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Introduction

The rapid rise in the demand for electrical power is attrib-
uted to the advancements in mechanisation and automation. 
Demand from society is increasing because it is used to 
operate industrial equipment as well as for domestic pur-
poses. In India, the substantial demand for electric power 
is met through diverse sources such as solar, hydro, gas, 
bio, and thermal power plants [1–4]. However, a significant 
portion of electricity production is accomplished through a 
coal-fired thermal power plant, constituting approximately 
75% of the total power generation, according to the Ministry 
of Coal. An air heater, boiler, pulverising mill, coal handling 
facilities, ash disposal, stack emissions, and boilers are all 
impacted by the properties of coal, also referred to as coal 
quality. The efficiency, dependability, and operational avail-
ability of the boiler and emissions control equipment may 
be impacted by the diverse properties and heat content that 
coal displays [5–10]. When boiler tubes and superheaters are 
used at high temperatures, it has been shown that the use of 
low-grade coal causes a considerable amount of erosion and 
corrosion. Usually, low-ranked coal has a significant amount 
of ash and hard quartz, which is the cause of the tube sur-
face corrosion [11–13]. Hot corrosion occurs on the boiler’s 
metallic surface as a result of the formation of salt coatings 
including vanadium pentoxide, sodium chloride, and sodium 
sulphate due to coal fire. The presence of hot corrosion and 
erosion poses significant challenges during boiler operation, 
contributing to increased maintenance costs, breakdown 
expenses, and damage to the tubes [1, 2], as illustrated in 
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Fig. 1. Addressing hot corrosion and erosion on the boiler 
tube surface can be encountered through the application of 
an appropriate surface engineering method.

Hot Corrosion

Impurities found in low-grade coal, including Sodium (Na), 
Vanadate (V), and Sulphur (S), give rise to low-melting-
point compounds. These compounds, in turn, expedite oxi-
dation on the metallic surface, particularly under elevated 
temperatures ranging from 600 to 900 °C [14–18].

Some researchers have investigated the chemical pro-
cesses involved in salt formation during fuel combustion 
and their findings suggest that the Sulphur content in coal 
and fuel oils, upon burning, produces sulphur dioxide, 
which gradually oxidises into sulphur trioxide. Concur-
rently, Sodium chloride reacts with sulphur oxides  (SO3) and 
water vapours at combustion temperatures, resulting in the 
formation of sodium sulphate [3]. This sodium sulphate can 
then deposit on metal surfaces and persist in a liquid state 
at higher temperatures. The trace of vanadium contained in 
fuel will generate vanadium pentoxide when it is burned, 
and then react with sodium sulphate  (Na2SO4) to produce 
highly corrosive sodium vanadate. At higher temperatures, 
the deposited sodium sulphate is in a liquid state and will 
seriously corrode metal surfaces and alloys [19–22].

Hot corrosion on superalloys typically involves two major 
stages: the Initiation stage and the Propagation stage. In the 
Initiation stage, the process typically begins with the rupture 
of the protective oxide layer on the surface. Subsequently, 
the oxide layer undergoes a self-repair mechanism to restore 
its integrity. If the salt is present on the surface, which is 
already covered with a protective oxide, then initially there’s 
no reaction [23–26]. In the broken protective oxide layer, 
there must be some accelerated oxidation, and this can 
occur in four manners. (i) The mechanical interruption of 
the oxide, i.e. for example by thermal cycling, and by plac-
ing the oxide surface in tension (ii) Sulphur scattering occurs 
within the oxide, leading to the formation of chromium-rich 
sulphide structures inside the metal. This is followed by the 
subsequent advancement of the external oxide layer or its 

rearrangement, especially if the oxide layer is mechanically 
removed. (iii) Disintegration of the defensive oxide from 
the salts. (iv). During the combustion, a reduced area of 
the environment may be shaped because of inadequate con-
sumption of fuel [27–31]. This kind of decreasing air may 
harm the surface oxide layer, particularly within the sight 
of impurities like  Na2SO4. Suppose the repair of the oxide 
is not at all possible, then propagation of phases leads to 
rapid degradation of the alloy. As soon as coating penetra-
tion occurs, the spread stage prompts catastrophic corrosion. 
Various components influence the time taken to corrosion 
moves from the initiation stage to the propagation stage. 
Some of the factors like alloy composition, fabrication con-
dition, gas deposition and its velocity, salt deposition, rate 
of salt deposition, temperature, specimen geometry, and 
erosion play a major role in identifying the sort of reac-
tion product that is shaped inside the propagation stage of 
hot corrosion [32–35]. The propagation of corrosion was 
studied in laboratory-level experiments and the standard test 
cycle structure aims to simulate the cyclic nature of thermal 
and environmental stresses that materials might encounter 
in practical applications, especially in high-temperature and 
corrosive environments. Each test cycle consisted of 1 h of 
heating at a specified temperature followed by cooling at the 
ambient temperature for 20 min [36–40].

Thermal Spray Process

The use of basic raw materials is typically limited to spe-
cific applications due to inherent properties. Certain appli-
cation areas require characteristics that are challenging 
to achieve with basic materials alone. This has led to an 
increased reliance on alloys, superalloys, composites, and 
coatings to enhance the performance of materials, allowing 
them to withstand the working environment economically 
and efficiently [1, 41–43]. Protective coating has gained the 
attention of researchers due to its increased hardness. Sur-
face Engineering deals with the modifying surface structure, 
chemistry, and properties of substrate material to reach good 
performance and durability by either mechanical, metallurgi-
cal, physical, or chemical means or by producing a thick or 

Fig. 1  Failures of boiler parts 
(a) Ash deposition on parts, (b) 
Water tube failure, (c) Corroded 
boiler parts [Source: Bellary 
Thermal Power Station-Boilers 
Failed parts]
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thin layer of coating. Surface engineering involves altering 
the surface properties to innovate to scale down the degrada-
tion over time by making a robust surface. Some applications 
require materials with sufficient erosion and corrosion resist-
ance. Enhancing the performance of components in such 
applications may involve considering a composite structure, 
which combines a base material with a protective coating 
layer having a distinct structure. This approach serves as an 
alternative for achieving a combination of material proper-
ties [4, 44–47]. Coatings play a crucial role in preventing 
the degradation and corrosion of materials by forming a 
protective layer that shields the surface. The primary coat-
ing techniques include Chemical Vapour Deposition (CVD), 
Physical Vapour Deposition (PVD), and thermal spray meth-
ods. Among these, flame spraying with powder, plasma, and 
HVOF spraying is gaining increasing importance. The coat-
ing can help to enhance the functionality and performance of 
the equipment or product. It helps to create surface corrosion 
resistance and wear resistance which enables it to withstand 
high temperatures. Thermal spraying evolved when early 
experiments in which a stream of high-pressure gas could 
cause liquid droplets to break into fine particles. The area 
of interest was to produce powders rather than construct-
ing coatings. The scientist named Dr. Max Ulrick School 
of Zurich observed the possibility that the molten particles 
impinging upon themselves could cause the coating on the 
substrate. His work, and that of his collaborators, resulted in 
the establishment of the Thermal spray process.

The coating layer formed, depending on its microstruc-
ture, can be used in various industries including Electronic, 
Automotive, Aeronautic, and Thermal to provide.

• Wear resistance, abrasion, and erosion.
• Thermal barrier coating to protect structures
• Protection against resistance to higher temperature oxida-

tion, erosion, and corrosion

• Building composite structures of metals and ceramics

The principle of the thermal spray process involves 
heating feedstock materials, (Wire or Powder) and then 
speeding it up to a high speed, and then allowing the mol-
ecules to hit the workpiece surface. The molecules thus 
deposited will deform and solidify onto the workpiece sur-
face. Millions of molecules are deposited on top of each 
other to build the coating (Fig. 2).

Mechanical or metallurgical bonding is used to adhere 
these particles to the substrate. There are different coat-
ing deposition methods available and the selection of 
the right one relies on the operational requirements for 
coating, whether the coating material is suitable for the 
planned method, the requirement of coating adhesion, and 
the availability of facility and coating cost [48–60].

Choosing a particular method involves selecting spe-
cific process parameters. Several parameters are integral to 
the thermal spray process, such as Spray Material, Spray-
ing Distance, Spraying Angle, Gas Flow Rates, Carrier 
Gas Flow, Powder Feed Rate, Electric Current, Plasma 
Gas Power, Cooling System, and Spray Pattern Control. 
The optimisation of these parameters is essential to attain 
the targeted coating properties, encompassing thickness, 
adhesion, hardness, and porosity. The specific values for 
these parameters will be contingent on both the chosen 
thermal spray method and the material designated for 
spraying.

Types of Thermal Spray Coating Processes

Several types of advanced thermal spraying techniques are 
being used in industries. They are as follows (Ref. Fig. 3):

Fig. 2  Thermal spray process 
[Source: An Introduction to 
Thermal Spray, Issue 4 © 2013 
Sulzer Metco]
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Powder or Wire Flame Spray

In 1912, Swiss Engineer MU Schoop invented the spray-
ing process, which was initially used for spraying metals 
with low melting points, such as tin and lead. It was then 
expanded to include the spraying of refractory metals and 
ceramics. It’s a low-energy thermal spraying method. The 
coating material used for deposition is in wire form, and the 
spraying cost is minimal compared to other methods (Fig. 4).

The Powder or Wire Flame Spray process offers cost-
effectiveness, versatility, and applicability to large surfaces. 
However, it also has limitations, including the potential for 
lower coating density, bond strength, and temperature resist-
ance. The selection of this process depends on the specific 

requirements of the application, the desired properties of 
the coated material, and considerations related to cost and 
production efficiency.

Detonation Gun Spray

A mixture of fuel and oxygen  (O2) is ignited in a long barrel 
using a spark plug in this process. The detonation pressure 
wave arises from the explosion of the mixture, which heats 
up and propels the powder particles with a high velocity 
towards the surface of the substrate. It deposits a variety of 
materials and ceramic coatings onto workpieces at super-
sonic speeds using the controlled explosion of oxygen and 
acetylene (Fig. 5). Detonation Gun Spray offers advantages 
such as high particle velocities, low oxidation, and versatility 
in material choices and it has limitations, including chal-
lenges in achieving very thick coatings, equipment complex-
ity, and cost, and restrictions on the size of coated parts.

High‑Velocity Oxy Fuel (HVOF)

The procedure, shown in Fig. 6, involves converting the 
powdered or wired raw materials into a liquid condition 
and propelling them quickly onto a surface by the use of 
fuel gas combinations and oxygen. Various types of fuel 
gases are employed in this process, including propylene, 
propane, hydrogen, methane, acetylene, ethylene, crylene, 
SPRAL-29 kerosene, MAPP gas, LPG, and others [5]. The 
process starts by burning the chosen fuel gas in the presence 
of oxygen. This combustion generates a high-velocity, high-
temperature gas stream. A carrier gas is used to transport the 
powdered coating material from a feeder unit to the HVOF 
gun. At the gun, the transported powder is ignited by the 
high-temperature gas stream, causing it to rapidly acceler-
ate towards the substrate. During the process, high-speed 
powder particles strike the substrate’s surface, stick to it, 
and build up to form a coating. This procedure results in 

Fig. 3  Types of Thermal spray methods

Fig. 4  Flame spray Fig. 5  Detonation Gun Spray
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a thick covering with very little porosity. The HVOF pro-
cess is renowned for its capability to generate top-tier coat-
ings characterised by exceptional properties such as high 
bond strength, minimal porosity, and enhanced resistance 
to wear and corrosion. This technique finds extensive use 
across diverse industries for applications related to surface 
protection and improvement.

HVOF process is a widely used and effective coating 
technique with several advantages, particularly in produc-
ing high-density and high-adhesion coatings. However, it 
also has limitations, including equipment costs, substrate 
size constraints, and potential thermal stress issues.

Plasma Spray Coating

A surface engineering technique called plasma spray coat-
ing involves depositing material onto a substrate—usually 
in the form of wire or powder. The first step in the procedure 
involves using a plasma torch. The plasma jet produced by 
this torch has a very high temperature. An ionised gas with 
a temperature of at least 10,000 Kelvin (K) is called plasma. 
The substance to be deposited is introduced into the power-
ful plasma jet in the form of wire or powdered particles. 
The injected material melts quickly due to the plasma jet’s 
high temperature. It is crucial to remember that the plasma 
torch’s temperatures are far greater than the material’s melt-
ing point. After melting, the substance is shot towards the 
substrate that has to be coated at very high speeds. Melted 
droplets of the material emerge from the plasma torch. The 
molten droplets quickly cool and solidify when they come 
into contact with the substrate. As a result, a coating devel-
ops on the substrate. The substance that is deposited sticks 
to the substrate and solidifies rapidly. A coating thickness 
that generally ranges from approximately 50–500 µm may be 
achieved by control of the plasma spray process, contingent 
upon the particular application and needs. In many different 
sectors, plasma spray coating provides a flexible method for 

applying functional and protective coatings on surfaces. It 
is renowned for its capacity to produce coatings with advan-
tageous characteristics including thermal insulation, wear 
resistance, and corrosion resistance. Because of the process’s 
versatility, a large range of materials may be deposited, mak-
ing it appropriate for a variety of applications.

Plasma Spray Coating offers advantages such as mate-
rial versatility, high coating density, and controlled coating 
thickness, and its limitations, include high equipment costs, 
challenges in achieving very thick coatings, and potential 
issues related to substrate overheating.

Effect of Thermal Spray Coating on Corrosion

Thermal spray coatings are widely employed to protect sub-
strates from severe erosion and high-temperature corrosion. 
Among these methods, the HVOF technique has become 
a preferred choice in critical applications due to its abil-
ity to produce a uniform coating with improved mechanical 
strength properties and superior resistance to oxidation and 
corrosion. The survey results demonstrate the technique’s 
reliability, as it consistently delivers coatings with uniform 
thickness and high hardness when applied to metal surfaces.

Thermal spray technology represents a dynamic and 
evolving field of research with applications in metallurgical 
improvement. Thermal spray coating provides effective solu-
tions to address challenges associated with wear, erosion, 
and oxidation in high-temperature environments, making 
it a valuable area of study and innovation in the field of 
materials science and engineering. One of the primary appli-
cations of thermal spray coatings is in environments with 
elevated temperatures, where these coatings are employed 
to improve the resistance against wear, erosion, and oxi-
dation. The selection of coating materials in thermal spray 
coating is a critical consideration. Carbides, oxides, and 
ceramics are promising materials for coatings designed to 

Fig. 6  HVOF Process
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protect against erosion, oxidation, and wear. Solid lubricant 
coatings have demonstrated enhanced wear resistance, par-
ticularly at higher temperatures. In recent years, numerous 
studies have been published exploring a variety of coating 
materials aimed at developing resistance to erosion, wear, 
and oxidation in thermal spray coatings.

Nagabhushana et al. [6], used an atmospheric plasma 
spray technique to coat Super Ni 76 with NiCrBSi, fly ash, 
Chromium Oxide  (Cr2O3), Molybdenum (Mo), and Titanium 
dioxide  (TiO2) composite coating. SEM (Scanning Electron 
Microscopy) was employed to assess the surface morphol-
ogy and cross-section of the coating. This was done to ascer-
tain the characteristics and nature of the deposited coatings. 
The highest microhardness  708HV0.02 was observed for 
composite coating NiCrBSi/fly-ash combination while the 
lowest  620HV0.02 was observed for NiCrBSi/fly-ash/Mo 
coating. In all the cases composite coating had higher micro-
hardness than the substrate material. According to the study 
from Amrinder Mehta et al. [7] the thermal barrier coating 
methods have mainly been used for providing thermal and 
corrosive insulation for diesel, marine, and steam turbine 
engines at high-temperature environmental conditions. The 
lamellar microstructure created by the quick solidification 
of impinging liquid droplets and cohesiveness among splats 
distinguishes thermal spray coatings.

High-temperature corrosion of two superalloys, Inconel 
617 and Inconel 738, was examined in a research by Wadi 
et  al. [8]. This study was conducted for a maximum of 
100 h and included three different temperature ranges: 700, 
800, and 900 °C. The corrosion conditions were intention-
ally accelerated on the specimen surfaces by introducing 
sodium chloride (NaCl) and sodium sulphate  (Na2SO4) 
into the experimental setup. Both Inconel 617 and Inconel 
738 demonstrated remarkable resistance to oxidation, par-
ticularly at elevated temperatures of 800 and 900 °C. The 
main oxides that formed on the surface of the alloys during 
the corrosion process were identified as chromium oxide 
 (Cr2O3) and nickel–chromium oxide  (NiCr2O4). These oxide 
layers are known for their protective qualities and can act 
as barriers against further corrosion. Moreover, the study 
highlights the importance of understanding how corrosion 
rates can vary with temperature, which is vital for materials 
used in applications subject to high-temperature conditions.

Cesanek et al.’s research [9] explores how heated corro-
sion processes impact coatings made of  Cr3C2-25%NiCr, 
Hastelloy C-276, and Stellite-6. These coatings were cre-
ated at 750 °C in a high-temperature environment using 
the High-Pressure High-Velocity Oxygen Fuel (HP/HVOF) 
techniques. On the specimen surfaces, a combination of 60% 
 V2O5 and 40%  Na2SO4 was applied to speed up the cor-
rosion conditions. He tested each specimen cyclically for 
50 cycles, with a 20-min cooling interval in between. He 
then compared the corrosion resistance of three coatings: 

 Cr3C2-25%NiCr, Stellite-6, and Hastelloy C-276, at various 
temperatures. Hastelloy C-276 showed the best corrosion 
resistance among these coatings. The exceptional ability of 
Hastelloy C-276 to withstand corrosion was ascribed to the 
development of a shielding oxide layer on its exterior. This 
oxide layer consisted of significant phases, including chro-
mium oxide  (Cr2O3), nickel–chromium oxide  (NiCr2O4), 
and nickel-molybdenum oxide  (NiMoO4). These oxides act 
as barriers, shielding the underlying material from further 
corrosion.

The investigation carried out by Vasudev et al. [10] had 
the objective of comparing the hot corrosion behaviour 
between Inconel-718 coatings, deposited using the HVOF 
method, and bare cast iron. The investigation involved sub-
jecting both materials to 50 hot corrosion cycles, each fol-
lowed by a 20-min cooling period. The research sought to 
understand the protective capabilities of Inconel-718 against 
hot corrosion at a high temperature of 900 °C. The study 
compared the response of Inconel-718 coatings with that 
of bare cast iron when exposed to a hot corrosion environ-
ment. The analysis revealed that Inconel-718 outperformed 
cast iron in terms of hot corrosion resistance at the elevated 
temperature of 900 °C. The enhanced corrosion resistance of 
Inconel-718 was attributed to the formation of stable oxide 
phases within the coating. These phases included  NiCr2O4, 
 Cr2O3, aluminum oxide  (Al2O3), and  TiO2. The presence of 
these oxides acted as protective layers, guarding the underly-
ing material against further corrosion. The study suggested 
that the Inconel-718 coating effectively protected the sub-
strate from the damaging effects of hot corrosion. This pro-
tective role is crucial for applications where materials are 
subjected to aggressive high-temperature environments.

Delaunay et  al.’s investigation [11] concentrated on 
the superalloy Inconel-718’s high-temperature oxidation 
behaviour. The goal of the research was to comprehend the 
behaviour of this alloy at high temperatures (900 °C) during 
oxidation. The author proposed that Inconel-718 exhibits 
resistance to oxidation when exposed to high temperatures, 
specifically at 900 °C. Oxidation resistance is a critical prop-
erty for materials used in applications subjected to elevated 
temperatures. According to the research, the development 
of oxide layers including minor alloying elements, such 
as titanium oxide  (TiO2) and aluminium oxide  (Al2O3), is 
responsible for Inconel-718’s resistance to oxidation. These 
oxide layers act as protective barriers, shielding the underly-
ing material from further oxidation. Additionally, the study 
focused on the intermetallic phase Ni3-Nb forming on a 
quasi-continuous scale at the interface of the alloy and oxide 
layer. Such intermetallic phases can contribute to the overall 
oxidation resistance of the material.

In order to better understand how two nickel-based 
superalloys behaved at high temperature conditions namely, 
900 °C Mudgal et al. [12] undertook research. The study’s 
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main objectives were to learn more about these metals’ 
resistance to corrosion and the makeup of the oxide scales 
that are produced when corrosion occurs. The research con-
trasted a cobalt-based superalloy’s high-temperature corro-
sion resistance with that of two nickel-based superalloys. 
It was discovered that at 900 °C, the nickel-based alloys 
outperformed the cobalt-based alloys in terms of resist-
ance to corrosion. The superior corrosion resistance of the 
nickel-based alloys was attributed to the development of sta-
ble oxide layers containing key components such as nickel 
chromite  (NiCr2O4) and chromium oxide  (Cr2O3). These 
oxide layers acted as protective barriers, preventing further 
corrosion of the alloys. In contrast, the cobalt-based alloy 
exhibited the formation of a thick oxide scale that contained 
components including cobalt oxide (CoO), nickel tungstate 
 (NiWO4), nickel chromite  (NiCr2O4), and cobalt chromite 
 (CoCr2O4). This oxide scale was less effective at protecting 
the alloy, which contributed to its lower corrosion resistance. 
Based on the study’s findings, the authors recommended 
avoiding the use of bare cobalt-based alloys in certain cir-
cumstances, particularly when exposed to high-temperature 
corrosion environments.

The study conducted by Javed et al. [13] focused on the 
development of a coating using the HVOF method and 
compared it with the Atmospheric Plasma Spraying (APS) 
coating as well as bare Monel K500 substrates. The objec-
tive was to assess the performance of these coatings for 
marine applications, particularly in a corrosive environ-
ment. The coating samples were subjected to Neutral Salt 
Spray testing for 1553 h, which simulated a harsh marine 
environment with exposure to saltwater mist. This testing 
is designed to assess the corrosion resistance of materials 
and coatings in such conditions. The test results revealed 
that the HVOF-coated samples exhibited excellent corro-
sion resistance. The HVOF-coated samples did not exhibit 
any signs of corrosion attack, indicating that the coating 
was successful in protecting the substrate against corrosion. 
During testing, however, the uncoated Monel K500 substrate 
displayed a localised corrosion attack. Pits measuring as 
much as 0.6 mm in breadth and 25 μm in depth were found 
on the exposed substrate. This underscores the vulnerabil-
ity of unprotected materials to corrosion in marine environ-
ments. These findings highlight the importance of coatings 
in enhancing the longevity and performance of materials in 
marine applications.

The HVOF approach was used in the work by Singh 
et  al. [14] to create a composite coating for a boiler 
tube. Evaluating the coatings’ resistance to heat corro-
sion was the main goal. The research compared two types 
of coatings, namely NiCrAlY-SiC and NiCrAlY-B4C, 
and examined their composition and performance under 
hot corrosion conditions. These coatings were specifi-
cally designed to enhance the hot corrosion resistance of 

the tube’s surface. Hot corrosion is a critical concern in 
boiler applications where materials are exposed to high 
temperatures and corrosive environments. The NiCrAlY-
SiC coatings were found to contain layers consisting of 
 Cr2O3,  SiO2,  Al2O3, and NiO, along with spinals phases. 
On the other hand, the NiCrAlY-B4C coatings had layers 
containing Boron trioxide  (B2O3), alumino-boron carbide 
 (Al3BC),  Al2O3,  Cr2O3, and spinal phases. The composi-
tion of these coatings is significant as it determines their 
protective properties. The study’s results indicated that 
the NiCrAlY-SiC coatings outperformed the NiCrAlY-B4C 
coatings in terms of hot corrosion resistance. This suggests 
that the NiCrAlY-SiC coating provided superior protection 
against hot corrosion in the boiler tube environment.

The study conducted by Patil et al. [15] focused on the 
development of a composite coating on T22 boiler steel 
using the HVOF spray method. The research aimed to inves-
tigate the microstructure and mechanical properties of the 
as-deposited coatings, with a particular focus on aspects 
such as porosity, microhardness, coating thickness, and 
coating density. The study provided insights into the micro-
structure and mechanical properties of the coating, including 
porosity, microhardness, thickness, and density. The micro-
hardness values exhibited a decrease from the coating to the 
bare alloy. This suggests that the coating had different hard-
ness properties compared to the underlying T22 boiler steel.

At severe temperatures, Praveen et al. [16] examined the 
oxidation and erosion resistance of WC–Co reinforced with 
SS304 stainless steel substrate and HVOF-coated NiCrSiB 
reinforced with  Al2O3. Micro-structured  Al2O3 supple-
mented NiCrSiB fared better than other coatings in terms of 
oxidation resistance. The study indicates that the NiCrSiB/
WC–Co coating has enhanced erosion resistance.

In Sun et al.’s study [17], an HVOF spraying approach 
was used to provide an amorphous Fe-based coating on 8090 
Al-Li alloy. The primary aim of the study was to investigate 
the influence of this amorphous coating on the corrosion 
resistance of the 8090 Al-Li alloy. The evaluation included a 
comparison of the 8090 alloy’s corrosion resistance between 
its coated and naked forms. Corrosion resistance is a crucial 
factor for materials used in various applications, as it deter-
mines their ability to withstand degradation when exposed 
to corrosive environments. The study yielded several impor-
tant findings, one of which was that the coated 8090 alloy 
had seven times more corrosion resistance than the naked 
8090 alloy. This indicates a substantial improvement in the 
alloy’s ability to resist corrosion when it is protected by the 
Fe-based amorphous coating.

In a work on  Cr3C2–NiCr cermet coatings, Zhang et al. 
[18] used HVOF with shroud plasma spraying to deposit 
the coating. Both coatings underwent an erosion test that 
replicated the multi-angle, high-speed erosion environment 
brought on by tiny particles on turbine blades. Comparing 
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the HVOF coating to the SPS coating, the findings showed 
that the former had more density and fewer flaws.

The study conducted by Kumari et al. [19] focused on 
investigating the hot corrosion behaviour of a composite 
coating composed of 93% tungsten carbide (WC) and 7% 
chromium carbide  (Cr3C2) with a nickel (Ni) binder. This 
composite coating was applied using the HVOF method on 
ASME SA213-T91 steel material. The research aimed to 
assess how well this coating performed under conditions 
of hot corrosion, particularly focusing on weight gain and 
the formation of protective oxide scales. According to the 
study’s findings, the composite-coated material showed no 
weight increase in tests including cyclic hot corrosion. Addi-
tionally, the study noticed that protective oxide scales were 
forming on the coated material’s surface. These results show 
that the ASME SA213-T91 steel was effectively protected 
against heat corrosion by the composite covering. According 
to Vasudev et al. [20], the coatings’ microhardness showed 
an increasing trend as the  Al2O3 concentration increased, 
whereas their density, porosity, and surface roughness 
showed a decreasing trend. Out of all the composite coat-
ings, the one with the greatest fracture toughness rating was 
the one with 20 weight percent alumina reinforcement.

Ribu et  al. [21] have developed WC-10Co compos-
ite coating on 35CrMo steel and the results showed 35% 
higher wear resistance compared to uncoated steel. In order 
to enhance surface qualities for corrosion-related applica-
tions, Patil et al. [22] have effectively coated the SA213-
T22 bare alloy with a high entropy alloy NiCrMoFeCoAl. 
The research involved a comprehensive characterisation 
of the deposited coatings concerning their microstructure 
and mechanical properties. The evaluation encompassed 
parameters such as porosity, microhardness, coating thick-
nesses, and coating density. Interestingly, the study revealed 
a decline in microhardness values when transitioning from 
the coating to the bare alloy.

Using the HVOF spraying technique, coatings’ mechani-
cal characteristics and wear behaviours were the main sub-
ject of a research by Khuengpukheiw et al. [23]. After apply-
ing coatings to AISI 1095 steel, the researchers looked at 
the performance of WC–Co/NiSiCrFeB, NiSiCrFeB, and 
WC–Co. Through frequent contact with relatively soft slid-
ing steel components, these experiments sought to deter-
mine how well these coatings might tolerate cumulative 
wear. NiSiCrFeB coating wear rates were shown to be rather 
high by the investigation. For applications requiring mod-
erately hard counterwork materials, including medium to 
high carbon steels, WC-Co/NiSiCrFeB and WC-Co coatings 
were thus thought to be more appropriate than NiSiCrFeB 
coatings.

Verma et al. [24] used the HVOF spray technique to 
investigate the corrosion behaviour of steel that was not 
coated vs steel that was coated with IN 625. The study aimed 

to assess the protective properties of the IN 625 coating at 
varying temperatures and examine the phases of oxide scale 
present on the coated samples. Because of corrosion, the 
oxide scale on the uncoated steel peeled off and spalled. 
Conversely, the IN 625 coating displayed notable corrosion 
resistance. This suggests that the coating effectively pro-
tected the steel substrate from corrosion-related damage. 
The study noted that the IN 625 coating provided better 
protection against corrosion at 700 °C compared to 900 °C. 
This temperature-dependent behaviour is essential for under-
standing the coating’s performance under different operat-
ing conditions. The study distinguished between oxides and 
spinels of nickel and chromium as the main components 
in the oxide scale of coated samples. Comprehending the 
oxide scale’s composition is crucial for evaluating the coat-
ing’s ability to form protective layers. These findings have 
practical implications for potential applications of HVOF 
spray coatings on boiler tubes operating between 700 and 
900 °C. Coatings like IN 625 can provide improved protec-
tion against corrosion in high-temperature environments, 
crucial for boiler applications.

The research conducted by Hanumanthlal et  al. [25] 
focused on the behaviour of high-temperature hot corro-
sion in plasma-sprayed coatings. The study aimed to assess 
the impact of different coating compositions, particularly 
the inclusion of fly ash cenosphere powder, on the resist-
ance to hot corrosion. The research involved the develop-
ment of coatings with a specific composition consisting 
of Fe17Cr2Ni0.18C and fly ash cenosphere powder. Dif-
ferent weight ratios were maintained, including 0, 5, 10, 
and 15% of cenosphere powder. The coatings were applied 
to T22 boiler steel material. Boiler steels are exposed to 
high-temperature and potentially corrosive environments, 
making them a suitable test substrate for assessing the coat-
ings’ performance. In a liquid salt environment consisting of 
60%  V2O5 and 60%  Na2SO4, both the coated and naked steel 
specimens underwent a hot corrosion test. At a maximum 
temperature of 600 °C, there were 17 cycles in the test, each 
lasting 51 h. In hot corrosion testing, the extreme tempera-
tures that materials may encounter in industrial applications 
are simulated. When compared to the uncoated steels, the 
FeCrNiC/cenosphere-coated steels demonstrated a higher 
level of resistance to heat corrosion, according to the study’s 
results. This indicates that even under the severe hot corro-
sion test circumstances, the coatings successfully prevented 
the T22 boiler steel from deteriorating. When compared to 
the uncoated steels, the coated steels’ corrosion behaviour 
obeyed the parabolic rate law, and their parabolic rate con-
stant values were less. Slower corrosion rates are shown 
by lower rate constants, which also show how efficient 
the coatings are in protecting. Because some compounds, 
such as mullite, alumina, and an oxide layer of silicon that 
forms as protection at high temperatures, are stable at high 
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temperatures, the coated steels showed enhanced resistance 
to hot corrosion.

The research conducted by Verma et al. [26] aimed to 
investigate the impact of copper (Cu) on the high-tempera-
ture wear behaviour of a high-entropy alloy composed of Co, 
Cr, Fe, Ni, and varying amounts of copper (CoCrFeNiCux). 
The alloy was produced using the arc melting method. The 
study explored how the addition of copper affected the wear 
rate of the alloy at different temperatures. The research find-
ings indicated that the inclusion of copper in the CoCrFeNi 
alloy led to a reduction in the wear rate. This reduction 
in wear rate was observed at both room temperature and 
higher temperatures. The wear rate reduction is a desirable 
characteristic as it signifies improved resistance to wear and 
frictional forces. An interesting aspect of the study was the 
formation of a copper oxide (Cu oxide) layer on the alloy’s 
surface. This oxide layer was found to contribute to the 
increased wear resistance of the CoCrFeNiCu alloy, particu-
larly at elevated temperatures. The Cu oxide layer appeared 
to play a role in reducing wear, especially at 600 °C.

The research conducted by Venkata et al. [27] focused 
on investigating the high-temperature tribology behaviour 
of a Ti6Al4V-TiC composite coating. This coating was pro-
duced using the cold-spray technique and was evaluated for 
wear resistance when subjected to different temperatures. 
The study also involved using a WC-Co sphere as a counter 
face in tribological testing. The primary focus of the study 
was to assess the wear resistance of the composite coating 
at various temperatures. Wear resistance is a crucial factor 
in applications where materials are exposed to abrasive or 
erosive conditions. The research findings indicated that the 
Ti6Al4V-TiC composite coating demonstrated superior wear 
resistance at all temperatures tested. This suggests that the 
composite coating effectively protected the substrate from 
wear, even under high-temperature conditions. The research 
also determined that the Ti6Al4V coatings’ primary wear 
mechanism was abrasive wear. Nevertheless, the wear on 
the composite coating was reduced by the existence of a 
tribolayer, a layer created at the interface as a result of wear 
and friction. This implies that the formation of the tribolayer 
improved the wear resistance of the composite coating. The 
generation of oxide layers, such as  WO3,  CoWO4, and  TiO2 
compounds, over 200 °C was crucial for enhancing the 
Ti6Al4V-TiC composite coating’s wear resistance. These 
oxide layers possess the capacity to function as barriers that 
avert wear and corrosion.

The effects of the aluminium (Al) content on the high-
temperature oxidation and wear resistance of an AlxCoCr-
FeMnNi alloy, a high-entropy alloy, were studied by Fuxing 
et al. [28]. The research sought to determine how changes in 
aluminium concentration influenced the characteristics of the 
alloy, which was produced via plasma arc cladding. Examin-
ing how Aluminium (Al) affects the behaviour of the alloy, 

specifically with regard to hardness, wear resistance, and 
oxidation resistance, was the main goal of the study. Mate-
rial characteristics may be greatly impacted by the addition 
of Al. According to the study results, the AlxCoCrFeMnNi 
alloy’s hardness and wear resistance improved when the Al 
content was raised. This indicates that Al was a major fac-
tor in improving the alloy’s resistance to wear and friction. 
The research found that metal atom diffusion significantly 
influenced the behaviour of the alloy at a high temperature 
of 900 °C in the environment. One important discovery 
was that the alloy formed a finer and denser oxide coating, 
mostly made up of  Cr2O3 and  Al2O3, as the amount of Al 
increased. The diffusion of oxygen and base elements was 
hindered by this oxide coating. Thus, it enhanced the alloy’s 
ability to withstand oxidation at elevated temperatures.

The study by Adnan et al. [29] included the manufacture 
of α-Al2O3 nanoparticles using a straightforward sol–gel 
method. In order to stop high-temperature corrosion in boiler 
tubes, both with and without fuel ash, these artificial nano-
particles were used as a coating layer. NiCrAlY alloy was 
combined with them. The thermal plasma process was used 
to apply the coating. Austenitic stainless-steel tube corrosion 
rates were determined at different temperatures using the 
weight loss technique. Using XRD, SEM, and EDS examina-
tion, the generated α-Al2O3 nanoparticles and the surface 
morphology of the austenitic stainless-steel tubes were char-
acterised. The findings reveal that the degree of corrosion 
increases with rising temperatures both in the presence and 
absence of the coating. The maximum coating performance 
was 82% in the absence of fuel ash and 88% in its presence.

Effect of Heat Treatment on Thermal Spray 
Coating

Even with sophisticated coating techniques, it has been dis-
covered that getting completely flawless coatings is diffi-
cult. Modern coating methods may be used, however during 
coating processing; a few small flaws will inevitably show 
up [30–32]. There are a few voids at the splat borders after 
the coating procedure. The susceptibility of the substrate to 
corrosion is increased by these flaws [33]. The heat treat-
ment method modifies the remaining stresses in surfaces 
coated with HVOF. After cooling, the secondary stress field 
that was created is where residual stresses are directed by 
elevated-temperature heat treatment. A secondary stress 
field exists as a result of the substrates and coatings differ-
ing coefficients of thermal expansion. Heat treatment may 
boost the adhesive strength because the coating and substrate 
diffuse more readily [34, 35]. Chatha et al. [36] looked at 
the impact of post-heat treatment on T91 steel coated with 
 Cr3C2–NiCr using the HVOF spray method. While the coat-
ing’s hot corrosion resistance has improved, the post-heat 
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treatment procedure has also led to an improvement in hot 
corrosion resistance. By causing oxides to develop on splat 
boundaries quickly, the heat treatment speeds up the process 
of filling pores. By using this method, heated corrosion may 
be effectively prevented from spreading.

Lee and Min et al. [37] verified the characteristics and 
microstructure of the coated surface using the heat treat-
ment method. An increase in annealing temperature from 
550 to 750 °C and 900 °C results in an improvement in the 
surface’s corrosion resistance. A decrease in porosity, a rise 
in grain coarsening and other related changes occurred with 
the raising of the annealing temperature. The most effective 
method for reducing porosity in HVOF-sprayed coatings has 
been identified as heat treatment.

Shabanlo et al.’s [38] research showed that porosity is 
greatly reduced by heat treatment at 1045 °C. Defects of all 
kinds, including microstructural faults and unmelted parti-
cles, are encountered throughout the spraying process. Wear 
resistance and hot corrosion behaviour have both improved. 
Additionally, re-melting of particles has been found to 
enhance adhesion between the coating and substrate. Ther-
mal spray plays a vital role in contemporary engineering 
applications, and there is a growing recommendation for 
the adoption of techniques like additive manufacturing. 
Moreover, the utilisation of superalloys and reinforcements 
is advised in industrial applications where thermo-mechan-
ical strength is necessary, contributing to the prevention and 
reduction of hot corrosion and erosion.

Durga Prasad et al. [39] studies reported the develop-
ment of a protective coating consisting of CoMoCrSi–Cr2C3 
applied through the HVOF spraying method on grade 15 
titanium alloy. After the initial spraying, the coatings 
undergo a microwave heating step. This additional heat treat-
ment was applied to induce specific microstructural changes, 
optimise coating properties and to enhance adhesion. This 
combination aims to enhance the high-temperature sliding 
wear resistance of the material, making it suitable for appli-
cations where durability and resistance to wear at elevated 
temperatures are critical, such as in aerospace or industrial 
settings. The specific composition and application method 
are chosen to provide optimal properties for withstanding 
the intended wear conditions. The post-heat treatment has 
led to the inter-diffusion of elements. This suggests that 
atoms from the coating and substrate have migrated across 
the interface, creating a region where the composition of 
elements is mixed. Inter-diffusion is a common phenomenon 
during heat treatment and can contribute to the formation of 
various phases. As a result of the recrystallisation and ele-
ments migration, the microstructures of the annealed coat-
ings have become more compact as compared to sprayed 
coating [36–39].

Guo et al. [40] study investigates the microstructures, 
mechanical properties, and tribological behaviours of HVOF 

sprayed CoMoCrSi coatings across a broad temperature 
range. A key focus is on the comparison between as-sprayed 
coatings and those subjected to an 800 °C annealed treat-
ment. The annealed coatings exhibit well-crystallised struc-
tures, improved microstructures, and enhanced properties. 
Notably, the surface microhardness and adhesive strength 
increased by 13.3 and 12.5%, respectively, after annealing. A 
compact oxide layer forms on the annealed coating surface, 
comprising  Cr2O3,  Co3O4,  MoO3, and  CoMoO4, contribut-
ing to increased microhardness and excellent tribological 
behaviours. The annealed coatings demonstrate lower fric-
tion coefficients and wear rates than their as-sprayed coun-
terparts across a wide temperature range. Consequently, the 
800 °C annealed treatment proves effective in significantly 
improving the microstructures and properties of HVOF 
sprayed CoMoCrSi coatings, positioning them as promis-
ing candidates for abrasion-resistant materials in diverse 
temperature environments.

The researcher Zhang [41] investigates the impact of 
laser heat (LH) treatment on the microstructure, microhard-
ness, and wear performance of HVOF-sprayed WC–CrC–Ni 
coatings. Laser scanning velocity is explored as a crucial 
parameter during LH treatment. The results reveal sub-
stantial changes in the microstructure after LH treatment, 
with WC and  Cr3C2 identified as primary phases in both 
HVOF- and LH-treated coatings. Notably, a compact inter-
face forms between the coating and substrate after laser 
heating. Decreasing laser scanning velocity reduces poros-
ity and thickness in LH-treated coatings, leading to a gradual 
increase in microhardness. In wear tests, optimal laser heat-
ing conditions (600W power, 300 mm/min scanning veloc-
ity) significantly enhance friction and wear resistance. This 
improvement is attributed to reduced porosity, increased 
hardness, and the formation of oxide tribofilms on the coat-
ing. Overall, LH treatment proves effective in modifying the 
microstructure and mechanical properties of conventional 
coatings, enhancing wear performance.

The literature highlights the development of various com-
posites and high-entropy alloys to address the challenges 
posed by elevated-temperature wear, erosion, and corrosion 
environments. Among these, composite coatings have gained 
significant attention, and several composite coatings with 
their respective applications have been reported. Table 1 
presents information on composite coatings and their appli-
cations. Table 2 provides a list of composite coating com-
binations along with the bonding strength of the developed 
coatings. Additionally, Table 3 summarises the develop-
ment of high entropy alloys for thermal spray applications, 
while Fig. 7 showcases the reporting of basic steel material 
designed for corrosion resistance applications.

Despite the use of steels and coatings, various composites 
and alloys have been developed using different technolo-
gies for applications in high-temperature corrosion and wear 
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Table 1  List of composite coatings developed and their applications

SI No Coating Material Coating Substate Coating Type Applications

1 Ni20Cr T24, T92, VM12, and AISI 304 Steel HVOF Hot corrosion resistance
2 Inconel 625 Stainless Steel EN 1.4404 (AISI HVOF Corrosion resistance
3 VC + Cu Ni–Cr SS316 Steel HVOF Wear resistance
4 Ni-Based Cermet Monel K-500 HVOF Cavitation erosion resistance
5 Cr3C2–NiCr Martensitic stainless steel FV520B w Shroud plasma 

spraying and 
HVOF

Wear resistance coating

6 WC-18wt%, Hastelloy C and WC-10 
wt.% Ni-5 wt.% Cr

Monel K500 HVOF Hydraulic components coating for cor-
rosion resistance

7 WC-10Ni Carbon Steel AISI 1040 HVOF Corrosion behaviour
8 Cr3C2–NiCr Stainless Steel 316L HVOF Piston rings and connecting rods
9 Al2O3 Inconel718 HVOF Power generation plants, automobiles, 

machine tools
10 AlCoCrFeNi & WC-10Co 06Cr13Ni5Mo Steel HVOF Hydraulic Machinery
11 WC-12Co, WC-10Co-4Cr, and  Cr3C2 

-25NiCr
AISI 1045 Steel HVOF Crankshafts, torsion bars, axles, 

connecting rods, pins, and wear-
resistance parts in automobile

12 C + Mo + WC +  Al2O3 Steel Substrate HVOF Automobile, maritime, and aviation 
industries

13 NiMoCrW and CoNiCrAlY T24 and T92 HVOF Energy production Industries
14 TiB2-50Ni 304 stainless Steel HVOF Aircraft landing gear, paper roller
15 NiCrSiB/Al2O3, NiCrSiB/WC-Co SS304 stainless steel substrate HVOF Power plants, aircraft engines, and 

petrochemical industries
16 NiCrAlY-SiC and NiCrAlY-B4C T22 HVOF Super-heater (SH) and re-heater (RH) 

pipes
17 Cr3C2-NiCr Carbon Steel HVAF & HVOF Automotive brake disc application
18 NiCrMoFeCoAl T22 HVOF Corrosion resistance
19 WC-CrC-Ni H T22 HVOF Power plants parts
20 CoMoCrSi 316 L Stainless Steel HVOF Roller surface
21 WC-10Co-4Cr and 

 Cr3C2 − 25(Ni20Cr)
F6NM Stainless Steel HVOF Hydraulic turbine machinery

22 WC-Fly ash SA209-T1 HVOF Boiler Tubes
23 Fe49.7Cr18Mn1.9 

Mo7.4W1.6B15.2C3.8Si2.4
Mild Steel HVOF Wear resistance

24 WC 304 stainless Steel HVOF Pump, Valve flow parts, pump body, 
impeller

25 WC +  TiO2 SS404 HVOF Coal mining, pulp industries

Table 2  List of composite 
coatings developed and their 
bonding strength

SI No Coating material Coating substate Coating type Bonding strength, MPa

1 Ni20Cr T24, T92, VM12, and 
AISI 304 Steel

HVOF 29 ± 7

2 VC + Cu Ni–Cr SS316 Steel HVOF 76 ± 3
3 WC-18wt%, Hastelloy C and 

WC-10 wt.% Ni-5 wt.% Cr
Monel K500 HVOF 70

4 Cr3C2–NiCr Stainless Steel 316L HVOF 68.8 ± 5.5 & 79.2 ± 6.2
5 TiB2-50Ni 304 stainless Steel HVOF 22.6
6 WC-CrC-Ni H T22 HVOF 73.13
7 CoMoCrSi 316 L Stainless Steel HVOF 58.6 & 65.9
8 WC 304 stainless Steel HVOF 67 ± 6

70 ± 1
58 ± 6
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environments. A comparative study reveals that the hardness 
of ceramic composites and high-entropy alloys (as shown in 
Fig. 8) is higher than that of steels and coatings.

Electrochemical Corrosion Analysis

The use of nickel-based coating powder (NiCrMoNb), or 
Inconel 625, coated on carbon steel and stainless steel by 
HVOF thermal spray technique was studied by Boudi et al. 
[43]. In specifically, the research sought to ascertain the 
coatings’ tensile bond strength in a corrosive media both 
before to and during electrochemical testing. A solution 
bath containing 0.1N H2SO4 and 0.05N NaCl was used for 
the static electrochemical test. After three weeks of testing 
in the corrosive medium, the main conclusion to be drawn 
from the data is that the tensile bond strength dramatically 
declines. This implies that the corrosive environment has a 

negative impact on the coated materials’ ability to bind. The 
work conducted by Guilemany et al. [44] investigates the 
corrosion resistance of heat-sprayed HVOF coatings, with 
a particular emphasis on cermet coatings that have different 
amounts of CrC-NiCr layers. The goal of this research is to 
comprehend how coating thickness affects how steel that is 
coated behaves as it corrodes. Higher porosity and residual 
strains in cermet coatings, such CrC-NiCr, are known to 
affect corrosion resistance, even though thicker metallic 
coatings typically provide superior corrosion protection. 
Electrochemical tests in a 3.4% NaCl solution are also used 
in the study. These experiments include Open-Circuit Poten-
tial (EOC), Polarisation Resistance (R), Cyclic Voltammetry 
(CV), and Electrochemical Impedance Measurements (EIS). 
Optical microscope and SEM are used in structural charac-
terisation together with EDS research. Research results show 
that the behaviour of the substrate largely determines the 
corrosion resistance of the overall system, and that the anti-
corrosive qualities are not greatly improved by increasing 
the number of deposited layers. According to the research, 
tension produced during the spray deposition process is a 

Table 3  List of High Entropy coating coatings developed and their applications

SI No Coating material Coating Substate Coating type Applications

1 AlNbTaZrx (x, atomic ratio = 0.2–1.0) Ti6Al4V alloy Laser Cladding Wear resistance coating
2 FeCrCoAlMn0.5Mo0.1 316L steel Laser Cladding Boiler steel
3 FeCrCoNiAlMox (x, atomic ratio = 0.5–1.5) Ti6Al4V alloy Laser Cladding Wear resistance
4 FeNiCoAlCu AISI 1045 steel Laser Cladding Wear resistance
5 CoCrFeNiMo 304 L stainless steel Laser Cladding Wear resistance
6 TiAlNiSiV Ti6Al4V alloy Laser Cladding Wear resistance
7 AlCrFe2Ni2W0.2Mo0.75 Q235 steel Laser Cladding High wear resistance
8 CrFeNiNbTi 40CrNiMoA steel Laser Cladding High resistance to wear
9 FeCoCrNiAlTix (x = 0–1 at. %) Q235 steel Laser Cladding Wear resistance
10 FeCoCrNiMnAlx (x, atomic ratio = 0–0.75) 4Cr5MoSiV steel Laser Cladding Wear resistance

Fig. 7  Hardness of High-temperature steels [42]

Fig. 8  Hardness of High-temperature alloys [42]



J. Inst. Eng. India Ser. D 

1 3

major factor in how coated steel responds to corrosion pro-
cesses. In general, the study offers valuable perspectives on 
the intricate interactions among coating thickness, compo-
sition, porosity, residual stresses, and substrate effect on 
corrosion resistance in thermally sprayed ceramic coatings. 
[45] Liang et al. A  Cr3C2–NiCr interlayer and a top DLC 
film were combined to form a duplex coating by the use 
of HVOF spraying and closed-field unbalanced magnetron 
sputtering (CFUBMS). In comparison with single DLC and 
 Cr3C2–NiCr coatings, the electrochemical behaviour of the 
 Cr3C2–NiCr/DLC duplex coatings in a 3.5 wt% NaCl solu-
tion was examined. Without changing their microstructure, 
the cermet interlayer made the DLC films’ surfaces rougher. 
Dynamic potential polarisation tests revealed that the duplex 
coatings had excellent surface integrity even after localised 
damage. Excellent corrosion resistance was achieved by 
the cermet interlayer preventing penetrating fractures and 
hence preventing substrate corrosion. Vijaya Lakshmi’s 
work [46] looks at the wear and corrosion behaviours of 
ODS FeAl powder coatings sprayed by detonation on T91 
substrate by electrochemical means. In 3.5 weight percent 
NaCl (sea water), 2N  H2SO4 (acid), and 3.5 weight percent 
 Na2SO4 (neutral salt), the electrochemical corrosion resist-
ance of these coatings is compared with T91 substrate and 
detonation-sprayed  Cr3C2–25NiCr coatings. To find out how 
quickly the coatings corroded, potentiodynamic polarisation 
(PDP) experiments were performed. When compared to T91 
substrate, ODS FeAl coatings perform better in terms of 
corrosion resistance in 3.5 weight percent  Na2SO4, while 
 Cr3C2–25NiCr coatings continuously outperform it in all 
tested aqueous environments. According to the corrosion 
processes,  Cr3C2–25NiCr coatings have localised and severe 
corrosion, while FeAl coatings have a greater rate of corro-
sion, which is offset by uniform corrosion. Solid particle ero-
sion wear experiments, on the other hand, reveal that ODS 
FeAl coatings perform better than  Cr3C2–25NiCr coatings, 
with improvements in wear resistance of 4–5 times at ambi-
ent temperature and 1.5–2.5 times at 400 °C. Additionally, 
ODS FeAl coatings perform slightly better at both tempera-
tures than T91 substrate. The Impedance/Gain-phase ana-
lyser SI 1260 and the electrochemical interface SI 1287 from 
SOLARTRON, UK were used to evaluate the electrochemi-
cal corrosion behaviour of coated samples. According to the 
findings, ODS FeAl coatings have the potential to be innova-
tive thermal spray feedstock materials that provide a techno-
economic advantage over the widely used  Cr3C2–25NiCr 
coatings in the industry.

Discussions

The investigation of thermal spraying techniques aims to 
identify the most suitable and effective surface engineering 

technology. These techniques are commonly employed for 
applying coatings that enhance wear, erosion, and corrosion 
resistance in various industrial applications. The findings of 
such studies often reveal coatings with outstanding proper-
ties, including exceptional corrosion and oxidation resist-
ance, a high melting point, impressive hardness, strength, 
and excellent wear resistance at elevated temperatures. Nota-
bly, it has been noted that the HVOF method yields thick 
coatings with lower porosity and inclusion levels, which 
makes it a viable option for several applications [61–65].

Coating materials come in various forms, including pow-
der, wire, and rod, and their selection is crucially dependent 
on specific applications and operating conditions, such as 
temperature and exposure to corrosive substances. Modern 
industrial turbines often operate at temperatures exceeding 
900 °C. This extreme heat puts significant stress on mate-
rials, necessitating the use of high-temperature-resistant 
coatings. Turbine components are expected to have a long 
operational life, typically ranging from 25,000 to 50,000 h 
[47, 66–72]. This longevity requirement poses challenges in 
terms of material durability and performance. Monolithic 
materials, which are uniform and homogeneous, may not 
possess the necessary qualities to withstand the harsh service 
conditions experienced by turbine components over their 
operational lifespan. These conditions include high tempera-
tures, wear, erosion, and oxidation. Given the demanding 
operational environment, the selection of appropriate coat-
ing materials is of utmost importance. Coatings must exhibit 
high-temperature stability and resistance to wear, erosion, 
and oxidation [73–78]. These characteristics are essential for 
protecting turbine components and ensuring their extended 
lifespan and reliability.

Hardness, resistance to wear and erosion, and chemical 
inertness are just a few of the remarkable qualities that set 
WC-Co-based cermet coatings apart. The wear resistance of 
engineering components may now be increased with the use 
of these coatings [49, 79–82]. In order to further improve its 
resistance to wear and corrosion, WC is often mixed with 
other metals, including nickel (Ni) or cobalt (Co), to make 
composite powder materials. The performance of these com-
posites is enhanced under demanding conditions. The matrix 
ingredient in WC-Co coatings is often cobalt (Co). The 
hardness and general qualities of the coating may be greatly 
influenced by the selection of the matrix material. Interest-
ingly, the hardness of WC-Co coatings tends to decrease 
as the cobalt (Co) content increases [50, 83–85]. This rela-
tionship between Co content and hardness is an important 
consideration when designing cermet coatings [50]. WC-Co 
coatings may exhibit a relatively high friction coefficient 
when in contact with opposing surfaces. This characteristic 
can be problematic in some applications, as it can lead to 
increased wear on the contacting surfaces. To mitigate the 
challenges posed by high friction coefficients, it is possible 
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to incorporate solid lubricants into WC-Co coatings. These 
lubricants can reduce friction and provide better protection 
to the surfaces in contact with the coatings [86–88].

High-temperature applications often use NiCrAlY alloys, 
which exhibit exceptional resistance to corrosion and oxi-
dation when the ratios of Al and Cr particles are optimised 
[51]. However, since NiCrAlY coatings are less hard than 
carbides, ceramics, and oxides, they are not used as the pri-
mary coating in the industry. Meanwhile, hard phases such 
as WC,  Al2O3,  Cr3C2, and  Cr2O3 in the Ni or Co matrix 
may be reinforced to greatly increase the wear resistance 
of these coatings [52].  Cr3C2–NiCr coatings find frequent 
applications in high-temperature scenarios demanding ero-
sion, wear, and corrosion resistance. The incorporation of 
carbide particles within a NiCr matrix imparts exceptional 
hardness and strength, particularly effective up to tempera-
tures of 900 °C. Moreover, the thermal expansion coeffi-
cient of  Cr3C2 (10.3 × 10–6 °C-1) is lower than that of iron 
(11.4 × 10–6 °C-1) and nickel (12.8 × 10–6 °C-1), the base 
alloys for high-temperature applications. In a high-temper-
ature environment, selecting such a composition may greatly 
minimise thermal mismatch [53–55]. Furthermore, oxide 
ceramics, which include titania, alumina, zirconia, chromia, 
silica, and yttria, are widely used as coating materials to 
improve resistance to corrosion, fretting, erosion, wear, and 
cavitation. Applications needing a mix of wear and corro-
sion resistance are especially well-suited for these ceramics 
[56]. For mass-scale application, material costs need to be 
carefully taken into account.

Recent investigations have included the integration of 
nanomaterials, including silicon carbide, titanium diox-
ide, and alumina, with nanocrystalline metal matrix coat-
ings to create nanocomposite coatings. The incorporation 
of these nanoparticles has shown to improve resistance to 
corrosion. For instance, it has been shown that adding SiC 
nanoparticles to Ni, Ni-W, or Ni-Co alloys increases their 
corrosion resistance. SiC nanoparticles act as inert physi-
cal barriers, preventing corrosive flaws from starting and 
spreading. Additionally, they have the ability to change the 
nickel layer’s microstructure [89–91].

Future Scope and Conclusions

As a result of exposure to high temperatures and oxidis-
ing environments including molten salts, alloys undergo 
rapid deterioration known as "hot corrosion." When non-
protective oxides at the salt/metal interface become more 
soluble, the corrosive attack speeds up and eventually satu-
rates the whole molten salt layer with porous metal oxides. 
This process continues along the salt/gas contact. One of the 
best ways to reduce corrosion and increase the lifespan of 
components that are exposed to high temperatures is to use 

anti-corrosion coatings. Using protective oxide layers like 
 Cr2O3,  SiO2, and  Al2O3, these coatings fend against corro-
sion. Thermal spray coating is the most widely used method 
for surface modification, according to literature reviews.

• Power plants run at high capacity due to the increasing 
demand for electricity from various applications. The 
abundant and cost-effective supply of low-rank coal 
makes coal-based thermal power plants a major contribu-
tor to India’s electricity production.

• To protect boiler materials from hot corrosion, the use of 
composite coatings is a widespread strategy. HVOF and 
Plasma Spray demonstrate exceptional qualities such as 
bond strength, hardness, porosity, wear resistance, and 
corrosion resistance, outperforming plasma spray, deto-
nation gun spray, flame spray, and various other thermal 
spray coatings.

• The hot corrosion on the boiler tube surface is intensified 
by the elevated temperature of low-grade coal, leading to 
rapid oxidation facilitated by the presence of salt layers.

• To prolong the lifespan of a coating, additional heat treat-
ment is administered to the developed coatings and these 
further enhance the corrosion, and wear resistance due to 
its improved microstructure and bonding strength.

• In this specific domain, nano-structured powder materi-
als and rare earth materials have demonstrated potential 
applications. However, it’s important to note that there 
is still much work to be done in terms of research and 
development. Researchers need to continue their efforts 
in exploring various combinations of coatings and mate-
rials to further advance and optimise their applications 
in this field.
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