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ABSTRACT 
 

Power plants and the industry sector face losses to the components like super heaters, economizer, 

heat exchangers, piping and chimneys in petroleum industry. The continual advances in materials 

development will demand still higher operation temperatures for such components. The types of 

degradation phenomena that affect materials used in high-temperature applications can vary greatly 

depending on the application, including wear, solid particle abrasion, overheating, erosion-corrosion, 

high-temperature corrosion, and so on.  

The plasma spray process was utilized extensively amongst processes and is popular as a 

viable technology for various applications. The plasma spray process gained popularity in many 

industries as it produces coatings of superior quality, flexibility, and cost-effectiveness. The high 

velocity and moderate temperature in this process result in lower porosity, high hardness, superior 

bonding between substrate and coating, high abrasion resistance, high density, fine finishing 

capability as compared to other coating processes, and lower oxide content. The capacity of materials 

to produce protective oxide scales on the surfaces is directly correlated with how well they operate 

in high-temperature aggressive situations. The coatings are anticipated to create protective oxides 

with a modest growth rate during service, which should prevent corrosive species from diffusing into 

the coating and subsurface of the coated material. 

AlXCrCoFeNi high-entropy alloys coatings are applied for protection against oxidation and 

erosion wear at higher temperatures. The present research was conducted to explore the high 

temperature oxidation and erosion performance of SS-304 substrate and 3 different compositions of 

coatings viz. Al0CrCoFeNi (A1), Al0.5CoFeNi (A2) and Al1.0CoFeNi (A3) by plasma spray coating 

process. Here, the fraction x varies from 0 to 1 (x = 0, x = 0.5 and x = 1) of Al in HEAs were studied; 

and three coatings are deposited. Thus, improving the life of the components made with SS-304 by 

applying such coatings protecting them against oxidation and erosion wear is our main aim behind 

developing this type of coatings. Spraying of plasma coatings have been done in M/S “Metallizing 

Equipment Corporation Pvt. Ltd(pf). Ltd.” (MECPL), Jodhpur, India. 

The characterization of the deposited coatings has been carried out using techniques like EDS 

(“Energy Dispersive Spectroscopy”), SEM (“Scanning Electron Microscope”), XRD (“X-Ray 

Diffractometer”), OM (“Optical Microscope”), Micro-hardness Tester and Porosity Analyser. The 

thermal spray process of plasma spray was utilized to deposit coatings of different compositions of 

AlXCrCoFeNi powders on grey cast iron up to the thickness range of 200-230 µm. The porosity in 

general, has been found to be less than 2.5% for all the coatings. A2 and A3 coated samples have 

shown the least value of surface porosity in order of 2.1 and 1.5, respectively. The plasma sprayed 
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coatings were discovered to have a micro-hardness that was more than the GCI. The A3 coating, 

which has a hardness of 540 ± 11 HV0.3, has enabled the hardness to be increased to its maximum 

value. The higher hardness (530 ± 15 HV0.3) of Al1CoCrFeNi coating is attributed to the presence of 

the BCC phase in this coating. 

All the plasma-sprayed AlXCrCoFeNi coatings were found beneficial in increasing the 

resistance to oxidation and erosive wear.  

According to ASTM-G76, erosion testing was done with an air jet erosion tester (“Model: 

TR-471-800, Make: Ducom Instruments Pvt. Ltd., Bangalore, India”). Additionally, the erosion 

behavior of uncoated and coated SS-304 has been evaluated at 800°C at impact angles of 30° & 90°. 

For both the SS-304 substrate and coated simple, the “erosive wear rate” (g/g)—defined as the ratio 

of “wear mass” loss in g to the supplied erodent mass in g— has been computed. The eroded samples 

were examined using the SEM (“Scanning Electron Microscopy”) method at both higher and lower 

magnifications. The main reason for the enhanced performance is the solid solution strengthening in high-

entropy alloys (HEAs) due to a mismatch in atomic size differences among the elements, which is caused by 

the substantial lattice distortion caused by the higher aluminum content. 

The eroded surface’s morphology shows the crack arrest by the coatings and micro-cutting and 

ploughing is responsible for the plastic deformation of coatings at a 30° impact angle, whereas the 

repetitive effect of erodent particles caused fatigue at a 90° impact angle and showed the brittle mode 

of erosion. The embedment of sand particles in the substrate was clearly revealed in the SEM 

micrographs. Based on the erosive wear rate, the erosion rates for the investigated coated and 

uncoated steel at 90° and 30 impact angles can be arranged in the following order:   

As-sprayed: Al1.00CoFeNi (A3) > Al0.50CoFeNi (A2) > Al0CrCoFeNi (A1), A718> SS-304 

With the increase in Al content in AlXCrCoFeNi, the erosion resistance significantly increased. 

For 50 cycles, the high-temperature oxidation test was carried out at 800 ◦C. Maximum 

oxidation resistance has been established by the Al1CrCoFeNi coating. A maximum microhardness 

of 540 ± 11 HV0.3 was reported for values of 1. Superior oxidation resistance has been demonstrated 

by the coating with an x value of 1, requiring a minimum weight gain of 3.3 mg/cm2. 

The primary cause of the improved performance in high-entropy alloys (HEAs) is the solid 

solution strengthening brought about by an imbalance in the atomic sizes of the constituent elements 

as a result of significant lattice distortion brought on by the increased aluminum content. The sliding 

wear resistance has been observed in the following sequence: 

As-sprayed: Al1.00CoFeNi (A3) > Al0.50CoFeNi (A2) > Al0CrCoFeNi (A1), A718> SS-304 
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CHAPTER 1  

INTRODUCTION 
 

1.1 SURFACE DEGRADATION 

Industrial sectors and power plants especially petroleum industries lose a lot of money 

because of wear and tear of important parts of these plants like superheaters, economizers, etc. This 

is particularly an issue on parts needing high oxidation and wear resistance resistance because the 

service of such parts is heavily reliant on the surface integrity when operating under harsh 

conditions. To drive back such challenges, the advanced materials that possess superior surface 

characters are needed. In the latter respect, the High Entropy Alloys (HEAs) and Compositionally 

Complex Alloys (CCAs) or simply the multicomponent alloys were introduced specifically 

independently by Cantor et al. and Yeh et al. in 2004. In contrast to traditional alloys where one 

principal element is used (such as Ni-based superalloy), HEAs and CCAs are developed as multiple 

principal element alloys, either in equiatomic or nearly equiatomic proportions. The complexities 

of intermetallics that are otherwise created with conventional designs are avoided in this design 

approach which leads to their distinct and sometimes superior mechanical and chemical properties. 

The property tunability of these materials is very remarkable depending upon the variation in 

composition. Miracle et al. and Murty et al., in in depth reviews, have pointed out the enormous 

potential of HEAs, that in some compositions, they have the potential of performing better than 

traditional alloys in a wide variety of applications, particularly under harsh conditions. 

As the industrial need of high-performance materials is increasing, High Entropy Alloys 

(HEAs) are being widely investigated with regards to oxidation resistance. The FCC+BCC/B2 

phase structures have been reported in several HEAs, especially those with high nickel (Ni) and 

cobalt (Co) and low aluminum (Al) concentrations, which can be compared to traditional MCrAlY 

coatings to some extent (Tsao et al., 2016; Chen et al., 2018a; Kai et al., 2019). The higher the 

amount of aluminum, the better the oxidation resistance of such alloys, especially during high 

temperatures more than 1000 degrees Celsius (Butler et al., 2016a; Liu et al., 2019; Wang et al., 

2019). Such improvement is basically credited to the fact that there was an increment in the 

production of a protective alumina (Al2O3) layer at the early stages of oxidation. 
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Also, other oxygen-active inerts, including silicon (Si) and titanium (Ti) have been reported 

to improve oxidation resistance when alloyed in small proportions together with other materials 

(Zhang et al., 2013; Hsu et al., 2016). Nevertheless, the additions that are too high, i.e., approaching 

equiatomic concentrations, can lead to the appearance of non-protective oxides, hence reducing 

surface stability. The parabolic oxidation kinetics is common to most AlCoCrFeNi-based HEAs 

and the conventional MCrAlY and aluminide coatings (Butler et al., 2015; Daoud et al., 2015). 

Another study by Lu et al. also showed that further enhance oxidation resistance could be achieved 

by trace additions of rare earth (RE) elements (Tonelson et al., 2020). 

Transferring these characteristics to thermal spray HEA coatings has also developed 

significant traction, motivated by the potential real-life application such as bond coats (Li et al., 

2018a). Literature presents reports on several alloys based on the NixCoyFezCr1.5SiAlTi0.2 

composition family, studied variously by casting-crushing followed by sintering (Hsu et al., 2016); 

casting – crushing followed by thermal spray (APS) (Hsu et al., 2017a) and high velocity oxy fuel 

spray (HVOF) (Hsu et al., 2017b); and gas atomization followed by thermal spray (APS, HVOF 

and warm spray) (Hsu et al., 2018). In terms of oxidation resistance, these compositions typically 

developed an underlying alumina layer and overlying less protective mixed oxides. Further, upon 

oxidation, Al-depleted zones were observed in the coating as well as the substrate, with severe 

interdiffusion between the two. Gas atomized and warm sprayed NiCo0.6Fe0.2Cr1.3SiAl performed 

similarly to conventional MCrAlY alloys at 1100 °C and developed only a single protective 

alumina layer. Bhattacharya et al. (2016) used CALPHAD to determine Al-rich compositions that 

did not undergo phase changes in the temperature range of use, resulting in Al30Co22Cr23Ni23Si2 

(at.%). Using mechanically alloyed feedstock, they synthesized coatings via APS and HVOF, with 

the latter exhibiting excellent oxidation resistance at 1050°C and 1150°C. Jadhav et al. (2019) also 

studied compositions of this family, with FeCoCrNi2Al exhibiting the best oxidation resistance at 

1050 °C for 300h of testing. These alloys were synthesized by mechanical alloying, mechanically 

activated sintering, and spark plasma sintering, and upon oxidation developed protective α-Al2O3. 

Tsai et al. (2016) studied Al0.2Co1.5CrFeNi1.5Ti0.3, which showed improved oxidation resistance at 

900 and 1000 °C after an aluminizing treatment, surviving without spallation for over 400h. 

According to this research, HEAs have a bright future in oxidation-resistant applications as 

bond coatings. Since this is yet a growing field, the following three major gaps can be identified in 

the literature: (i) a mechanistic understanding of HEA coating development during thermal spray 

is required, diagnosing the dominating process parameters and microstructural features; (ii) the vast 

compositional hyperspace made available by the HEA concept demands exploration for novel 

compositions; (iii) the wide spectrum of thermal spray technologies remains to be traversed for 
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HEAs, providing the appropriate processing route for the potential next generation bond coats. 

These issues have been attempted to be tackled in this thesis, under a limited scope but in a detailed 

manner. 

 

1.2 HIGH-TEMPERATURE EROSION.  

The erosion of the surface takes place owing to the striking of abrasive particles on the 

surface and this produces craters, pores, and detachment of material from the working area. Praveen 

et al. (2015) reported the formation of cracks and erosion at the surface of SS-304-graded stainless 

steel. Moreover, the different failure mechanisms have been studied at several impact angles. The 

unburned carbon and oxide particles at high temperatures strike the material’s surface and this 

results in the surface failure of the component. A higher maintenance cost is required there and 

sometimes replacement of components is needed. These are stringent problems in industries and 

researchers have been continuously developing new materials for high-temperature applications.  

The failure of the surface due to oxidation and erosive wear can be found in engineering 

components used in automobiles, aerospace, production lines, and the petrochemical industry. 

Corrosion and erosive wear both are common forms of surface degradation of engineering 

components.  

Erosive wear is owing to the striking of hard particles on the surface (Finnie, 1960). The 

protection of surfaces is therefore required which can provide wear resistant in the type of coating 

and is a good solution to prevent the surfaces from wear (Ma et al. 2014; Balla et al. 2010; Gupta 

et al. 2011 and Oladijo et al. 2012). 

1.3 HIGH-TEMPERATURE OXIDATION 

Dealing with high temperature oxidation poses a considerable challenge for various components in 

the petroleum industry. These include superheaters, economizers, heat exchangers, piping, and 

chimneys. This process involves a chemical reaction between metallic objects and atmospheric 

oxygen, resulting in the formation of metal oxides at high temperatures. 

Superheaters, when exposed to high-temperature gases, are especially prone to corrosion caused by 

chlorine compounds. Economizer tubes are susceptible to corrosion from both the flue gas 

components and the corrosive elements they come into contact with. In addition, the heat transfer 

through boiler tubes is hindered by the corrosion products in the feedwater systems, leading to 
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excessive heat and eventual tube malfunction. This corrosion-induced damage can result in 

unexpected shutdowns, which can be financially burdensome for petroleum operations. 

The petroleum industry relies on advanced coating technologies to mitigate the effects of high 

temperature oxidation. Diffusional coatings, such as chromium-rich and aluminide coatings, offer 

excellent defense against hot corrosion and oxidation. Overlay coatings, such as MCrAlY systems, 

provide superior protection against high-temperature corrosion and oxidation when compared to 

diffusion coatings. Thermal barrier coatings (TBCs) are utilized to lower substrate temperatures, 

improve engine efficiency, and minimize cooling airflow in vital components such as moving 

blades and combustion chambers.  

When choosing metals and coatings for components in the petroleum industry that are exposed to 

high temperature oxidation, various factors are taken into consideration. These factors include 

strength, corrosion resistance, mechanical properties, and material availability. Alloys that possess 

excellent strength at high temperatures and are resistant to corrosion are highly favored. Coatings 

are carefully selected to ensure sufficient safeguard against oxidation and corrosion under the 

specific operating conditions. 

When choosing high-temperature coatings, it's important to consider their resistance to oxidation, 

hot corrosion, thermal cycling, and their ability to adhere to the substrate. Advanced coatings have 

been engineered to withstand the demanding conditions in the petroleum industry, including 

elevated temperatures, increased pressures, and corrosive environments. Collaborations between 

coating manufacturers and the petroleum industry play a vital role in introducing innovative coating 

technologies to the market and promoting their widespread use. 

1.4  PREVENTIVE MEASURES. 

Prevention is required for life prolongation of the things Of course; corrosion and wear can’t 

be eliminated altogether; but certainly, costs like these could have been reduced to a great extent.                   

Countless protective techniques are training commercial industries and research is still ongoing to 

expand a few more areas, especially for high-temperature applications. There are some methods to 

reduce high-temperature wear and corrosion: 

 Swapping out the bulk material for a substance that can resist extremely harsh 

environmental conditions is one way. With this procedure, the surface can be protected 

because the entire component has to be replaced.  
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 A surface modification of material through coating is also a way to attack the problem regarding 

failures of materials in high-temperature applications. A composite coating can give such a multi-

set of properties at low cost by using the available coating techniques, whereas easy handling and 

good mechanical strength against erosion as well as sliding wear are also possible with this material 

(Li et al. 2013). 2003; Liu et al. (Carter and Foster, 2001; Sidky and Hocking, 1999) 

The researchers have continued to work on developing new coating technology and worried 

about surface degradation issues of engineering applications. “Use of the coating in any of those 

products would increase its costs by 10%” (Matthews et al. 1998). There are certain methods to 

overcome the failure of material surfaces like use some ways such as shielding material, patterns 

of types of equipment, select alloys grades and putting protective coatings on the materials in order 

to aggressive environments (Stringer 1987 Heath et al. 1997). Coatings techniques offer a wide 

choice of materials, polymers to ceramics, and mechanical, thermal and electrical properties can be 

conveniently achieved for this protection ability (Sidky et al. 1999; Sidhu et al. 2005 and Chatha et 

al. 2012). 

1.5   COATING TECHNIQUES. 

Coatings are utilized for room and high-temperature applications and even for aqueous 

conditions like seawater. The various classes of coatings that have been used for the deposition of 

engineering components are given in Fig. 1.1 (Goyal et al. 2010).  

The life of the material can be increased by using these techniques to prevent the formation 

of scales (Bala et al. 2009). Amongst the all-coating processes a thermal spray is an emerging 

technique to use with any class of engineering materials to achieve the relationship between 

multiple sets of properties.  

1.5.1   Thermal spray coating methods. 

In the early 19th century, a scientist in Switzerland called Dr. Max Schoop designed a 

thermal spray process. Dr. Schoop got this idea in mind after observing his little son who was 

playing with toy cannon. Mr. Schoop after watching his son found that an idea if metal can be 

melted and then predicated in the form of spray could eventually build up and stick with that 

material.  

In the 1970s, new techniques come in the area of thermal spray process to produce and 

develop high-temperature and wear-resistant materials due to the increase in demand of industry 
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(Knotek, 2001). The thermal spray coating approach is a widely utilized technique for surface 

modification in the form of coatings with a thickness even in microns.  

 
Fig.1.1. Various classes of coating techniques used for engineering applications (Goyal et al. 2010) 

. 

 
The components under erosive wear, oxidation, abrasive wear, and corrosion can be coated 

and protected using this technique (Ishikawa et al. 1993; Singh et al. 2015; Kumar et al. 2015; 

Goyal et al. 2012; Marceau and Adjorlolo; 1995; Groshart, 1995). Thermal spraying is a method 

for depositing any substance that does not disintegrate, or dissociate when heated, evaporate, or 

sublimate. The metallic and non-metallic classes include polymers, alloys, metals, ceramics, and 

cermet’s can be sprayed by the process of thermal spray. The feedstock material is mostly used in 

the form of powders from nano to micron sizes. In the process of thermal spray, the feedstock 

material is heated and then sprayed to deposit on the semi-molten in substrate material state or 

molten, and on cooling this is plastically deposited on the surface in the type of splats. This 

approach is extensively utilized in high-temperature uses like in aerospace engineering, 

manufacturing processes, and space exploration (Nicoll, 1992; Nakagawa et al. 1994; Thakur et al. 

2013). In particular, HVOF-sprayed coatings are utilized in engineering components for corrosion 

and wear resistance including engine and machine tool casings, superheaters, boiler steels, pump 

impellers, and pipe fitting applications (Tan et al. 2005). The thermal spraying coating techniques 

that are used for the deposition of the coatings for corrosion and wear resistance are given below 

and were reviewed by (Heath et al, 1997):  
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 HVOF  

 Spray and fuse method 

 D-Gun (Detonation Gun) spray 

 Cold spraying (CS) 

 Air and Vacuum plasma spraying 

 Flame spraying with a wire or powder. 

There are various spraying parameters of the HVOF process including particle speed, 

temperature of the flame are presented in Fig.1.2. The comparison shows that the PS (“Plasma 

Spray”) has a maximum temperature while cold spray has a minimum temperature. The HVOF 

covers both characteristics of high velocity and sufficient temperature for the coating deposition. 

The bond strength is achieved by good particle velocity and this results in good hardness and a 

coating with less porosity. HVOF was most effective for depositing cermet materials and especially 

corrosion-resistant alloys (hydroxyapatite, aluminium, nickel-based, stainless steels, and so on 

(Kuroda et al. 2008). 

 
Fig.1.2. Comparison of various thermal spray processes (Tokarev, 1996). 

 
1.5.2 HVOF process. 

In a family of thermal spraying, a new technique called HVOF was introduced in the 1980s. 

A schematic diagram of the HVOF process is revealed in Fig. 1.3 along with the built-up 

mechanism of coating. In the HVOF, O2 and liquid of gas fuel are burnt and combustion takes place 

to generate a flame this flame is accelerated with feedstock powder and sprayed on the substrate to 
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be coated. The hot gas at very high pressure near about 1 MPa flows via a nozzle having a 

converging-diverging cross-section. The powder particles’ velocity or jet velocity reaches up to 

1000 m/s. The feedstock powder is injected and it achieves a velocity of 800 m/s. The jet of powder 

and hot gas then mixes and accelerates toward the substrate materials. The jet of powder and gas 

strikes with the substrates then it forms splats and is finally plastically deposited on the substrate 

with mechanical bonding. The HVOF process produces a coating with very less porosity and higher 

bond strength [Brandt, 1995]. Bonding occurs mostly as a function of kinetic energy rather than 

thermal energy. The difference between HVOF from other spray processes is revealed in Table 

1.1. 

 
Fig. 1.3. Schematic representation of the HVOF process and built-up mechanism of coating 

(Mattews, 2004) . 

 
In thermal spray coating approaches HVOF technique is gaining popularity for coating 

material, high velocity produces higher bond strength, lower porosity content, and dimensional 

restoration (Gill and Staia, 1999). The coating was used in this method, which can reach 1000 m/s 

(Lugscheider et al. 1998). Furthermore, the excellent coating quality (Liu et al., 2003 Sidhu et al. 

2010) can be achieved. Compared to conventional thermal spray coating methods, the HVOF 

process can deposit coatings with higher levels of hardness, extremely low levels of oxidation, 
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strong abrasion resistance, reduced porosity levels, and higher levels of erosion resistance (Liu et 

al. 2003; Zhao et al. 2002; Mann et al. 2001; and Lee et al. 2000). 

HVOF process can provide lower oxidation during the coating process owing to high 

velocity, high hardness of coating due to good bond strength, and high resistance to corrosion due 

to less porosity (Bala et al. 2010; Sidhu et al. 2006; Guilemany et al. 2006; and Matthews et al. 

2004). High bonding coatings that have better hardness, reduced porosity, and higher density may 

be deposited thanks to high velocity's unique properties. The process of HVOF is a member of the 

family of thermal spraying techniques and can provide coatings with fewer pores, greater hardness, 

improved bond strength, as well as less decarburization as compared to thermal spraying 

techniques. 

Table 1.1 Attributes for various thermal spray processes (Pawlowski, 1995). 

Process of 
Coating  

Heat 
Source   

Feedstoc
k 

material 

Feedstock 
powder temp 

(°C) 

Powder 
Velocity  

(m/s) 

Deposition       
rates 

(Kg/hr) 

Flame spray Oxy-

acetylene  

Powder 
or wire 

3100 40 2-5 

Plasma 

spray 

Plasma arc Powder 10000 200-400 3-8 

LPPS Plasma arc Powder 11000 200-400 3-8 

Detonation 

spray 

O2 

acetylene-

N2+gas 

detonation 

Powder 4700 800 0.6 

HVOF Oxyfuel 

combustion 

Powder 3000 800 2-4” 

 

The fuel combustion takes place in a “combustion chamber” in the HVOF process and the 

burning of liquid with oxygen produces intense heat along with high pressure. In the case of the 

HVOF process, there is a feature of high velocity with a moderate temperature range which helps 

in the deposition of coating with lower porosity and produces a coating with good properties. This 



10 
 

method is extensively utilized for nickel deposition-based alloys. This is also used for depositing 

carbide coatings and stainless-steel feedstock powders.  

 

1.5.2.1 Characteristics of the plasma spray process 

The main factor in plasma spray success is the extremely high kinetic energy created and 

transmitted utilizing space-age rocket propulsion technology between the plasma spray unit and the 

substrate, finally leading to the high-velocity particles when practically embedded with substrate 

and forming an excellent coating with the required following features of a coating: 

1. Source of Heat at High Temperatures: The plasma spray process utilizes a high-

temperature plasma flame as the heat source to melt and spray the coating material, just as 

a metallurgist would expertly manipulate the elements to achieve the desired outcome. This 

plasma flame is capable of reaching temperatures exceeding 10,000°C, enabling it to 

effortlessly liquefy a diverse array of materials, such as refractory metals and ceramics, that 

pose challenges for alternative thermal spray methods. 

2. Utilizing powder injection and acceleration techniques: The coating material is injected 

into the high-temperature plasma flame in the form of a fine powder. The powder undergoes 

rapid heating and is propelled to high velocities, usually ranging from 300-800 m/s. The 

high velocity enables the molten or semi-molten particles to strike the substrate surface with 

considerable kinetic energy. 

3. Formation of Substrate Coating: As the particles collide with the substrate surface, they 

quickly change shape and solidify, creating flat, disk-like splats. The overlapping splats 

gradually accumulate to form the desired coating thickness and structure. The extremely 

fast cooling rate, reaching 10^6 K/s, results in the creation of coatings that possess distinct 

microstructures and properties. 

4. Diverse Coating Materials: Various coating materials, such as metals, alloys, ceramics, 

cermets, and composites, can be applied using the plasma spray process. The versatility of 

this process enables its application in a wide range of industries and various uses. Plasma 

spray coating materials often consist of alumina, titania, chromium carbide, chromium 

oxide, and molybdenum-nickel-aluminum. 

5.  Compatibility of Substrate Materials: The plasma spray process is capable of coating a 

wide range of substrate materials, such as metals, ceramics, plastics, glass, and composites. 

This adaptability enables the process to be utilized for a wide variety of components and 

parts across various industries. The substrate material needs to have the capability to endure 
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the elevated temperatures of the process without experiencing any notable harm or 

distortion. 

6. Evaluating Thickness and Deposition Rates: Plasma sprayed coatings can be applied in 

various thicknesses, ranging from 20 micrometers to several millimeters. The deposition 

rates for the plasma spray process can be quite high, enabling efficient and cost-effective 

coating application. The thickness and deposition rate are influenced by various factors, 

including the coating material, substrate geometry, and process parameters. 

7. Properties and Performance of Coatings: Plasma sprayed coatings offer a variety of 

advantageous properties, such as wear resistance, corrosion protection, thermal barrier 

capabilities, electrical conductivity or resistivity, and oxidation resistance. Plasma sprayed 

coatings have a wide range of applications in various industries including aerospace, oil and 

gas, automotive, and energy. 

8. Process Complexity and Quality Control: The plasma spray process can be quite intricate, 

necessitating the use of specialized equipment including the plasma torch, powder feeder, 

and process control systems. Ensuring a consistent coating quality necessitates meticulous 

management of various process parameters, such as gas flow rates, arc current and voltage, 

powder feed rate, and spray distance. Stringent quality control measures, including real-

time process monitoring, non-destructive testing, and adhesion testing, are commonly used 

to guarantee the integrity and performance of the plasma sprayed coatings.2538 

 

Essentially, the plasma spray thermal spray process involves the utilization of a high-

temperature plasma flame to liquefy and propel a diverse array of coating materials onto various 

substrates. This process enables the formation of thick, high-performance coatings with distinct 

microstructures and properties. The intricacy of the process, though, requires meticulous control 

and quality assurance measures to ensure consistently dependable coatings. 

1.5.2.2 Advantages of the Plasma spray process  

 Plasma spraying offers a diverse selection of coating materials in powder form to cater to a 

wide range of needs. This encompasses a range of materials, including metals, alloys, 

ceramics, and refractory materials. 

 Plasma spraying offers the advantage of being compatible with a wide variety of substrate 

materials. This versatile technique can effectively coat metals, ceramics, plastics, glass, and 

composites 
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 Plasma spraying is exceptionally well-suited for applying refractory coatings due to the high 

temperature plasma jet it utilizes. 

 Plasma spraying offers a broader range of powder particle sizes, ranging from 5-100 μm, 

compared to HVOF spraying. 

 Plasma spraying is a coating process that has been thoroughly studied and is easily 

accessible. 

 Plasma spraying is capable of creating coatings that exhibit excellent adhesion to the 

substrate and deliver consistent, reproducible performance. 

 Plasma spraying has the potential to enhance and restore surfaces that have experienced 

wear or damage. 

 

1.5.2.3 Applications of the Plasma spray process 

 There are several advantages that make this process very promising for repair and for producing 

a wide range of industrial components. There are many examples like pipelines in oil refining 

industries, blades in turbines, cylinders, and rings; and bearing-related components, pump 

elements, pistons, sleeves, valves, shafts, and seals. 

 This process has many applications for protection against corrosion and the lack of process-

induced oxidation offers enhanced properties. 

 In the electrical & thermal engineering field, there is an absence of process-induced oxidation 

and it offers enhanced conductivity in the coatings. 

 This process is also used in the aerospace engineering field and it is mostly used for coatings in 

gas turbines and in the form of aluminium and coatings of its alloy. 

 Retrieval and repair of the parts and the plate stocks that are mostly used in aircraft structures.  

 Repair and maintenance of worn surfaces can be done for wear resistance and corrosion 

resistance coatings can also be produced. 

 

Power plants and the industry sector often experience significant damage to various 

components such as super heaters, economizers, heat exchangers, piping, and chimneys within the 

petroleum industry. The current work investigates the evaluation of oxidation and erosive wear at 

higher temperatures and high-temperature erosive wear of substrate material, namely SS-304 and 

three different compositions of coatings viz. Al0CrCoFeNi (A1), Al0.50CoFeNi (A2) and 

Al1.00CoFeNi (A3) deposited by plasma spray coating process. The air jet erosion test is carried out 

at high temperatures of at 900°C.  for uncoated and coated materials. Moreover, the oxidation test 
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was also conducted to understand the behaviour of coatings and substrate at 900°C. The weight 

change data were analysed for comparison of various coating compositions. The weight change 

data after air jet erosion testing provides information on volume loss and hence the erosion 

resistance of the coating was calculated. The weight gain has been recorded in oxidation test for 50 

cycles and kinetics of oxidation was analysed.  
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CHAPTER 2 

LITERATURE REVIEW 

This chapter offers a comprehensive study of the literature with a focus on the performance 

of engineering materials used in high-temperature applications. The different techniques of the 

coatings on the working surface and the effect of the surrounding environment were studied. The 

plasma spraying process has been studied and discussed with regard to oxidation and air jet erosion 

at high temperatures. The high temperatures are a subject of study that is now undergoing a lot of 

research. The relevant review literature by numerous researchers had been reviewed and 

particularly for the substrate material used and for high entropy alloys and other applications. The 

problem has been formulated and objectives were defined after a critical review of the literature 

survey. 

2.1 MATERIALS FOR HIGH-TEMPERATURE APPLICATIONS. 

Nowadays, different fields such as medicine, aerospace, and energy-transportation-industry 

production-require new materials with high capabilities. All sectors, including the creep resistant 

sector, temperature resident, wear resistance level, ductility and toughness level, hardness, and 

optimal strength value, must meet minimal requirements for mechanical attributes (Miracle et al., 

2014). Overall, we may conclude that a material's performance in industry is closely correlated with 

the quality of its surface. The broad availability of technologies that allow for the replacement of a 

bigger bulk with a low-grade base material that is suboptimal coated by a non-bulk coating with 

improved performance and surface qualities forms the basis of the cost-effective surface 

modification technique in this instance. Surface modification proved particularly helpful in high-

stress circumstances, thermal insulation, wear prevention, and corrosive conditions. PVACs are 

extensively utilized in thermal barrier coatings (TBC), such as YSZ overlay protective coating and 

yttria-stabilized zirconia (YSZ), which are crucial in shielding cobalt or nickel-based superalloys 

from extremely high temperatures (ULTIMET). The technique of thermal spray coating (TSC) is a 

new, sophisticated, and adaptable approach to surface treatment. The majority of the examples 
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under examination include a line-of-sight process wherein a spray torch is introduced into molten 

or nearly molten feedstock material, heated to a near-molten or molten state, and then directed 

towards the base material. Davis and others, 2004. The basic operating concept of the HVOF high-

velocity oxy-fuel thermal spray process is shown in Figure 2.1. The powder is melted and deposited 

on the substrate by being added to the burning fuel stream. This technique is the same as a thermal 

spray mechanism, with the exception of the feedstock material's capacity to adopt the shape of a 

wire or rod (Vasudev et al., 2021). 

 

Figure.2.1 Basic mechanism of HVOF thermal spray process (Vasudev et al, 2021). 

The most important feedstock materials that are used in thermal spray coating techniques 

include conventional, nano, and bi-modal material besides a novel type of material which is termed 

high entropy alloys. Since solid solution alloys are composed of 5 near-equi/equi-atomic ratios 

elements, these have been termed HEAs (Cantor et al., 2004; Yeh et al., 2004; Murthy et al., 2019). 

Indeed, according to research (Glodovtaz et al., 2014; Pradeep et al., 2016), HEAs qualify the 

conventional material at cryogenic temperatures and more elevated levels of temperature as well 

as room temperatures are in close comparison. High entropy alloys tend to perform better than 

conventional materials. Solid solution phase stabilization at high temperature is due to the same 
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atomic characteristics (crystal structure, valency, and atomic field) combination higher in 

configurationally entropy and mixing enthalpy of for example BCC or FCC than inter-metallic 

compound (Hass et al., 2018; Zhang et al., 2014; Miracle t al. “Cocktail effects”, that is, promotion 

of different features previously described for HEAs, are contributed to the combined interactions 

of all basic elements present in such materials (Ranganathan et al., 2003). This is demonstrated by 

the development of bulk HEAs having better resistance to wear than traditional materials (Chaung 

et al:2011; Verma et al., 2019)) and oxidation ((Butler et al.,2016), corrosion (chi et al, 2017) in 

addition to superior mechanical properties (Wang.et.al,.2008). 

2.2 Oxidation and thermally sprayed high entropy alloys’ wear behavior 

In components that perform at high temperatures, oxidation resistance is essential. Recent 

research has revealed the creation of metal-ceramic-based coatings that can be utilized to battle 

high-temperature oxidation resistance. Boiler tubes, heat exchanger tubes, automotive parts, and 

furnace parts are typical technical components that must endure high temperature oxidation up to 

1000°C (Vasudev et al., 2020). This section focuses on high-entropy alloys that have been created 

via thermal spray coating techniques. Three approaches have been considered in the development 

of oxidation-resistant coatings, which include aluminizing the surface through interaction between 

metal substrates and Al (Grisaffe et al., 1972) and overlayer coatings for example superalloys of 

MCrAlY (M=Ni, Co, Fe) (Wang et al., 2002) of thermal expansion. Aluminide or glass-ceramic at 

low temperatures, layers become stiff and brittle, and delamination from the substrate is easy due 

to a mismatch in coefficients of thermal expansion. Industry prefers MCrAlY alloys for overlayer 

coating to prevent high temperatures oxidation of structural components. Though, because of their 

lesser hardness (HRC 20–30), while particles or equivalents are present in the environment, they 

have poor wear resistance. As a result, standard coating materials are unable to offer an optimum 

covering that is both oxidation as well as wear resistant. In this research, a novel alloy design idea 
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called "multi-principle-element alloys" was investigated in order to develop alloys with exceptional 

qualities for crucial applications like turbine blades, moulds, and dies. 

 

2.3 High-entropy alloys developed through plasma spray 

For evaluating the multi-principle-element alloys like characteristics, microstructure, 

processing, AlSiTiCrEeNi-Mo0.5 (labeled as 7E), and AlSiTiCrEeCoNiMo0.5 (labeled as 8E) were 

explored. The characteristic micro-structural features constitute a lamellar structure created by 

plasma spraying, as seen in Fig.2.2. It suggests that the porosity and oxygen concentration were 

both very low. As shown in Table 2.1, the deposited coatings' oxidation performance showed better 

wear and oxidation resistance. 

 

Fig.2.2  SEM micrographs of [a]AlSiTiCrEeCoNiMo0.5 and [b]AlSiTiCrEeNi-Mo0.5 (Haung et 
al., 2004). 

 

Fig.2.3. SEM micrographs of AlCoCrFeNiTi0.5 coating at [a] low and [b] higher magnifications 
(Anupam et al., 2019). 
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Another recent work used the high velocity oxy-fuel technique [HVOF] to deposit 

AlCoCrFeNiTi0.5 powder. Figure 2.3 shows the microstructure of the coating. 

The powder was characterized and for the HVOF coating process utilized as a feedstock. A 

homogenous and lamellar coating structure may be seen in the overview image. Because of the 

reactive and tiny particles’ increased quantity, within the coating oxidize lamellae may be observed. 

Additionally, porosity is seen within the covering (Anupam et al., 2019). 

As shown in Figure 2.4, the HVOF coating diffractogram also shows bcc phase’s large 

diffraction peaks with B2 structure. In comparison to the feedstock powder, the diffraction peaks 

enlarge which results in A2 structure overlapping with the bcc phase’ diffraction peaks. There is 

suppression off cc phase production with A1 structure in the atomized powder. However, there are 

a few modest additional intensity maxima which can be attributed to a different bcc phase with B2 

structure. The diffraction peaks have shifted significantly from the primary phase, indicating a 

change in lattice parameters. For the bcc (B2) phase, a3.58 lattice parameter was established, 

compared to for the bcc (B2) main phase 2.92 lattice parameter. The COF (coefficient of friction) 

in the wear test is also temperature dependent. The COF initially rises as the temperature rises. A 

drop in COF can be seen at temperatures below 650 °C. Though, a considerable standard deviation 

is exhibited by the measured values, particularly around 650 degrees Celsius. At the greatest 

temperature of 900 °C, the investigations yielded the 0.97 lowest average COF as well as a 

correspondingly lower standard deviation. The metallic coating’s abrasive wear and the 

development of free oxides were seen at temperatures below 500 °C. As the temperature rises, so 

does the amount of oxides covering the surface. A dense oxide layer forms at temperatures above 

800 °C. Grooves imply abrasive wear behavior and the primary material's protection, which results 

in effective wear resistance. Spinel could be the source of the produced oxides. For the maximum 

test temperature (900 °C), the production of extra phases is revealed by the phase analysis. In the 
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coating and gas atomization process, quick cooling prevented the formation of a tetragonal-phase 

and a small fcc phase. The findings show that for high-temperature applications, AlCoCrFeNiTi0.5 

HEA coatings are suitable. 

 

Fig 2.4. AlCoCrFeNiTi0.5 HVOF coating Diffractograms (Anupam et al., 2019). 

 
2.4 High-entropy alloys developed through cold spray 

Among the newest thermal spray processes, one is cold spray as well as it's already being utilized 

to create high-entropy alloys. Under various pressure and gas temperature settings, Ni-based and 

stainless-steel superalloy substrates were sprayed with AlCoCrFeNi alloy powder particles in the work 

by Anupam et al.,2019. Following that, on a superalloy substrate one optimal spraying condition was 

selected, for 25 hours at 1100 °C isothermal oxidation was carried out as well as for understanding the 

oxidation mechanism. In terms of oxidation, some research has been published on the well-studied 

AlCoCrFeNi equiatomic quinary alloy, which was manufactured through mechanical alloying as well 
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as with the help of atmospheric plasma spraying (APS) coated on substrates of steel (Berndt et al., 2015). 

During the spraying procedure, alloy powder’s substantial oxidation and melting was detected, as well 

as in the coating concomitant alterations in the alloy phase. The resulting coating had a composite alloy– 

lower oxidation resistance oxide microstructure which makes the AlCoCrFeNi and APS combination 

impractical.To address this problem, the coating method was altered to cold spray with the help of 

similar alloy compositions as that of feedstock. As the name implies, cold spray, is a type of thermal 

spray method that operates at a lower temperature . A heated (1000 °C) high-pressure gas combination 

is used to introduce the powder particles and accelerate them. The gas is then forced into a converging-

diverging nozzle of De-Laval type, which accelerates it to Mach 1 and higher speeds (Assadi et al., 

2003). When particles strike the substrate at speeds over a particular "critical velocity" (typical of a 

feedstock– substrate combination, shape, and particle size), impact energy is resulted by their kinetic 

energy’s transformation. Significant plastic deformation accompanied this entire process and localised 

heat generation at the particle-substrate contact, which allows the particle-substrate mechanical 

attachment (Assadi et al., 2003). It's worth noting that there is no direct heating of the particles, therefore 

any temperature-induced phase transitions are avoided. Furthermore, although the spraying is performed 

in the open air, the powder oxidizes very little, thus in the coating the alloy is accurately recreated 

(Stoltenhoff et al., 2002). After 5 hours of mechanical alloying, phase progression in AlCoCrFeNi is 

shown by the XRD patterns. Only peaks which belongs to a small FCC and a large BCC phases are 

evident after the fifth hour, with no residual elemental peaks visible. It has been suggested by the Al’s 

significant negative mixing enthalpy with Fe, Co, and Ni that such elements provides contribution to the 

BCC lattice, however a Fe, Co, and Ni mixture that at high temperatures resulted in an FCC, is probably 

the FCC phase. The oxide stringers absence between the splats, low interplay porosity, discontinuous 

fractures across the coating parallel to the interface, a good interface between substrate and coating, a 

rough coating surface, and non-uniform coating thickness are all traits similar to all situations. This is 

well documented in the literature of HEA that Al works as a BCC stabilizer in oxidized coatings (Wang 
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et al., 2012), and the same is true in un-oxidized coatings. When this alloy is subjected to anoxidizing 

environment with high-temperature, however, Fe, Cr, and Al (in the Ellingham diagram's sequence of 

stable oxide production) tend to oxidize preferentially. From the BCC phase, Al simultaneous loss 

results in an FCC CoCrFeNi alloy under the oxide layers. Also, Cr oxidizes to Cr2O3, which then 

volatilizes to CrO3 at temperatures exceeding 1000°C. It's difficult for capturing/monitoring the process 

in tests like these, but it's plausible that it affects the HEA's oxidation behavior. For the production of 

3D components, feedstock powders are now additively created using a novel process called "Cold Spray 

Additive Manufacturing"  (Vasudev et al., 2020).This technology is intended to be used in the future for 

the usage of high-entropy alloys. Table 2.1 shows the HEAs properties deposited using different thermal 

spray coating processes and Table.2.2. represents the high-temperature oxidation and wear behavior of 

high entropy alloys created utilizing thermal spray techniques with respect to Table1. 

Table.2.1: HEAs properties deposited using different thermal spray coating processes. 

Material Phases Powder 

particle 

size 

[µm] 

Coating 

Technique 

Hardness Porosity Ref. 

AlSiTiCrEeCoNiMo0.5 

AlSiTiCrEeNi-Mo0.5 

1 BCC  

 2 FCC 

160 µm 

160 µm 

Plasma 

Spraying 

48б±31 Hv 

48б±31Hv 

0.92 

1.06 

Haung 

et al., 

2004 

AlCoCrFeNiTi0.5 BAA A2 

BCC B2 

−45+15 

μm 

HVOF 610 ± 31Hv - Lobel et 

al., 

2020 
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Table 2.2 Oxidation and Wear resistance of materials with reference to Table2.1. 

Coatings Oxidation 

rate 

[mg/cm2] 

No. of testing 

cycles[N] 

Wear resistance/COF 

 

Ref 

AlSiTiCrEeCoNiMo0.5 

 

900 °C- 2 

1000 C-

4.5 

1100 C-

8.7 

150 11 m/mm3 Haung 

et al., 

2004 

AlSiTiCrEeNi-Mo0.5 900 °C-3 

1000 °C-5 

1100°C-

8.5 

150 11 m/mm3 Haung 

et al., 

2004 

AlCoCrFeNi BCC 

FCC 

11 6 

1.0 nm 

Cold 

Spray 

3.86±0.2GPa - Anupam 

et al, 

2019 
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AlCoCrFeNiTi0.5 - - COF at 500°C- 1.4 

COF at 650°C- 1.2 

COF at 800°C-1.1 

COF at 900°C- 0.9  

Lobel et 

al., 

2020 

AlCoCrFeNi 1100 °C - - Anupam 

et al, 

2019 

The following conclusions can be made from the current article: The most common thermal spray 

procedures for producing HEA coatings are HVOF and APS. For the development of HEAs, the cold 

spray approach has recently been introduced. While the primary application field is for high temperatures 

performance, one of the major research interests is the HEA feedstock which contains Ti, Si, and/or Al, 

with the CrFeCoNi base. Because of their thick microstructure, HVOF HEA coatings have the maximum 

hardness. However, wear resistance and hardness were generally higher in traditional materials because 

of the supersaturated multi-component phase as well as other strengthening processes’ development. 

Thermal sprayed HEA coating has shown promise in traditional bond coat material replacement due to 

their excellent oxidation resistance. 

2.5 PROTECTIVE COATINGS. 

A material has to withstand aggressive conditions when working at high temperatures and 

is subjected to oxidation, erosion, and corrosion. The material fails due to these failures and 

therefore requires some surface modification to prevent the material from surface degradation 

(Pawlowski, 1995). 

Many properties are required at the same time to avoid the failure of the material and the use of 

some combination of elements or different classes of coatings like composite coatings can fulfill 

this requirement and a coating enhances the service life of the component. They can be deposited 
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and sometimes used for decoration purposes to the component from an aesthetics point of view. 

The primary advantages of coatings were summarized by Heath et al. (1997) and are given below: 

 Any material from polymer to metallic could be coated with coating processes. Material 

selection can be optimized according to particular conditions under which a particular 

component has to work like corrosion and erosion. Surface properties can be different from the 

bulk material property. 

 Functionally graded materials could be by combining for required corrosion and erosion 

resistance. Multi-layered coatings can also be helpful in some applications. For instance, a bond 

coat is used between the top coat and substrate to avoid the mismatch of the thermal coefficient 

of expansion for two different materials. Therefore, coating materials can be tailored according 

to the particular requirement for any material. 

 Unique microstructures and alloys can be achieved with thermal spray techniques which are 

impossible with bulk materials. These comprise composites and coating corrosion-resistant 

phases. 

 The coating cost is lower than the bulk material and a coating provide improved service life of 

a component. Therefore, the cost/performance ratio of the coating in thermal spray coatings is 

interesting. 

 The thermal spray coatings can even use on-site for repair and maintenance purposes with 

equipment. Hence, this technique has gained popularity for surface protection against corrosion  

2.6 SOME EMERGING METHODS TO CONTROL HIGH-TEMPERATURE WEAR 
RATE . 

There are various techniques that have been used for the surface modification process and 

they can help to attain the desired properties at the surface. Some of the techniques are discussed 

in this section. 

2.6.1 Thermal spray coatings 

This process has many variants which are HVOF, plasma spraying, and detonation gun 

spray. These processes can easily provide very hard, dense, and smooth coatings with accuracy and 

these processes are used for high-precision components like aeronautical components, steam 

turbine blades, and die (Holmberg and Mathews, 2009).  

TiO2-13Al2O3 coatings were used for resistance against wear corrosion with the plasma 

spray. In this process, the powder is sprayed in the form of liquid droplets on the substrate and this 
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finally plastically deformed after condensation. These coatings provide higher bond strength. The 

plasma spraying technique is used for ceramic coating due to the high temperature which 

completely melts at high velocity prevents the decomposition of powder particles they do not 

interact with the oxygen and unwanted phases are avoided (Priyantha et al., 2003). 

Composite coatings provide some phases which prevent the surface of the cast iron (Hock 

et al., 2003) Zirconia coatings with plasma spraying technique have been used on gas engine 

components for increasing their strength at high temperatures (Liang and Ding, 2005) Zirconia is 

a light element and it goes into the grain boundaries and makes the structure denser. 

 Grain boundaries are open-structured and when zirconia diffuses it provides a barrier for 

the dislocations to move. It has also a great role in Ni3Al single phase when added to it provides 

strength. Ni3Al single phase not only provides strength to the coating but also decreases the 

corrosion rate. For this purpose, Ni3Al plasma sprayed coatings were used on boiler steels. This 

coating showed very effective results against high-temperature corrosion (Sidhu and Prakash, 

2003). Apart from zirconia, there are some other light elements like carbon and boron that can be 

used with Ni3Al single-phase coating to increase its strength.  

The actual environmental conditions in the case of boilers in thermal power plants are not 

very different from the die used for glass manufacturing. In thermal power plants, steam is 

generated through boilers and that is obtained by heating water with the help of coal. Heating of 

coal produces ash particles known as soot and which is in the form of black powder it contains 

similar elements which are present in glass material like silica, alumina, and magnesia and this 

further contains carbon and oxygen to form gases that rapidly damages the surface of heat 

exchanger walls, soot blowers’ regions and the boiler surface of heating zone surface area.  

The presence of these constituents accelerates the corrosion rate and results in premature 

failure of the surface of components. The ni-20Cr coating has been applied with a “high-velocity 

oxy-fuel” technique on boiler steels and thermal power plant (Sidhu et al., 2006). The use of such 

coatings provides wear and corrosion resistance at high-temperature conditions. 

2.6.2 Powder thermal spray coatings  

The study of high-temperature coatings reveals that nickel-based coatings have a great 

effect on the working surface’s performance. Conventional powders having an size of 74 microns 

& nanopowders having size of 67 nm were deposited by a thermal spray coating technique called 

cold gun spray method and their results have shown a higher resistance to wear and increase in 

hardness as well (Kaur et al., 2015).  
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Thermal spray coatings techniques have shown good results for high wear resistance which 

also include the Cr3C2-NiCr and WC-Co coatings sprayed with the detonation gun spray method 

and this coating showed good adhesion to the base metal in high-temperature wear with no evidence 

of spalling and the oxide scale that forms in this aggressive environment (Kaur et al., 2011).  

2.7 BEHAVIOUR OF COATINGS AT HIGH-TEMPERATURE SETTINGS. 

This aims the review the latest wear resistance coatings for elevated temperature by using 

the HVOF technique with Nickel based powders, Nickel plus various reinforcements, and also post-

heat treatments of the developed coatings.  

Parveen et al. [2015] examined a 60-weight percent NiCrSiB-40 weight percent Al2O3 

composite coating that was applied via atmospheric plasma spraying on AISI 304 substrate 

material. SEM, an optical microscope, and an XRD have been utilized to analyze the coating 

surface. We assessed the coating's density, porosity, microhardness, and surface abrasiveness. An 

adhesion tester that pulls off was used to gauge the coating's adhesive strength. At 30° & 90° 

erodent impact angles, the erosion rate of samples that were coated and uncoated was assessed. To 

analyze the erosion mechanism, eroded sample SEM images were collected. According to the test 

findings, the coating shields the substrate from impacts at both 30° and 90° . 

Premkumar. K, et al. [2018] examined the behavior of nanocomposite coatings. HVOF 

sprayed nanocomposite and traditional 27% Cr3C2 to “23% Ni- 50% Cr” coatings were deposited 

onto SA 210 Gr C. Erosion testing conducted at 450˚C temperatures and on impact angles of 30, 

60 & 90˚. Therefore, it can be inferred from this that the nanocomposite was relatively superior to 

both the conventional and the uncoated substrates owing to a Cr2O3 layer formation which acted 

as an obstacle for approaching erodent particles. The less porosity of nanocomposite was also the 

reason for low erosion rates. For all ductile materials, there was a higher erosion rate at oblique 

angles. Furthermore, erosion resistances of both nanocomposite & conventional coatings offer 7.5 

times and 3.5 times higher values at bleak (30˚) impact angle as compared with that of uncoated 

substrate. 

H. Vasudev et al. [2019] used the HVOF method to integrate a bilayer of the 718 alloys 

into the NiCrAlY coating. The behavior of coated and naked samples under high-temperature 

oxidation as well as erosion was investigated. According to the authors, alloy-718 is more resistant 

to erosion and corrosion. High hardness and the development of stable oxides (Al2O3 & Cr2O3) 

are linked to improved resistance. 
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Vasudev. H, et al. [2019] In a different investigation, the influence of microwave-based 

post-processing on microstructure and ‘mechanical properties’ of HVOF-deposited alloy-718 

coating was studied. The authors noted that significant improvement of microstructure was 

achieved post processing where porosity and micro-cracks having been healed (Iddi et al., 2020). 

‘There will be un-melted particles and pores evident in the SEM micrographs of a sprayed coating, 

although post-processing, as a result of material flow in microwave processing healing may occur 

within some of these pores.’ Moreover, micro-hardness, fracture toughness and surface roughness 

were also enhanced.  

Daram. P, et al [2019] also examine the effect of post-treatments on corrosion and 

microstructure performance of NiCrMoAlY alloy coating. The authors concluded that there is a 

reduction of pores after “heat treatment” that results in enhancing corrosion resistance. 

Singh, et al. [2019] investigated the “high-temperature tribological performance” of a 65 

percent (“NiCrSiFeBC”)-35 percent (WC-Co) coating sprayed at high velocity with Oxyfuel at 

temperatures ranging between ambient to 800°C. The coating has been created on the “AISI H11” 

and “AISI H13”. The as-sprayed coatings' microstructural properties, microhardness, porosity, 

surface roughness, as well as bond strength were assessed. Pin-on-disc tribometer tribology 

examination was carried out. The outcomes showed that the created coating performed significantly 

better than the untreated specimens, exhibiting decreased porosity and increased microhardness. At 

normal temperatures, the coated specimens wore mostly by abrasive processes. The predominant 

processes at high temperatures were found to be adhesive and oxidative wear. 

Praveen. A. S, et al [2020] In another investigation authors deposited two weight 

compositions 1.4wt & 0.17wt % of nano Al2O3 with NiCrSiB by HVOF technique. Authors 

reported that with the addition of 1.4wt percent nano Al2O3 micro hardness increases from 576 Hv  

to 748Hv.  

Chabbra et al [2020] Wear and surface degradation of tools (“die materials”) in the sector 

of hot metal forming is a key issue that has a negative impact on the process economics. Interaction 

between the tool  along with workpiece at greater temperatures causes the issue. Nevertheless, there 

is still a lack of data regarding the wear & friction of dies. The goal of the current inquiry was to 

investigate the potential of “Cr3C2-NiCr” surface coating using tribological (wear and friction) 

experiments. The coatings were made using an HVOF spraying process. The coated specimens' 

microhardness, bond strength, surface roughness, and porosity were discovered and examined. The 

uncoated and coated samples were then studied in the lab for elevated-temperature wear and 

friction. 25 N & 50 N loads were used in the investigation. At all test parameters, the coated samples 

demonstrated an improvement in wear resistance. At 400 °C, the coated sample indicated the lowest 
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COF value and specific wear rate. The SEM method was used to investigate wear processes. The 

wear processes for the Cr3C2-NiCr-coated samples were found to be adhesive at room temperature 

and a mix of adhesive/ oxidative/abrasive at greater temperatures. 

Chabbra et al [2020] focused on analyzing the wear and friction properties of Cr3C2-NiCr 

coatings used on the die steel material’s surface by atmospheric plasma spraying. The specimens 

that had been sprayed were described. We assessed the microhardness, bond strength, and coating 

porosity values. At room temperature, 400°C, & 800°C under 2 loads of 25N & 50N, wear tests on 

the high-temperature “pin-on-disc” tribometer were conducted in the laboratory. The SEM method 

was used to examine the wear processes of each worn-out sample. Analysis was done on the 

particular wear rates along with friction coefficient values. The newly created coating outperformed 

its uncoated equivalent in terms of wear resistance. At high temperatures, the “friction coefficient” 

values for coated specimens declined. The wear mode has been seen to be adhesive at room 

temperature, and at higher testing temperatures, it was seen to be a mix of oxidative, adhesive, as 

well as abrasive. 

Sun et al., [2021], studied atmospheric plasma sprayed NiAl-20 wt% Bi2O3 coatings with 

varying Cr2O3 contents. The findings revealed that Cr2O3 greatly improved the coatings' mechanical 

strength without compromising their plasticity. In addition to this Cr2O3 also improves the wear 

coatings behaviour owing to high hardness and plastic deformation resistance. 

Dhzurinskiy et al., [2021], In the research plasma, sprayed Cr3C2-NiCr-based coatings 

have been deposited on “SS-304” L substrate and investigated its erosion performance. The coating 

developed features a dense microstructure with few flaws like micro-cracks and pores, as well as 

high hardness and toughness. Enhanced erosion resistance will be attributed to the high value of 

fracture toughness and hardness in developed coatings. 

P.K. Huan get al.  [2004] studied the alloys Al0.5CoCrCuFeNi with the effect of the 

electromagnetic stirring provides that it has effective grins for alloys and as well as excellent 

mechanical properties. With the Investigation proves that the electromagnetic stirring with 

Al0.5CoCrCuFeNi of the both compressive strength and tensile strength was higher than without 

electromagnetic stirring of Al0. 5CoCrCuFei.It also states that oxidized AlSiTiCrFeCoNiMo0.5 

and AlSiTiCrFeNiMo0.5 at 900°C,1000°C,1100°C and observed good oxidation resistance up to 

1000c over 100H substrate. 

Karin A. Dahmen [2014] discussed the special features of high wear resistant HEAs, 

Co1.5Cr0.5FeNi as follows: (a) thermal property; (b) physical property including density(ρ), 
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atomic radius(r), lattice parameter(a/d), melting temperature(Tm); magnetic properties include; 

saturation magnetization, standard deviation , and entropy change TSM Ssxn 8(i + j )− nRT4M i *. 

5CrFeNi1. 5Ti and Al0. 2Co1. 5CrFeNi1. 6. In comparison with 5Ti alloys, high entropy bulk 

metallic glasses have investigated remarkable using eutectic composition, dense atomic packing 

and entropy of mixing points of view This work also demonstrates that HE bulks metallic possess 

glass forming ability and plastic properties. 

A. S Ming et al. [2015] analyzed the plasma sprayed high entropy alloys and properties of 

AlCoCrFNi and MnCoCrFeNi by ball milling and then plasma sprayed, Minor oxide peals were 

detected which attributed to high temperature. 

W.L. Hsu et al, [2018] studied the oxidation resistance at 1100°C that makes excellence at 

elevated temperature, TheNiCo0.6Fe0.2Cr1.5SiAlTi0.2 and NiCo0.6Fe0.2Cr1.3 alloys are 

investigated with high velocity oxy fuel spraying (HVOF), warm spraying (WS) and plasma 

spraying (PS) process. It was  observed that thermal barrier coating showed better oxidation 

resistance over substrate at high temperature i.e with FeCoCrNiAlx high entropy alloy coating. 

A.Anupam et al.[2019]  The cold sprayed AlCoCrFeNi high entropy alloys were invested 

and isothermal oxidation experiments were performed at 1100cfor 25h on the coating at 400c and 

pressure of 10 bar, Ni-base superalloy substrate cold sprayed no coating. The interface between the 

coating and substrate remained intact after oxidation treatment, all of the mechanical property 

results were measured. 

Y.K. Mu [2019] studied nano oxides reinforced high entropy alloy coating synthesized by 

atmospheric plasma spraying of microstructure, surface morphology, hardness and wear 

resistances. The crystal structure of the CoCrFeNiAland CoCrFeNiMo are checked and their good 

hardness (573±19 Hv0 1) and that of coefficient of friction (COF) is 0.49+-0.04). 

Y. Cai, L. Zhuet et al. [2019] evaluated the microstructure and properties of FeCoCrNiAl0 

Not much changed on the 3cladding layer after compared with before high temperature | Image by 

FrancillonINUX from Wikimedia the formation of BCC solid solution at the grain boundary 

occurred due to high-temperature condition when Al element content was as much as 14.89% 

(0.7mol). Which improved micro-hardness and tribological behavior but reduced the corrosion 

resistance . 
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A. Sekhar et al. [2019]  investigated the TiAlNiCo, TiAlNiFe and TiAlNiCoFe alloys with 

mechanical properties, microstructure, Compressive strength and hardness had been studied and 

observed the good hardness of the more than 700Hv1.0 and compressive strength more than 2.5Gpa 

and state that all the alloys having microstructure of single BCC and observed very good 

mechanical properties . 

Yo.Mu et al. [2020] have examined the wear and corrosion behavior of AlCoCrFeNi high 

entropy alloy coatings produced by atmospheric plasma spraying. This has led to an increase in the 

power of atmospheric plasma spraying as well as discussions of efficiency, hardness, surface 

morphology, mechanical properties, and microstructures .  

Y. Cai et al. [2020] analyzed the effect of high-temperature conditions on the 

microstructure and properties of FeCoCrNiAl0. 3 and FeCoCrNiAl0. 7 high alloy coatings. The 

investigation on the microstructure, microhardness, tribological behavior and corrosion resistance 

of a coating have been done test and micro-hardness test was carried out. The coating has Little 

change in the morphology of the structure and properties of FeCoCrNiAl0. 3 before and after high 

temperature oxidation test, while enhanced corrosion resistance, porosity, micro hardness 

against488º C×10 h,were also mitigated . 

These days, thermal spray coatings are widely employed by producers of heavy machinery, 

machine tools, power plants, and the automotive industry (Praveen et., 2015; Grewal et al., 2015). 

When it comes to creating coatings that are resistant to wear and corrosion, these methods are quite 

dependable.  

2.8 Oxidation Behaviour of HEAs 

 
As the HEA materials hyperspace is being explored for potential bond coat compositions, it is 

worthwhile to review studies already conducted on the oxidation behaviour of HEAs. 

All the HEAs whose oxidation behaviour has been studied can be categorized into three 

major groups: (i) low temperature alloys (targeting applications up to 600– 900 °C) usually 

relying on Cr for protection (Holcomb et al., 2015; Laplanche et al., 2016); (ii) high temperature 

alloys (targeting applications in the 900–1100 °C range), usually depending on Al/Cr/Si/Ti for 

protection; and (iii) refractory alloys, relying on Ta/Al/Cr (Lo et al., 2019; Liu et al., 2014), in 
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which formation of volatile oxides is a major issue. Focussing on functioning as bond coats, in 

the temperature range of 900 – 1100 °C, group (ii) alloys: the AlCoCrNiX (where X = 

Fe/Si/Ti/Cu) HEAs are usually favoured. In each case, the alloy composition, phase constitution, 

as well as phase fraction and morphology play a vital role in the alloy’s oxidation behaviour. 

This is directly connected to the synthesis route and thermal treatment accorded to the alloy 

before oxidation testing. 

A complete list of literature on oxidation studies of HEAs of the AlCoCrFeNi family of 

HEAs is presented in Table 2.3. 
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Table 2.3: Compilation of various HEA compositions studied for their oxidation resistance in bulk form. 

 
Composition Synthesis route/phases Oxidation 

conditions 
Oxides; 

Rate 
Reference 

AlCoCrFeNi As-cast; 
FeAl+NiCoCr+FeCr 

850 –1050 °C; dry 
air 

 850 °C: θ-Al2O3 + spinel; 
 950 °C: α- Al2O3+spinel; 
 1050 °C: spinel (FeCr2O4) + discontinuous 
alumina 

 850–950 °C: parabolic; 1050 °C: breakaway; 
 Al-depleted layer; 
 AlN 

(Sung et 
al., 

2013) 

Al0.5FeCoCrNiSi0.2, 
Al0.5FeCoCrNi, and 
Al0.5FeCoCrNiTi0.5 

As-cast; 900 °C  1,2: Cr2O3 + AlN; 
 3: complex CoFe2O4 spinel + mixed oxide 
scales + AlN 

(Zhang et 
al., 

2013) 

Al10(CoCrFeNi)90 (Al10F), 
Al20Cr25Co25Ni25Si5 

(Al20S) and 
Al15Cr10Co35Ni35Si5 

(Al15S) 

As-cast; 
Ni-Al + Fe-Cr; dendritic 

segregation; 
Al10F and Al15S: Ni-

Co-Cr FCC+ Ni-Al 
B2; Al20S: 
BCC+B2 

Interrupted 
isothermal @ 
1050 °C- 1000h 

 External Cr2O3 + internal Al2O3 in all 
 Al-depleted FCC below 
 Parabolic, Wt change: Al15S<Al20S<Al10F 
 More Al: better oxd resis 

(Butler et 
al., 

2015) 

Al8Co17Cr17Cu8Fe19Ni33 
(FCC), 

Al23Co15Cr23Cu8Fe15Ni15 
(BCC) and 

AlCoCuCrFeNi (R) 

As-cast; 
AlCoCrFeNi 

dendritic+ 
Cu iD 

FCC: FCC+L12 
BCC, R: Ni-Al BC+ 
Fe-Cr 

BCC 

800–1000 °C  Multiple oxide layers: innermost Al2O3, 
intermediate Cr2O3, outermost NiO, 
Fe2O3, Fe3O4 

 800: parabolic 
 1000: spallation 
 Relative ratios of Al, Cr important 

(Daoud et 
al., 

2015) 

Al0.5CoCrFeNi As-cast 800, 900, 1000, 
1100°C – 100h 

 Complete compact oxides @ 800, 900 °C 
 Thicker, cracked oxides at 1000, 1100 °C 
 Inner spinels : NiCr2O4, CoCr2O4, 

(Hong, et 
al., 

2015) 
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Fe(Cr,Al)2O4 + AlN 

AlCoCrFeNiTi0.5 Vacuum induction 
levitation 
melting 

800, 900, 1000, 
1100 
°C 

 Good at all but 1000 °C; 
 Phase specific oxidation: Al2O3 in 
dendritic, TiO2 + Fe2O3 + FeCr2O4 in the 
interdendritic and eutectic 

(Wu et al., 
2015) 

Alx(CoCrFeNi)100-x, x=0, 8, 
10, 12, 

15, 20, 30 

As-cast 
FCC→FCC+BCC/B2→

BCC 
+B2; transition @ Al15 
Al20,30: Ni-Al matrix 

+ Cr- Fe ppt 

1050 °C 
interrupted 
isothermal 

 Al8,10: External Cr2O3+ internal 
discontinuous Al2O3 + AlN particles 

 Al12,15: external Cr2O3+ external 
Ni2Cr2O4 + discontinuous internal 
Al2O3 

 Al20,30: external Cr2O3 and internal 
continuous Al2O3 

(Butler et 
al., 

2016A) 

 
 

omposition Synthesis 
route/phases 

Oxidation 
conditions 

Oxides; 
Rate 

Reference 

    Al-depleted layer below oxide 
 Parabolic kinetics 
 10-12 to 10-13 g2/cm4-s; lowest for Al30 
 Al8,15: GP1; Al12,15: GP2; Al20,30: GP3 

 

Al8(CoCrFeNi)92, 
Al15(CoCrFeNi)85 and 
Al30(CoCrFeNi)70 

As-cast ; annealed at 
1050°C Al8: FCC+B2 

Al15:FCc+BCC+B2 → 
Ann:Cr-Fe BCC+ B2 

Al30: Cr-Fe BCC+ Ni-
Al B2 

→ Ann: ppt free B2 + 
BCC w ppts 

1050 °C – 120h  As cast: 
 Al8: external Cr2O3+ sublayer of 
oxygen-enriched metal + internal semi-
continuous Al2O3 

 Al15: external NiCr2O4 + underlying 
Cr2O3+ internal semicontinuous Al2O3 + 
AlN 

 Al30: external Cr2O3+ underlying 
continuous Al2O3, with no spinels and very 
few AlN 

 Annealed: 
 Al8: Al2O3 + (Al,Cr)2O3 + Fe,Cr,Ni rich 
spinel 

 Al15: external Al2O3 + underlying Fe,Cr,Ni 

(Butler et 
al., 

2016B) 
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rich spinels 
 Al30: only single continuous Al2O3 with 
no internal oxidation 

 All had Al-depleted layer below oxide 

AlCo0.6Cr1.5Fe0.2NiSiTi0.2 Arc melt – crush – spark 
plasma sinter 

BCC+Cr-Ni-Co FCC + 
Cr3Si 

1100 °C  external mixed oxide and an internal Al2O3 
 parabolic, comparable to MCrAlY 

(Hsu et al., 
2016) 

Al0.2Co1.5CrFeNi1.5Ti0.3 Cast : FCC 
Aluminised: 
Al(CoCrFeNiTi) 

+ Al3Ti + Al3Ni + 
NiTi; Homog @ 
1100°C – 6h – 
water quench 

900, 1000, 1100 
°C – 
100h 

 Cast: Cr2O3+ TiO2 + Al2O3 + NiTi 
 Aluminised: Al2O3 

(Tsai et al., 
2016) 

44Ni-3.9Al-22.3Co-11.7Cr-
11.8Fe- 

6.3Ti (H1) 
51Ni-5Al-18Co-7Cr-9Fe-5Ti-

2Ta- 
1.5Mo-1.5W (H2) 

Bridgman solidification 
+ optimized ageing 

treatment γ + γ’, 50% y’ 
in H1, 70% in H2 

900, 1100 °C  900 °C: H1,H2 similar wt gains 
 1100 °C:H1=8x H2 
 H1: (Ni,Co)O, CoFe2O4, Fe3Ti3O10, Cr2O3, 
TiO2, Al2O3 

 H2: (Ni,Co)O, CoFe2O4, (Ni,Ti)3O4, 
CrTi2O5, CrTaO4 and Al2O3 

(Tsao et 
al., 

2016) 

AlCoCrCuxFeNi alloys, 
where x=0, 0.5, 1 

x-0:BCC 
x-1,1.5: Cu in ID 

1000 °C  More Cu = less oxidation resis 
 Al2O3; adherence worse with Cu 

(Dąbrowa 
et al., 
2017) 
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Composition Synthesis route/phases Oxidation 
conditions 

Oxides; 
Rate 

Reference 

    Al depleted zone  
CoCrFeNiX alloys, 

where 
X=Al/Mn/Si 

Arc melting + 
anneal @ 
900°C – 48h 

at 700, 800, 850 
and 
900 
°C 

TGA 

 Oxd 
res:AlCoCrFeNi>CoCrFeNiSi>CoCrFeNiMn 

 800, 900 °C: α- Al2O3+ γ- Al2O3+ FeAl2O4 
+ θ- Al2O3: 
compact, continuous oxide layers 

 No distinct Al-depleted layer reported 

(Kai et al., 
2017) 

Al0.6CoCrFeNi 
(H) 
Al0.6CoCrFeNiSi0.
3 (HS) 

As-cast 
H: FCC+BCC 

HS: FCC+BCC+ 
Cr15Co4Si6 

800, 900 and 1000 
°C 

for 100h 

 Al2O3, Cr2O3and spinel 
 Parabolic 

(Chen et 
al., 

2018a) 

CoCrFeNiAlxTiy Induction 
melting No Al: Co-
Ti and Fe-Ni 

based FCC 
High Al: only 
B2 Med Al: 
BCC+B2 

1000 °C – 5, 25, 
50, 

100h 

 CoCrFeNiAl0.5: lowest wt gain 
 CoCrFeNiAlTi0.5, CoCrFeNiAl0.5: 
continuous alumina 

 Rest: alumina + Cr2O3, TiO2, spinels, 
Fe2TiO5 

(Erdogan 
et al., 
2019) 

Al0.3CoCrCuFeNi First principles   Competition between alumina, chromia (Hong et 
al., 

2019) 
Ni2FeCoCrAl0.5 Arc 

melt 
FCC 

900 °C, different 
O2 partial 
pressures 

 Exclusive alumina at higher O2 partial 
pressures 

(Kai et al., 
2019) 

AlxCoCrCuFeNi alloys, 
where x=0, 0.5, 1, 
1.5, 2 

Arc melt 1000 °C 100h  all alloys formed Al2O3, Cr2O3and spinel 
oxides 

 Al1.5 and Al2 lowest wt gains 
 For higher Al: internal Cr2O3, external Al2O3 

(Liu et al., 
2019) 

AlxCoCrFeNiTi0.5, where 
x=0.5, 1, 1.5. 

Arc melting 
B2, BCC; with FCC and 

σ 
phases being observed 

for Al0.5 

1100 °C  Al0.5: spinel + discontinuous internal Al2O3 
 Al1: Cr2O3+ semicontinuous internal Al2O3 
 Al1.5: TiO2 + continuous internal (Al,Cr)2O3 

(Wang et 
al., 

2019) 
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AlxCoCrFeNi, where x=0.7, 
1, 1.3 + 0.02at.%Y,Hf 
each 

As-cast 
Al0.7: 
FCC+BCC 

Al1, Al1.3: BCC+B2 

1100 °C – 100h  Al0.7: α- Al2O3+ non-protective spinels 
 Al1, Al1.3: primary α- Al2O3 
 HfO2, Y2O3 at grain boundaries 
 Al-depleted layer 

(Lu et al., 
2020a), (Lu 

et al., 
2020b) 
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The following sections will summarize oxidation behaviours reported for variants of 

the AlCoCrFeNi family of HEAs: 

2.9 AlCoCrFeNi 
 
Among the alloys examined the most in the HEA community is AlxCoCrFeNi., with 

research focussed on deciphering its phase constitution, thermal stability, and their 

connection to the alloy’s physical and mechanical properties. Equiatomic AlCoCrFeNi 

is characterized by a dual phase microstructure, comprised of Ni-Al based B2 and Fe-Cr 

based BCC, with Co distributed uniformly between the two phases (Manzoni et al., 

2013). In the as-cast form these phases are usually present in both dendritic and inter-

dendritic regions, with the BCC phase occurring as precipitates in B2 matrix, attributed 

to spinodal decomposition during solidification from melt. Lower Al content alloys (x 

≤ 0.375) usually present with single phase FCC, whereas those with excess Al 

(x>=1.25) are reported to have single phase B2 structures (Chou et al., 2009; Kao et al., 

2009). This is due to the more negative mixing enthalpies between Al-Ni/Co/Fe pairs, 

leading them to constitute the B2 phase (Li et al., 2008). On the other hand, Cr 

segregates to the BCC phase with little Al and Ni content. 

Sung et al., (2013) reported the earliest studies on as-cast equiatomic 

AlCoCrFeNi oxidized in the temperature range of 850–1050 °C. They observed 

parabolic oxidation kinetics for 850–950 °C and breakaway oxidation kinetics at 1050 

°C. In terms of oxidation products, at 850 °C, θ-Al2O3 + spinel; at 950 °C, α- 

Al2O3+spinel; and at 1050 °C, spinel (FeCr2O4) + alumina, with a loss in the latter’s 

integrity were observe
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The advantages of higher Al content on improved oxidation resistance were reflected in 

the results reported by Butler (2016a; 2016b), who studied the oxidation behaviour of 

AlxCoCrFeNi, where x=8, 10, 12, 15, 20, 30 at.% in as-cast and annealed forms, oxidized 

at 1050 °C. Higher Al content (x=20, 30 at.%) compositions were observed to develop 

continuous alumina layers with overlying chromia, as opposed to lower Al content alloys 

which had a semi continuous Al2O3 and overlying chromia and spinels. They observed 

oxidation rates of the order of 10-12 to 10-13 g2/cm4-s, on par with conventional bond coat 

alloys. Further, they also demonstrated that the classification provided by Giggins and 

Pettit (1971) for oxidation of Ni-Cr-Al alloys could be applied to these HEAs with slight 

modification. The effect of annealing was also observed in their studies (Butler et al., 

2016b), where the same composition Al30(CoCrFeNi)70 after annealing showed growth 

of exclusive alumina scale, whereas the as-cast alloy had developed a dual Cr2O3-

internal Al2O3 layer. This was attributed to Al being redistributed across phases after 

annealing, making it available for easy formation of alumina. 

Lu et al., (2020a; 2020b) also did seminal work on understanding the 

fundamental oxidation mechanisms operating in AlxCoCrFeNi (x=0.7,1,1.3 mol), 

concluding that for higher Al containing alloys, α-alumina forms even in the transient 

stages of oxidation, instead of θ-Al2O3, whose transformation to α-Al2O3 is one of the 

prime reasons for strain induced spallation. More importantly, they also studied the 

effect of adding trace quantities of rare earths on the oxide layer adherence of HEAs. 

The rare earth element effect is established in bond coat literature, as mentioned in 

Section 2.2.4.1. Addition of 0.02 at.% each of Y and Hf was observed to improve oxide 

adherence remarkably, attributed to formation of Y2O3 and HfO2 at alumina grain 

boundaries. They also demonstrated the dual (outer columnar and inner equiaxed) grain 
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structure of alumina layer, indicating that oxidation in these HEAs is governed by 

inward diffusion of oxygen. Finally, the nano-scale phase precipitation that is 

characteristic of these alloys, attributed to spinodal decomposition, was credited for 

providing nucleation sites for quick development of the alumina scale. 

All the studies report development of an Al-depleted layer below the oxides, 

also characteristically seen in MCrAlY and aluminide alloys post oxidation. The Al 

content of this layer is critical to the oxide layer growth, since if it falls below a critical 

value, the available Al would be insufficient to replenish the alumina layer in case it is 

damaged. Lu et al., (2020b) calculated this value for AlCoCrFeNi to be 4 at.%. 

 
Another branch of the AlCoCrFeNi family is where the effect of addition of Cu 

was studied. In terms of phase formation, the as-cast alloys always exhibited segregation 

of Cu to the interdendritic region, while AlCoCrFeNi made up the dendritic region. The 

effect of this was observed in the oxidation behaviour of the alloys as well. Daoud et 

al. (2015) studied non-equiatomic compositions Al8Co17Cr17Cu8Fe19Ni33 (FCC) 

and Al23Co15Cr23Cu8Fe15Ni15 (BCC) and compared them to the equiatomic 

counterpart. In the temperature range of 800–1000 °C, all the alloys developed multiple 

oxide layers, with innermost alumina, intermediate chromia and sometimes external 

NiO and Fe2O3. Poor scale integrity and adherence were reported for specimens tested 

at 1000 °C. 

Dabrowa et al. ( 2017) specifically studied the effect of Cu content on oxidation 

behaviour of AlCoCrCuxFeNi (x=0,0.5,1 mol). They reported formation of α-Al2O3 

on oxidation at 1000 °C, whose adherence worsened with increasing Cu content. Cu was 

postulated to increase the CTE of the alloy, making the thermal strains generated during 
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cooling more severe, prompting oxide scale spallation. In their 2019 study, Liu et al. 

examined the oxidation behavior of AlxCoCrCuFeNi alloys (x=0, 0.5, 1, 1.5, and 2 

mol). They found that Cu segregated to interdendritic areas and that Al addition 

stabilized the BCC phase. Al1.5 and Al2 alloys had the lowest weight increases, 

indicating the advantageous effect of Al concentration on oxidation resistance. 

Using a different approach, Hong et al., (2019) studied the oxidation behaviour 

of Al0.3CoCrCuFeNi using first-principle methods and calculated the adsorption energy 

for oxygen adhesion to alloy interfaces for various planar surfaces. They observed that 

it was lowest for sites with more neighbouring Cr atoms and second lowest for more 

neighbouring Al atoms. This contrasts with the calculated cohesive energies of oxides, 

which indicate Al2O3 to be more stable the Cr2O3. They thus concluded that there was 

a competition between Cr2O3 and Al2O3 formation. 

The other set of alloying additions to the AlCoCrFeNi family is of Ti and Si, 

added to improve the alloy’s oxidation and wear resistance. The first to do this were 

Zhang et al. (2013), who studied Al0.5FeCoCrNiSi0.2, Al0.5FeCoCrNi, and 

Al0.5FeCoCrNiTi0.5, oxidized at 900 °C. Owing to their lower Al contents, none of 

these alloys developed an alumina layer, instead, Cr2O3 + AlN oxidation products were 

observed for the first two alloys, while the final alloy developed complex CoFe2O4 

spinel + mixed oxide scales along with AlN. Chen et al., (2018a) added minor quantities 

of Si to Al0.6CoCrFeNi and studied their oxidation behaviour at 800–1000 °C. They 

observed formation of FCC+BCC phases in the base alloy, with an additional 

Cr15Co4Si6 phase in the Si-containing alloy. Both alloys Al2O3, Cr2O3 and spinel 

scales after oxidation, with parabolic oxidation kinetics. Butler et al., (2015) studied 

three compositions: Al10(CoCrFeNi)90 (Al10F), Al20Cr25Co25Ni25Si5 (Al20S) and 
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Al15Cr10Co35Ni35Si5 (Al15S) in the as-cast state, comparing the efficacy of Fe vs. Si 

addition to the AlCoCrNi system upon oxidation at 1050 °C. In the compositions lean in 

Al (Al10F and Al15S), FCC+B2 phases based on Ni-Co-Cr and Ni-Al respectively were 

observed, while BCC+B2 phases were found in Al20S. Post oxidation at 1050 °C for 

100h, external Cr2O3 and underlying α-Al2O3 were found to form in all cases, along 

with an Al-depleted FCC phase region below the oxide layers. In terms of oxidation 

kinetics, the overall weight gain followed the trend: Al15S<Al20S<Al10F, exhibiting 

initial transition followed by parabolic stages. It has been noted that alloys with more Al 

concentration form thinner, more protective oxide scales. It was hypothesized that the solubility 

and diffusion of oxygen, as well as the concentration and diffusion of Al and/or Cr inside the alloy, 

would determine how HEAs would oxidize. 

Wu et al., (2015) added Ti to AlCoCrFeNi and oxidized AlCoCrFeNiTi0.5 at 

800–1100 °C, reporting formation of phase specific oxides: alumina in the dendritic and 

TiO2 + Fe2O3 + FeCr2O4 in the interdendritic and eutectic regions. AlxCoCrFeNiTiy 

alloys with various Al and Ti contents were studied by Erdogan et al., (2019), oxidized 

at 1000 °C, and reported lowest weight gain for the composition with zero Ti. As well, 

CoCrFeNiAl0.5 and CoCrFeNiAlTi0.5 exhibited continuous alumina formation, while 

the remaining alloys also formed other oxides such as Cr2O3, TiO2, spinels, Fe2TiO5. 

Wang et al., (2019) studied AlxCoCrFeNiTi0.5 (x=0.5,1,1.5 mol) oxidized at 1100 °C, 

and reported the formation of spinel + discontinuous internal Al2O3; Al1 formed Cr2O3 

+ semicontinuous internal Al2O3; and Al1.5 formed TiO2 + continuous internal 

(Al,Cr)2O3 layers 

Combining expected advantages of Si and Ti additions, Hsu et al., (2016) 

synthesized AlCo0.6Cr1.5Fe0.2NiSiTi0.2 via arc melting followed by crushing and 

subsequent consolidation by spark plasma sintering. The as-sintered alloy was 
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composed of major BCC phase, along with minor Cr-Ni-Co rich FCC and Cr3Si phases. 

After oxidation at 1100 °C, it was observed to form a dual oxide layer: an external 

mixed oxide and an internal Al2O3 layer. The external oxide layer was further observed 

to thicken and spall with time at temperature, while the Al2O3 layer thickened and 

adhered to the substrate. The oxidation kinetics was parabolic and comparable to 

MCrAlY alloys at that temperature. 

Yet another way of improving oxidation resistance was proposed by Tsai et al., 

(2016), where they aluminized Al-lean HEA Al0.2Co1.5CrFeNi1.5Ti0.3, followed by 

annealing and water quenching. The base alloy exhibited FCC structure and oxidized 

to form Cr2O3 + TiO2 + Al2O3 + NiTi phases. In contrast, the aluminized HEA 

exhibited Al(CoCrFeNiTi) + Al3Ti + Al3Ni + NiTi phases, which resulted in the 

formation of stable alumina without spallation for over 400h. 

 
Tsao et al., (2016) developed two other variants of AlCoCrFeNi: 44Ni-3.9Al-22.3Co- 

11.7Cr-11.8Fe-6.3Ti (H1) and 51Ni-5Al-18Co-7Cr-9Fe-5Ti-2Ta-1.5Mo-1.5W (H2) 

(all in wt.%), termed as high entropy superalloys. Both alloys were synthesized via 

Bridgman solidification and exhibited γ + γ phases. Upon oxidation at 1100 °C, H2 

showed 8 times lower weight gain than H1, corresponding to its ability to develop 

continuous alumina scales although with external oxides. 

 

2.10 PROBLEM FORMULATION. 

The review of the literature was a critical stage for formulating the research 

problem and surface degradation of SS-304 at elevated temperatures has been formulated 

after extensive review. The erosion and oxidation of the surface are serious problems for 

the surface of the components like super heaters, economizer, heat exchangers, piping and 

chimneys in petroleum industry made of SS-304. The continual advances in materials 
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development will demand still higher operation temperatures for such components. These 

all-engineering applications are subjected to elevated temperatures. In a cyclic and 

repeating way, hot air impacts the component's surface, and this air includes some 

undesirable dust particles. The severity of such particles and the harsh climate are the 2 

main causes of surface deterioration caused by erosion and oxidation. Some stringent steps 

were required to combat these problems. So, there is a need to use some protective method 

to avoid the failure of the surface. 

2.11 Research Gaps 

 From available literature it is observed that very few attempts have been made to 

investigate the thermal spray coatings composed of AlxCrCoFeNi high entropy 

alloys. Since, the AlxCrCoFeNi high entropy alloys coatings deposition by using 

thermal spraying techniques is still in the research and development stage and 

therefore has been selected in the present research work. 

 Research attempts are also required to determine the mechanical and 

microstructural properties of AlxCrCoFeNi thermal spray coatings. 

 All those types of substrate materials indicated above for the present study are 

considered based on further investigations of the literature survey and also 

considered past work done, future work that can be carried out, which is possible 

in today’s life conditions to make some social welfare. Substrate: SS-304 stainless 

steel — this substrate is chosen because it is widely used in high-temperature 

applications [25]. 

  Furthermore, the plasma spraying thermal spray technique has been used for the 

present work as it offers the smoothest, hardest; well bonded coatings with the 

lowest porosity and most homogeneous microstructure.  

2.12 OBJECTIVES OF THE RESEARCH WORK. 

The following are the objectives of the current study: 

1. To develop various compositions of AlxCrCoFeNi high entropy alloys coatings on 

stainless-steel SS-304) through thermal spray coating techniques i.e., plasma 

spraying. 

2. To examine the as-sprayed AlxCrCoFeNi high entropy alloys coatings for 
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comparison in terms of mechanical and micro-structural characteristics.  

3. To investigate the high temperature erosive wear behavior of base material and 

developed coatings at 900°C.  

4. To investigate the high temperature oxidation behavior of base material and 

developed coatings at 900°C.  

5. To propose the best combination of coatings for the base metal. 
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CHAPTER 3 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

In this chapter, the deposition method of the coatings has been reported along with 

the process parameters of the equipment used for depositing the coating. The various tools 

used for the characterization of uncoated & coated samples at different stages of the 

research work have been described. The procedures of sliding wear tests and erosion tests 

at elevated temperatures have also been mentioned. The various characterization 

techniques utilized for erosion and corrosion analysis formed during various tests.  

3.1 SELECTION OF SUBSTRATE.  

SS-304 was chosen as a substrate material for the present research study. This 

material is widely used for Power plants and the industry sector faces losses to the components 

like superheaters, economizers, heat exchangers, piping, and chimneys in the petroleum industry. 

The substrate material was procured from Baharat Aerospace Limited, Mumbai, India. 

The chemical composition of the SS-304 substrate was ascertained using an optical 

spectrometer (Make: "Metal Vision, Model: 1008i").  

3.2 DEPOSITION OF COATINGS. 

3.2.1 Preparation of Substrate Material. 

 SS-304 was procured in the form of a flat plate with measurements of 300×200×5 

mm3. After that, the plate was further sliced with a WEDM ("Wire-Cut Electro Discharge 

Machine") to provide a substrate sample for the testing of "air-jet erosion" (25×25×5mm3) 

and oxidation (20×15×5mm3). Subsequently, the specimens were machine-polished using 

alumina powder particles until they achieved an emery paper grade of 1200. The polished 

samples were subjected to abrasive grit blasting using virgin brown alumina grit of a 16-

mesh size. The tools and media used for grit blasting are shown in Fig.3.1. 
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Fig.3.1. (a) Front and (b) side view of shot blasting m machine and, (c) Blasting medium 

(Virgin alumina). 

3.2.2 Coating Powder. 

There were three different combinations of powders consisting of AlxCrCoFeNi  

that were deposited using the plasma process on SS-304 substrate. The various powders 

combinations are Al0CrCoFeNi (A1), Al0.50CoFeNi (A2) and Al1.00CoFeNi (A3), the 

morphology and particle powders size and their compositions have been given in chapter 

4 of the present study. 

The choice of the contents of Al 0, 0.5 and 1.0 in the Al ¸CrCoFeNi alloys system 

is based on the strategic selection because allows examining the different aspects of phase 

changes and property variations that occur by the change in concentration of aluminum in 

the alloy. The corresponded critical points of the phase evolution of the alloy are reflected 

by the respective compositions. Al-free alloy at x = 0 gives a stable FCC single-phase 

alloy case which is highly ductile and low hardness which is used in a reference baseline. 

At x = 0.5 the alloy undergoes a transition regime in which both FCC and BCC phases 

exist and the study of two-phase microstructures which commonly gives an optimum 

combination of strength and ductility. Lastly, at x = 1.0 alloy turns Al-rich and also 

facilitates the formation of BCC or ordered B2 phases based on the decrease in the 

concentration of valence electrons giving rise to the markedly higher level of hardness 
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and wear resistance at the cost of ductility. The systematic variation covers the entire range 

of microstructural and mechanical properties - spanning soft, ductile FCC and to hard, 

brittle BCC - and is in line with understood phase stability windows of HEAs. 

3.2.3 Deposition of Coatings. 
 
 APS is a thermal spray process that uses a plasma jet to melt and propel material onto a 

surface. It is used to create thin, dense coatings that have excellent adhesion, corrosion 

resistance, and thermal and electrical insulation properties. The process is versatile and 

can be used to apply a wide range of materials, including metals, ceramics, and polymers. 

It is an effective and economical choice for applications such as wear-resistant coatings 

and TBCs. The plasma jet melts the material to a molten state, which is then accelerated 

onto the surface of the substrate. The molten material subsequently solidifies as well as 

coalesces with the substrate, forming a strong bond. “This leads to a thin, highly dense 

and high-quality coating,” the company says. Whether or not using H2 as the carrier gas, 

enough Ar must be used to maintain a flat meniscus within the APS coating. The gases 

penetrate from the hole of electrode and are warmed and then pulverized by the arc to 

form plasma. During this process, the nozzle controls the plasma jet by varying the speed 

at which it burns gases as well as its flow rate. the process heavily depends on carrier 

gases consisting mainly of such burnt gases. The quality of the deposited coating is mainly 

affected by thermal spray process parameters. The speed and flow rate of the gases also 

affect the spray rate, which in turn affects the deposition rate. The optimal parameters 

should be adjusted to obtain the desired coating properties. 

These parameters include the stand-off distance maintained between the substrate 

material and the gun during deposition, as well as the current, voltage, and gas flow rate. 

The thickness of the coating is an important parameter because it affects the amount of 

heat that can be absorbed and the amount of stress that the coating can withstand. Thicker 

coatings provide better protection but may also increase thermal conductivity and reduce 

thermal insulation. The morphology of the powder particles and the powder itself are two 

of the factors that determine whether APS can generate a specialised coating with a certain 

powder. It is recommended that the layer-forming powder have a particle size of around 

40 µm. The melting process is often interrupted when larger particles are involved. 

Particles with a size less than 10 µm, on the other hand, are unable to break through the 

plasma jet, move at a slower speed, and do not reach the surface of the substrate.  
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Plasma spraying (PS) is performed for the deposition of coatings using a 9 MB 

plasma gun. It is used for spraying metallic and ceramic coatings. It offers advantages 

such as a high deposition rate, good adhesion, and abrasion resistance. As the PS process 

involves a very high velocity of around 250 m/s, the samples are held using different 

fixtures according to the different sizes of the samples. The fixture's main advantage is 

that the coating's uniformity is maintained. The fixtures are sample holding devices used 

during the deposition process to ensure the quality of the coating. 2700 gun at “M/s 

Metalizing Equipment Corporation, Jodhpur, India”). As the HVOF process involves a 

very high velocity of around 1000m/s, therefore the samples were held by using different 

fixtures according to the different sizes of the samples. The main advantage of a fixture is 

that the uniformity of the coating is maintained. The fixtures are sample-holding devices 

used during the process of deposition to ensure the quality of the coating. The parameters 

of process in coatings are listed in Table 3.1. The same parameters of process have been 

adopted for the deposition of all powder combinations. However, the skilled and 

experienced operators performed the coating operation. The deposition of coating includes 

the initial trails in the form of some passes. The average particle size of the feedstock 

powder and the number of passes decides the approximate coating thickness to be 

deposited. Therefore, the deposition of coating with 40 µm average particle-sized powder 

requires approximately 6 passes for 200µm thickness of the coating. 

The PS equipment is presented in (Figure 3.2). 

 

Fig 3.2 PS apparatus used in the current research work. 
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Table 3.1 Process parameters used for the Plasma spraying process. 

Parameters selected for 
spraying/units 

Values  for composite coatings  

Argon  gas flow rate/slpm 40  

Spray angle/degree 90  

Powder feed rate (pfr)/g min-1 30  

Hydrogen gas flow rate/slpm 2  

Nozzle size/mm 6  

Spraying distance of substrate  

from gun/mm  

101.6 

 

 

 

. 

3.3.1 Preparation of Specimen. 

Slow-speed metallurgical diamond saw (“Model: MS-10, Make: Ducom 

Instruments Private Limited Bangalore, India”) the cutting was done by using Maintaining 

‘around’ 200 RPM of speed in the diamond saw. The detail of this diamond saw is 

presented in Appendix A (see Fig. A-6). The polished was done slowly with the 

“200,400,600,800,1000 and H1200 pumice grade of emery paper before mirror like 

images were gotten from the cloth polishing with diamond paste to the 4/0 grade of finest 

emery papers”. The specimens were ultrasonically cleaned and dried in air for moisture 

removal. The detail of the ultrasonic cleaner is presented in Appendix A (Fig. A-5). 

3.3.2 Coating Thickness Measurement. 

The thickness has been measured in the deposition process using a thickness gauge 

used for thin films (Model: Minitest 2000; Make: “Elektro-Physik Koln Company, 

Germany”), having a precision of±1 µm. The measured values of thickness were further 

verified by mounting and sectioning of deposited coatings according to the procedure 

given in section 3.3.1. 

 A FE-SEM (“Field Emission Scanning Electron Microscope”) (“Make: JEOL, 

Japan; Model: JSM-6610LV”) equipped with an EDS (“Energy Dispersive Spectroscopy”) 

was used for obtaining the cross-sectional BSE (“Back Scattered Electron”) images. The 

detail of the SEM equipment is presented in Appendix A (Fig. A-3). The average coating 
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of the thickness was obtained and seen from the BSE images. The values of the deposited 

coatings’ average thickness from the cross-section are given. 

3.3.3 Measurement of Surface Roughness and Porosity 

The plasma-sprayed samples were polished prior to the measurement of porosity. 

The as-sprayed coating surface has been polished down to emery papers of 1200 grit size 

for microstructure analysis. This involved the measurement of porosity on Dewinter 

inverted optical microscope (Model: LT-2B, Make: Chennai metco Pvt. Ltd, Chennai, 

India) using image analyzer software (Dewinter Material Plus, Version4.3) according to 

STM B276 standard. The detail of the Dewinter inverted optical microscope is presented 

in Appendix A (Fig. A-2). Ten values of porosity were taken and their averages have been 

reported.  The porosity values and surface roughness of the deposited coatings are the 

average of the ten measurements and are given in Chapter 4 of the current research study. 

3.3.4  Measurement of Micro-hardness  

The coatings’ micro-hardness has been found with Vickers’s micro-hardness tester 

(Model: “Economet VH1 MD, Make: Chennai metco Pvt Ltd, Chennai, India ”) at 300g load 

with a dwell time of 10s. The detail of Vickers’s micro-hardness tester is presented in 

Appendix A (Fig. A-4). The sample with the sprayed coating's micro-hardness was 

measured along the layer thickness. A total of 10 indents were made at two separate 

locations over the coating's cross-section. Five indentations were taken along the layer 

thickness at each place. Finally, their average value is reported and the distribution of 

micro-hardness values is presented in Chapter 4 of the current study. 

3.3.5 XRD Analysis 

The feedstock powder and as-spayed coatings’ XRD patterns were taken. The 

XRD patterns of the surfaces after exposure to various tests were also reported to analyse 

the phases created on the surface of the coated and uncoated samples.  XRD was 

conducted with a scanning rate of 1°/min and a step range (2-θ range) of 10°-100° on 

Bruker AXS diffractometer. The XRD has been conducted with a “Cu-Kα radiation” 

source formed at 40mA & 40kV. The detail of XRD is presented in Appendix A (Fig. A-

1). 
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3.3.6 FE-SEM and EDS Analysis   

3.3.6.1 Surface Morphology /Cross-sectional Analysis/EDS Analysis  

An FE-SEM (“Make: JEOL, Japan; Model: JSM-6610LV”) acceleration with a 

voltage of 15kV and equipped with an EDS has been utilized for the study of the 

morphology of the powders and as-deposited coatings. The coated specimens were 

initially silver pasted between the samples and stub for having conductivity, thereafter, 

gold coated for obtaining elemental maps for the analysis of different elements present. 

The as-sprayed coatings have been studied to comprehend the coatings’ surface 

morphology and for the identification of melted splats, partially melted, un-melted 

particles, as well as pores formed on the surface of as-sprayed coatings. The EDS analysis 

provides the elemental compositions (weight %) at the selected region in the form of point 

and line analysis were taken at any region of the coating. Samples were made according 

to the process presented in section 3.3.1 for the cross-section analysis of the coating before 

and after the testing. The SEM/EDS analysis was conducted using an FE-SEM equipped 

with an EDS attachment. EDS study has been performed for the composition of elemental 

across the cross- at different regions of the substrate, bond coat, and top coats as well. 

SEM/EDS study of the as-coated and uncoated sample was presented in Chapter 4 of the 

current research work study. 

3.3.6.2 Elemental Mapping Analysis   

The different elements represented in the feedstock powders and their proper 

distribution were obtained by EDS maps and for this; the specimens have been cut over 

the cross-section and then further polished to achieve the elemental mapping. The 

procedure for sample preparation is already given in section 3.3.1. The coated specimen 

was sectioned, and polished, as well as silver was pasted between the samples & stub for 

conductivity, thereafter, gold for obtaining an elemental-mapping study of several 

elements represented on the as-sprayed and across the coating’s cross-section. The 

selected area represents the regions which are the substrate, bond coat, and coating 

regions. Elemental mappings for all deposited coatings were reported in this research 

study. The mappings give information about the elemental distribution in the deposited 

coatings. It concentration of the elements in the coatings can easily be seen with the help 

of X-ray mappings of deposited coatings. The cross-section of all coatings can give the 

distribution of elements and also helps to understand the difference between all coatings. 
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3.4 HIGH-TEMPERATURE WEAR BEHAVIOUR. 

3.4.1 Erosion Analyses in Air Jet Erosion Test Rig.  

When high temperature air-jet erosion test was performed. Erosion testing was 

conducted using air jet erosion tester (“Model: TR-471-800, Make: Ducom Instruments 

Pvt. Ltd., Bengaluru.) Nanotechnology (IJRAN)” and “Manufacturing Lab at Guru Nanak 

Dev Engineering College, Ludhiana, India”). Ltd., Bangalore, India). Detail of air jet 

erosion tester. Fig 3.3 Shall be Listed in Table (3.2): Test conditions of the temperature 

for air-jet erosion test at high temperatures: Following each test, the samples were re-

weighed on a scale that was accurate to 0.01mg.  

 

Fig.3.3. (a) Airjet erosion test rig (b) Panel of Airjet erosion test rig.   

                                          Table 3.2 Air-jet erosion test parameters. 
Parameters  Units Values 

Nozzle diameter  mm       1.5 

Exposure time  min 10 

Temperature  °C 800 

Impact angle(degrees) degrees 30° and 90° 
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Powder feed rate  g/min 6 

Erodent size µm 60 

Erodent powder - Aluminium oxide 

3.5 ANALYSIS OF OXIDATION  

2: Tube Furnace. For oxidation studies the prepared samples were analyzed under 

simulated boiler condition in tube furnace at 900°C temperature. 3. 4). Each test sample 

was coated from all the faces to ensure the same condition and reduce measurement error. 

The simulated studies were conducted a total of 50 cycles; every alternate cycle comprises 

of 1hr of exposure to temperature 900°C and faced air cooling at room temperature for 

(20min). The selected cyclic oxidation conditions used in this work simulate closely the 

real industrial environment which experience shutdowns most of the time_ibid. Cyclic 

studies resulted more worse testing constraints which might be same as similar to 

industrial real world condition for repeated break downs and shutdowns (Verma and 

Kaushal, 2021; Kaushal et al., 2010; Kaushal et al., 2012; Kaushalet.al, 2014). 

The weight change was measured by etc electronic balance (Model: ML-220) with 

a sensitivity 0.01mg after each cycle to observe that the samples were too much exposed 

to find and present oxidation kinetics. Average reading of three samples in each cycle was 

checked and recorded for further analysis. Colour changes were visual observation of the 

surface morphology in all samples. Measurement started immediately after and also was 

continued during cyclic oxidation study recorded colour changes (before spalling) to scale 

spalling. 

The specimens after oxidation run were analyzed using XRD, SEM, and EDAX for 

surface analysis 
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Fig. 3.4 (a) silica tube furnace diagrammatical representation and b) red hot oxidized 

sample in alumina boat. 

3.5.2 XRD Analysis. 

The XRD patterns of as-sprayed and uncoated GCI after exposure were taken to 

identify the phases formed on the coatings. XRD has been with a scanning rate of 

1°/minute and a step range (2-θ range) of 10°-100° on Bruker AXS diffractometer. The 

radiation source of Cu-Kα generated at 40mA & 40 kV was used for the XRD. At the 

“Indian Institute of Technology” in Mandi, India, the XRD analysis was completed. 

3.6.3 FE-SEM/EDS ANALYSIS.  

3.6.3.1 Cross-sectional Analysis. 

The specimens exposed to cyclic oxidation test were analysed from cross-section 

by FE-SEM (“Make: JEOL, Japan; Model: JSM-6610LV”) with an EDS. The exposed 

specimens were initially silver pasted between the samples and stub for having 

conductivity, thereafter, gold coated for obtaining elemental maps for the analysis of 

various elements present. The effect of oxidation along the coated and uncoated samples 

cross-section was studied. The EDS analysis provides the elemental compositions (weight 

%) at the selected region in the form of point and line analysis were taken at any region 

of the coating across the cross-section. Samples were prepared according to procedure 

given in section 3.3.1. EDS study was performed for the elemental composition across the 

cross- at various regions of the substrate and coatings as well. SEM/EDS study of the as-

coated and uncoated sample was represented in Chapter 4 of the current research work 

study. 
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3.7.2 FE-SEM Analysis  

3.7.2.1 Surface Morphology  
After being subjected to a high-temperature solid air-jet erosion test, the surface 

morphology of the eroded samples was examined at various magnifications using a FE-

SEM (“Make: JEOL, Japan; Model: JSM-6610LV”) fitted with an EDS. 
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CHAPTER 4  

CHARACTERIZATION OF AS-SPRAYED COATINGS 
The chapter deals with the characterization of the deposited coatings on SS-304 substrate 

by the process of plasma spraying. The SEM/EDS analysis from surface and cross-section 

along with elemental mappings of the coatings are reported.  

4.1 SS-304 SUBSTRATE 

4.1.1 Chemical Composition of Substrate 

 SS-304 has been chosen as substrate material and its composition has been 

examined with an optical spectrometer (Make: “Metal Vision, Model: 1008i”). The SS-

304 compositions are provided in Table 4.1. 

Table 4.1. SS-304 substrate’s chemical composition. 

Elements Actual composition 
Cr 17.50-19.50 
C 0.07 

Mn 2.00 
Si 1.00 
P 0.045 
S 0.015 
Ni 8.00-10.50 
Fe Bal. 

 

4.2 SEM-EDS EXAMINATION OF SUBSTRATE AND COATINGS 

There were two different coatings that were deposited using the plasma spray process on 

the SS-304 substrate. The various coatings used in the present work along with the 

designation system used are exhibited in Table 4.2. The coatings powders morphology 

was determined using SEM/EDS. A standard SEM micrograph that shows the 

morphology of the AlXCrCoFeNi powder is presented in Fig. 4.1(a). The EDS of the 

AlXCrCoFeNi powder is presented in Fig.4.2.  

Table 4.2 Designation system utilized for the coatings. 

Coatings Al Co Cr Fe Ni 

Al0CrCoFeNi  (A1) 0 27.12 23.74 23.99 25.14 

Al0.50CoFeNi   (A2) 5.59 25.25 22.13 22.80 24.22 

Al1.0CoFeNi   (A3) 10.02 23.84 21.11 21.99 23.03 
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The SEM-EDS analysis of the powders used in the present work has been represented in 

the Fig. 4.1 to Fig .4.6. The average particle size of the used powders was in the range of 

40-70 µm as shown Fig.4.1, 4.3 and 4.5, respectively.   

 

Fig.4.1 SEM Micrographs of powders at various magnifications used for Coating 1- 
Al0CrCoFeNi. 

All coating powder powders have shown the proper blending of elements in the SEM 

micrographs. Moreover, the composition selected for the powders have been confirmed 

with the help EDS analysis. The coating composition has been represented with the 

SEM-EDS analysis of powders in Fig.4.2, 4.4 and 4.6, respectively.The EDS has 

conformed the presence of all elements except Al in C1 powder as shown in Fig. 4.2(b). 

 

Fig.4.2 SEM -EDS of powder- used for Coating 1- Al0CrCoFeNi. 
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Fig.4.3 SEM Micrographs of powders at various magnifications used for Coating 2- 
Al0.5CrCoFeNi. 

 

Fig.4.4 SEM -EDS OF POWDER- Coating 2- Al0.5CrCoFeNi. 

 

Fig.4.5 SEM Micrographs of powders at various magnifications- Coating 3- 
Al1CrCoFeNi. 
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Fig.4.6 SEM -EDS OF POWDER- Coating 3- Al1CrCoFeNi. 
The AlCrCoFeNi high-entropy alloy powder commonly utilized in thermal spray coatings 

showcases a remarkably smooth surface and a tightly controlled particle size distribution, 

with an average particle size of approximately 50 microns. This particular powder 

morphology offers significant advantages in thermal spray processes, as it enhances the 

flowability and deposition efficiency of the feedstock material. The composition and 

microstructure of this high-entropy alloy powder contribute to its potential for improved 

mechanical properties, corrosion resistance, and wear resistance when used as a thermal 

spray coating.  

 

Fig. 4.7 SEM Micrographs of at various magnifications- Coating 1- Al0CrCoFeNi 
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The AlCrCoFeNi high-entropy alloy possesses desirable characteristics that make it 

highly sought after for a wide range of industrial applications that demand durable and 

protective coatings. The surface analysis of the coatings has been conducted to understand 

the surface features of the coatings with the help of SEM images as shown in Fig. 4.7, 

4.11 and 4.15, respectively. 

 The surface of the coatings mainly consisted of melted, un-melted and partially-melted 

regions, which are typical features of HVOF sprayed coatings. 

The surface analysis of the coatings was assisted by EDS mapping of the coated surfaces 

as shown in Fig. 4.8, 4.10 and 4.12, respectively. The surface of the coatings has showed 

the distribution of elements on the surface.  

The concentration of elements was corresponding to the composition of the deposited 

coatings. EDS-mapping revealed the increased the concentration of Al in the deposited 

coatings, where higher concentration was observed the EDS maps of Al1.00CoFeNi 

coating.  

 

Fig. 4.8 X-ray maps- Coating 1- Al0CrCoFeNi from surface. 
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The surface analysis of the coatings was further assisted with the cross-sectional analysis 

of the deposited coatings as shown in Fig. 4.9, 4.11 and 4.13, respectively. The cross-

sectional SEM images revealed the well bonded coatings to the substrate materials and 

free from any cracks. The splat-by-splat formation of coatings is expected in any well 

bonded coatings and same has been observed in the cross-sections of the deposited 

coatings. Moreover, the inter-splat bonding can also be observed in the SEM images with 

higher magnification level. 

 

Fig. 4.9 SEM cross-sectional Micrographs of at various magnifications- Coating 1- 
Al0CrCoFeNi. 

The cross-sectional analysis of the deposited coatings also included the EDS-mapping to 

understand the distribution of the elements across the cross section of the deposited 

coatings as shown in Fig. 4.10, 4.14 and 4.18, respectively. The cross-sectional SEM 

images revealed the well bonded coatings to the substrate materials and free from any 

cracks. The concentration of the elements was observed in-line with the composition of 

powders used for the deposition of the coatings. The maximum concentration of the Al 

was observed in the Al1.00CoFeNi coating. 
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Fig. 4.10X-ray maps- Coating 1- Al0CrCoFeNi from cross-section. 

 

 

 

Fig. 4.11SEM Micrographs of at various magnifications- Coating 2- Al0.5CrCoFeNi. 
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Fig. 4.12X-ray maps- Coating 2- Al0.5 CrCoFeNi from surface. 

 

Fig. 4.13 SEM cross-sectional Micrographs of at various magnifications- Coating 2- 
Al0.5CrCoFeNi. 
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Fig. 4.14X-ray maps- Coating 2- Al0CrCoFeNi from cross-section. 

 

 

Fig. 4.15SEM Micrographs of at various magnifications- Coating 3- Al1CrCoFeNi. 
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Fig. 4.16X-ray maps- Coating 3- Al1CrCoFeNi from surface. 

 

 

Fig. 4.17SEM cross-sectional Micrographs of at various magnifications- Coating 3- 
Al1CrCoFeNi. 

The XRD analysis of the depsoited was performed to know the phases present in the 
deposited coatings as shown in Fig.3.23 
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Fig.  4.18 X-ray maps- Coating 3- Al1CrCoFeNi from cross-section. 
The XRD patterns of plasma sprayed coatings are presented in Fig. 4.19. Fig. 4.19, the 

coating has three diffraction peaks near 2θ= 39◦, 44◦, 52◦, 65◦,76◦, 82◦ and 94◦ 

corresponding to BCC phases, FCC phases, and spinels formed during the coating 

deposition. The increase in the Al concentration can be observed in these XRD patterns. 

Phase B corresponds to the BCC structure, which has major phases of Fe-Cr and Al-Ni. 

Phase F corresponds to the FCC structure, with the major phase consisting of Ni-Co-Cr. 

The phase S corresponds to the spinels NiAl2O4. 

The surface analysis of the coatings was further assisted with the cross-sectional analysis 

of the deposited coatings as shown in Fig. 4.9, 4.11 and 4.13, respectively. The cross-

sectional SEM images revealed the well bonded coatings to the substrate materials and 

free from any cracks. The splat-by-splat formation of coatings is expected in any well 

bonded coatings and same has been observed in the cross-sections of the deposited 

coatings. Moreover, the inter-splat bonding can also be observed in the SEM images with 

higher magnification level. 
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Fig. 4.19 XRD of all deposited coatings. 

The SEM micrographs of AlxCoCrFeNi coatings along with EDS mapping are shown in 

Fig.4.20. In Fig. 4.20 (a), the cross-section of the Al0CoCrFeNi coatings shows substrate 

and coating regime separated by interface. A good mechanical bonding can be observed 

at the interface of substrate and coating and forming a homogenous composite layered 

structure in all coatings. In the coating region solid solution (Fig. 4.20b) can be seen in all 

coatings and the composition for Al is differentiated with the help of EDS mapping as 

shown in Fig. 4.20 (d), (h), and (l), respectively. The enlarged view of a cross-section of 

all coatings is represented in Fig. 4.20 (b), (f) and (j), respectively. The cross-section has 

shown three different shaded zones i.e., white, grey, and black phase. During EDS 

mapping it has been found that the black phase corresponds to aluminum and oxygen and 

the grey phase refers to rich in Al-Cr-Fe. The white phase corresponds to the depletion in 

Al content with a low oxygen level, resulting in aluminum depleted FCC+BCC phase. 
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Fig.4.20 (a&b) SEM micrographs of Al0CoCrFeNi coating, (c&d) EDS mapping of 

Al0CoCrFeNi coating, (e&f) SEM micrographs of Al0.5CoCrFeNi coating, (g&h) EDS 

mapping of Al0.5CoCrFeNi coating, (i&j) SEM micrographs of Al1CoCrFeNi coating, 

(k&l) EDS mapping of Al1CoCrFeNi coating. 

4.3 POROSITY ANALYSIS  

The porosity value in the percentage of the deposited coatings is a surface property 

that has an important role to play in case of the development of high-temperature 

oxidation-resistant coatings. Due to high porosity, the corrosion products could penetrate 

the top and sub-substrate. Porosity in the deposited coating during thermal spraying is a 

dominant parameter and is a physical property that differs in the oxidation resistance 

provided by variants of TSC processes. The mean of five measurements was performed 

for all deposited coatings and is given in Table 4.3. Furthermore, the porosity 

measurement showed fewer porosity values at the cross-section as compared to the as-

sprayed surface of the coatings. The thickness of the deposited coating was kept around 

250-300 µm. The thickness was measured by using Image-J software package from SEM 

micrographs taken across the cross-section of the deposited coatings.  
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Table 4.3 Average coating roughness, porosity, and thickness for various coatings under 
investigation. 

Coatings Porosity % 

Al0CrCoFeNi 2.5±0.2 

Al0.50CoFeNi 2.1±0.2 

Al1.00CoFeNi 1.5±0.2 

4.4 EVALUATION OF MICROHARDNESS  

In high-temperature hostile environments, coatings may have to withstand the 

oxidation and erosion attack simultaneously. In these aggressive environments, the softer 

coatings may be more at risk of this oxidation and erosion attack at elevated temperatures.  

The microhardness of the deposited coatings was conducted at a 300 gm load with a dwell 

period of 15 s.  The macrographs taken from the microhardness tester equipped with an 

optical microscope are presented in Fig.4.21. It can be observed from Fig.4.21(d) that the 

indents were formed on the dark phase, which is corresponding to alumina-based B phase, 

and it resists deformation. The higher hardness (530±15 HV0.3) of Al1CoCrFeNi coating 

is attributed to the presence of the BCC phase in this coating.  

 
Fig. 4.21 Microhardness Indents if all coatings. 
 

The average microhardness of as-sprayed coatings is shown in Table 4.4. 



70 
 

Table 4.4. Average microhardness of as-sprayed & post-processed coatings. 
 

Coating powders Microhardness 
(HV_ 

SS-304 225±10 HV0.3 

Al0CrCoFeNi 469±12 HV0.3 

Al0.50CoFeNi 495±10 HV0.3 

Al1.00CoFeNi 530±15 HV0.3 

 

The solid solution strengthening mechanism in plasma-sprayed AlxCrCoFeNi coatings 

occurs via the introduction of alloying elements into the crystal lattice structure of the 

material. This process hinders the movement of dislocations and enhances the material's 

strength. The inclusion of many elements in solid solution, as seen in high-entropy alloy 

coatings like AlxCrCoFeNi, results in increased strength and hardness [9]. The 

enhancement of mechanical characteristics in the coatings is a result of the intricate 

interactions and groupings of atoms inside the crystal structure, which impede the 

movement of dislocations and reinforce the solid solution. Due increased parentage of Al 

is responsible for increased hardness (Addition of Al in AlxCrCoFeNi with increased 

content). In addition, the atomic radii of the elements Al (0.143nm), Co (0.135nm), and 

Cr (0.130nm) in the AlCoCrFeNi high-entropy alloy are larger, while the atomic radii of 

the other elements Ni (0.124nm) and Fe (0.126nm) are different. This difference in atomic 

radii can lead to lattice distortion and the presence of an elastic stress field, which in turn 

hinders the movement of dislocations and results in a solid solution-strengthening effect.  

4.5 DISCUSSION 

The coating thickness of the deposited coatings has been determined along the 

cross-sections of samples and the range of 200-230µm has been found, which is near to 

the desired value for resisting high-temperature oxidation and similar to the analysis noted 

by Grewal et al. (2013); Espallargas et al. (2008); Roy et al. (2006); and Sidhu et al. 

(2005B and 2006B) for nickel-based coatings. The surface roughness is also associated 

with corrosion resistance, as the higher the surface roughness, the higher the possibility 

of corrosion attacks.  
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The plasma spray helps to deposit a coating having good inters plat bonding and 

mechanical anchorage to the substrate. Therefore, plasma spray produces very hard and 

denser coatings. The mechanical property of the thermal spray coating that is most 

commonly cited is micro-hardness (Tuckeret al., 1994).  

The hardness of the coatings was compared with the values noted in the literature. 

Miguel et al. (2003) noted an average hardness value of 610 for the NiCrSiB coating 

deposited by the PS coating process. S. Harsha et.al. (2008) found an average value of 

511 HV for flame-sprayed coating with NiCrSiB+20%CrC powder. Wang et al. (2009) 

examine an average micro-hardness value of 410 HV forNiAl + 40% Al2O3 powder 

deposited by the process of HVOF. Koivuluoto et al. (2009) observed a micro-hardness 

value of 350 HV for cold spray coating with NiCr + 50% Al2O3 feedstock powder. Hu et 

al. (2011) observed a maximum micro-hardness of 225HV for Ni+40% Al2O3powder 

deposited with the cold spray process, while, Li et al. (2008) reported the highest micro-

hardness of 173 HV for the cold sprayed coatings. The AlCoCrFeNi high-entropy alloy 

(HEA) has garnered considerable interest as a highly promising material for thermal spray 

coatings. Research has indicated that the versatile phase composition and microstructural 

features of HEAs allow for the creation of solid solution structures with customized 

physical properties. The high-velocity oxygen fuel (HVOF) thermal spraying technique is 

a widely used process in industry for depositing HEA coatings. This technique enables 

the deposition of coatings with highly desirable characteristics.8 

 

Various studies have examined the properties of HVOF-sprayed AlCoCrFeNi 

HEA coatings, shedding light on their characteristics. The coatings displayed a 

characteristic lamellar structure with minimal porosity. They consisted of a primary FCC 

solid solution phase and a blend of oxide inclusions, including Fe2O3, Fe3O4, and 

AB2O4 (where A = Fe, Co, Ni, and B = Fe, Cr).10According to the report, the APS and 

HVOF-sprayed coatings had different oxide content percentages. The HVOF coating, 

which had a lower oxide content of 12.7%, demonstrated higher wear resistance compared 

to the APS coating with 47.0% oxide content.  In addition, the incorporation of certain 

elements, such as vanadium, into the AlCoCrFeNi HEA has been discovered to enhance 

the microstructure of the coating. This results in increased hardness and improved 

resistance to abrasion. Adding Cr3C2-Ni20Cr particles to the HEA matrix has been 

demonstrated to enhance the toughness and corrosion resistance of the coating, making it 

well-suited for use in demanding environments. 
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Research has also explored the nano- and micro-mechanical properties, along with 

the corrosion performance, of HVOF-sprayed AlCoCrFeNi HEA coatings. The coatings 

displayed superior hardness, elastic modulus, and wear resistance in comparison to 

traditional alloy coatings.9In addition, the HEA coatings have shown enhanced resistance 

to corrosion, especially in environments with high chloride content. In conclusion, the 

research findings indicate that the HVOF thermal spraying of AlCoCrFeNi HEA powders 

can create coatings that possess favorable microstructural, mechanical, and corrosion 

properties. These coatings are highly appealing for a wide range of industrial applications 

that demand improved surface protection and performance. 

 

In the present study, it could be observed that the hardness of coatings showed 

much better improvement in the hardness values as compared to the data of hardness for 

different coatings available in the literature. The higher value of coatings is due to the 

closely packed splats and eventually the lower porosity content. Moreover, higher 

hardness is attributed to the coatings deposition with the process of plasma spray as this 

process is suitable for developing the Ni-based composite coatings. 
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CHAPTER 5 

OXIDATION ANALYSIS OF AlCoCrFeNi COATINGS 
This chapter describes the oxidation behaviour of coated specimens that are exposed to 

the oxidation at 900°C in the air for 50 cycles. The characterisations of corrosion products 

are carried out with the help of FE-SEM/EDS and XRD techniques. The results for C1 

and deposited coatings are reported under different subheadings in this chapter. In view 

of the comparison, the weight change data of each coating is plotted along with the bare 

SS-304. The parabolic rate constants (KP) and thickness of scale for all deposited coatings 

and C1 substrate have been evaluated after 50 cycles of exposure. 

5.1. OXIDATION TEST 

The oxidation test of coated, and C1 samples at a high temperature of 900°C is conducted 

by using the tube furnace shown in (Figure 5.1 a). Coating the substrate on all six sides 

helped keep things consistent and cut down on measurement errors. 

 

Fig 5.1 (a) Schematic of tube furnace, and (b) Oxidized sample in Al2O3 boat (c) weight 

balance.  

The results showed that the oxidation rate increased significantly with each cycle. Fifty 

cycles are run in this test, with each C consisting of one hour of heating at 900°C followed 

by twenty minutes of cooling at ambient temperature. It is created an environment where 

oxidation might spread quickly. In high-temperature environments, oxidation analysis 

parameters for coatings are critical for determining the performance and durability of these 
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coatings. The parameters and methodologies employed may differ contingent upon the 

material composition, variety of coatings, and testing conditions. Table 5.1 shows typical 

oxidation analysis parameters in coatings. 

Table 5.1 Analyzing high temperature oxidation requires several parameters. 

                            High temperature oxidation analysis parameters 

Temperature  9000C 

Heating Time 1 hr 

Cooling Time 20 min 

Total cycles 50 

 

The characterization of the efficacy and longevity of coatings and the optimization of their 

design and materials to withstand oxidation at high temperatures depend on these 

parameters. Standards and testing protocols may differ according to the industry and 

application. 

5.2. VISUAL INSPECTION OF OXIDIZED TBCs SAMPLES 

The evaluation of material oxidation extent is a prevalent method utilized in numerous 

scientific and industrial domains, which involves the visual inspection of oxidized 

samples. Visual inspection serves as a beneficial preliminary measure when evaluating 

the state of oxidized samples; however, further analysis employing specialized methods 

may be necessary to meet the particular demands and goals of the assessment. 

Crucibles made of pure Al2O3 are used to transport the samples to the furnace for the 

oxidation tests. A single specimen is tested at a time, with the Al2O3 crucibles containing 

the sample positioned within the furnace along the axis of the tube (Figure 5.1 b) to 

prevent any possible diffusion or interaction between the samples. The kinetics of the 

oxidation process are analysed by recording the weight gain or loss after each thermal 

cycle using data obtained from the thermo-gravimetric analysis.  The pictographs of the 

developed coatings are shown in (Figure 5.2) The pictographs of C2 and C3 reveal some 

cracks on the surface as compared to the C1 and C4, respectively.  
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Fig 5.2  Pictographs of Oxidized coating samples. 

5.3.  SEM-EDS AND XRD ANALYSIS OF OXIDIZED TBCs 

In oxidation test analysis, initial weight gain was observed after completing the 50 cycles. 

The weight gain for the substrate was 112mg/cm2 and for the Al0CoCrFeNi, 

Al0.5CoCrFeNi, and Al1.0CoCrFeNi coatings, it was found to be 5.6 mg/cm2,4.5 mg/cm2   

and 3.3 mg/cm2, respectively. The calculations of the parabolic rate constants (KP (10-

4.mg2.cm 1. s-1)) calculated using a linear least square algorithm (χ2=KPt), it was 696.8 for 

the substrate and for the Al0CoCrFeNi, Al0.5CoCrFeNi and Al1.0CoCrFeNi coatings, it was 

found to be 1.742,1.125 and 0.605, respectively. Oxidized coatings at 9000C subjected to 

50cycles of oxidation are shown in Fig. 5.4.  
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Fig 5.3. Oxidized coatings at 9000C subjected to 50cycles of oxidation.  

The SS-304 has shown intense oxidation on the surface, The granulated scale shows the 

presence of Fe and O in its composition throughout as shown in Fig .5.4.  The EDS has 

shown the elements present in SS-304 with maximum concentration of Fe, Cr and O as 

shown in Fig. 5.4 (b).  

 

Fig. 5.4 (a) Oxidized SS-304 substrate at high temperature and b) Area scan EDS of SS-

304. 
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The elemental distribution of the elements present on the oxidized SS-304 surface is 

presented in Fig. 5.5. The intensity can be observed on the surface in Fig 55(b) for Fe, Cr 

and O, respectively.  

 

Fig. 5.5 (a) EDS mapping of Oxidized SS-304 substrate at high temperature and b) 

elemental distribution of oxidized SS-304. 

The AlCoCrFeNi coating undergoes selective oxidation of Al, resulting in the growth of 

Al2O3 scales owing to exposure to high temperatures in the air. The exposure of the 

coatings surface has shown the typical characteristics of thermal spraying i.e., droplet 

boundaries of metals on all three coatings, which can be observed in Fig 5.6 (c), (d), and 

(e), respectively. The composition of the black pits is more in the first and second coating 

with the flat regions, this mismatch may arise from variations in thickness resulting from 

differing growth rates of Al2O3 in neighbouring areas. This indicates the development of 

a thin layer of oxidation on the surface of the coatings. The spinel oxides are formed 

during the plasma spraying, where Co and Fe are major aggregates of oxides and Cr and 

Ni are minor aggregates of oxides. 
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Fig. 5.6 Oxidized surface of (a) CI, (b) C2 and, (c) C3 coatings.  

 

Fig.5.7. (a) Weight gain data for oxidized samples, (b) SEM micrograph of SS-304 
oxidized surface, (c) SEM micrograph of Al0CoCrFeNi coatings, (d) SEM micrograph of 
Al0.5CoCrFeNi coatings, and (e) SEM micrograph of Al1.0CoCrFeNi coatings 

The density of the passivation layer of Al2O3 has increased on the surface of the coatings 

with an increase in Al content in the AlCoCrFeNi coatings. The densest distribution of Al 

was depicted on the surface of Al1.0CoCrFeNi coatings as shown in Fig. 5.7 (e). This 
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coating exhibits the presence of irregular Al2O3 scales and some sudden spinel oxides. 

According to reference [10], for the oxidation of HEA coatings to occur, Al must first 

travel through the depletion zone before it can reach the surface and come into contact 

with O.  Because the Al depletion layer has a greater configuration entropy (1.56 R) 

compared to the definition (1.5 R) of HEA [10], the continuous transportation of internal 

Al to the surface would be challenging.  At elevated temperatures, the phase boundary 

may serve as the pathway for the diffusion of aluminum (Al) and oxygen (O), facilitating 

the formation of an aluminum oxide (Al2O3) layer. In general, the inner coating maintains 

a very consistent structure for Fe, Co, Cr, and Ni, except for Al. 

5.4 SUMMARY 

Oxidation test was performed on SS-304, C1, C2 and C3 coatings at 9000C subjected to 

50cycles of oxidation. An increase in the amount of Al present in the AlCoCrFeNi 

coatings has resulted in an increase in the density of the passivation layer of Al2O3 that is 

present on the surface of the coatings. High entropy alloys (HEAs) are a fascinating group 

of materials that showcase remarkable characteristics, including exceptional hardness, 

strength, wear resistance, corrosion resistance, and thermal stability. These exceptional 

qualities have made HEAs a highly desirable choice for thermal spray coatings, ideal for 

use in challenging conditions and extreme environments. Various thermal spray 

processes, such as atmospheric plasma spraying (APS), high-velocity oxy-fuel (HVOF), 

and cold spraying, have been utilized for depositing HEA coatings. The HEA coatings 

typically exhibit a composite and lamellar microstructure due to the splat bonding and 

rapid solidification that occurs during the thermal spray process. The microstructure of 

HEA coatings can exhibit considerable variations based on the chosen thermal spray 

parameters. Factors like deposition temperature play a crucial role in determining the 

cooling rate and phase formation. The coatings deposited at lower temperatures usually 

have a straightforward BCC (body-centered cubic) structure. On the other hand, when 

coatings are deposited at higher temperatures, they can have more intricate 

microstructures with multiple phases, such as BCC, FCC (face-centered cubic), and 

various oxides. Understanding and controlling thermal spray parameters is crucial for 

optimizing the performance of HEA coatings by customizing their microstructure. In the 

three developed coatings, there seems to be a higher concentration of black pits in the 

initial and subsequent coatings, which may be due to variations in thickness caused by 

different growth rates of Al2O3 in adjacent areas. It suggests the formation of a thin layer 



81 
 

of oxidation on the surface of the coatings. Spinel oxides are commonly formed through 

the plasma spraying process, with Co and Fe being the primary components, while Cr and 

Ni play a smaller role in the oxide formation. 
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CHAPTER 6 

HIGH-TEMPERATURE EROSION TEST  
The high-temperature erosion behavior of the bare SS-304, as well as plasma 

sprayed coatings, has been reported in this chapter. The uncoated & coated SS-304 were 

tested for solid erosion at 900 °C at various impingement angles. The eroded samples were 

examined using SEM micrographs at varying magnifications. Before erosion testing, the 

weight of the samples was determined, and the final weight was used to determine the 

erosive wear rate. After each test, the sample have been weighed and their weight 

alteration has been determined with a scale with a resolution of 0.01 mg. 

6.1 RESULTS AND DISCUSSION 

The high-temperature furnace described in the section was used in the present 

examination to examine the high-temperature erosion behavior of all samples (Chapter 4). 

The results that were obtained after various characterizations of test specimens are detailed 

in the following sections. 

6.1.1 Uncoated SS-304 and Coated SS-304 

6.1.1.1 Erosion Rate 
 

The size and shape of the impression left on both specimens' surfaces during 

erosion testing could be used to determine the erosion resistance of each specimen. In this 

chapter, the estimated and reported “erosive wear rates” (g/g) for uncoated SS-304 and 

Coated SS-304 samples are discussed. Both the plasma-coated samples and the SS-304  

substrate were used to calculate the erosive wear rate (g/g), which is the ratio of wear loss 

of mass in grams to the erodent mass in grams.  

The macrographs offer useful data on the process of erosion behavior at 800 °C 

and of different impingement angles as presented in the upcoming sections. The uncoated 

SS-304 as well as coated specimens underwent the high-temperature “solid particle 

erosion” test at 30° & 90° impact angles. Fig.6.1a-b displays the optical macrographs for 

both test angles.  
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Fig.6.1. Macrographs of the SS-304 substrate specimens at (a) 30° and, (b) 90° impact 
angle. 
Due to the existence of small fissures and a few “erodent particles” embedded on the 

surface at a 90°impact angle, the surface of uncoated SS-304 substrates shows wear in 

Fig.6.1. SEM picture. These fractures developed as a result of the recurrent fatigue loading 

brought on by the many erodent effects that led to the SS-304 materials. The surface of 

the erodent deformed the surface and have grown larger and joined grooves together, 

pulling material away and causing craters to develop in various places. Therefore, the 

material removal from the uncoated SS-304 substrate surface is caused by the ductile 

mode of erosion. 

Nevertheless, as seen in Fig.6.1., the uncoated SS-304 substrate has some signs of micro-

cutting brought on by the erodent's sharp edges impacting the surface at a grazing angle 

(at a 30° impact angle) (a). Additionally, at a 30° impact angle, a few tiny craters & 

cavities also developed on an uncoated SS-304 substrate. These characteristics have 

developed in a manner that is comparable to that found in the SS-304 sample that 

underwent erosion testing at a 90° angle of contact. The fatigue stress and production of tiny 

fractures that result in material pullout are caused by the vertical component of oblique impacts. 

The SS-304 substrate formed several craters on its surface after being tested with air-jet 

erosion at a 30° angle, as illustrated in Fig.6.1. (a). In addition to micro-cutting marks, the 

cavities following erosion tests are visible on the surface. At a 90-degree impact angle, 

the SS-304 substrate surface exhibited pull-out and fissures. Because they repeatedly 

strike the SS-304 substrate at a normal angle, as demonstrated in Fig.6.1. (b), the erodent 

particles adhere to the surface of the substrate. At a 90° impact angle, the direct 
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impingement of the erodent particles results in fatigue, which leads to pull-out and the 

development of cracks from direct impacts.  

 

Fig.6.2. (a) Eroded surface’s SEM micrographs of uncoated SS-304 substrate at 30°, and  

(b) at 90° angle of impacts. 

 

 

Fig.6.3. Photograph of the various C1 coated eroded samples at 30° & 90°angle of impacts 

(a) C1 obtained after 90°, impact angle, (b) C2 after 30° impact angle, (c) C3after at 30°, 

(d) C3 obtained at 90° (e) Sample holder used in erosion testing.  
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The coatings at a 30° impact angle showed the elliptical mark formed in the erosion test 

and for a 90° impact angle the round marks were formed.  

 

6.1.2 SEM Analysis 

 
However, as shown in Fig.6.4, the worn-out surface of C1 coated samples exhibits 

ploughing as well as plastic deformation of the material. When erosion testing was done 

at a 30° impact angle, a ploughing or cutting (abrasion) mark could be observed beside 

the strain-hardened material (lip) and plastically deformed. Therefore, the ploughing or 

cutting marks might have appeared on the coated surface. Furthermore, the higher erosion 

rate at a 30° angle of impingement confirms that the Al0CoCrFeNi specimen is eroding in 

ductile mode (Wheeler et al., 2005; Finnie,1995 Finnie,1998). The surface of the 

Al0CoCrFeNi coated sample was subjected to erosive wear tests at a 90° impact angle, 

which also indicated the development of lip around the edges of the craters. The numerous 

normal collisions of the erodent particles over the unmelted Al0CoCrFeNi powder 

particles may have fatigued the powder, causing these craters to develop. The 

development of lips close to cavities demonstrates the splats strain hardening under 

repeated hits from erodent particles. The Al0CoCrFeNi and bare SS-304 substrate showed 

different impression marks formed during the erosion test at 30° & 90° impact angles. The 

micro-cutting of the Al0CoCrFeNi coating, which was applied using the plasms spraying 

technique to a SS-304 substrate, caused the coating to deform plastically. The coating 

displayed the ductile mode of erosion at a 30° impact angle. As seen in Fig.6.4(a), the 

higher SEM micrograph demonstrates how the crater edges have developed a lip and 

distorted splats. When the Al0CoCrFeNi coating is hit at a 90° impact angle, impacted 

sites with deep impressions, and erodent particles are visible, which signifies the erosion 

ductile mode caused by the repeated impact of erodent during air-jet erosion testing. 
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Fig.6.4. (a) SEM micrographs of the eroded surface of Al0CoCrFeNi (C1) coated SS-304 

at 30°, and (b) at 90°angle of impacts. 

In remaining two coatings i.e C2 and C3 , Al was mixed with the CoCrFeNi alloy 

powder before being deposited on the SS-304 substrate using the plasma spraying method. 

The performance of high-temperature erosion of the Al0.5CoCrFeNi has been evaluated 

and presented. The SEM micrograph of Al0.5CoCrFeNi coatings showed the formation of 

cutting grooves and lip formation at a 30° impact angle as presented in Fig.6.5(a). The 

coating showed the pullout and cracks along with erodent particles sticking on the surface 

at  90° as presented in Figure Fig. 6.5(b). 

 

Fig.6.5. (a) SEM of eroded micrographs of Al0.5CoCrFeNi coated SS-304 at 30°, and (b) 

at 90° angle of impacts. 
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The SEM micrograph of eroded Al1CoCrFeNi coating showed ploughing marks and 

craters when impacted at a 30° impact angle as presented in Fig.6.6(a). The ploughing 

marks are also present on the eroded coating’s surface and a detached splat can be seen. 

However, the surface morphology of this coating seems in good condition as compared to 

the AlCoCrFeNi and Al1CoCrFeNi coating. There are fewer cracks and impacted sites 

formed in Al1CoCrFeNi coating at a 90° angle of impact as presented in Fig.6.6(b). 

 

Fig.6.6. (a) SEM of eroded micrographs of Al1CoCrFeNi coated SS-304 at 30°, and (b) at 

90° angle of impacts. 

The erosive wear rate of the as-sprayed & post-treated coatings are presented in Table 6.1. 
 
 
 
 
Table 6.1. Erosive wear rate of the as-sprayed AlCoCrFeNi  coatings. 
 

Substrate/Coatings Erosion Rate (g/g) 

 30º 90º 

SS-304 2.1 x 10-3 1.4 x 10-3 

Al0CrCoFeNi (A1)  5.0 x 10-4 5.2 x 10-4 

Al0.50CoFeNi (A2) 5.9 x 10-4 4.1 x 10-4 

Al1.00CoFeNi (A3) 3.9 x 10-4 3.5 x 10-4 

 

The erosive wear rate (g/g) for the coated specimens showed nearly 3.2 times better 

erosion resistance for Al1.00CoFeNi (A3) coatings when compared with uncoated SS-304 
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at 30° angle of impacts. On the contrary Al1.00CoFeNi (A3) showed 4.7 times better 

resistance to erosive wear than SS-304 substrate at 90° angle of impacts.  

6.2 SUMMARY 

There are two approaches to understanding the erosion wear process. This involves 

analyzing the erosion process by considering the type of material used and the angles at 

which an erodent substance impacts the material's surface. Firstly, the material removal 

mechanism due to erosive wear considers the ductile and brittle nature of the material. 

There are two possible processes that can occur during erosive wear, leading to surface 

deterioration: repeated plastic deformation and cutting. When it comes to ductile 

materials, the process of material removal is attributed to micro-cutting. After that, the 

material is removed from its surface. On the other hand, fragile materials can deteriorate 

when they are repeatedly contacted by an erodent, a process known as fatigue (Wheeler 

et al., 2005). The particles consistently transfer their energy to the surface, resulting in 

repeated collisions that can eventually lead to fatigue failure. Due to frequent impacts, the 

surface develops cracks and the coating becomes more susceptible to debonding, exposing 

its delicate nature. The impact angle plays a crucial role in determining the material 

removal method, while the angle at which the erodent particles hit directly affects the 

erosion mechanism. The impact angle at which the working fluid enters the system and 

impacts the surface to produce material deterioration of the component's working surface 

can vary depending on the specific applications, such as gas turbines, rocketry 

components, heat exchangers, boilers, and hydrodynamic turbines. The material removal 

method varies based on the impact angles, which can range from low to high. The material 

is removed through cutting and chip formation, which occurs at low-impact angles. 

According to a study conducted by Finnie et al. in 1995, it was observed that erosion rates 

tend to be higher at lower angles of 20° and 30° during the ductile erosion process. At or 

near an angle of 90 degrees, erosion failure becomes a concern. This involves the creation 

of lips primarily for materials that deform at a faster rate. Platelets are eliminated through 

the repeated impact of erodent particles. On the other hand, materials that have the lowest 

90-degree erosive wear resistance are classified as brittle mode (Flynn et al., 2001). 

The SEM images of SS-304 substrate and coated specimens reveal the craters 

produced due to impacts and the elongated lips around the periphery of craters. The micro-

cutting, micro-plowing, and irregular indentations at 30° could be seen. For a 90° angle 

of impingement, erodent particles, cracks, and impact sites reveal the plastic deformation. 
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The erosion process also indicates the elimination of splats at a 30° angle and this is due 

has caused as the tangential forces act directly by striking of erodent on the splats at the 

lower impact angle (Ramesh et al., 2011). 

The erosive wear rate (g/g) has been computed for SS-304 substrate and coatings 

at 30° & 90° angles of impact. It displays that the Al1.00CoFeNi (A3) coatings exhibited 

greater erosion resistance as compared SS-304 and other coatings.  The erosion rate 

reduced with an increase in Al content in the case of Al1.00CoFeNi coating and on the 

other hand, Al0.5CoFeNi coating alumina showed higher erosion resistance as compared 

to Al0CoFeNi coating. This might be explained by the coating being more ductile. The 

base metal and as-sprayed coatings have experienced ductile modes of erosion with 

grooves, lip development, pullouts, and craters as prominent processes. The material takes 

place at low angles mainly due to micro-cutting caused by striking of erodent and lip 

formation followed by strain hardening are responsible for ductile fracture (Praveen et al., 

2015). The coatings show the maximum loss through erosion at 30° in comparison to the 

normal angle of impact at 90°.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE SCOPE 

7.1 CONCLUSIONS 

The following conclusions were obtained on the basis of experimental results obtained 

and their analysis in the current work.  

1. Plasma-sprayed AlCoCrFeNi coatings with different proportions of Al content 

have successfully been deposited on SS-304 substrate. The fraction x was varied 

from 0 to 1(x=0, x=0.5, and x=1) for Al in the HEAs and three coatings were 

deposited. The deposited coatings showed homogenous, dense, crack-free, and 

uniform microstructure.  

2. The EDS spectra of different coatings confirm the presence of major elements of 

feedstock powder used which improved the erosion and oxidation resistance. EDS 

maps of all coatings showed the proper distribution of Al in the deposited coatings 

and the incidence of major constituents Co, Fe, Cr, and Ni of feedstock powder. 

The EDS spectra indicate that their chemical was no change observed in the base 

metal occurred. 

3. The surface of all deposited coatings has shown typical features of plasma spray 

coatings such as melted, semi-melted and un-melted particles. A coating thickness 

of 200-250 µm was maintained.  A good mechanical bonding can be observed at 

the interface of substrate and coating and forming a homogenous composite 

layered structure in all coatings.  

4. The increase in the Al concentration can be observed in these XRD patterns. Phase 

B corresponds to the BCC structure, which has major phases of Fe-Cr and Al-Ni. 

Phase F corresponds to the FCC structure, with the major phase consisting of Ni-

Co-Cr. The phase S corresponds to the spinel’s NiAl2O4. 

5. The microstructure analysis showed that the dispersion of Al particles in plasma 

sprayed coatings. The porosity level has increased an increase in Al content in the. 

Maximum porosity in order of 2.5% was observed in Al0CoCrFeNi coating while 

the lowest porosity was found in the case of Al0.5CoCrFeNi and Al1CoCrFeNi 

coatings on order of 2.1% and 1.5%, respectively. 



91 
 

6. The micro-hardness analysis showed a trend of increased hardness with the 

addition of Al content in AlCoCrFeNi coatings. A higher hardness of 530±15 HV 

was found for Al1CoCrFeNi coating which is approximately 4.2 times higher than 

the hardness of uncoated SS-304 (225±10 HV). On the other hand, in the case of 

Al0CoCrFeNi coatings, the maximum average micro-hardness value of 469±12 

HV was obtained for the Al0CoCrFeNi, which is about 3.25 times the hardness of 

the substrate. 

7. In oxidation test analysis, initial weight gain was observed after completing the 50 

cycles. The weight gain for the substrate was 112mg/cm2 and for the 

Al0CoCrFeNi, Al0.5CoCrFeNi, and Al1.0CoCrFeNi coatings, it was found to be 5.6 

mg/cm2,4.5 mg/cm2   and 3.3 mg/cm2, respectively. The calculations of the 

parabolic rate constants (KP (10-4.mg2.cm 1. s-1)) calculated using a linear least 

square algorithm (χ2=KPt), it was 696.8 for the substrate and for the Al0CoCrFeNi, 

Al0.5CoCrFeNi and Al1.0CoCrFeNi coatings, it was found to be 1.742,1.125 and 

0.605, respectively. The AlCoCrFeNi coating undergoes selective oxidation of Al, 

resulting in the growth of Al2O3 scales owing to exposure to high temperatures in 

the air. The density of the passivation layer of Al2O3 has increased on the surface 

of the coatings with an increase in Al content in the AlCoCrFeNi coatings. The 

main reason for the enhanced performance is the solid solution strengthening in 

high-entropy alloys (HEAs) due to a mismatch in atomic size differences among 

the elements, which is caused by the substantial lattice distortion caused by the 

higher aluminum content. The oxidation resistance has been observed in the 

following sequence: 

As-sprayed: Al1.00CoFeNi (A3) > Al0.50CoFeNi (A2) > Al0CrCoFeNi (A1), 

A718> SS-304 

8. The erosive wear rate (g/g) for the coated specimens showed nearly 3.2 times 

better erosion resistance for Al1.00CoFeNi (A3) coatings when compared with 

uncoated SS-304 at 30° angle of impacts. On the contrary Al1.00CoFeNi (A3) 

showed 4.7 times better resistance to erosive wear than SS-304 substrate at 90° 

angle of impacts. Based on the erosive wear rate, the erosion rates for the 

investigated coated and uncoated steel at 90° and 30 impact angles can be arranged 

in the following order:   

As-sprayed: Al1.00CoFeNi (A3) > Al0.50CoFeNi (A2) > Al0CrCoFeNi (A1), 

A718> SS-304 
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7.2 FUTURE SCOPE 

1. The high entropy alloys can be fabricated with other processes such as 3D printing 

for component design. 

2. The post-processing of the high entropy alloys can be done by using heat 

treatments such as microwave processing and annealing etc to further enhance the 

perfoemnce of the coatings in terms of erosion and corrosion resistance. 

3. The electrochemical and hot-corrosion behavior of the coatings may also be 

performed for particular high-temperature applications like boiler tubes and 

turbine blades. 

4. Other coating techniques such as laser cladding and TIG cladding can be employed 

on the development of high entropy alloys.  
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