss in the case of CA6NM steel was observed at 30° 

impingement angle followed by 60° and 90°, which points to the fact that material has 

eroded in a ductile manner. 

3. It was also noted that cumulative volume loss at 30°, 60°
 
and 90° impingement angles for 

35 m/s impingement velocity is lower than that observed at 70 m/s impingement velocity, 

Which is mainly due to the higher kinetic energy of impacting particles at higher 

impingement velocity. 

 

(ii) HVOF sprayed WC-10Co-4Cr coating on CA6NM steel:  

1. The XRD analysis of the surface of HVOF sprayed WC-10Co-4Cr coating revealed that 

decarburization of WC into W2C had taken place. WC retention was found to be 87.47 %. 

2. The polished cross-sectional microstructure of HVOF sprayed WC-10Co-4Cr coating 

showed a uniform and well-bonded coating with laminar structure. 

3. The fracture toughness and tensile adhesion of coating was found to be on lower side due 

to the presence of porosity in the coating. 

4. Application of HVOF coating significantly improved the erosion resistance of CA6NM  

steel. Higher cumulative volume loss is observed at 70 m/s impingement velocity in 

comparison to 70 m/s impingement velocity. 
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5. Maximum cumulative volume loss was observed at 60° impingement angle followed by 

90° and 30°, which points to the fact that material has eroded in mixed mode (ductile & 

brittle). 

6. After the application of HVOF coating 44 to 72 % improvement in erosion resistance was 

observed in uncoated steel. 

(iii) HVAF sprayed WC-10Co-4Cr coating on CA6NM steel: 

1. The XRD analysis of the surface of HVAF sprayed WC-10Co-4Cr coating revealed that 

very little amount of decarburization of WC into W2C had taken place. WC retention was 

found to be  96.00  %. 

2. The polished cross-sectional microstructure of HVAF sprayed WC-10Co-4Cr coating 

shows a uniform, well-bonded structure with low porosity. 

3. The fracture toughness of coating was found to be higher side which is due to lower 

porosity, 

4. The HVAF-sprayed WC-10Co-4Cr coating enhanced the erosion resistance of the 

CA6NM steel. This may be attributed to its higher hardness of coating as compared to the 

uncoated steel. 

5. Higher cumulative volume loss is observed at 70 m/s impingement velocity in 

comparison to 35 m/s impingement velocity. This is attributed to the higher kinetic 

energy of erodent in the case of 70m/s impact velocity. 

6. The percentage improvement in erosion resistance after application of HVAF coating on 

CA6NM steel is higher than HVOF coating. 

7. After the application of HVAF coating 65 to 84 % improvement in erosion resistance was 

observed in uncoated steel. 

8. Tensile adhesion of HVAF sprayed coatings was found to be higher than HVOF coatings, 

which is mainly attributed to lower porosity and decarburization of WC particle. 

HVAF sprayed WC-10Co-4Cr coating demonstrated significant improvement in erosion 

resistance as compared to HVOF sprayed WC-10Co-4Cr coating. Both HVOF and HVAF 

thermal spray coatings on CA6NM steel substrate have potential to prevent the erosion 

damages in hydroturbine components. However, HVAF coated steel may resist the erosion of 

hydroturbine components for a longer period.  
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5.2. Suggestions for Future Work 

There are the following suggestions for future work. 

1. Post-spray modification of thermal spray coating such as laser remelting, heat treatment 

should also be carry out to further improve erosion resistance of coated steel. 

2. The nano-structured coating may also be attempted to further increase the erosion 

resistance.  

3. HVAF sprayed steel have shown better erosion resistance than HVOF sprayed coating. 

Process parameters such as air to fuel ratio, powder feed rate, spraying distance may be 

varied to increase the deposition efficiency further. 

4. Thermal spray coatings can be attempted on heat treated steel substrate and relation of 

substrate properties on final properties of coating can be studied. 
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APPENDICES 

Appendix I 

 (Solid particle erosion experimental data of uncoated 

CA6NM steel substrate) 

(i) Cumulative volume loss at 30° impingement angle 

Test 

duration 

(min) 

35 m/s impingement velocity 70 m/s impingement velocity 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. 

Vol. loss 

(cm
3
) 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

2 0.9 0.0001169 1.17E-04 1.51 0.000196104 1.96E-04 

4 0.77 0.0001 2.17E-04 1.32 0.000171429 3.68E-04 

6 0.98 0.0001273 3.44E-04 1.61 0.000209091 5.77E-04 

8 1.11 0.0001442 4.88E-04 1.89 0.000245455 8.22E-04 

10 1.03 0.0001338 6.22E-04 1.75 0.000227273 1.05E-03 

12 0.75 9.74E-05 7.19E-04 1.28 0.000166234 1.22E-03 

14 0.81 0.0001052 8.25E-04 1.36 0.000176623 1.39E-03 

(ii) Cumulative volume loss at 60° impingement angle 

Test 

duration 

(min) 

35 m/s impingement velocity 70 m/s impingement velocity 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. 

Vol. loss 

(cm
3
) 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

2 0.69 8.961E-05 8.96E-05 1.26 0.0001636 1.64E-04 

4 0.89 0.0001156 2.05E-04 1.63 0.0002117 3.75E-04 

6 0.69 8.961E-05 2.95E-04 1.41 0.0001831 5.58E-04 

8 0.81 0.0001052 4.00E-04 1.21 0.0001571 7.16E-04 

10 0.59 7.662E-05 4.77E-04 1.03 0.0001338 8.49E-04 

12 0.74 9.61E-05 5.73E-04 1.33 0.0001727 1.02E-03 

14 0.69 8.961E-05 6.62E-04 1.25 0.0001623 1.18E-03 

*Average of two samples 
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(iii) Cumulative volume loss at 90° impingement angle 

Test 

duration 

(min) 

35 m/s impingement velocity 70 m/s impingement velocity 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

2 0.6 7.79221E-05 7.79E-05 1.12 0.0001455 1.45E-04 

4 0.43 5.58442E-05 1.34E-04 0.93 0.0001208 2.66E-04 

6 0.54 7.01299E-05 2.04E-04 1.08 0.0001403 4.06E-04 

8 0.64 8.31169E-05 2.87E-04 1.31 0.0001701 5.77E-04 

10 0.67 8.7013E-05 3.74E-04 1.17 0.0001519 7.29E-04 

12 0.49 6.36364E-05 4.38E-04 0.86 0.0001117 8.40E-04 

14 0.62 8.05195E-05 5.18E-04 0.97 0.000126 9.66E-04 

 

*Average of two samples 
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Appendix II 

(Solid particle erosion experimental data of HVOF coated CA6NM steel substrate) 

 

(i) Cumulative volume loss at 30° impingement angle 

Test 

duration 

(min) 

35 m/s impingement velocity 70 m/s impingement velocity 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

2 0.39 3.37E-05 3.37E-05 0.72 6.23E-05 6.23E-05 

4 0.46 3.98E-05 7.35E-05 0.78 6.75E-05 1.30E-04 

6 0.35 3.03E-05 1.04E-04 0.6 5.19E-05 1.82E-04 

8 0.49 4.24E-05 1.46E-04 0.85 7.35E-05 2.55E-04 

10 0.34 2.94E-05 1.76E-04 0.58 5.02E-05 3.05E-04 

12 0.36 3.11E-05 2.07E-04 0.63 5.45E-05 3.60E-04 

14 0.3 2.59E-05 2.33E-04 0.54 4.67E-05 4.07E-04 

 

(ii) Cumulative volume loss at 60° impingement angle 

Test 

duration 

(min) 

35 m/s impingement velocity 70 m/s impingement velocity 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. loss 

(cm
3
) 

2 0.51 4.41E-05 4.41E-05 1.1 9.52E-05 9.52E-05 

4 0.67 5.80E-05 1.02E-04 1.22 1.06E-04 2.01E-04 

6 0.62 5.36E-05 1.56E-04 1.1 9.52E-05 2.96E-04 

8 0.7 6.06E-05 2.16E-04 1.3 1.12E-04 4.08E-04 

10 0.53 4.58E-05 2.62E-04 0.95 8.22E-05 4.90E-04 

12 0.52 4.50E-05 3.07E-04 1.01 8.74E-05 5.78E-04 

14 0.54 4.67E-05 3.54E-04 0.92 7.95E-05 6.57E-04 

*Average of two samples 
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(iii) Cumulative volume loss at 90° impingement angle 

Test 

duration 

(min) 

35 m/s impingement velocity 70 m/s impingement velocity 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

2 0.48 4.15E-05 4.15E-05 0.98 8.48E-05 8.48E-05 

4 0.51 4.41E-05 8.56E-05 0.95 8.22E-05 1.67E-04 

6 0.62 5.36E-05 1.39E-04 0.98 8.48E-05 2.52E-04 

8 0.52 4.50E-05 1.84E-04 1.11 9.60E-05 3.48E-04 

10 0.5 4.33E-05 2.28E-04 1.03 8.91E-05 4.37E-04 

12 0.34 2.94E-05 2.57E-04 0.87 7.53E-05 5.12E-04 

14 0.3 2.59E-05 2.83E-04 0.8 6.92E-05 5.81E-04 

*Average of two samples 
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Appendix III 

(Solid particle erosion experimental data of HVAF coated CA6NM steel substrates) 

 

(i) Cumulative volume loss at 30° impingement angle 

Test 

duration 

(min) 

35 m/s impingement velocity 70 m/s impingement velocity 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

2 0.23 1.67E-05 1.70E-05 0.48 3.54E-05 3.55E-05 

4 0.19 1.41E-05 3.10E-05 0.41 3.03E-05 6.58E-05 

6 0.22 1.62E-05 4.73E-05 0.47 3.47E-05 1.01E-04 

8 0.28 2.06E-05 6.80E-05 0.37 2.73E-05 1.28E-04 

10 0.19 1.4E-05 8.20E-05 0.44 3.25E-05 1.60E-04 

12 0.26 1.92E-05 1.01E-04 0.52 3.84E-05 1.99E-04 

14 0.4 2.95E-05 1.31E-04 0.46 3.39E-05 2.33E-04 

(ii) Cumulative volume loss at 60° impingement angle 

Test 

duration 

(min) 

35 m/s impingement velocity 70 m/s impingement velocity 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

2 0.49 3.62E-05 3.62E-05 0.75 5.54E-05 5.54E-05 

4 0.45 3.32E-05 6.95E-05 0.88 6.50E-05 1.20E-04 

6 0.41 3.03E-05 9.98E-05 0.79 5.83E-05 1.79E-04 

8 0.39 2.88E-05 1.29E-04 0.74 5.46E-05 2.34E-04 

10 0.35 2.58E-05 1.54E-04 0.64 4.73E-05 2.81E-04 

12 0.45 3.32E-05 1.88E-04 0.73 5.39E-05 3.35E-04 

14 0.36 2.66E-05 2.14E-04 0.66 4.87E-05 3.84E-04 

*Average of two samples 
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(iii) Cumulative volume loss at 90° impingement angle 

Test 

duration 

(min) 

35 m/s impingement velocity 70 m/s impingement velocity 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

Wt. loss* 

(mg) 

Vol. loss 

(cm
3
) 

Cum. Vol. 

loss (cm
3
) 

2 0.34 2.51E-05 2.51E-05 0.67 4.95E-05 4.95E-05 

4 0.31 2.29E-05 4.80E-05 0.58 4.28E-05 9.24E-05 

6 0.45 3.32E-05 8.13E-05 0.6 4.43E-05 1.37E-04 

8 0.33 2.43E-05 1.06E-04 0.69 5.09E-05 1.88E-04 

10 0.29 2.14E-05 1.27E-04 0.55 4.06E-05 2.28E-04 

12 0.39 2.88E-05 1.56E-04 0.62 4.58E-05 2.74E-04 

14 0.31 2.29E-05 1.79E-04 0.59 4.36E-05 3.18E-04 

*Average of two samples 
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Abstract. In the present investigation, WC–10Co–4Cr coating was deposited by high velocity oxy-

fuel (HVOF) process on CA6NM hydro turbine steel to improve its erosion resistance. The coating 

was characterized in term of crossectional microstructure, phase, microhardness and fracture 

toughness using a field emission scanning electron microscope (FESEM), X-ray diffractometer and 

microhardness tester respectively. Solid particle erosion resistance of the substrate and coating were 

evaluated by air jet erosion tester at two different impingement angles (30° and 90°). Coating 

microstructure has shown a homogeneous and well-bonded laminar morphology. The 

microhardness of the coating was observed more than three times higher than CA6NM substrate. 

This resulted in significant improvement in erosion resistance of coated CA6NM steel at both 

impingement angles.  

Introduction 

WC-Co based cermets are widely used in industry to mitigate the problem of erosion [ ]. In WC-Co 

based cermets, hard WC particles provide the wear resistant property to the material, while the 

cobalt binder provides ductility and toughness. High-velocity oxygen-fuel (HVOF) thermal spray 

process is mainly used for depositing WC–Co powders. During HVOF thermal spraying, cermet 

powder is melted and accelerated towards the substrate. Upon impact they solidify and forms, splats 

[1].  

HVOF sprayed WC-Co coatings are widely used in the hydropower industry for coating of the 

hydro turbine and its components. The high hardness of WC-Co coatings prevents the base material 

from attack of silt particle. Several attempts have been made by researchers to study the erosion 

performance of thermal sprayed hydroturbine steel. However, it has been observed that WC-Co 

based cermets are superior to other coating powders. It is mainly due to composite nature of the 

coating, which gives it hardness, toughness, and ductility at the same time. Bhandari et al. [2] 

deposited a WC-Co-Cr coating on CF8M steel by detonation gun (D-gun) thermal spraying process 

and studied their slurry erosion behavior. It was observed that WC-Co-Cr coated steel has lower 

erosion rate compared to bare steel, which is due to high hardness of coating which prevented base 

material from silt. Singh et al. [3] studied the slurry erosion behavior of (50%) WC-Co-Cr and 

(50%) Ni-Cr-B-Si plasma thermal spray coated CA6NM steel. It was observed that coated steel 

shows better erosion resistance than uncoated steel. Till now most of the research is focused on 

testing slurry erosion behavior of WC-Co coated hydro turbine steel. On the other hand, solid 

particle erosion tester is able to generate severe erosion condition in less time. Solid particle erosion 

behavior study of WC-Co-Cr coated CA6NM steel at different impingement angles is scarce in 

literature. In the present work, solid particle erosion behavior study of HVOF sprayed WC-Co-Cr 

coating on CA6NM steel at different impingement angle was carried out, in order to understand the 

erosion mechanism in a better way.  

Experimental  

Substrate and Coating deposition. A hydro turbine steel of CA6NM grade (ASTM 743) was used 

as a substrate material for the deposition of the coating. As - cast steel test block was machined, and 

Key Engineering Materials Submitted: 2017-01-03
ISSN: 1662-9795, Vol. 751, pp 79-83 Accepted: 2017-03-05
doi:10.4028/www.scientific.net/KEM.751.79 Online: 2017-08-23
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samples of (25mm x 25mm x 5mm) and (25mm x 20mm x 5mm) were prepared using wire-cut 

electric discharge machine (EDM). The WC-10Co-4Cr powder (-45 to +15 m)  was deposited onto 

CA6NM hydro turbine steel using high velocity oxy-fuel process using Hypojet-HP2100 HVOF 

spray system (Make: Metallizing Export Company Jodhpur, India) . The coating was deposited on 

103 mm x 50 mm x 5 mm plates and samples of (25mm x 25mm x 5mm) and (25mm x 20mm x 

5mm) were prepared using wire-cut electric discharge machine (EDM) for erosion testing. Before 

the coating deposition, the steel samples were grit blasted.  

Coating characterization. X-ray diffraction (XRD) was conducted for the powder and as-sprayed 

coatings with X'Pert Powder PANAlytical with Cu Kα radiation. To characterize the microstructure 

of coating, cross-section of the as-sprayed coating was prepared by embedding samples in 

conducting resin, grinding and polishing to 1 µm finish. These were examined in a NOVA Nano 

450 FESEM operated at 20 kV. FESEM is also used for analyzing the surface morphology after 

erosion test for coated and uncoated steel. Porosity was determined using Image analysis of cross-

sectional FESEM micrograph (10,000X). A total of ten micrographs were used to calculate the 

average porosity of coating. The density of the coating was calculated using volume fraction of the 

WC, binder (Co-Cr) and pores. The density of the WC (ρWC = 15.7 g/cm
3
) and binder (ρCo-Cr =  

8.6 g/cm
3
) was taken to calculate the density of the coating. Vickers micro Hardness measurement 

was performed on the polished transverse section of the coatings with INNOVATEST  

(NEXUS 4000) hardness tester at 300 g load with 10 s dwell time. The fracture toughness of 

coating was determined by the indentation method. A Vickers indenter was used on 

metallographically prepared cross sections of coating with a 5 kg load with 10 s dwell time.  

The fracture toughness (Kc) of the coatings was determined by the indentation method using the 

Evans and Wilshaw equation as given below:  

Kc = 0.079 
�

��/� log 4.5 ����.                                                     (1) 

Where ‘P’ applied indentation load (mN), and 'a' and 'c' correspond to the length of the indentation 

half-diagonal (µm) and crack length from the center of the indent (µm) crack length, respectively. 

The ‘c/a’ ratio for use in this equation is 0.6 ≤ c/a < 4.5. Average of ten readings along with 

standard deviation is reported. 

Erosion test procedure. The erosion test was performed using air jet erosion tester (Model: TR , 

DUCOM Bangalore). Erosion test was performed as per ASTM G-76-13 test standard. Alumina 

particle (50 µm) is used as erodent for erosion testing. To provide an initial standard surface 

condition before erosion test, all specimen were polished using 0/0, 1/0, 2/0, 3/0, and 4/0 grades of 

emery paper. Cloth wheel polishing was done to obtain a mirror finish using a diamond paste. Each 

sample was removed after every 2 min to determine the mass loss. The impingement angles used 

for the tests were 30
o
 and 90

o
. These angles were selected to evaluate the behavior of these 

materials at low and high impingement angles. A particle velocity of 70 m/sec is used to replicate 

severe erosion condition encountered by hydro turbine component, and an abrasive flow rate of  

2 g/min were used to conduct the tests. Particle velocity was measured using the double disc 

rotating method with an accuracy of ± 2m/s. The abrasive flow rate was measured by collecting the 

abrasive in a container during 1 min. Before and after the tests, each specimen was weighed using a 

precision electronic weighing balance with an accuracy of 0.0001 g to observe the difference in 

weight loss for each test. The weight loss was converted into volume loss to obtain the precise data 

because the WC-10Co-4Cr coating and substrate possess different densities. 
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Results and Discussion 

Phase constitution of powder and coatings. The X-ray diffraction patterns for the surface of the 

HVOF sprayed WC-10Co-4Cr coating, and the feedstock powder is shown in Fig. 1. In feedstock 

powder, Co and WC are main phases that are observed. In the case of coating, W2C phase is also 

observed which is formed due to decarburization of WC during spraying. Traces of Co3W3C and Co 

phases was also noticed.  

 

Fig. 1. XRD pattern of the WC-10Co-4Cr feedstock powder and HVOF coated CA6NM steel. 

Microstructure and mechanical properties of coating. The cross-sectional FESEM micrograph 

of the HVOF sprayed WC-10Co-4Cr coating on the CA6NM steel has been shown in Fig. 2. At 

lower magnification coating-substrate interface, coating, and the substrate can be seen clearly. It is 

observed that coating has a homogeneous laminar structure which is well bonded to the substrate. 

At higher magnification pores and interlaminar oxidation can be seen. The average coating 

thickness of coating is found to be 305± 7 µm. 

  
Fig. 2. Cross-sectional FESEM micrograph of WC-10Co-4Cr coating deposited on as - cast 

CA6NM steel sample: (a) at lower magnification; (b) at higher magnification. 

The average and the standard deviation value of indentation fracture toughness and cross-sectional 

microhardness values of investigated samples are reported in Table 1. The fracture toughness and 

microhardness value of the coatings were also measured along the depth from the coating to the 

substrate. 

Table 1. Indentation fracture toughness and cross-sectional microhardness of WC-10Co-4Cr coating  

and uncoated CA6NM steel. 

 Indentation fracture toughness 

(MPa m
1/2

) 

Cross-sectional  

microhardness 

(HV0.3) 

WC-10Co-4Cr coating 2.31 ± 0.19 1107 ± 41 

Uncoated CA6NM steel - 338 ± 29 

Coating 

Resin 

Substrate 

Interlaminar 

oxidation 

Pores 

(a) (b) 
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Erosion behavior of the uncoated and coated steel samples 

Fig. 4 (a) and (b) shows the cumulative volume loss of the uncoated and WC-10Co-4Cr coating as a 

function erosion time at 30° and 90° impingement angle for 70 m/s impact velocity. 

  
(a) (b) 

Fig. 4. Cumulative volume loss of uncoated and HVOF coated as-cast CA6NM steel as a function 

of time at 30° impingement angle (a) and 90° impingement angle (b). 

It is observed that the cumulative volume loss of WC-10Co-4Cr coating (4.07E-04 cm
3
) is lower 

than uncoated CA6NM steel(1.39E-03 cm
3
) at 30° impingement angle. The FESEM micrographs of 

eroded surfaces of both uncoated and coated steel at 30° impingement angle are shown in Fig. 5 (a) 

and Fig. 6 (a). The formation of lips in uncoated and coated steel indicate that material is mainly 

removed by cutting and ploughing. In the case of 90° impingement angle, it is observed that the 

cumulative volume loss of WC-10Co-4Cr coating (5.81E-04 cm
3
) is also lower than uncoated 

CA6NM steel(9.66E-04 cm
3
). The FESEM micrographs of eroded surfaces of both uncoated and 

coated steel at 30° impingement angle are shown in Fig. 5 (b) and Fig. 6 (b). 

  

Fig.5. FESEM micrographs of the eroded surface of uncoated steel at 30
o
 impingement angle (a) 

and 90
o
 impingement angle (b). 

  

Fig. 6. FESEM micrographs of the eroded surface of coated steel at 30
o
 impingement angle (a)  

and 90
o
 impingement angle (b). 

(b) 

(a) (b) 

(a) 
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Conclusions 

1. The polished cross-sectional microstructure of HVOF sprayed WC-10Co-4Cr coating showed a 

homogeneous, well-bonded laminar structure with low porosity. 

2. The HVOF-sprayed WC-10Co-4Cr coating enhanced the erosion resistance of the CA6NM steel. 

This may be attributed to its higher hardness of coating as compared to the uncoated steel. 
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In the present investigation, WC-10Co-4Cr coating was deposited by high velocity air-fuel (HVAF)
process on CA6NM hydro turbine steel. A detailed microstructural and phase compositional study
was carried out on the coating. Mechanical properties of the coating were also evaluated. WC-10Co-
4Cr coating showed a homogeneous, well-bonded structure with low porosity, which is mainly
attributed to less decarburization of WC. Erosion resistance of the coating was evaluated by air jet
erosion tester at three di®erent impingement angles (30�, 60� and 90�) for 35 and 70m/s impact
velocities. The FESEM micrographs were taken, before and after erosion tests, to determine the
erosion mechanism. The test results revealed that the coating protects the substrate at 30�, 60� and
90� impingement angles. At 70m/s impact velocity, uncoated and coated steel showed higher
cumulative volume loss than in the case of 35m/s impact velocity. It was observed that uncoated
steel showed a ductile behavior during erosion and WC-10Co-4Cr coating showed mixed (ductile
and brittle) mode of fracture during erosion.

Keywords: CA6NM steel; HVAF; erosion resistance.

1. Introduction

Hydropower plants play a vital role in ful¯lling

India's domestic energy requirements. Although hy-

dropower is the most important and cheapest renew-

able source of energy, hydropower plants encounter

problems like silt erosion, which reduces its opera-

tional capabilities.1–3 In India, the problem of silt

erosion is faced by hydropower plants located in Hi-

malayan rivers, which is due to steep topography and

geographically young mountains of the region.4 In

particular, blades, guide vanes, bearing bodies and

nozzles, etc. bear high risks of being damaged by silt

particles. Silt erosion intensity depends on di®erent

parameters such as silt size, hardness, and concen-

tration, the velocity of water and base material

properties.5–7 To counteract the problem of silt ero-

sion, di®erent researchers have suggested various

solutions.8–10 However, it has been found that the

erosion resistance of the turbine steel can be improved

by the deposition of thermal spray coatings.11,12

Thermal spray techniques are versatile means of de-

veloping coating with low porosity, good adhesive

strength, low oxide contents, and high inter-splat

strength.13,14 Several di®erent types of coating pow-

ders have been attempted by various researchers15,16

to improve erosion resistance of turbine blades. It has

been observed that WC-Co-Cr-based coating gives

excellent erosion performance in comparison to other

type of powders,17,18 which is due to the presence of

hard WC particle in a tough and ductile Co-Cr
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matrix.19 At present, HVOF process is widely used for

developing erosion resistant coating on hydro turbine

steel.20,21 However, this process leads to the consid-

erable amount of decarburization which deteriorates

the erosion resistance of the coating.22,23 Recently,

high-velocity air fuel (HVAF) system is gaining at-

tention among researchers.24–26 This process operates

at a much lower combustion temperature using com-

pressed air (not oxygen) for combustion.27 Therefore,

there is an urgent need to explore the possibility of

application of HVAF coating for erosion resistance

application of hydro turbine. There are several

methods to evaluate di®erent types of erosion. Gen-

erally, slurry and slurry jet erosion are most widely

used for evaluating erosion resistance of hydro tur-

bine steel in lab scale.8,15 However, it is not possible to

generate severe erosion condition in them as water

acts as a cushioning agent and reduces the kinetic

energy of impinging particles.28,29 On the other hand,

air jet erosion tester is able to generate severe erosion

condition in lab scale. Thakur et al.28 studied the

slurry and air jet erosion behavior of HVOF sprayed

WC-Co-Cr cermet coatings. It was observed that air

jet erosion tester resulted in higher damage to the sub-

strate in comparison to slurry erosion, which is mainly

attributed to the higher velocity of erodent particle in

the case of air jet erosion tester. Hawthorne et al.29

studied the performance of di®erent HVOF sprayed

coatings under slurry jet erosion and air jet erosion

tester. It was observed that slurry jet erosion tester

shows lower erosion rates in comparison to air jet ero-

sion tester. Lower erosion rates in slurry jet erosion test

are due to the di®erence in real erodent target velocity,

which is mitigated by water. Chauhan et al.30 and

Kumar et al.12 have also used the solid particle erosion

testing method to evaluate the erosion performance of

hydro turbine steel and reported encouraging results in

shorter erosion time. Therefore, solid particle erosion

test is used for evaluating erosion resistance of steel.

In the literature, solid particle erosion resistance

study of HVAF sprayed WC-10Co-4Cr-based coating

deposited on CA6NM steel is very few. Hence, the

present study was carried out with an objective to

gain knowledge on solid particle erosion resistance of

HVAF-sprayed WC-10Co-4Cr-based coating on

CA6NM steel. The study shall provide useful infor-

mation regarding the microstructure-property corre-

lation of HVAF-sprayed WC-10Co-4Cr coating on

CA6NM steel. At the same time, the study will also

try to address the issue of silt erosion in the hydro

turbine.

2. Experimental Procedure

2.1. Substrate

A hydro turbine steel of CA6NM grade (ASTM 743)

was used as a substrate material for the deposition of

the coating. As-cast steel test block wasmachined, and

samples of 25� 25� 5mm and 25� 20� 5mm were

prepared using wire-cut electric discharge machine

(EDM) for erosion testing. Plates of 103� 50� 5mm

were also cut from the same test block for coating de-

position. The chemical composition of the material is

given in Table 1.

2.2. Coating deposition

The WC-10Co-4Cr powder (H.C. Starck Amperit

556.059) was deposited onto CA6NM steel using high

velocity air-fuel process at PTC-Innovation AB,

Sweden. Spraying was done with a Uniquecoat M3

torch with the 4L2 secondary nozzle. The coating was

deposited on 103� 50� 5mm plates and samples of

25� 25� 5mm and 25� 20� 5mm were prepared

from the same plate using wire-cut EDM for erosion

testing. Before the coating deposition, the steel sam-

ples were grit blasted. The spraying parameters are

given in Table 2.

Figure 1 shows the morphology of the feedstock

powder. Feedstock powder particles exhibit spherical

morphology, which provides excellent °uidity and

stability during spraying.

Table 1. Chemical composition of cast CA6NM steel (wt.%).

Element C Cr Ni Mn Si Mo S P Fe

Composition/wt.% 0.06 11.88 3.65 0.61 0.45 0.61 0.002 0.028 Bal.
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2.3. Coating characterization

To identify the phase composition, the XRD patterns

of the feedstock powder and as-sprayed coatings were

recorded with X'Pert Powder PANAlytical with

Cu K� radiation. To characterize the microstructure

of coating, cross-section of the as-sprayed coating was

prepared by mounting samples in conducting resin,

grinding and polishing to 1�m ¯nish. These were

examined in a NOVA Nano 450 ¯eld emission scan-

ning electron microscope (FESEM) operated at

20 kV. FESEM is also used for analyzing the surface

morphology after erosion test for coated and un-

coated steel. The surface roughness of the uncoated

and sprayed samples after polishing was measured

using a surface roughness tester (Surftest SJ 301,

Mitutoyo). Image analysis was done on cross-sec-

tional FESEM micrograph (10,000X) of the coating

to evaluate volume fraction of theWC, binder (Co-Cr)

and porosity. The density of the coatingwas calculated

by substracting volume fraction of porosity from that

of the WC and binder (Co-Cr).12 The density of the

WC (�WC ¼ 15:7 g/cm3Þ and binder (�Co-Cr ¼ 8:6 g/

cm3Þwas taken to calculate the density of the coating.

Vickers microhardness measurements were performed

on the polished transverse section of the coatings with

INNOVATEST (NEXUS 4000) hardness tester at

300 g load with 10 s dwell time. The fracture tough-

ness of coating was determined by the indentation

method. A Vickers indenter was used on metallo-

graphically prepared cross-sections of coating with a

5 kg load with 10 s dwell time. The indenter was

loaded such that the two indent diagonals were par-

allel and perpendicular to the substrate/coating in-

terface, respectively. The length of the cracks, both

parallel and normal to the substrate-coating inter-

face, produced by the indentation technique was

measured using FESEM micrograph.

The fracture toughness (KcÞ of the coatings was

determined by the indentation method using the

Evans and Wilshaw31 equation as given below:

Kc ¼ 0:079
P

a3=2
log 4:5

a
c

� �
: ð1Þ

Where `P ' is the applied indentation load (mN), and

`a' and `c' correspond to the length of the indentation

half-diagonal (�m) and crack length from the center

of the indent (�m), respectively as shown in Fig. 2.

The `c=a' ratio for use in this equation is

0:6 � c=a < 4:5. Average of ten readings along with

standard deviation is reported.

2.4. Erosion test procedure

The erosion behavior of cast and coated CA6NM steel

was evaluated using air jet erosion tester (Model: TR-

471-400 DUCOM Bangalore). Erosion test was

Fig. 1. FESEM micrograph of WC-10Co-4Cr feedstock
powder.

Table 2. Parameters used in
HVAF-spraying.

Stando® distance 300mm
Feed rate 200 g/min
Deposition rate 20�m/pass
Number of passes 17

Fig. 2. Schematic depiction of the Vickers indentation and
crack geometry.
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performed as per ASTM G-76-13 test standard.32

Schematic diagram of the air jet erosion tester12 used

for these experiments is shown in Fig. 3. The erosion

test parameters utilized in the present study are

provided in Table 3.

In this erosion tester, the abrasive particles were

accelerated from a nozzle by using a compressed air

stream that caused them to impact on the surface of

the material. Figure 4 shows the FESEM micrograph

of alumina particle (50�m) used for erosion testing; it

was observed that the particles are °aky and angular

in shape. To provide an initial standard surface

condition before the erosion test, all specimens were

abraded using 0/0, 1/0, 2/0, 3/0, and 4/0 grades of

emery paper. Cloth wheel polishing was done to ob-

tain a mirror ¯nish using a diamond paste. Each

sample was removed after every 2min to determine

the mass loss. The impingement angles used for the

tests were 30�, 60� and 90�. These angles were se-

lected to evaluate the behavior of these materials at

low, intermediate and high impingement angles. A

particle velocity of 35 and 70m/s was used to repli-

cate severe erosion condition, and an abrasive °ow

rate of 2 g/min was used to conduct the tests. Particle

velocity was measured with an accuracy of �2m/s,

using the double disc rotating method as shown in

Fig. 5. In this apparatus, two disks are attached to a

common rotating shaft. A radial slot is cut on top disk

and the lower disk is coated with a thin layer of paint.

Stream of erodent is allowed to strike on the top disk

for 10min and elliptical shape scar is formed on the

bottom disk, which is measured using a protractor.

Velocity is measured using the formula as given below

V ¼ ½H �N� � ½360=A�; ð2Þ
where H is the Distance between disks in m (0.03);

N is the Revolution per second of double disk

system(5000/60);

A is the Angle of Incidence.33

The abrasive °ow rate was measured by collecting

the abrasive in a container during 1min. Before and

after the tests, each specimen was weighed using a

digital balance with an accuracy of 0.0001 g to ob-

serve the di®erence in weight loss for each test. The

weight loss was converted into volume loss to obtain

Fig. 3. Schematic view of air jet erosion tester used for
solid particle erosion testing.12

Fig. 4. Morphology of alumina particles.

Table 3. Parameters used in solid particle
erosion testing.

Erodent particle Alumina
Average erodent

particle size
50�m

Impact velocity 35 and 70m/s
Erodent discharge 2 gm/min
Test gas compressed air
Stando® distance 10mm
Nozzle diameter 1.5mm
Impact angle 30�, 60� and 90�

Test duration Cycles of 2min
Test temperature Room temperature
Sample size (25� 25� 5) mm and

(25� 20� 5) mm

A. Hamilton, A. Sharma & U. Pandel
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the precise data because the WC-10Co-4Cr coating

and substrate possess di®erent densities. Micrographs

of the eroded surfaces were obtained using an FESEM

to analyze the specimens and to identify the possible

erosion mechanisms.

3. Results and Discussion

3.1. Substrate microstructure and
properties

The optical and ¯eld emission scanning electron mi-

crostructure of as-cast CA6NM steel is illustrated in

Figs. 6(a) and 6(b). The microstructure of as-cast

CA6NM steel consists of packets of lath martensitic

needles. Apart from these packets, the structure also

exhibits the presence of delta ferrite.34 Table 4 shows

the mechanical properties of the as-cast CA6NM

steel, average of three readings is shown.

3.2. Phase constitution of powder and
coatings

The X-ray di®raction patterns for the surface of the

HVAF-sprayed WC-10Co-4Cr coating and the feed-

stock powder are shown in Fig. 7. There is no signif-

icant di®erence observed between the di®raction

pattern of the feedstock powder and that of the

coating,35 where both the powder and coating con-

tained WC as the primary phase. Traces of Co3W3C

and Co phases were also noticed. Traces of W2C

phase are also observed in HVAF-sprayed coating,

which indicates that there is very little or negligible

decarburization in the coating. In HVAF coating,

higher particle velocity and lower particle tempera-

ture during spraying are the main factors, which

result in a lower degree of decarburization.

3.3. Microstructure, porosity and density
of coating

The cross-sectional FESEMmicrograph of the HVAF-

sprayed WC-10Co-4Cr coating on the CA6NM steel

has been shown in Fig. 8. Even at lower magni¯cation

(Fig. 8(a)), coating–substrate interface, coating, and

the substrate can be seen clearly. It is observed that

coating has a homogeneous structure, which is dense

-ferriteδδ

(a)

-ferriteδδ

(b)

Fig. 6. (a) Optical and (b) FESEM micrograph of cast CA6NM steel.

Fig. 5. Schematic diagram of the double disk apparatus.
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and well bonded to the substrate. At higher magni-

¯cation, secondary electron mode micrograph

(Fig. 8(b)) porosity present in the coating can be

observed. At higher magni¯cation backscatter mode

micrograph (Fig. 8(c)) islands of bright regions are

observed in between the dark region, in which bright

region corresponds to WC rich phase (\Point 1") and

the latter corresponds to Co-Cr rich phase (\Point

2"). EDS analysis of points is shown in Table 5. It is

also observed that WC grains appear blocky in shape

without any deformation and dissolution. Therefore,

it can be inferred that the Co-Cr metallic binder was

wholly or partially melted, while the WC-particles

mostly remained in the solid state during spraying.

This clearly indicates that very little decomposition of

WC has taken place during spraying. Unlike HVOF-

sprayed WC-10Co-4Cr coating,36 no laminar mor-

phology is observed in HVAF-sprayed coating, which

indicates that less decarburization of WC has taken

place. The average coating thickness as measured

from cross-sectional FESEM micrograph is about

341� 6�m. Although minute pores are visible in

the coating, it is less porous than HVOF-sprayed

WC-10Co-4Cr coatings.37 The reason for this is

shorter particle residence time in the HVAF jet,

which lowers the oxidation of particles. The porosity

percentage in terms of the area fraction of pores was

observed to be 0:98� 0:25%. The average density of

the coating was observed to be 13.53 g/cm3.

3.4. Indentation fracture toughness,
cross-sectional microhardness and
surface roughness of coating

The average and the standard deviation value of in-

dentation fracture toughness, cross-sectional micro-

hardness, and surface roughness Ra values of

investigated samples are reported in Table 6. The

fracture toughness value was calculated at the

polished cross-section of the coating. It was observed

that cracks are generated parallel to the coating–

substrate interface, as shown in Fig. 9. Cracks were

not observed in the perpendicular direction which

attributed to the anisotropic behavior of coating. The

microhardness of the coating was also measured along

the depth from the coating to the substrate. The

microhardness values of coating were found to be in

the range of 1285–1352Hv. It was observed that

microhardness value oscillates in a narrow range

(1285–1352), which is mainly due to low porosity and

uniform microstructure of the coating. Surface

roughness for coated and uncoated steel after pol-

ishing is measured before starting the erosion test, to

provide a uniform initial condition for erosion.

3.5. E®ect of impingement angle
on erosion

Figure 10 shows the actual picture of the erosion scar

formed at 30�, 60� and 90� impingement angles and

their respective sample holders. The smaller size of

30� impingement angle sample is attributed to sam-

ple holder geometry, which helps in maintaining
Fig. 7. XRD pattern of the WC-10Co-4Cr feedstock
powder and HVAF coated CA6NM steel.

Table 4. Mechanical properties of the as-cast CA6NM alloy steel.

Properties material YS (MPa) UTS (MPa) Ductility (% elongation) Impact strength (Joules)

CA6NM steel 652� 48 892� 66 13� 4 42� 8

A. Hamilton, A. Sharma & U. Pandel

1850011-6



constant distance (10mm) between nozzle and the

sample for all the impingement angles. The center

region of the eroded scar (Region \1") shows the

region of erosion and on its periphery, it is sur-

rounded by a region of elastically loaded material

(Region \2").38 At 30� impingement angle, contact

area of erodent with substrate is high and erosion

scar of ellipsoid shape covering the entire length of

the sample is observed. At 60� impingement angle,

the material is eroded forming a perfect ellipsoid

shape depression, which is because of the contact

area being lower than 30�. While at 90� impinge-

ment angle, the material is eroded creating a perfect

circular shape depression. The di®erence observed in

the erosion pro¯le is due to the di®erence in the angle

of impingement.

Table 5. EDS analysis of points as
marked in Fig. 8(c).

Chemical composition (wt.%)

Point W Co Cr C

1 84.00 7.49 3.57 4.94
2 62.77 15.02 17.57 4.53

Substrate

Coating

Resin

(a)

Pores

(b)

2

1

(c)

Fig. 8. Cross-sectional FESEM micrograph of WC-10Co-4Cr coating deposited on as-cast CA6NM steel substrate: (a) at
lower magni¯cation (Secondary electron mode); (b) at higher magni¯cation (secondary electron mode) and (c) at back scatter
mode.

Table 6. Indentation fracture toughness, cross-sectional microhardness and surface roughness
of uncoated CA6NM steel and WC-10Co-4Cr coating.

Indentation fracture

toughness (MPa m1=2Þ
Cross-sectional

microhardness (HV0:3Þ
Surface

roughness (Ra)

WC-10Co-4Cr coating 6.60� 0.21 1327� 26 0.31
Uncoated CA6NM steel — 338� 29 0.27

Solid Particle Erosion Resistance of HVAF-Sprayed WC-10Co-4Cr Coating on CA6NM Steel
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3.6. Erosion behavior of the uncoated
and coated steel

Figure 11 shows the cumulative volume loss of the

uncoated and WC-10Co-4Cr coating as a function of

erosion time (14min) at 30� impingement angle for 35

and 70m/s impact velocity.

It is observed that the cumulative volume loss of

WC-10Co-4Cr coating at 35m/s (1.31 e�04 cm3Þ and
70m/s (2.33 e�04 cm3Þ is lower than the uncoated

CA6NM steel for 35m/s (8.25 e�04 cm3Þ and 70m/s

(1.39 e�03 cm3Þ impact velocity. At low impact angle

(30�), the horizontal component (shear force) of the

kinetic energy of the impinging particles is higher

than the vertical component (normal force), as shown

in Fig. 13. Thus, the force to slide on the surface is

higher than the force to penetrate the surface, and it

results in the formation of plough and lips in uncoated

and coated steel. These lips are fractured or removed

from the grooves with further impingement of parti-

cles. The FESEM micrographs of eroded surfaces of

Fig. 10. Actual picture of the erosion scar formed on
eroded samples at 30�, 60� and 90� impingement angles and
their respective sample holder.

Fig. 9. FESEM micrograph of Vickers indentation on the
polished cross-section of coated steel. Fig. 11. Cumulative volume loss of uncoated and HVAF

coated as-cast CA6NM steel as a function of erosion time
(14min) at 30� impingement angle for 35 and 70m/s im-
pact velocity.

Fig. 12. Mechanism of material removal at 90� impinge-
ment angle.
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both uncoated and coated steel at 30� impingement

angle are shown in Figs. 14(b), 14(c), 15(b) and 15(c).

The formation of lips and grooves in uncoated and

coated steel indicate that the material is mainly re-

moved by cutting and ploughing. FESEM micro-

graph of uneroded surfaces of as-cast and coated steel

is shown in Figs. 14(a) and 15(a). Cumulative volume

loss of uncoated and WC-10Co-4Cr coating as a

function of erosion time (14min) at 60� impingement

angle is shown in Fig. 16. It is observed that WC-

10Co-4Cr coating at 35m/s (2.14 e�04 cm3Þ and

70m/s (3.84 e�04 cm3Þ also shows lower cumulative

(a)

Lip

(b)

Lip

(c)

Fig. 14. FESEM micrographs of the uneroded uncoated steel (a) and eroded steel (14min) at 30� impingement angle (b, c),
60� impingement angle (d, e), 90� impingement angle (f, g) (b, d, f is for 35m/s and c, e, g is for 70m/s impact velocity).

(a) (b) (c)

Fig. 13. Schematic depiction of the erosion mechanism at (a) 30�, (b) 60� and (c) 90�.
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volume loss in comparison to uncoated CA6NM steel

at 35m/s (6.62 e�04 cm3Þ and 70m/s (1.18 e�03 cm3Þ.
For medium incident angle (60�), the horizontal

component (shear force) of the kinetic energy of the

impinging particles and the vertical component

(normal force) are close to equal, as shown in Fig. 13.

The material removal mainly takes place due to

combined action of cutting and plastic deformation,

which results in the formation of grooves and craters.

Figures 14(d) and 14(e) and 15(d) and 15(e) show the

FESEM micrographs of the eroded surfaces of both

coated and uncoated steel at 60� impingement angle.

Eroded surfaces of uncoated and coated steel revealed

the presence of lips and craters at the di®erent loca-

tions. Figure 17 shows the cumulative volume loss of

the uncoated andWC-10Co-4Cr coating as a function

of erosion time (14min) at 90� impingement angle. It

is observed that in this condition also the cumulative

volume loss of WC-10Co-4Cr coating at 35m/s

(1.79 e�04 cm3Þ and 70m/s (3.18 e�04 cm3Þ is lower

than uncoated CA6NM steel at 35m/s (5.18 e�04

cm3Þ and 70m/s (9.66 e�04 cm3Þ. For the high

impingement angle (90�), the vertical component

(normal force) of the kinetic energy is higher than

the horizontal component (shear force), as shown in

Fig. 13. This provides bigger indented force and

the erodent penetrates into the surface resulting in

the formation of craters. Figures 14(f) and 14(g)

and 15(f) and 15(g) show the FESEM micrographs of

the eroded surfaces of both coated and uncoated steel

at 90� impingement angle, the eroded surfaces of

uncoated and coated steel are free from ploughs. Deep

craters are instead observed which are formed due to

dislodging of material by erodent particles.

It is, therefore, reasonable to summarize that, in

general, the erosion in uncoated steel at low im-

pingement angles took place by micro ploughing and

micro cutting, which resulted in the formation of long

and narrow grooves. In the case of high impact angle,

material removal took place due to plastic deforma-

tion and formation of deep crater whereas in the case

of intermediate angle, erosion took place by the

combined action of cutting and plastic deformation,

which resulted in the formation of cutting grooves

Crater

Lip

(d)

Crater

Lip

(e)

Crater

(f)

Crater

(g)

Fig. 14. (Continued)
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(a)

Lip

(b)

Lip

(c)

Crater

Lip

(d)

CraterLip

(e)

Crater

(f)

Crater

(g)

Fig. 15. FESEM micrographs of the uneroded coated steel (a) and eroded coated steel (14min) at 30� impingement angle
(b, c), 60� impingement angle (d, e), 90� impingement angle (f, g) (b, d, f is for 35m/s and c, e, g is for 70m/s impact
velocity).

Solid Particle Erosion Resistance of HVAF-Sprayed WC-10Co-4Cr Coating on CA6NM Steel

1850011-11



and extrusion craters.39 In the case of WC-10Co-4Cr

coating, localized erosion has taken place, material

removal mechanism at low impact angle was due to

micro cutting and microploughing,40 the same is ob-

served by Kulu et al.41 and Feng et al.42 Removal of

splats is also noticed, which is mainly due to large

tangential forces acting on the splats due to the im-

pinging particle striking at a low impact angle, which

resulted in the detachment of the splats. At high

impact angle, material removal took place by removal

of a single grain of WC, the mechanism is illustrated

in Fig. 12. Impinging erodent particle removes the

binder phase from the surface and it results into the

accumulation of plastic strain in WC particles and

eventually cracks are generated in-between WC

grains, which results in the removal of single WC

particle.43 In the case of intermediate angle, material

removal takes place due to the mixed mode of micro

cutting and removal of a single grain of WC.39 The

erosion mechanisms responsible for material removal

are summarized in Table 7. Figure 18 shows the e®ect

of 30�, 60� and 90� impingement angles on cumula-

tive volume loss for uncoated CA6NM steel and WC-

10Co-4Cr coating.

The maximum cumulative volume loss for un-

coated CA6NM steel was observed at 30� impinge-

ment angle, followed by 60� and 90�. However, in the

case of WC-10Co-4Cr coating, it is worth noticing

that, the maximum cumulative volume loss was ob-

served at 60� impingement angle, followed by 90� and
30�. The shifting of maximum cumulative volume loss

from low to intermediate impingement angle in the

case of coating shows that coating exhibits a mixed

mode of failure during erosion. The WC-10Co-4Cr

coating contains brittle WC particle in ductile Co-Cr

matrix, which imparts a dual (ductile and brittle)

behavior in coating, and the same has been observed

by Murthy et al.44 and Kulu et al.,41 with increase in

Fig. 16. Cumulative volume loss of uncoated and HVAF
coated as-cast CA6NM steel as a function of erosion time
(14min) at 60� impingement angle for 35 and 70m/s
impact velocity.

Fig. 17. Cumulative volume loss of uncoated and HVAF
coated as-cast CA6NM steel as a function of erosion time
(14min) at 90� impingement angle for 35 and 70m/s
impact velocity.

Table 7. Erosion mechanisms in case of 30�, 60� and 90� impingement angles for uncoated and coated
samples.

Impingement angles

Sample 30� 60� 90�

Uncoated steel Cutting and ploughing Cutting and plastic
deformation

Plastic deformation

WC-10Co-4Cr coating Cutting and
removal of Splat

Cutting and removal
of a single grain of WC

Removal of a
single grain of WC
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the brittle content in the coating, the maximum cu-

mulative volume loss tends to shift from low to high

impingement angles. At 70m/s impact velocity, high

cumulative volume loss is observed in comparison to

that of 35m/s, which is attributed to the higher ki-

netic energy of impacting particle. The coated steel

shows nearly four times better erosion resistance than

the uncoated steel at 30�, 60� and 90� impingement

angles. This indicates that HVAF-sprayed WC-10Co-

4Cr coating can improve the erosion resistance of

hydro turbine component under low, medium and

high impingement angles.

4. Conclusion

The HVAF thermal spraying technique was used

successfully to deposit WC-10Co-4Cr coating on

CA6NM steel substrate. The uncoated and coated

steels were subjected to solid particle erosion testing

at three di®erent impingement angles (30�, 60� and

90�) for 35 and 70m/s impact velocity. From the

experimental results and examination of the micro-

graphs of the coated and uncoated steel before and

after the erosion test, the following conclusions are

drawn:

(1) The polished cross-sectional microstructure of

HVAF-sprayed WC-10Co-4Cr coating shows a

homogeneous, well-bonded structure with low

porosity.

(2) The HVAF-sprayed WC-10Co-4Cr coating en-

hanced the erosion resistance of the CA6NM

steel. This may be attributed to its higher hard-

ness of coating as compared to the uncoated steel.

(3) Higher cumulative volume loss is observed at

70m/s impact velocity in comparison to 35m/s

impact velocity for coated and uncoated steel.

This is attributed to the higher kinetic energy of

erodent in the case of 70m/s impact velocity.

(4) Uncoated steel showed a ductile behavior during

erosion. However, WC-10Co-4Cr coating showed

mixed (ductile and brittle) mode of failure during

erosion.
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STUDY OF FRICTION AND WEAR BEHAVIOR OF AZ91 ALLOY 
Vatsala Chaturvedi1, Ashok Sharma2, Upender Pandel2 

1Research Scholar, 2Professor, Dept. of Metallurgical and Materials Engg. MNIT Jaipur 

 

AZ91 alloy having applications in automobiles, aerospace industries etc. During service this AZ91 alloy 

come across wear and friction. This causes a damage of the component over a period of time. Therefore, 

mechanical properties of AZ91 alloy should be improved to resist war and friction. Grain refinement is 

widely used to improve the mechanical properties of the alloy. Grain refinement is achieved by inoculation, 

rapid cooling, and ultrasonic, electromagnetic and mechanical vibrations. In the present case, mechanical 

vibrations have been imposed on cast alloy during solidification. It has been observed that the alloy cast at 

15 Hz showed best grain refinement. The alloys cast were studied on pin-on- disc machine to measure the 

wear resistance. Fine grain sized alloy showed better wear and friction resistance in comparison to casting 

having coarser grains. 

Keywords: AZ91 alloy, mechanical vibrations, wear and friction. 

HOT TEARING IN ALUMINIUM CAST ALLOYS 
Sachin Kumar Rathi*1, Ashok Sharma1, Marisa Di Sabatino2 

1Department of Metallurgical and Materials Engineering, Malaviya National Institute of Technology Jaipur, 

Jaipur-302017, India 

2Department of Materials Science and Engineering, Norwegian University Science and Technology 7491 

Trondheim, Norway. 

Email: sachin.baryons@gmail.com (Sachin Rathi), ashok.mnit12@gmail.com (Ashok Sharma),  

marisa.di.sabatino@material.ntnu.no (Marisa Di Sabatino) 

Hot tearing is a common and serious problem in casting of aluminium alloys. When a molten metal is 

poured through a permanent mold casting (PMC), a crack is appeared the junction of casting near the sprue 

bar. Hot tear is a phenomenon of liquid feeding during the last stage of solidification. If feeding is not suffi-

cient then a tensile load is developed in the mushy zone; resulting a crack is present on the surface of the 

casting. These cracks may be of micro and macro types. When the mold temperature is increased and grain 

refiner is added to the melt, the feeding of the material in the last stage of solidification is increased so no 

crack formed.  It was accomplished that a fine equiaxed, dendritic grain morphology was optimum to reduce 

hot tearing. In order to achieve better hot tearing resistance, the ranges of pouring and mold temperatures 

are suggested to be 700- 720 º C and more than 250 º C for Al- alloy. 

Keywords: Casting, solidification, mushy zone. 

of silt in river increases to alarmingly high level during monsoon season. Silt erosion depends upon differ-

ent parameters such as silt size, hardness and concentration, velocity of water and base material properties. 

In most cases, this can be minimized by controlling the above mentioned parameters, but during the mon-

soon season, it becomes impossible to control these parameters which cause erosion. Silt erosion has impact 

on reliability of a turbine runner. The change of runner profile alters the flow pattern causing loss of effi-

ciency. Extensive research work has been carried out in last decade to mitigate problem of silt erosion. Dep-

osition of the hard surface coating materials are attempted by many investigators. Thermal spray processes 

such as flame spray, plasma spray, detonation gun and High velocity oxy fuel (HVOF) process are widely 

used to improve surface protection against corrosion and wear, in power generation plants. In this review 

paper, research undertaken in this field by several investigators have been discussed. Based on literature 

survey various aspects related to silt erosion in hydro turbine materials and suitable remedial measures sug-

gested by various investigators have been discussed. 
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DIFFERENT METHODS TO COMBAT EROSION IN HYDRO TURBINE 
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The Himalyan rivers provide a great potential for hydropower generation due to its steep gradient, steep 

topography and fragile geography. However, due to geographically young mountains of the region amount  

FAILURES IN ENGINEERING MATERIALS 

Dr Sanjay Panwar, Associate Professor 

Department of Physics, Maharishi Markandeshwar University, Mullana (Ambala) – 133 207  

E-mail: dr.spanwar@gmail.com 

 

The failure of engineering materials, while in service, has always been an undesirable phenomenon. The 

failure occurs for several reasons and includes losses of human lives, economic losses and interference with 

the availability of products and services. When capital expenditures are made for plant equipment, it is rou-

tine to ensure that the equipment will satisfy the performance and reliability requirements. The unanticipat-

ed failures can occur for a variety of reasons, and result in economic losses, disruption in plant operation 

and safety implications. The usual causes of failures include improper material selection, processing and 

inadequate design of the components. In order to minimize the frequency and severity of such failures, it is 

necessary to understand the failures and to confront their causes. The common expectation for the opera-

tion of plant equipment, when commitments are made for major capital outlays, is that the plant equipment 

will operate in accordance with the applicable performance specifications and acceptable reliability. Trou-

ble free operation of such plant equipment over a period of time is an almost universal goal of the opera-

tors; however, it is not always possible to achieve this objective. 

To prevent failures and to minimize the severity and consequences, it is necessary to identify and under-

stand the causes of failure andcontributing factors. Metallurgical failure analysis is perhaps the most widely 

used approach. Metallurgical failure analysis includes scientific laboratory examinations of metallurgical 

evidence and exploration of background information of plant equipment failure. Laboratory procedures 

emphasize on the failed component itself and generally comprise of the detailed metallographic examina-

tions, elemental analysis, presence of extraneous or second phase particles, mechanical property measure-

ments and fractographic examinations etc 

MODELING AND SIMULATION OF CUTTING TOOL WEAR 

Dr R P Mishra, Asstt professor, Dept of Mech Engg,BITS Pilani 

E-mail: rpm@pilani.bits-pilani.ac.in 

 

The main goal of this work is to develop a methodology for studying and quantifying the wear phenomenon 

in cutting tools. Cutting tool life is an important factor in various metal cutting and machining processes. A  

short tool life is uneconomical as tool repair and replacement is expensive. A tool that cannot perform its 

desired function can be declared as failed. The tool life is defined as the length of time the tool can be used. 

As a result factors affecting tool life should be monitored to reduce their consequences. Tool wear is the 

gradual failure of a cutting tool due to its regular and continuous use. Some of the effects of tool wear are 

poor surface finish, lack of dimensional accuracy and increase in cutting temperatures. During machining 

most of the input power is converted into heat, resulting in high cutting temperatures. Increased tempera-

ture results in thermal damage of tool as well as machined and finished surface. In this workshop we will 

try to present the analysis of factors which affect tool wear like cutting speed, depth of cut and feed. We 

also try to study the effect of cutting parameters on surface roughness. We also try to understand the varia-

tion of tool wear with time as the parameters like cutting speed and feed rate are changed. Increase in cut-

ting speed generally improves the surface finish quality but it can also result in higher tool wear. The depth 

of the cut generally does not significantly affect the tool wear and surface roughness.   

Keywords: Tool life, Tool wear, cutting parameters, surface roughness. 

FAILURE ANALYSIS OF A STEEL CASTING 

KP Singh , Consultant, Former General Manager  BHEL, Hardwar 

E-mail: kpsinghmadhu@gmail.com 

 

Coulisseau is a low alloy steel casting with a single piece wt. of 17.5  . It is nearly 3 m long and 1.5 m wide. 

A very heavy section approx. 0.9 m is joined with comparatively thin section. The casting is a component of 

Press used for processing of metal scrap. 

Casting was made in resin bonded sand and melting done in Induction Furnace. The metal was routed 

through Ladle Metallurgy process. The casting was hardened and tempered. The casting was subjected to 

MP ,UT and DP testing  as per specification .Mechanical testing was done to conform to desired values. 

During final machining at customer end cracks were observed. Initially the defects were found up to 20-40 

mm but on further processing defects progressed up to 80 mm. The casting was ultimately rejected. Investi-

gations were carried out. All data during manufacturing viz Moulding , Melting, Heat Treatment , Upgrada-

tion was collected. Site visited .Visual inspection , UT &DP testing ,Hardness measurements done around 

defective area/s. Brain storming was  done and  Cause Effect diagram drawn. Process parameters were re-

worked Method modified and In Process Control strengthened. With all these,  new casting was made and 

supplied. The casting has been accepted and working satisfactorily. 

CRACKING - THE CAUSE OF METAL FAILURES 
Dr D B Goel, Emeritus Professor, BRCM CET, Bahal 

E-mail: dbgoel@brcm.edu.in 

 

Almost all metallurgical failures occur by nucleation and growth of cracks. In brittle materials, cracks prop-

agate at catastrophic speeds, whereas in ductile materials  nucleation and propagation of cracks is rather a 

slow process. Possibility of cracking in metals exists in various processes, viz. metal working like rolling, 

forging , extrusion etc, solidification, heat treatment, phase transformations and welding. Stresses generated 

during service  also lead to a large variety of cracking and failures in metals.  If mechanical working opera-

tions like rolling, forging , extrusion etc are carried out with heavy reductions in various passes, stresses 

may develop beyond the UTS and  formation of cracks may begin leading to failures. During solidification, 

contraction stresses developed are the main cause of cracking and failures. Dissolved hydrogen in steels is 

also many times responsible for development of cracks, which is referred to as hydrogen cracking. In vari-

ous heat treatments failures are accompanied by phase transformations like martensite transformation in 

steels and formation of brittle constituents in ferrous and nonferrous materials. In welding poor weld design 

leads to contraction stresses which become responsible for weld failures.  Service conditions also are a ma-

jor source of cracking and failures.  Components undergoing fatigue and creep are  liable to develop an in-

ternal  defect structure which makes conditions suitable for nucleation and growth of cracks leading to fail-

ures.  

The presentation will focus on the critical analysis of the causes and relevant remedial measures to be taken 

to minimize cracking and increasing the life of metal components.  
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