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PREFACE

Chapter 1: Introduction

This chapter delves into the realm of Surface Engineering, Coating, and related concepts. It
commences with an introductory framework, paving the way for subsequent discussions. Surface
Engineering's significance is elaborated upon, emphasizing its role in enhancing material
performance. The chapter extensively discusses various coating techniques, including
nanostructured coatings and thermal spray methods like HVOF, Atmospheric Plasma Spray,
Flame Spray, and Cold Spray. Tribology, wear behaviour, lubrication, corrosion, and Thermal
Protection Systems are also explored, especially in the context of Hypersonic Vehicles,

encapsulating the challenges they present.

Chapter 2: Literature Review

The second chapter embarks on an exhaustive Literature Review, focusing on ZrB2-SiC and Mo-
NiCr composite coatings. It delves into research spanning decades, analysing properties,
behaviours, application techniques, and adhesion, wear, and friction characteristics of these
composites. High-temperature tribology and the influence of thermal shock on coatings are
explored. Additionally, residual stress and microhardness behaviors are investigated, elucidating
the impact of temperature. This chapter forms a robust foundation for understanding the intricate

attributes of these coatings.

Chapter 3: Materials and Methods

This chapter presents coating materials, preparation techniques, substrate selection, and coating
synthesis methods. Process parameters are detailed alongside characterization techniques,
including XRD, SEM, FESEM with EDS, density, porosity, micro hardness, hot corrosion, and

residual stress measurements.

Chapter 4 and 5: Results and Discussion

These two chapters unveils the outcomes of experiments. These chapters exhibit diverse
composite coating systems crafted through HVOF and plasma spray methods. The results are
visualized via tables, graphs, SEM, FESEM micrographs, and other characterizations. Wear
behaviour, hot corrosion, micro hardness, and residual stress of developed coatings are
extensively discussed. Each chapter begins with an introduction and concludes with drawn

observations.



Chapter 6: Conclusions and Future Scope

This chapter is dedicated to presenting the conclusions and future Scope of the research study.
In this chapter, the culmination of the research findings is articulated, outlining the key insights
and discoveries derived from the experimental work. Moreover, the chapter offers a glimpse into
the future Scope of research in the area. It identifies potential avenues for further exploration and
development based on the gaps, challenges, and opportunities revealed by the current study.
References

Additionally, the seventh chapter lists the references used throughout the thesis, culminating the

scholarly journey.
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Abstract
Degradation of the material because of wear and corrosion pose great challenges for the multiple
industrial environments, forcing the researchers for the advance solution to enhance the life and
applicability of the materials. To solve these problems, ultra-high temperature composite
coatings have emerged as prominent solutions due to their property to mitigate the corrosion and
wear of industrial materials.
In the current investigation of composite coating for wear resistance, friction, and corrosion
applications at elevated temperature, two ultra-high temperatures composite coatings (ZrB2-SiC
& NiCr-Mo-WC) have been synthesised with Thermal Spray Techniques. The coatings have
been developed with the constant process parameters of the machines.
A set of characterisation techniques with scanning electron microscope (SEM), X-ray diffraction
(XRD), energy dispersive X-ray spectroscopy (EDS), is used to investigate the morphological
attributes of the developed coatings, elemental distribution, and crystalline configuration.
Mechanical and tribological properties have been studied with help of Vickers Micro-hardness
tester, Pin-on-Disc Tribometer and Pulstec make residual stress analyser. Post hot corrosion test
of the developed coating have also been analysed.
Investigation outcomes from the current study showed the exceptional wear and corrosion
resistance efficiency of the developed ZrB,-SiC and NiCr-Mo-SiC composite coatings system,
surpassing the efficiencies of the traditional coatings.
The thickness of the ZrB»-SiC coating was 300-400um, Value of the (COF) coefficient of friction
ranged from 0.57 to 0.7 and wear rate of the coating (2.02 x 10°3mm?3Nm) was lower than the
substrate material (2.8 x 10 mm?Nm). ZrO, was formed as protective layer during the corrosion
test against the molten sulphate/vanadate salt penetration. This coating has enormous potential
to work as corrosion resistant for hypersonic applications. The hardness of the Mo-NiCr-Mo-W
composite coating increased notably with the upsurge of temperature with the rise of temperature
reaching at the value of 290.8V at 400°C. Residual stress decreased with the increase of
temperature with highest value of 354 MPa at 100°C.The COF shows it maximum value at 400°C
and minimum at 100°C while wear rate was maximum at 100°C. SEM analysis shows that
erosion, abrasion, worn surface and layer delamination as prominent wear mechanisms.
Keywords: Composite Coating, Wear Resistance, Corrosion Resistance, SEM, XRD, EDS,
Synthesis

XVii



Chapter: 1

Introduction

This current chapter delves into a comprehensive exploration of Surface Engineering, Coating,
and related aspects. The initial section introduces the Framework, setting the stage for
understanding the subsequent discussions. Surface Engineering is then dissected, highlighting
the significance of enhancing material surfaces for improved performance. Coating, as a
fundamental technique, is discussed extensively, covering Coating Quality and the critical
factors influencing it, such as Coating Process Parameters. The chapter explores an array of
different coating techniques, ranging from nanostructured coatings and their role in enhancing
wear resistance to thermal spray coating techniques like High-Velocity Oxy-Fuel (HVOF) Spray
Process, Atmospheric Plasma Spray Process, Flame Spray Process, and Cold Spray Technique.
Special attention is paid to Carbide Coatings and Oxide Coatings, with a focus on Thermal

Barrier Coatings (TBCs) and Metallic Coatings, including Diamond Coatings.

The discussion then branches into Tribology, expounding on its benefits and properties in the
context of friction, wear behaviours, and types of wear, covering various applications like the
Piston-Cylinder System and Gas Turbines. The chapter further emphasizes Tailoring Coating
Properties to enhance wear resistance and provides insights into Recent Trends in Metal Wear.
Lubrication and Corrosion emerge as crucial considerations, with a comprehensive analysis of
various Types of Corrosion. The final stretch of the chapter delves into the domain of Thermal
Protection Systems (TPS), especially in the context of Hypersonic Vehicles, addressing the
unique Challenges faced during hypersonic flight. Overall, the first chapter offers a multifaceted
exploration of Surface Engineering, Coating Techniques, Tribology, Lubrication, Corrosion,

and their implications in the realm of cutting-edge technologies like Hypersonic Vehicles.



1.1 Background

Friction and wear are consistently recognised as problem creators in moving device assemblies
and components operating at a very high temperature. Aerospace, metalworking industries, and
power generation units are some examples. It has been seen that wear and friction are responsible
for carrying maximum manufacturing costs in the manufacturing industries. This cost is
generated due to friction and wear, which consists of energy cost that includes the cost of

spending on energy to save the component from friction or overcome the friction.

Wear
Friction FaCtOIr O?S:EESnergy Agggtsj?t?s:c

Other Reasons

Figure 1.1: Factor of Energy losses

This energy is required to produce, replace, and spare worn-out parts and maintenance linked
with this cost. The result of wear on an economic coat of industries is more critical than friction
as it could be responsible for the calamitous stoppage and breakdown of machines, part
components, etc., which results in high overall costs. According to one study, new spraying
methods, new materials, excellent lubrication properties, several surface modification
techniques, and many more can reduce friction and wear among the moving parts and save up to
40 % of energy and cost. If this energy is saved, it would be 1.4 % annual GDP of the entire
world. The saved energy can be used to protect the environment by reducing carbon emissions
by up to 3140 metric carbon dioxide[1].That's why it is essential to control friction and wear to
improve product quality, cost, and productivity.

Wear is explained as losing material from the contacting exterior surface when they come near
each other. In other words, the material is not entirely lost; it only moves from one surface to
another. Wear will be responsible for the performance dropping or complete failure in maximum
cases. A system cannot bear high temperatures when it’s lubricated system not able to bear high
temperature. Usually, at 300°C, lubricate starts quickly decompose [2]. At high temperatures,
thermal fatigue, increased oxidation, chemical reactions (Tribo) and mechanical vagaries in

2



material properties occur compared to low temperatures. It has been observed from the literature
surface engineering is the best answer to these challenges. Surface engineering is well-defined
as properties changing process of materials to get the desired properties that cannot be achieved
from the bulk material alone[3]. ST and Coatings with varying thickness, adhesive strength, cost
and spalling nature are the important parameters which are needed to consider while developing
the coatings. These coatings are used for protecting the surface of components against wear, tear,
friction, corrosion and many more. Now a days ceramics coatings are developing due its
capability to stand at high temperature for several applications. This means the material can be
modified by utilizing surface treatments and surface coatings to get the desired properties. The
strengthen and strong coatings can be developed by using bulk materials which protects the
components and provide excellent wear resistance and corrosion resistance properties. That’s
why the bulk materials can be the choice of engineers to producing coatings with low cost[3].
Researchers are rigorously developing coatings that withstand high temperatures and wear

resistance worldwide.

Many studies have been done to investigate the wear behaviour at ambient temperature,
nonetheless less investigations have been performed on high temperatures which can stand
beyond 2000°C with hard metal coatings. For instance, in hypersonic vehicles, the temperature
of these leading edges is passed through 2000°C at hypersonic flight, which is far above the
temperature of the material we know. Usually, Hypersonic is the symbol of speed where the
speed is more than Mach 5, or in other words, speed is five times the speed of sound, for instance,
~1, 235 km/h[4], [5] It has been seen that when a hypersonic vehicle travels with a hypersonic
speed, its whole body parts are re-exposed to high-temperature heat because of drag at the time
of re-entry, and leading edges also suffer from the same as shown in figure 1.2

Nose cone —>~ _
b

-
Scramjet inlet ————> 4%
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Tail fin

Nozzle throat liners

Figurel.2: Displays the leading-edge components of hypersonic vehicle[6].



These parts include the plane nose, wings, scramjets, and tail fins and are subjected to high
temperatures and severe thermal exposure[7]. That's why researchers are still working on
technology for developing a more efficient coating for airplanes, especially for hypersonic
vehicles. These hypersonic vehicles also require a hard metal composite coating that could
provide excellent hardness, high wear resistance, hot corrosion resistance, molten salt blend
resistance and significant toughness. Molybdenum, tungsten, nickel-chromium carbide,
chromium carbide, chromium, etc., are the composite materials that could be used as a hard coat
material for applying hypersonic vehicles. These materials can provide corrosion resistance,
toughness, and hardness to the substrate materials[8]-[10].In the same concern, Mo particles are
employed for improving the melting point, thermal expansion, durability, COF, and strength[11].
In the early days, silicon carbide material was used by NASA (National Aeronautics and Space
Administration) for designing space vehicles such as the space shuttle orbiter and LRO (Lunar
Reconnaissance Orbiter) by adding large and blunt leading radius edges(figure 1.3 )[12], [13].

Figure 1.3 (a) Represent the digital image of a space shuttle orbiter with blunt edge[13] (b)
Indicate sharp leading edge of hypersonic Vehicle [14].

NASA considers this design to reduce the aerodynamic heating of hypersonic vehicle body parts
at 1500°C throughout the vehicle during re-entry. But, these large body parts of hypersonic
vehicles imposed too many drawbacks during the vehicle trajectory, are follows below[15].
e Reduce the L/D ratio (Lift/Drag); this dramatically reduces the vehicle's manoeuvrability.
e It also reduces the ross range of the vehicle at the time of descent from the orbit.
e It enhances the chances of ditching the vehicle ocean and provides less time for aborting
the launch.
Thus, Kolodziej et al. used lean aerodynamic shapes and sharp leading edges application
[16]. However, the space vehicle temperature rises to 2000°C if the radius of leading edges

is reduced. This is per the empirical relation shown in equation 1.1[17].



q=183 x 1074y3 |-+ Equation 1.1
Tnose

Where ¢ denotes heating rate of vehicle's (W/m?), V represents the velocity (vehicle) (m/s),
p: Air density (kg/m?)
I'ose : Vehicle's nose radius (m).
From the above-said relation, it is clear that the temperature of the leading edges grows at a
high rate reducing the radius of leading edge structures such as nose cones, tails fins, and
wings, as the heating (q) contrariwise proportional to the square root of leading-edge radius
(nose)[17].
Figure 1.4 a shows the severe bow shock waves at sharp leading edges, nose cones, wings,
tail fins, and scramjet at hypersonic speed. Figure 1.4 b shows the interaction between the
bow shock waves and a hypersonic vehicle's leading edges (sharp). The shock off-land
distance is between the bow shock and the location on the leading edge, facing directly into
the airflow (stagnation point). The atmospheric air or gas molecules such as N2 and O started
to flow in the compressed state with static enthalpy, high density, temperature, and high
pressure. It has been seen that when compressed gases with high enthalpy impose on the
surface of sharp leading edges, a boundary layer forms along the surface, as shown in Fig
1.4b. The N2 and O2 molecules separate from each other and become highly reactive N and
O atoms on the surface leading edges. All these occurrences coincide during hypersonic flow;
the old SiC-based material is more prone to failure from thermal shocks, high temperatures,
melting, and oxidation. Wuchina et al., reported that using conventional SiC-based material
as sharp leading edges results in active oxidation and direct formation of the SiO gaseous
phase at 1350 °C instead of having a protective SiO> layer [5].

Figure 1.4 (a) Represent the formation of bow shock waves along the sharp leading edges
of the hypersonic Vehicle [46] and (b) is the schematic illustration of hypersonic bow

features [47].
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Further, they also stated about the decomposition of already formed SiO: layer into SiO gas
at extremely high-temperature environments, i.e., beyond 2000 °C. Hence, it is evident that
new materials are required for sharp leading edges of hypersonic vehicles to withstand
extreme temperatures and thermal shocks.
Seeing the literature, the researcher can decide on the materials required to identify a
significant potential for structural application in hypersonic vehicles. The required properties
of materials are shown as follows [15], [18], [19]:

e The melting temperature of the material should be more than 2000 °C.

e The material should have high strength at temperatures more than 2000 °C.

e The material should higher conductivity, i.e.,>14.5 W.m?, K.

e Oxidation resistance should be <80 gm above 2 Hour at 1400 °C.

Figure 1.5, bar shows the melting temperature of various high-temperature materials, including

oxides, borides, and nitrides elements [20].
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Figure 1.5: Depicts the melting temperature of various materials family [5].
Several non-oxide materials, such as tungsten (W), carbon (C), and rhenium (Re), carry a melting
point of more than 3000°C. These materials were observed as active material which goes
oxidation and forms solid, liquid, or gaseous reaction products that would provide safety to space
vehicles. Further, the metal oxides like hafnium oxide (HfO), zirconium dioxide (ZrOz), and
thorium dioxide (ThO2) were not considered because of their low thermal conductivity values
(1.9-3.6 W.mL. K1), which leads to poor dissipation of heat under extreme temperature (> 2000
°C) [5]. Ceramic materials with mechanical solid, thermal, and chemical strength can be used at
extremely high temperatures. The materials in these applications are subjected to high
temperatures and a flowing environment and are highly reactive (e.g., O, O2) [5], [6].
Chemically, thermally, and mechanically stable candidates for the material are also required. The



relevance and high demand for UHTC applications have increased research and development
efforts to produce UHTCs. A functionally sound/stable UHTC requires temperatures between
1000 and 2000 °C[21][22]. The ZrB,-SiC-based coating system is now receiving a lot of interest
among other coating systems. ZrB: is the widely explored UHTCs material due to its higher
value of thermal conductivity, i.e. (58.2 W m™ K1), high melting point (3519 K), advanced
electrical conductivity, relatively less density (6.09 g/cm?), low thermal expansion's coefficient
(5.8 x 10 °C1), strong thermal shock resistance, and high hardness [23][17]. Because of these
properties, these coatings (ZrB2-based) are used as TBCs in the thermal protection system (TPS).
Thermal Barrier Coating (TBCs) results grounded on ZrB; are frequently used. Furthermore,
ZrB»-based coatings protect C-C (carbon-carbon) composites from oxidation at elevated
temperatures by work through abstraction -resilient coatings. Therefore, Carbon/Carbon
composite is the best choice for structural and thermal components.

Although ZrB: is oxidized at high temperatures, its applicability has been severely limited.
Several investigations have been conducted on ZrB; oxidation behavior, and several strategies
have been devised to increase ZrB, oxidation resistance. The amalgamation of ZrB, and SiC
growths the oxidation resistance at 1000-1800 °C with building of low impulsive Boro-Silicate
Glass (BSG) with decreased oxygen permeability[24]. Researchers employed in high- rise
temperature conditions to tolerate oxidation, corrosion, and wear. ZrB,-SiC ceramics modernly
react with air at 800-1200°C, yielding ZrO. and B>Oz. A protective scale of molten B>O3 can be
applied to boost oxidation resistance. As the temperature rises, the SiO> layer is developed on
the surface due to the oxidation of SiC, which can further restrict oxygen entrance into the matrix
[15], [25]. Simultaneously, ZrSiO4 may be produced by reacting ZrO2 and SiO2, which enhances
the resistance to oxidation for the coating system. Incorporating a Silicon Carbide ceramic into
ZrB>-dependent ceramics can noticeably upgrade oxidation performance within the moderate
elevated-temperature kind, with the ideal quantity of Silicon Carbide ranging from vol% of 15%
to 20%.

The oxidation performance of ZrB,-based ceramic coatings is studied, at high temperatures. In
maximum studies, the impact of ZrB> density has been calculated, but no studies performed on
the hot corrosion behaviour of ZrB,-SiC composite coatings against the corrosive salt
environment of V2,05 and Na2SO4 at temperatures more than 900 °C[20]. The result is to prevent
this hindrance, i.e., in the molten salt flow of ZrB»-SiC. The present research aims to develop the
ZrB»-Silicon carbide (SC) plasma spray coatings on an Inconel-718 substrate for protecting

hypersonic vehicles from hot corrosion.



A work showed by[22] Shrirshendu et al., found that the wear resistance of ZrB,-TiB; had shown
excellent wear-resisting behaviour due to fracture toughness and hardness. Jitendra et al.,
investigated the effect of COF while increasing the formation of tribo-chemical films and found
the value of COF decreased[26]. Some studies also settle on study of the wear and oxidation

behaviour of APS(Atmospheric Plasma Spray )ZrB> grounded coatings.

Researchers are working towards developing a composite coating that can offer excellent
hardness, wear resistance at high temperatures, hot corrosion resistance, hard composite coating
for wear resistance, and hot corrosion resistance applications.

The surface engineering techniques help retain substrate mechanical properties while providing
hardness or corrosion-resistant layers at the surface. Traditional surface modification methods
such as nitriding, boriding, or carburizing suffer from 3 disadvantages: long treatment time,
uneven treatment depths, higher costs, and damage environment by releasing a large amount of
CO.. Thermal spraying practices. Chemical Vapour Deposition (CVD), Physical Vapour
Deposition (PVD), and are cast-off widely for different wear and corrosion applications. But in
comparison, thermal spray coatings have better properties, higher coating thickness, and lower
application costs and are less damaging to the environment than other processes [27].

Among different coating methods, thermal spraying techniques can spray the most
comprehensive materials with an extensive range of coating thickness and coating properties.
Due to these advantages, Thermal Spray Techniques continuously used in many applications
such as automobile, mining, aviation, thermal power plant, printing, orthopaedic and dental
implants, etc.

However, less research has been done on studying high temperature and hot corrosion tribology-
related applications such as Hypersonic Vehicles, the performance of HVOF, and thermal spray
technique, respectively. The compositions of materials for surface coating on hypersonic
vehicles must be developed, and their uses at high temperatures must be studied further. The aim
of the current research is to recognize composite coating compositions and tribological behaviour
of synthesize coating at high temperatures and in the environment of hot corrosion, thus do
develop the knowledge and gaining noble knowledge. HVOF-sprayed Mo-NiCr-W-WC and
thermally sprayed ZrB:-SiC are applied to the substrate material and tested against high
temperature, oxidation resistance, and hot corrosion.

Mo-NiCr-W-WC is the self-fluxing alloy. Kashani et al.[28], investigated hard coatings, which
are Ni-based, provide excellent wear resistance to forging dies when mixed with cobalt. This
happens to die to the formation of compact oxide when it is exposed to high temperatures at

sliding conditions[29].



It has been seen that when the researchers require the amalgamation of corrosion and wear, these
two are taken together (NiCrBSi) and showed a most attractive option in the case of Ni hard-
facing alloys [30][31]. Thus, good metallurgical interface bonding is achieved due to their lower
melting point and good mixing characteristics that make them the best [5]. Because of this,
NiCrBSi alloys provide various applications in surface coatings, repair, and manufacturing [32].
Kaiming et al.[33] added 10 percent Mo and carbides in Ni-based hard coatings and found
improved microstructure and better wear resistance capability of outcome composite that has
produced for NiCrMo steel plate.

Hou et al.[34] also mixed NiCrBSi with Mo and found good wear-resisting properties with
uniform microstructure at room temperature. But unfortunately, their work falls short in the worn
surface characterization and testing mechanism of the wear mechanism. Additionally, the
addition of Mo in the fabricated coatings has shown the introduction of the oxide layer (thin) and
forms MoO: at the time of rubbing. Mo enhanced the hardness, decreased COF, and acted as a
solid lubricate[35], [36].

In this respect, the current study is conducted on HVOF spray, a deposited composite mixture of
MO and NiCr-W-WC powders) to enhance the wear resistance associated with creating
molybdenum oxide, which is present on a layer of worn surface [34] .

Grigorescu et al.[37] also found that adding chromium to the complex phase alloy powders can
enhance corrosion and wear resistance.

Zikin et al.[38]also investigated the repeated impact nature of abrasive wear of NiCrBSi hard-
facing powders when reinforced with plasma-sprayed TiC-NiMo and CrsC2-Ni at cladding
temperatures of 550, 350, 700 and 20°C. In the obtained result, it has been found that at a room
temperature of 650°C, the wear rate of TiC-NiMo increased, while hard coatings of CrsC>-Ni
illustrated the uniform behaviour from 350 °C to 650 °C.

Garcia et al.[39] and Ahn et al.[40] described WC, NbC, Cr3Cy, TiC, SiC, VC, and WC-Ni hard
reinforcement particulates to NiCrSiFeBC matrix. Outcome showed enhance wear execution.
Tungsten Carbide generally present rigid coating is always cast-off for wear resistance usage
because of their promising possessions like high hardness, high M.P, and low thermal expansion
COF Gupta et al.[41], Kaushal et al.[25].

Currently, industries are adopting several coating spray technologies, such as HVOF,
atmospheric spray, etc. The wear resistance affects the coating microstructure and properties
such as sprayed coating, hardness, porosity, oxidation, particle degradation, and decomposition
of the hard phase. The HVOF spray technology increased in popularity because of its machinery

portability and could be applied in industry. It has been observed that the coating quality received
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from HVOF spray technology provides the best properties (such as the highly fine, densely
packed structure of particles of molten splat) compared to other coating techniques. According
to [42], HVOF-coated coatings possess a low content of oxides that is less than 1% because of
low in-flight oxidation. On the other hand, atmosphere plasma spray technology is also used by
industries to reduce wear among the components. Parthasarathi et al.[43] used APS technology

for spraying NiCrBSi coatings onto the different substrate material.

1.2 Surface Engineering

Surface engineering techniques consist of various surface treatments/ coatings applied to change
the component surface's mechanical, chemical, and physical properties without changing the
bulk properties. Many mechanisms causing failure, namely abrasion, adhesion, plastic
deformation, etc., occur at the tool-work-piece interface's intersection. Surface engineering via
surface treatment or coating provides desired wear resistance/ corrosion resistance at the surface
according to the application requirement, while the bulk material provides mechanical strength/
toughness. The assortment of a specific surface modification technique depends upon the
application’s requirements. The main approach to decreasing wear and improving components’
life is to protect the surface from the dominant wear mode. Surface engineering processes include
thermal treatments (flame hardening, induction hardening, and laser hardening). In these
techniques, the surface of steels is heat-treated by heating them above austenitizing temperature
and then cooling them quickly to form hard, wear-resistant surfaces. Thermally assisted diffusion
processes are very popular in the surface treatment of die steels. These techniques include
carburizing, nitriding, boriding, etc. Thin Surface coatings (thickness up to 500 pum), hard
carbides, and nitrides are applied on the surface by employing numerous techniques such as PVD
CVD, chemical processes (such as phosphating, anodizing, etc.), electroplating. Thick coatings

are developed generally by welding or thermal spraying processes[44].
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Figure 1.6: Application of Surface Engineering

De Masi-Marcin and Gupta (1994) reported that the CVD technique requires adequate masking
and special tooling, which makes this technique quite expensive [45]. lllavsky et al. (2000) stated
that the coating prepared by thermal spray results in better properties at lower costs and fewer
environmental issues compared with CVD, PVD, and hard chromium plating[46]. The lamellar
splats typically formed in a thermal spray process are parallel to the surface and provide better
resistance to applied mechanical load than PVD deposits that are columnar and perpendicular to
24 the surface (Chattopadhyay, 2001). Moreover, Nicholls and Stephenson (1995) reported that

overlay techniques such as thermal spray improved results in high-temperature applications[47].

1.3 Coating

Coating techniques are processes used to apply a layer of material onto a substrate surface for
various purposes, such as protection, decoration, functionalization, or enhancement of specific
properties. Air Spray method uses compressed air to atomize the coating material into small
droplets, which are then sprayed onto the substrate. HVLP (High Volume Low Pressure) Spray:
Similar to air spray, but it uses lower pressure to reduce overspray and increase transfer
efficiency. In Electrostatic Spray the coating material is charged, and the substrate is grounded,
causing the charged particles to be attracted to the substrate for uniform coverage[48]. In Airless
Spray a high-pressure pump forces the coating material through a small orifice, breaking it into
fine droplets that are sprayed over the base materials. In Dip Coating the base material (Substrate)
is immersed into a container of the coating material, and as it is withdrawn, the excess material
drips off, leaving a uniform coating on the substrate. Spin Coating the substrate is placed on a

spinning platform, and a small amount of liquid coating material is dispensed at the centre.
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Centrifugal force spreads the liquid across the substrate, creating a thin, uniform coating[49].
Roll Coating the substrate passes between two rollers, one of which is partially submerged in the
coating material. The material is transferred from the roller to the substrate[50]. In Physical
Vapour Deposition (PVD) evaporation or sputtering is used to deposit material in a vacuum
chamber onto the substrate. Common methods include evaporation, magnetron sputtering, and
ion plating. In Chemical Vapour Deposition (CVD) gases containing the desired coating material
are introduced into a chamber, where they react and deposit a solid coating onto the substrate[51].
Electroplating is a process where metal ions in a solution are reduced and deposited onto a
conductive substrate under the influence of an electric current. Anodizing is an electrochemical
process that enhances the thickness and density of the naturally occurring oxide layer over the
metal surface like aluminium, creating a protective and decorative coating. In Powder Coating
finely ground particles of coating material are electrostatically charged and sprayed onto a
grounded substrate. The coated substrate is then heated, causing the powder to melt and form a
continuous film. In Sol-Gel Coating a solution containing precursors of the desired material is
applied to the substrate, and through controlled chemical reactions, a solid coating is formed as
the solvent evaporates. In Plasma Coating plasma is used to create high-energy, reactive species
that interact with coating materials, leading to enhanced adhesion, improved properties, or the
formation of thin films[52]. In Laser Cladding a laser beam is used to melt and fuse coating
material onto a substrate, creating a metallurgical bonded coating layer. Physical Masking
techniques such as stencilling, masking tape, or photoresist are used to selectively shield parts of
the substrate from the coating process, creating patterned or masked coatings[53]. These coating
techniques are just a subset of the many methods available for applying coatings to different
types of substrates in various industries, including manufacturing, electronics, automotive,
aerospace, and more. The choice of coating technique depends on factors such as the substrate

material, desired properties, cost-effectiveness, and application requirements.

1.4 Coating Quality:
Quiality parameters for the composite coatings can vary on the basis of application and utilization
of the coating. However, here are some common quality parameters that are often assessed when

we evaluate the quality of composite coatings[54].
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Figure 1.7: Quality parameters

Adhesion Strength: The strength of the bond amid the coating and the base material. A
strong adhesion ensures durability and prevents delamination.

Thickness Uniformity: The evenness of the coating's thickness across the base material.
Inconsistent thickness can lead to variations in performance and properties.
Microstructure: The internal structure of the composite coating, including the
distribution of reinforcement materials. A uniform microstructure contributes to
consistent mechanical and thermal properties.

Porosity: The presence of voids or pores within the coating. Excessive porosity can
weaken the coating and reduce its protective capabilities.

Corrosion Resistance: The ability of the coating to protect the substrate material from
corrosion and environmental degradation.

Wear Resistance: The coating's ability to withstand abrasion and wear, which is crucial
for applications in high friction environments.

Hardness: The resistance of the coating to indentation or scratching, indicative of its
overall durability.

Coefficient of Thermal Expansion: The change in size of the coating due to temperature
fluctuations, which should match that of the substrate to prevent cracking.

Thermal Conductivity: The ability of the coating to transfer heat, which is important in
applications where thermal management is critical.

Electrical Conductivity: Relevant for coatings used in electronic or electromagnetic
applications, where specific electrical properties are required.

Surface Finish: The texture and smoothness of the coated surface, which can impact
13



aesthetics, functionality, and ease of cleaning.
xii.  Chemical Resistance: The coating's ability to resist chemical interactions, crucial in
environments where exposure to corrosive substances is likely.
1.5 Composite Coating[55]
Composite coatings involve the application of a layer or film containing a combination of
different materials to a substrate surface. These coatings are designed to take advantage of the

unique properties of each constituent material, resulting in enhanced overall performance.
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Figure 1.8 Composite Coating Fabrication Techniques

Composite coatings find applications in various industries, ranging from aerospace and
biomedical fields. It's important to note that designing and applying composite coatings can be
complex due to the interactions between the different materials and their processing methods.
The choice of materials, preparation techniques, and deposition methods play a significant role
in achieving the desired properties and performance of the composite coating [56].

1.5.1. Advantages of Composite Coatings:

Composite coatings can consist of different materials, including polymers, metals, ceramics,
nanoparticles, and more. The selection of materials based on the required properties and the
specific application. Some common types of composite coatings include [57]. Composite
coatings offer several advantages over single-material coatings. Despite significant attempts to
create novel coating system, only a few, largely "simple-structured” films were successful and
are still in demand. The majority of saleable PVD and CVD coatings are made up with the help
of amono layer that frequently only contains one (or two) single phases. It required high cost for

tool cost and storage dumping [58].
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Figure 1.9 Advantage of Composite Coating

4

1.5.2 Application of Composite Coatings:

Composite coatings consists a broad range of applications, including[59].

I.  Wear and Abrasion Resistance: In industries like manufacturing, mining, and
aerospace, composite coatings can provide enhanced wear resistance and prolong the
lifespan of components.

1. Corrosion Protection: Composite coatings can protect substrates from corrosion in
harsh environments.

1. Electrical Conductivity: Composite coatings with conductive materials are used in
electronic and electrochemical applications.

Iv. Biomedical Applications: Composite coatings can provide biocompatibility and
controlled drug release for medical implants.

V.  Thermal Barrier Coatings: These coatings are used to protect components from high
temperatures in aerospace and gas turbine engines.

VI.  Aerospace and Aviation: Composite coatings are utilised in aerospace applications to
improve the performance and longevity of aircraft components. They offer resistance to
wear, corrosion, and high temperatures, making them ideal for engine components,
landing gear, and structural sections.

VIl.  Automotive Industry: Composite coatings are employed to improve the wear resistance
and frictional properties of engine components, such as pistons, cylinders, and
crankshafts. These coatings contribute to improved fuel efficiency and extended engine
life.
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vill.  Oiland Gas Industry: Oil and gas industry used part components are frequently exposed
to adverse and corrosive environments. Composite coatings provide corrosion resistance
and anti-wear qualities for components such as valves, pumps, and pipelines, extending
their life and lowering maintenance costs.

IX.  Industrial Machinery: Composite coatings are used on industrial equipment such as
pumps, bearings, and rollers to increase durability, reduce friction, and save downtime.

This increases the productivity and efficiency of production processes.
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Figure 1.10 Applications of Composite Coatings

1.6 Different Coating Techniques[42]

Coating techniques can be classified based on various criteria, including the method of
application, the nature of the different coating material and the intended purpose of the coating.
Remember, these classifications are not exhaustive, and coatings can often fall into multiple
categories. The choice of coating technique and material depends on factors such as the intended
application, performance requirements, environmental considerations, and cost-effectiveness.
1.6.1 Thermal spray Coating Process

The term thermal spray defines coating processes that utilize an energy source to heat and propel
coating material on the substrate to form relatively thick coatings. The sprayed material is
initially in powder, wire, and rod. The sprayed particulates are in a half-molten or fully molten
state in these methods, and they form mechanical bonds upon impact with the substrate. These
processes are very flexible and are used to spray different metallic-based and non-metallic-based
materials for protection against wear, erosion, corrosion, and fatigue. Any material can be

thermally sprayed if it doesn’t putrefy, evaporate, transfer, or disconnect on heating. These
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methods could coat materials with very low melting points without excessive heating or grain
structure distortion of the substrate. When the coatings are damaged after prolonged exposure to
working conditions, thermal spray coatings can be stripped off and re-applied without changing
substrate properties or dimensions.

These processes are classified according to the heat source into 3 important classes, i.e., Flame
spray, electric arc spray, and plasma arc spray. From a wide variety of Thermal Spray techniques
accessible, choosing a specific technique be contingent upon the necessities of components, the
flexibility of materials required for specific applications, and the cost of coating, which the
industry can pay [42], [60].

Spray gun _ _:S_Ei:‘ stean
Po£e§ mixing
——

gas

Figure 1.11: Systematic diagram of thermalspray process [61]

Very high particle temperatures and high particle speeds (50 to >1000 m/s) produce coatings
with a characteristic lamellar structure consisting of layers of compressed splats formed after
each pass of the spray torch. The coated particles cool very quickly to form uniform, fine-grained
and hard coatings. Some porosity (between 0-10%) and oxide inclusions are inherent to these

processes, which post-treatment can reduce.

1.6.2 Classification of Thermal spray Coating Process

Advanced coating methods called thermal spray techniques are utilized to apply a variety of
materials on a variety of surfaces. These methods entail melting or softening the coating
substance before projecting it onto the substrate, where it hardens to create a layer that is either
protective or useful. Different thermal spraying methods have unique characteristics and are
appropriate for varied applications. The selection of method hinge on aspects like the substrate
material, application environment, economic concerns, coating material and desired qualities.
Thermal spray processes listed below each have strengths and drawbacks. Here are some

common thermal spray techniques and their roles.
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Fig 1.12 Classification of various thermal spray coating processes

1.6.2.1 High-Velocity Oxy-Fuel (HVOF) Spray Process

HVOF spray is utmost popular thermal spray technique due to the more properties of as-sprayed
coatings produced by it. This process supplies much fuel gas and air into a combustion chamber.
These gases expand and exit through a long nozzle (8 to 30 cm long) upon combustion. The
convergent and divergent design of the nozzle results in supersonic gas speeds (1500-1800
m/s)[8], [48]. Hydrogen, propylene, propane, acetylene, and kerosene are mostly used fuel gases.
Air is also supplied for combustion. Air or water cooling is employed for cooling the combustion
chambers and barrel of HVOF guns. A carrier gas such as helium, nitrogen or argon feeds the
coating powders into a barrel. The powder particles are heated up to 3300°C and reach speeds
up to 1000 m/s [8]. These particles impinge on the substrate with huge forces and produce very
dense coatings with very low porosity, excellent adhesive and cohesive strength, and low oxide
content. The in-flight particle temperature and oxidation are quite low compared with other
thermal spray processes, this aspect makes HVOF particularly suitable for applying hard cermet
coatings such as WC/Co or Cr2Cs/NiCr. The minimal decomposition of WC into W>C occurs in
this process, which helps the cermet coating retain its hardness. Low particle temperature also
ensures that the coating leaves a low thermal imprint on the substrates and consequently they do
require any stress-relieving. When the spray parameters and conditions are optimized HVOF
coatings produce bond strength more than 80 MPa and porosity of less than 1%. High impact
forces also produce high compressive residual stresses in the coatings which are beneficial in
most of the coating applications. HVOF has helped in spreading the spectrum of thermal spray

to new applications by spraying powders of particles which couldn’t be sprayed by any other
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thermal spray technique. The gases leaving the nozzle have such high speeds that “shock”
diamond patterns are visible which are generally exhibited by supersonic jet aircraft. These high

speeds are accompanied by very high noise levels up to 135 decibel.
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Figure 1.13: Representation of the HVOF spray process [48]

HIPOJET-2700M GUN: Powder is sprayed with supersonic velocity using a spray gun. When
employing fuel gases like LPG (liquefied petroleum gas), propylene, propane or natural gas, the
typical gun can be set to spray HVOF-grade powders. The HIPOJET-2700M Gun from MEC is
used as a powder sprayer in our current study [26]. Figure 2.9 displays the schematic for the
HIPOJET-2700M Gun of the HVOF thermal spray system. The gun's internal axial-feed powder
injection is one of its design elements. With the aid of specially designed water-cooled gas

mixing and combustion chambers, high thermal efficiency,

Figure 1.14: HVOF Spray Gun
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maximum particle heating, and unrestricted gas and powder movement are all made possible.
Because of the dense, low oxide coatings that are produced by high particle velocities, operating
costs are reduced. The overall design is compact and streamlined because every hose connection
enters the gun axially. Simple maintenance methods are made possible by the gun's flexible body

design.

Grid Blaster: Utilising dry compressed air, an additive layer is applied to substrate materials
using a pressure blaster of the MEC PR-9182 model. High-velocity abrasive particles are
released from the blast nozzle and utilised to remove or prepare substrate materials. Pressure
blasting cabinets are used to collect the dust created during the blasting process as well as to
ventilate the blasting chamber of dust and fumes while reducing noise levels. In this, dust is
collected using a high-efficiency fabric dust. The figure displays the HVOF thermal spray

system's pressure blaster's systematic diagram.

Figure 1.15: Systematic diagram of grid blaster of HVOF systm

DUST COLLECTOR: It is a form of mechanical separator that uses centrifugal force as its
operating mechanism to separate metals or dust particles from the air steam of the spraying zone.
Additionally, it offers large separation velocities. The figure depicts the HVOF thermal spray

system's spray chamber in systematic way.
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X-Y manipulator

Figure 1.16: Systematic diagram of HVOF dust collector

Control Panel: The MEC makes the control panel model, which connects the gun to the gas
supply and serves as the system's brain, one of the most crucial components of the HIPOJET-
2700M HVOF powder spray system. It is a priceless piece of equipment utilised to gauge and
control the flow of oxygen, air and fuel gas to the HVOF powder flame spray cannon. It is one
of the most trustworthy gas flow indicators and helps with the best coating. It is a tough gadget
designed to control and securely monitor the oxygen, fuel gas, and air flow to the HIPOJET-
2700 Spray Gun. Due to its connection to both the gas supply and the gun, it serves as a reliable

gas flow indication and aids in providing the best coating quality.
\ ,'Q\ @) 4\]

-

“  Gas Control Unit

Control Pannel

Figure 1.17: HVOF powder spray system
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One pressure gauge each for oxygen (0-21 kg/cm?), fuel gas (LPG or propane) (0—10 kg/cm?),
and air (010 kg/cm?) are present on this console. The pressure can be changed thanks to the
installation of gas regulators and air regulators on gas cylinders and air control units,
respectively. The control panel also has three flow metre (one for oxygen, one for fuel gas and
one for air) to measure the flow of these gases in SLPM. The graphic displays the control panel's

schematic diagram for the HVOF thermal spray system.

Powder feeder: In thermal spray applications, the MEC PF-700/PF-3350 powder feeder is
employed as an exact powder feeder system. The powder feeder system consists of a pressurized
powder container filled with powder that feeds into a slot in a powder wheel. The powder feed
hose receives the powder from the powder wheel, and the carrier gas then transports the powder
to the spray gun [26]. The powder wheel at the base of the canister has slots that are filled with
powder. The rotating powder wheel pushes the powder into the exit holes. An inert carrier gas
transports the powder from the exit ports through the powder hose and onto the thermal spray
gun. The technology is built to withstand the spray environment. The blanket heater has a
programmable temperature control with adjustable increment. The figure displays the HVOF
thermal spray system's powder feeder in a systematic diagram.

Figure 1.18: Systematic diagram of powder feeder of HVOF system

1.6.2.1.1 Advantages of the HVOF System

HVOF process provides coatings with excellent mechanical properties mainly due to very high
spray particle velocity. Following are the main advantages of HVOF technique over other
methods [8], [60]
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e Effective heating of sprayed particles caused by high turbulence in the combustion zone.

e High particle speeds result in very low exposure time, leading to low particle oxidation

compared to other thermal spray methods.

e The mixing of air with sprayed particles is almost eliminated.

e Particle temperatures achieved in HVOF spray are much lower (around 3000°C) than

other techniques like plasma spray, flame spray, and arc spray.

The desired flame temperature in an HVOF system can be achieved by using suitable fuel
and altering the fuel-air ratio. The particulate temperature depends on the powder injector
location, angle, carrier gas, and powder flow rates. Improvement in the design of HVOF guns
has led to improved coating quality over time. The first and second-generation HVOF guns, such
as Top Gun, Jet-Kote, etc., could work at 3-5 bar combustion pressure, and typical coatings like
WC-Co could be accelerated to about 450 m/s. But the third-generation spray guns like Diamond
Jet Hybrid 2600 and 2700, JP-5000, etc., can withstand 6-10 bar combustion pressure safely,
resulting in improved spray rates and particle speeds ([8], [62]). The HVOF system used in the
current work consisted of HVOF spraying gun, powder feeding system, hoses for supplying

carrier and fuel gas, gas regulators, and air-cooling circuit.

1.6.2.2 Atmospheric Plasma Spray Process (APS)

In the plasma spray process, a very high DC voltage ionizes gases like argon, helium, nitrogen,
etc. These ions recombine with free electrons and release a large amount of heat energy resulting
in a plasma jet temperature of 10,000 K[63]. Heat and expansion cause gas acceleration within
the torch. To achieve desired plasma jet and particle velocities the nozzle exit is designed
accordingly. A convergent/ divergent nozzle is used to achieve supersonic jet velocities. But in
many designs, subsonic velocities are desired to achieve higher dwell time. The plasma
electrodes are generally made of tungsten doped with inert elements. Coating powders enters the
28 jets either radially or axially. The powder particles get heated (and melted in most cases) and
impact on the substrate with high velocities. The molten splats cool and solidify to form coatings.
Due to high particle temperature, a higher degree of melting, and comparatively higher particle
speeds in the plasma spray process, the coatings produced have higher density and bond strength
than electric arc and flame spray coatings. When spray parameters are optimized for a particular
coating, low porosity values (less than 1%) comparable with detonation gun and HVOF spray
could be achieved. The high kinetic energy imparted to powder particles leads to effective
particle deformation on impact, and increased heating/melting promotes particle flow and

deformation. Due to the high temperatures achieved in the plasma jet, almost any liquid phase
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material can be melted and sprayed using this technique with minimum distortion of the base
material. This makes plasma spray the most versatile spray technique in terms of materials that
can be coated.
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Figure 1.19: Atmospheric Plasma Spray Process[64].

The extensive variety of materials comprises carbides, metals, alloys, ceramics, and refractory
oxides. The bond strength achieved in a typical plasma spray operation range from 34 MPa to
69 MPa when tested according to ASTM C-633 standards. Due to the use of inert gases in the
plasma jet, less in-flight oxidation is observed in this process than in other thermal spray
techniques. However, due to high particle temperature and interaction with the atmosphere, some
in-flight particle oxidation occurs, and some oxide inclusions are entrapped in splats. This effect
could lead to a lowering of some of the coating properties. For minimizing oxide inclusions,
spray parameter optimization of mainly spraying distance, particle velocity, and particle
temperature should be done. But due inherent nature of the process, some amount of oxidation
always happens during plasma spraying [63]. The diagram of the APS process is shown in figure.
1.15 The plasma spray system, consists of a Gas regulator, Gas hoses, Gas flowmeters, Plasma

arc spray gun and Gas supply and water-cooling circuit.
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Plasma Torch: The plasma torch is the heart of the APS system. A plasma torch capable of
operating at supersonic speeds with axial injection of feedstock. The principal axis of the plasma
torch is perpendicular to the feedstock injection direction, which is aligned with the plasma jet
emerging from the torch. The plasma torch has a slightly ascending current voltage characteristic
and a fixed arc length. In comparison with conventional linear plasma spray torches, APS,

HVOF, and VPS exhibit intermediate electrical, thermal, and kinetic characteristics.

The plasma torch developed in this study has a high arc voltage (370 V) and a low arc current

™ -~ :
Figure 1.20: Systematic diagram of APS plasma torch

(100 A. A gas (often argon or nitrogen) is passed through an electric arc to produce a high-
temperature plasma jet. Temperatures of 10,000 to 15,000 degrees Celsius are reached by the
plasma. A cathode, anode, and nozzle are among the parts of the plasma torch, which also

includes other parts.

Powder Feed System: Usually, the coating material takes the shape of a fine powder. Using a
powder feed mechanism, this powder is injected into the plasma jet. A carrier gas (often another
inert gas like argon) can transport the powder to the plasma torch nozzle after it has been fed
through a powder hopper. Powder feed systems are used in plasma spray apparatus to carry
powdered materials such as metals, ceramics, inter-metallics to the plasma flame or stream. The
powdered material is carried through the feed tube and toward the plasma flame by a pressurized
gas. A powder feed system with a re-circulator is provided for a plasma spray apparatus so that
spraying operations may be started and stopped abruptly. The subject system utilizes a
pressurized gas to direct a powdered material from a powder feed hopper to the plasma spray
applicator. A diverter valve is located intermediate the powder feed hopper and the plasma spray

applicator and near the plasma spray applicator for selectively diverting the powdered material
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toward or away from the plasma spray applicator. Powdered material diverted away from the

plasma spray applicator is directed to a powder accumulator for subsequent reuse.

Figur 1.21: Systematic diagra of powder feeder

Gas Supply: Inert gases like argon or nitrogen are used to create and stabilize the plasma jet.
These gases are supplied from gas cylinders or a gas distribution system. The gas supply can be
divided into two categories: primary gas and secondary gas. The primary gas is the main gas that
forms the plasma, and it can be argon, hydrogen, nitrogen, or helium, or a mixture of these gases.
The secondary gas is the gas that is used to inject the material particles into the plasma jet, and
it can be argon, nitrogen, or helium. The secondary gas can also be used to modify the plasma
properties by changing its composition or flow rate. The choice of the gas supply depends on the
type of material to be sprayed, the desired coating properties, and the cost and availability of the

gases.

Figure 1.22: Systematic diagram of gas cylinder
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For example, argon is a completely inert and easily ionized gas that can be used as both primary
and secondary gas. Hydrogen is a highly energetic gas that can increase the temperature and
velocity of the plasma jet, but it can also react with some materials and substrates. Nitrogen is a
cheaper alternative to argon, but it can also form nitrides with some materials. Helium is a lighter
and more diffusive gas that can produce a wider and more uniform plasma jet, but it is also more

expensive and less ionizable than argon.

Control unit: The entire APS process is typically controlled by a computerized control system.
This system regulates various parameters such as plasma gas flow, powder feed rate, torch
movement, and substrate positioning to achieve the desired coating thickness and quality. The
control unit in atmospheric plasma spray is a device that regulates the operating parameters of
the plasma spray process, such as the power supply, the gas supply, the arc starter, the material
feeder, and the process control and diagnostics. The control unit can affect the quality and
performance of the coatings by adjusting the arc current and voltage, the plasma gas flow rates,
the material feed rate, the torch movement, the substrate temperature, and other variables. The
control unit can also monitor and measure the plasma parameters and the coating properties to

ensure a stable and optimal process.

Figure 1.23: Systematic diagram of APS control unit

Dust collector: It is a type of mechanical separators which works on the principle of centrifugal
force and used to remove metallic or dust particles from air steam of spraying zone. It is also used

toprovide high separation velocity.
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Figure 1.24: Systematic diagram of APS dust collector
Grid blaster: Pressure blaster is used to deposit additive layer on the substrate materials with

the help of dry compressed air. Abrasive particles come out from theblast nozzle with high
velocity and used for removal/ preparation of substrate materials. The dust produced during
blasting process is collected using pressure blasting cabinet, which is used to reduce noise levels
produce during blasting process and used to ventilate dust andfumes from the chamber. Grit
blasting parameters, such as grit size, pressure, distance, angle, and time, can affect the surface
roughness, grit residue, and residual stress of the substrate. These factors can influence the
coating quality and performance. For example, larger grit size can increase the roughness and
the depth of the plastic zone under the substrate, but also increase the grit residue and the

compressive residual stress.

Figure 1.25: Systematic diagram Grid Blaster
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1.7 Tribology

Tribology is a Greek word derived from tribo, which means "to rub.” Jost created the term in
1966, and the study of tribology is related to mate surfaces in motion. Tribology is made up of
three basic components: friction, wear, and lubrication. The primary goal of tribology is to
increase product performance and life while cutting costs and saving energy. Tribology is
important in the context of the thermal spray technique, which involves depositing a coating onto
a substrate by melting or softening the coating material and then pushing it onto the substrate
surface. Here we study about interacting surfaces' friction, wear, and lubrication, and it has

several major implications in the subject of thermal spray.

1.7.1 Tribological properties:

Here we research on friction, wear, and lubrication of interacting amid surfaces in comparative
motion. It encompasses, science and technology of surfaces in contact and the effects of friction,
wear and lubrication on the performance and longevity of mechanical systems. Tribology is
crucial in various industries, including manufacturing, automotive, aerospace, energy, and more,
as it helps optimize the design and operation of components and systems. Tribology involves
several key concepts and types. Nanostructured coatings can modify the surface's tribological
behavior, enhancing its ability to withstand sliding, rolling, and impact forces. Applications of
nanostructured coatings for wear resistance span various industries, including automotive,
aerospace, manufacturing, and medical devices. For example, these coatings can be applied to
engine components, cutting tools, bearings, implants, and electronics to extend their service life

and maintain performance under demanding conditions[65]-[67].
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Figure 1.26: Tribology properties[68]
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As research and technology continue to advance, nanostructured coatings hold immense
potential for addressing wear-related challenges and revolutionizing the durability of composite
coating materials in a large variety of applications. In summary, tribology plays a multifaceted
role in thermal spray applications. From selecting appropriate coating materials to ensuring
adhesion and uniformity, tribological considerations are integral to achieving the desired

functional and performance characteristics of thermal spray coatings [80].

1.7.1.1 Friction[69]
This is the force which gives opposition to the relative motion amid surfaces. COF is represented
as, and it is a dimensionless item. The ratio of frictional force to normal force applies force to

both bodies at the same time.
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INDUSTRY
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Figure 1.27: (a) Different types of friction (b) Application of friction

Friction is divided into 4 parts: static friction, rolling friction, fluid friction, and static friction.
Amonton laws state that the frictional force between two surfaces is independent of the apparent
contact area and proportional to the applied load. Based on Amonton laws, Coulomb developed

an approximate model to measure friction written as

F<uN Equation 1.2

Here, F indicates the frictional force which acts parallel to opposite of surface to the force
applied, p indicates the COF and N shows the value of normal load acting perpendicular to the
surface. For surfaces at rest 4 = s,

Ms: is the COF).

for two surfaces between relative motion g = Pk

Where pk = coefficient of kinetic friction
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1.7.1.2 Wear

Wear mechanism occurs when the material is starting to remove from the mating surface. This

material is removed as debris from either one or both surfaces; it can be transferred of material

from a soft mating surface to a hard surface. It can be defined as mass loss per unit distance

travelled. Wear behaviour plays a critical role in both piston-cylinder systems and gas turbines,

affecting the efficiency, reliability, and overall performance of these mechanical components.

1.7.1.2.1 'Wear Behaviour in Piston-Cylinder System [70]-[72]:

In internal combustion engines, such as those found in automobiles, the piston-cylinder system

is a fundamental component where wear behaviour is of utmost importance.

Impact on Performance: Wear in the piston-cylinder system can lead to increased
friction between the piston rings and cylinder walls. This friction consumes energy
and reduces engine efficiency. Excessive wear can also result in decreased
compression, leading to lower power output and increased fuel consumption.

Ring and Cylinder Wear: The piston rings, which seal the combustion gases and
maintain compression, experience significant sliding against the cylinder walls. Over
time, wear between the rings and cylinder walls can lead to reduced sealing efficiency
and enhanced oil consumption.

Lubrication and Cooling: Proper lubrication is crucial to minimize wear in the
piston-cylinder system. Lubricants not only reduce friction but also help dissipate
heat generated during operation. Wear can be exacerbated by inadequate lubrication,
resulting in increased friction, overheating, and accelerated wear.

Material Selection and Coatings: Choosing suitable materials and applying wear-
resistant coatings to cylinder walls and piston rings can extend the lifespan of these

components and mitigate wear-related issues.

1.7.1.2.2 Wear Behaviour in Gas Turbines[73]:

Gas turbines are used in various applications, including aviation and power generation.
Wear behaviour is significant in gas turbines due to the high temperatures, speeds, and
stresses involved.

Blade and Rotor Wear: Gas turbine blades and rotors operate at high rotational speeds
and are exposed to extreme pressures and temperatures. Wear on these components can
result from erosion caused by abrasive particles in the air or from thermal fatigue due to

rapid temperature changes.
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Abrasive Particles: Inlet air for gas turbines can contain solid particles that act as
abrasives, causing erosion of the turbine blades and other components. Controlling and
filtering the intake air to minimize the presence of these particles is crucial for reducing
wear.

Thermal and Creep Effects: Gas turbine components are subjected to cyclic
temperature changes and thermal stresses during operation. This can lead to thermal
fatigue and creep, resulting in wear and deformation over time.

Ceramic Coatings: In some cases, ceramic coatings can be developed on gas turbine
components to improve wear resistance and thermal protection. These coatings can
reduce the impact of erosive particles and thermal stresses.

Balancing Efficiency and Wear: Designing gas turbines involves balancing the need for
high efficiency with wear considerations. Components optimized for efficiency might
experience higher wear rates, so engineering decisions must carefully consider this trade-
off.

Both in piston-cylinder systems and gas turbines, understanding and managing wear behaviour

are critical for ensuring operational reliability, minimizing maintenance costs, and extending the

service life of these complex mechanical systems. Archard formed a quantitative model to

quantify wear using pin-on-ring tester. According to him: wear occurs due to plastic deformation

and fracture due to localized pressure at contact. Archard said that wear is proportional to the

load applied and contact area. The arched equation is said below:

Here,

W=KPlpmsS.........oooeeiiiiiiiiiiiiiinn, Equation 1.3

W indicates the worn material wear,

K = wear constant, Applied pressure = yield strength of soft material, and

S = Total sliding distance.

K compares the tribological behaviour of materials tested under similar conditions.

K=WSP. oo, Equation 1.4

Where K, in [mm3 /Nm] is equal to the wear constant, W [mm?] is the worn volume, s[m] is

equal to the total sliding distance and P [N] is the applied normal load. The mechanisms that are

relevant to wear are briefly explained below:
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1.7.1.2.3 Tailoring Coating Properties for Enhanced Wear Resistance[74]-[76]

Tailoring coating properties for enhanced wear resistance involves the deliberate selection and
optimization of various coating parameters to improve the ability of a material to withstand
friction, abrasion, and other wear-related stresses. This process is crucial in an extensive range
of industries, with aerospace, and machinery, automotive, where components and surfaces are
subjected to harsh operating conditions. Successful tailoring of coating properties for enhanced
wear resistance requires a multidisciplinary approach, involving materials science, engineering,
and careful consideration of the specific application and operating conditions. Collaboration
between researchers, materials engineers, and industry experts is crucial to develop effective
solutions that extend the lifespan and performance of components subjected to wear. Here are
some key factors and strategies to consider when tailoring coating properties for enhanced wear

resistance.
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Thickness and
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Figurel.28: Tailoring coating properties for enhanced wear resistance

1.8 Lubrication[77]

Lubrication aims to reduce both friction and wear. Additionally, lubricants also provide cooling,
lower vibrations, and inhibit corrosion. There are two main mechanisms by which lubricants
lower friction. One is in which a stable lubricant layer is formed between the surfaces. This
causes complete surfaces separations, and friction takes place because of lubricating shear
resistance. In other cases, the lubricant film is unstable but still lowers friction coefficients and
temperatures. Wear is also lowered extensively due to lower flash temperature and removal of

any worn particles by a lubricant.
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Figure 1.29: Application of lubrication

A suitable fluid or solid lubricant could be selected according to the working parameters, i.e.,
load, working temperature, and surrounding environment. Metals, oxides, sulphides, graphite,
etc., could act as lubricants, and they need not be necessarily oil or grease. In certain cases, the
lubricant residues could be problematic. The disposal of these residues may be harmful to health

and the environment.

1.9 Corrosion

Corrosion is the term for the slow deterioration or breakdown of materials, typically metals,
brought on by chemical interactions with their surroundings. This process is a natural
consequence of the interaction between a material and substances like water, air, or chemicals.
Corrosion can lead to structural damage, reduced functionality, and even failure of the affected
material or object. A refined metal is converted naturally by corrosion in stable state, like oxides.
It is a slowly decay the materials (mainly metals) that result of chemical interactions with their
environment. Metals reacting with elements in their environment cause corrosion, which is

essentially an electrochemical process[78].
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Figure 1.30: Example of corrosion[79]

This refers due to reaction of electrochemically metal oxidations reaction with oxidants, like
oxygen. Electrochemical corrosion is recognized for producing iron oxides, called as rusting.
Oxides and salts are produced from original in this sort of damage, resulting in a unique orange
colour. The term corrosion can be used to describe materials other than metals, such as ceramics,
although decline is linked with these materials. Materials and buildings become less effective
when they are corroded because corrosion reduces its strength, look, and porousness to liquids
and gases. Some structural alloys rusted just from interaction with dampness in the air, but some
compounds can have a substantial effect on the progression. Result of this techniques such as
passivation and chromate conversion that decrease the commotion of the opened surface may
enhance a material's resistance to corrosion. Another side, certain corrosion mechanisms are less

noticeable & less expectable.
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Figure 1.31: Corrosion types

35



1.9.1 Corrosion prevention Process[80], [81]

To increase the durability and structural integrity of materials and structures, corrosion avoidance
is crucial. Corrosion prevention and mitigation techniques come in a variety of forms. Here are
some typical techniques for preventing corrosion:

i.  Protective Coatings and Paints: A material's surface can be painted or coated to form a
barrier between it and its corrosive surroundings. These coatings can be made to
withstand corrosive chemicals, dampness, and other elements.

Ii.  Galvanization: Galvanization entails applying a layer of zinc to metals like iron or steel.
Zinc serves as a sacrifice for protection because it corrodes more slowly than steel. It is
frequently utilized in construction projects including bridges, pipelines, and fences.

iii.  Anodizing: Anodizing is a procedure mostly utilized for aluminium. It increases the
metal's corrosion resistance by forming a shielding oxide layer on its surface.

iv.  Cathodic Protection: In this technique, the metal structure acts as the cathode by
receiving a direct electric current, which stops corrosion. There are two: impressed
current cathodic protection and sacrificial anode cathodic protection.

v.  Alloying: By combining metals to form alloys, corrosion resistance can be increased. For
instance, chromium, which creates a shielding oxide layer, is present in stainless steel.

vi. Coating Systems: Coating systems with several layers, like epoxy coatings,
polyurethane coatings, and fusion-bonded epoxy coatings, can offer long-lasting defence
against corrosion.

vii.  Polymer and Composite Materials: Materials made of polymers and composites
provide corrosion resistance in addition to other desirable qualities. They are employed

in sectors including maritime engineering and aircraft.

1.10 Thermal Protection System (TPS) for Hypersonic Vehicles[82]-[85]

A frequent and essential method for defending and improving the performance of components
in hypersonic vehicles is thermal spray coating. These vehicles (fig 1.21) are made to move at
speeds that are often five times the speed of sound or higher. They consequently endure
tremendous aerodynamic forces, intense heat, and harsh climatic conditions while in flight,
which can cause material degradation and failure. When it comes to overcoming the difficulties
faced by hypersonic vehicles, thermal spray coatings offer a number of benefits. Remember that
the components of the hypersonic vehicle's specific needs, the operating environment, and the

intended performance characteristics will determine the assortment of thermal spray coating
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materials & application techniques. These coating methods are frequently being improved by

new materials and continuous research.
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Figure 1.32: Hypersonic Vehicle Structure[82]
Thermal Protection: Controlling the intense heat produced during flight is one of the main
issues for hypersonic vehicles. By minimizing heat transfer to the underlying components and
insulating them from the high temperatures experienced during hypersonic flight, thermal spray
coatings can effectively insulate a surface.
Oxidation and Corrosion Resistance: Hypersonic aircraft travel at great heights, where the
atmosphere includes corrosive substances like oxygen. Thermal spray coatings can fortify
surfaces against oxidation and corrosion, preventing component wear and extending their
lifespan.
Abrasion and Erosion Resistance: As hypersonic vehicles travel at high speeds, powerful
aerodynamic forces are applied to their surfaces, which can lead to wear and erosion. Thermal
spray coatings can provide a robust barrier that withstands abrasion and erosion, protecting the
structural integrity.
Thermal Spray Coating Types: There are several different kinds of thermal spray coatings
used in applications for hypersonic vehicles. Plasma spray coatings, high-velocity oxy-fuel
(HVOF) coatings, and cold spray coatings are examples of typical types. Each variety has
distinct characteristics, and the one picked depends on the particular needs of the application.
Material Compatibility: Coating can be developed on metals, ceramics, and composite
materials with thermal spray technology. This adaptability enables engineers to decide which
coating material is best for a given component based on its operating environment and

performance requirements.
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Vi.

Vil.

Weight Considerations To reach the required speeds and manoeuvrability, hypersonic

vehicles need lightweight solutions. Thermal spray coatings several different kinds of thermal

spray coatings are a good option for weight-sensitive components because they are often

lightweight in comparison to other forms of protection.

Reparability: Thermal spray coatings may occasionally be able to be repaired or reapplied,

increasing the lifespan of the coated components and lowering maintenance costs.

1.10.1 Challenges of hypersonic vehicles during hypersonic Flight[86]

Hypersonic flight refers to travel at incredibly high speeds, typically exceeding five times
the speed of sound (Mach 5) or even greater. Vehicles designed for hypersonic flight operate
in extreme conditions, experiencing intense aerodynamic forces and extreme temperatures
due to friction with the atmosphere. These challenges necessitate advanced materials and
technologies to ensure the safety, performance, and longevity of hypersonic vehicles.
Thermal spray coating plays a vital role in the successful operation of hypersonic vehicles
by addressing several critical challenges they face during flight:
Thermal Protection: Hypersonic flight generates enormous amounts of heat due to air
compression and friction. Thermal spray coatings can serve as effective thermal barriers,
protecting the underlying components from excessive temperatures. They reduce heat
transfer and help manage thermal loads, preventing overheating and potential material
failure.
Aerodynamic Heating Resistance: As hypersonic vehicles travel at such high speeds,
they experience severe aerodynamic heating. Thermal spray coatings are designed to
endure these extreme conditions, resisting the intense heat and preventing structural
damage.
Oxidation and Corrosion Resistance: Hypersonic vehicles operate at high altitudes
where the atmosphere contains oxygen and other corrosive agents. Thermal spray
coatings can act as a protective layer, preventing oxidation and corrosion of critical
components and increasing their lifespan.
Abrasion and Erosion Resistance: High-speed flight exposes the vehicle's surfaces to
intense aerodynamic forces, which can cause abrasion and erosion. Thermal spray
coatings provide a durable shield against these forces, preserving the structural integrity
of the components and ensuring their longevity.
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Vi.

Vili.

Structural Integrity Enhancement: By providing an extra layer of material, thermal
spray coatings can enhance the overall structural integrity of components, making them
more resilient to mechanical stresses during flight.

Weight Optimization: Hypersonic vehicles must be lightweight to achieve the necessary
speeds and manoeuvrability. Thermal spray coatings offer a lightweight solution for
protective measures compared to other bulkier alternatives.

Reparability and Maintenance: In some cases, thermal spray coatings can be repaired
or reapplied, reducing maintenance costs and extending the operational life of

components.

In conclusion, thermal spray coatings performs an important act in enabling successful
operation of hypersonic vehicles. They provide thermal protection, resist aerodynamic
heating, prevent oxidation and corrosion, and enhance the structural integrity of critical
components. As research and technology advance, thermal spray coatings continue to be

essential for improving the safety, performance, and reliability of hypersonic flight.
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Chapter: 02

Literature Review

In the recent years, lots of researchers have shown their interest in the development and
characterisation of advanced composite coating for various industrial applications as well as
for the high temperature applications. Composite coatings offer improved mechanical, thermal
and chemical properties compared to the traditional coatings making them suitable for
industries applications as per requirements. This literature review aims to provide an overview
of the research and developments in two specific types of composite coatings: ZrB»-SiC

composite coating and Mo-WC-NiCr composite coatings.
2.1 ZrB2-SiC composite coating

The successful re-entry of the space vehicle hinges on the effective thermal protection system.
To enhance the working efficiency and consistency of upcoming re-entry vehicles, a shift
towards utilising single-body hot structure, which are self-sustaining and structurally sound
parts, have been proposed. This is different as of current practices of employing tile covered

surfaces[87].

Additionally, there are focus on adopting sharp aerodynamics profile instead of blunt edges in
the current phase. We are expecting drag reduction and manoeuvrability with these profiles. To
meet these objectives the researchers are exploring novel material and manufacturing process.

These innovations aim to achieve the optimised performance with reduced cost and complexity.

In the view of this application, two materials have been under research by different researcher:
Carbon fibre composites specifically those with Silicon Carbide matrix and UHTC (ultra-high
temperature ceramics) as ZrB», SiC and Mo-WC-NiCr etc. The carbon fibre composites show
remarkable thermomechanical properties along with very low density however they necessitate
effective protection against oxidation. Other side Ultrahigh thermal ceramics gives exceptional
oxidation resistance at elevated temperatures but the density of these ceramics are high[5], [88].

Within the family of Ultra high temperature ceramics, ZrB, emerged as an exceptionally
intriguing candidates for the application in the thermal shielding. This is because of ZrB>
remarkable attributes, including its exceedingly melting point, impressive hardness, and robust
mechanical integrity even at elevated temperatures. Although the ZrB: was first time used in the
year 1960s and 1970s but recent advances in manufacturing techniques have rekindled interest
in exploring properties[89], [90].
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The oxidation process of ZrB; initiates relatively at modest temperatures leading to the formation
of oxides of Zr and B. As the B2Os layers over the surface becomes adequately liquid, it
effectively gives protections to substrates from the external environments, exhibiting exceptional
performance like a dispersion obstacle against the O (oxygen) ingress. Though, its point to
consider that the partial pressure of B>Os remains significant at the higher temperatures,
ultimately resulting in its volatilisation. Researchers have explored and exploring various
methods for enhancing the oxidations resistance of ZrB». The addition of SiC in the ZrB> have
shown tremendous results in bolstering the oxidation resistance[91]-[93].

Zirconium diboride and SiC are refractory ceramics known for their high melting points
(>3000°C), excellent thermal conductivity (65-135Wm™K™), high hardness (22GPa), good
oxidation resistance, ablation resistance and remarkable mechanical properties. ZrB, are among
the best materials known for the oxidation resistance. These ceramics are called as UHTC as
discussed above. The combinations of these two materials in the composite coating is new type
of oxidation resistance coating and garnered significant attention due their capability to improve
the performance of protective coatings in the high temperature and corrosive environment[94].

While ZrB> ceramics boasts numerous advantages, but its inherent brittleness poses challenges,
especially in term of thermal shock resistance, restricting its widespread utilisation specifically
in the extreme environments[95]. Addressing this limitation, the addition of precise amount of
SiC and graphite flakes merges as viable strategy to augment the overall enactment of ZrB>
grounded composites. Silicon Carbide serves as the bolster of mechanical properties but also
enhances ZrB: oxidation resistance. This is because SiC facilitates in the formation of silicon-
based glasses, which effectively hinder the oxidation within the temperature range of 800 to
1000°C. The addition of graphite flakes into the ZrB,-SiC composites contributes to heightened
fracture toughness and better thermal shock resistance, distinguishing it from ZrB»-SiC
composites[96]-[101]

Several studies have been conducted and investigated the corrosion response of ZrB> and
ZrB> grounded composite across varying erosion environments at room temperature. Lee et al.
reported in their research that the corrosion propensities of ZrB> powders at wet processing were
the unaltered and corroded powder surfaces were primarily coated with ZrOH, along with a

discernible presence of Zr-B bonding[95].
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Huang et al., in his work delved into the corrosion behaviours of ZrB, when immersed in
water, concluding that a thin layer of ZrO,, with thickness 4.67nm, developed on the ZrB; surface

following a 1-hour dip in the water[102].

Monticelli et al., did extensive research into the electrochemical corrosion characteristic
of ZrB> within the aqueous acidic solutions featuring a variety of aggressive anions, including
perchlorates, chlorides, sulphates, and oxalates. They found that ZrB, underwent a conversion
process, yielding both insoluble products as ZrO and soluble products such as boric acid along

with some intricate products formed between diverse anions and Zr (1V)[103].

Levrenko et al., investigated the electrochemical oxidation tendencies of ZrB, and MoSi;
refractory compounds along with ceramics of the same upon exposure to a 3% NaCl solutions.
They reported that composite containing the relatively modest quantity of MoSi2 (5-10 wt. %)
exhibited the highest degree of corrosion resistance. This enhanced resistance was because of
the stable passivation exhibited by these composite at comparatively low anodic potential[104].

Lin et al., did investigation of oxidation behaviour of ZrB,-SiC composite coating doped
with Y20z at temperature of 1773K for 100 minutes duration. They prepared the samples of ZrB»-
SiC with varying composition of Y203 by plasma spray techniques. They find that oxidation
properties of the developed coating have been enhanced by the addition of Y20s. The result may
be accredited due to some points (i) the formation of Zr-Si-Y-O glass barrier film that effectively
impeded oxygen dispersal and enabled the curative of cracks.(ii) reduction in m-ZrO> traces ,
which mitigated volume expansion of coating and minimised the likelihood of spallation and (iii)
the incorporation of Y2Si,O7 as a restraining stage there by inducing modifications in the

steadiness of fluid SiO> at high temperature[105].

Xie et al., examined the consequence of Lu>O3 on the oxidation nature of the Zrb,-SiC
composite coating at elevated temperature (1500°C) in the static air environment. The
incorporation of Lu203 into the SiC-ZrB> composite coating resulted in the excellent protective
effect on C/C composites, effectively mitigating oxidation for an impressive duration of 836
hours at elevated temperature, with minimal mass gain of merely 0.62mg/cm?. This may be
because of the potential diffusion tendency of Zr and Lu atoms into SiO> network. This diffusion
phenomenon notably contributed to the reinforcement of SioO> structure stability. Consequently,
thus structural enhancement significantly bolstered the overall oxidation resistance of Lu2Os-
SiC-ZrB; fused coating, providing the excellent performance in the extreme conditions of high

temperatures[106].
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Liu et al., investigated the continuous gradient coating prepared by the high-speed
cladding technology using ZrB»-SiC powder on the 304 stainless steels. The continuous gradient
structure significantly contributed to the coatings excellent interfacial binding properties and
remarkable surface mechanical properties, particularly in form of hardness and wear opposition.
At the room temperature, the harness was quite high 1810HVq s and this hardness level remained
impressive high, more than 1000HVo5s even at the temperature of 800°C. Further the study
revealed the reduction of coefficient of friction with the increase of temperature from 0.58 to
0.27. This shows that ZrB,-SiC composite coating are quite good at wide range of temperatures

even at high temperatures[107].

Mor et al. deliberated the tribological behaviour of (UHTCMCs), Ultra High temperature
ceramic matrix composites. The samples were prepared using ZrB2-10Vol%SiC reinforced with
randomly oriented carbon fibre. To analyse the tribological behaviour, a custom designed
dynamometer was employed where the UHTCMC pads were coupled with the carbon fibre
reinforced carbon-silicon-silicon carbide disks. Two loads were considered for the investigation
(1 and 3MPa). This investigation revealed that C/C-SIC disk showing constant breaking
performance and were even at high mechanical stresses. Significantly high value of coefficient
of friction (0.5-0.7) that remained same throughout the testing. The observed valued of
coefficient of friction found to be acceptable collectively position these materials as potential
candidates for the automotive brakes system also[108].

Nickolai et al, did high speed continuous sliding experiments on the ZrB,-20Vol%SiC
ultra-high temperature ceramic to investigate the intricate details of tribo-oxidation occurring
under the condition of subsurface deformation and friction induced heating. They find that the
formation of subsurface layer structure with the distinct phase composition, providing evidence
of highly active mass transfer processes. Substantially born depleted layer and mechanically
mixed layer were also generated having silicate glass, iron, and high temperature phase of
zirconia and carbides of silicon. This MML (mechanically mixed layer) acted as protective layer
for the underlying ZrB. grains. Along with this also led the creation two transition layers of
borosilicate glass, zirconia, and iron oxyborides. The MML also plays key roles in the oxidation

process of silicon carbide grains[109].

Chen et al., investigated the tribological properties of ZrB»-20%VolSiC composite. The
sample was produced by hot pressing of ZrB, and SiC powders, and performance has been
investigated on different temperature and frictions conditions taking WC and Al>Oz as counter
parts. Finding shows that the coefficient of friction of the composited remained same with both
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counter bodies across the temperature in the ranges of 0.5-0.6. The wear rate was 10“*mm3N-~tm-
1 With the WC counter bodies the tribo-layers was discontinued and with Al,O3 the layer was

continuous without any significant effect on the lubrication properties[110].

Gupta et al., examined properties such as the wear and friction of ZrB,-SIC composite
with varying content of SiC (10, 20 & 30 Vol. %) developed by plasma spray process. For the
wear investigation they considered different counter bodies SiC (thermal conductivities
100W/m-K, Hardness 15GPa), Al,O3 (Thermal Conductivity 30W/m-K, Hardness 28GPa), ZiO»
(thermal Conductivity 25W-m-K, Hardness 12.5GPa). The range of coefficient of friction was
0.49 to 0.69 and wear was in the range 0.006 t00.152mm?. The variations were because of content
of SiC and different counter bodies. They found that with the upsurge of SiC content the COF
and wear cuts because of increase of fracture toughness and hardness of the established
composite coatings. They also investigated that the thermal conductivity of counter bodies plays
a great role in the wear and friction of developed composites. The wear mechanism of composite

basically includes fracture, pull out, deformation and re-oxidation[111].

Malik et al., inspected the result of ZrB2-20%Vol SiC composites against the sliding
speed & loads with counter body of diamond. They found the wear was significant at low sliding
speed and higher loads condition. With the investigation of wear debris, they found that grain

pull-out, micro-cutting and oxidation as major wear mechanism of the coatings[112].

Medved et al. explored the wear behaviour of ZrB,-SiC, B4C & ZrC composites on the
different loads and sliding speeds. They found micro-cracking and tribo-film formation during

the tribological investigation[113].

Chakraborty et al. investigated the scratch resistance of ZrB.-TiB2 with the counter body
of diamond. They found that ZrB,-30wt%TiB> have grander wear resistance because of its
fracture toughness & hardness. The wear resistance were constant under varying conditions of

temperature making it most suited for the tribological applications[114].

Wei-Ming et al., synthesised the powder through boro/carbothermal reduction route
under vacuum condition at temperature of 1750°C with the help of ZrO2, B4C and carbon
precursor. They find that the addition of ZrC with varying % within the temperature range of 30-
1400°C increased the activation energy of the oxidation leading to the increase of oxidation

resistance.

Zhu et al., investigated the properties of ZrB»-SiC composite with the induction of boron

carbide and carbon as a sintering additive. These additive shows reactions with the impurities.
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This shows sufficient increase of the properties by incorporating 10wt. % nano-sized carbon
black that’s leads to the activation of crack, deflection, and bridging at temperature of
1850°C[115].

Shahidi et al., developed ZrB>-ZrC based composite using ZrB., ZrO>, and graphite as
initials reactants. They investigated tremendous increase in the indentation hardness by addition
of 6wt% nano graphite flakes into the composites. They also investigate that the toughening
properties of the ZrB»-ZrC based composite have been also increased by the addition of graphene

into the composite powders[116].

ZrB2-SiC have got great attention from the researcher worldwide because of its properties to
increase the thermal shock resistance of SiC by ZrB> but the processing of these composites are
the major challenges for the researchers in the efficient and cost-effective manner. This is bases
of the different thermodynamics profile and different sintering temperature of the constituent.
Various techniques can be used for the dispensation of ZrB,-SiC composites as Spark-Plasma
Sintering, encompassing hot pressing, sensitive melt infiltration, pack cementation, chemical
vapour deposition, electron beam melting, binder jet additive manufacturing and plasma spray
techniques. These methods offer control on the microstructure and properties, enabling tailoring
of the coating for the specific applications.

After details and comprehensive review of the ZrB»-SiC composite coating we released, that
these composite shows improved wear resistance, oxidation resistance and thermal stability over
the single-phase coatings. The synchronised effects ZrB; and SiC contributed to enhancement of
the mechanical and thermal properties making them most suitable contenders for the (TBC)

thermal barrier and protective coatings for extreme environments.

2.2 Mo-NiCr based Composite Coatings

In the context of linkage of the deposited coating with the substrate, the predominant mechanism
involves chemical interactions, geometric contacts, and mechanical anchorage at the interfering
surface of the coating and substrate. While talking about the adhesion of the deposited coatings
to the metal substrate researchers are working extensively since last several decades. They
claimed that most dominant mechanism for the adhesion is chemical bonding or mechanical
anchorage. Empirical and numerical investigations done by the researchers proved that

prominent mechanism for the adhesion is chemical binding and mechanical anchorage. It’s the
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main reason for the successful formation of metallurgical bond and chemical bond during the
deposition of Mo, NiCr and W particles on the substrates[117], [118].

In the recent decades the researchers are extensively exploring material for the application of
marine engineering equipment’s. Carbon and low alloy steels have been majorly cast-off in the
sea structure and grease pipeline applications because of its availability, cost effectiveness and
suitable mechanical properties. But to ensure the sustainable operational performance and safety
issues related with this material because of tribo-corrosion is very challenging. For addressing
this type of problem in the marine engineering component a most suitable and cost-effective
techniques with robust protective capability ad inherent self-lubricating properties surface
coating technologies came into the light. The addition of alloying elements and meticulous
microstructural optimisation is one of the viable means to substantially augment corrosion and

wear resistance[119].

The researchers have explored the utilisation of nickel like an alloying constituent to supress
corrosion resistance of enduring steel. This also help in the mitigating brittleness and formation
of compact oxide passivation film. The increase of Ni% shoes the potential to foster a more

robust amalgamation of molybdenum and chromium atoms in the matrix of steel[120].

Banerjee at al., have studies the influence of chromium on the constancy of breakable
well-ordered intermetallic phases. They found that addition of minimum 11 wt. % of Cr led to
the formation of support own-healing alternative layers on the steel external surface. Thoughtful
utilisation of Ni-Cr based alloy coatings has demonstrated significant contributions to enhancing
in both corrosion and mechanical properties of steel. Addition of the Mo along with the Cr has
been shown to mitigate the occurrence of pores and cracks in the corrosion product layers. The
internal film if the resulting passive film exhibits robust barricade properties in contradiction of
the chloride ions. Molybdenum for self-lubricating oxides (MoOz) during the wear test which
contributes to the reduction of wear and frictions. Additionally, the Mo facilitates the promotion
of amorphous forming ability, improving corrosion and steel wear properties. The application of
NiCrMo alloy coating have significant impact on the materials as mild steel showing exceptional
results against opposing, fracture and stress corrosion[120]-[127].

Wang et al. & Li et al also did similar experiment and produced the NiCrMo composite
with the help of laser cladding and investigated their hardness, and tribological properties in the
corrosive environments and find the fantastic corrosion preventions in the steel
components[125], [128].
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Guilemany et al.[60] Used Scanning White Light Interferometry (SWLI) and SEM
analysis to comprehend the friction and wear behaviour of plasma-sprayed NiCrBSi and other
thermal sprayed coatings. The tribological testing was conducted using a ball-on-disc apparatus.
Plasma sprayed coating, the counter face material was a steel ball (with an HVYN100 = 585). The
author’s revealed adhesion was the dominant wear mechanism in plasma sprayed NiCrBSi
coating. Material removed from the developed coating and moved to steel sphere produced a
deep groove on the surface, seen clearly in the SWLI analysis. The main reason for adhesive

wear was low hardness and affinity between elements of metallic surfaces.

Parthasarathi and Duraiselvam [43] tested the high-temperature wear of plasma-sprayed
NiCrBSiCFe coatings. The tests experimented on a high-temperature pin on disc Tribometer at
ambient temperature, 150, 250 & 350°C, 20N load, and 2000m sliding distance. The substrate
was AlSI 316 stainless steel, and the counter face material was EN-8. The authors reported that
the coated steels indicated developed high wear resistance than the non-coated specimen at every
testing temperatures. At ambient temperature, primary wear mode was delamination. At 250°C,
ploughing was reported as the dominant wear mode. The authors reported a lower wear rate at
350-C and attributed it to the formation of protective oxides. These oxides provided a lubricating
effect and reduced wear rates. The primary wear mechanism at 350°C was reported to be mild
abrasion. In another study (Parthasarathi et al., 2012), the authors studied the load consequence
load& spraying distance on the high-temperature wear behaviour of thermal spray coatings. The
authors reported that coating with greater spaying distance showed higher micro-hardness due to
optimum powder melting, powder flow, and lesser voids. These coatings consequently show
higher wear resistance. The authors also reported an increase in wear rates when the practically
applied load was enhanced from 20 N to 40 N.

Kesavan and Kamaraj [129] deposited Ni-based alloy Colmonoy-5 on 316 L (N) on the
stainless steel substrate using a plasma-transferred arc welding process. Developed coating high-
temperature friction and wear behaviour studied by means of the pin-on-disc apparatus at room
temperature, 573 Kelvin, and 823 Kelvin. Microstructural analysis revealed the presence of hard
boride and carbide precipitate phases in the Ni matrix. Coted sample hardness was measured at
430 VHN. Obtained wear results, the authors reported that the COF and WR (wear rates) of the
coating reduced with an up surging in temperature. The primary wear mechanism during test was
abrasion and delamination at room temperature examinations. Three-body abrasion resulted from
ploughing produced by hard particles in wear debris. An increase in temperature caused

oxidation and compaction of debris and coating surface on the wear track. This led to the
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development of an oxide layer that is stable. These layers withstand the abrading action of debris,
reduce metal-to-metal contact, and lead to a lowering of COF and wear rates. The primary wear

mechanism at higher temperatures was reported to be tribo-oxidation.

Sari and Yilmaz [130] studied abrasive wear resistance of AISI 1050 steel subjected to
different heat treatments (induction hardening), surface treatments boronizing, gas nitriding, salt
bath nitriding, and plasma nitriding) and flame sprayed NiCrBSi and NiCrBSi —tungsten carbide
coatings, 35% WC + 65% (Cr-Ni-B-Si) with HVOF sprayed. The testing was done in a specially
designed apparatus made to simulate wear experienced by mining and earthmoving equipment.
The abrasive particles were flintstones. The thermal sprayed coated specimen showed better wear
resistance than other surface treatments. The nitride and boride specimens were worn out by the

micro-cracking mechanism produced by the impact of abrasives.

Winkelmann et al.[131] developed the NiCrBSi-60%WC (and three other materials)
through plasma sprayed and studied the plasma -transferred abrasive wear behaviour. The
substrate material was mild steel. High Temperature-Continuous Impact Abrasion Test (HT-
CIAT) was used for abrasive wear testing at testing temperatures of room temperature, 500, 600,
650, 700, and 750°C. Hot hardness was also measured employing a high-temperature Vickers
hardness test rig. Worn morphology was studied using OM and SEM. The hot hardness of the
NiCrBSi-60%WC developed coating reduced continuously as temperature increased, and at
800°C, the hot hardness was 400 HV. This value was higher than other materials tested: stainless
steel, high-speed tool steel, and Fe-Cr-C-Nb-Mo-W-B alloy. The authors reported the highest
wear resistance for NiCrBSi-60%WC coatings among the tested materials at all temperatures.
An increase in wear rate was observed at temperatures above 600°C mainly because of oxidation

and fracture of tungsten carbide.

Guo et al.[132] paralleled the high-temperature tribological behaviour of laser-clad
NiCrBSi coating and NiCrBSi/WC-Ni composite coating. Stainless steel was used as a substrate.
Wear tests were steered through a ball-on-disc apparatus at 500°C and 5N load. SizNa balls were
used as counter bodies. Wear mechanisms were analysed using SEM and three-dimensional
surface mapping. XRD of as-sprayed NiCrBSi coatings revealed the presence of a dendritic Ni
matrix along with precipitates of FeNis, Cr23Cs, Fe2Si, CrB, and NisB. The NiCrBSi/WC-Ni
coatings had phases like WC, W>C and Ni,W,C formed by the decomposed WC and Ni reaction.
The hardness of NiCrBSi coating was reported to be 5 times more than substrate steel, mainly
because of the formation of hard precipitates. The NiCrBSi/WC-Ni coatings reported hardness
even higher than NiCrBSi coatings because of the hard WC/W>C phase. The NiCrBSi/WC-Ni
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coatings demonstrated higher wear resistance than NiCrBSi coatings, mainly owing to hard WC
reinforcements. The wear mechanism for uncoated substrate was severe abrasion, adhesion, and
plastic deformation. In contrast, the coated pins showed only mild abrasion and fatigue. The
coated pin surface showed no signs of severe adhesion and fatigue.

Zikin et al. [38] premeditated the high-temperature abrasive and erosive wear of NiCrBSi
coatings reinforced by WC, TiC-NiMo, and CrzC2-Ni and mass-produced by plasma-transferred
arc that is called cladding. Abrasive wear testing was carried out using a high-temperature
recurring influence scratch tester (HT-CIAT) at ambient temperature, 300, 550 & 700°C. The
authors reported that the WC-reinforced coating shows excellent wear behaviour up to 550°C.
But at 700°C, wear rates increased due to high oxidation and fracture of WC along with a

decrease in the hardness of the matrix with temperature.

Torgerson et al. [133] studied the high-temperature wear behaviour of cold-sprayed Ni
and Ni-WC coatings deposited on the substrates of mild steel. The wear experimentation was
taking place by using a pin-on-disc tribo-meter. According to the authors, the Ni-WC coating
showed better wear resistance than Ni coatings, mainly due to higher hardness and wear
resistance from load-bearing WC particles. The testing temperatures were room temperature,
200°C, and 400°C. WC-Co balls were used as counter bodies. The author reported that the wear
rate and COF improved when the temperature was elevated to 200°C. This was because the Ni
matrix’s softening led to adhesion, plastic deformation, and pull out of WC due to the weakening
of bonding between matrix and WC which caused three-body abrasion. Also, stable oxide films
did not appear at 200°C. At 400°C, COF & wear rates again decreased mainly owing to stable,
NiO-rich oxide layers (MML) forming on the coating surface. The main wear modes at room
temperature were adhesion, abrasion, and plastic deformation. Abrasion caused by pulled-out
WC was the dominant wear mechanism at 200°C. At 400°C wear mechanism was stated to be
oxidation. It is commonly thought that by increasing hard particles, overall rigidity and hence
wear resistance of the coating is improved. But literature revealed that very high WC content has
negligible or no effect on wear resistance. Because of the higher costs of WC, the percentage of

W(C in the matrix should be optimized for the best combination of wear resistance and cost.

Weng et al.[134] conducted room and high-temperature wear testing of laser-clad Ni &
Ni-WC coatings sprayed on a stainless steel substrate. The testing was done at room temperature,
600°C, and 700°C on a ring-on-block wear tester with WC percentages of 10, 20, 40, and 60%.
The authors reported that the wear resistance of coating increased with an increase in WC. Wear
rates increased at 600°C due to matrix softening, high plastic deformation, and thin and unstable
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oxide layers. But wear rates decreased at 700°C chiefly because the formation of steady oxide
layers, which limited wear loss. The main wear mode at room temperature for the pure Ni coating
was plastic deformation and adhesive wear. For the Ni-WC coatings, abrasive wear was leading.

Adhesion and oxidation wear were dominant, at higher temperature

Chen et al.,[135] studied the ZrB> behaviour at temperature 800C and found that it starts
to oxides at this temperature and produces B2O3 and zirconium oxide. B2Os gave a protective
layer above 450°C to the surface and restricted the oxygen diffusion. Whereas at the temperature
above 1200°C, evaporation started of B,Os and could not protect the surface. That is why
research has been done on a combination of ZrB, with SiC and found that it upsurges the
oxidation resistance at 1000-1800°C through generating fewer instable borosilicate glass with
low absorptivity [136]. Its results researchers developed ZrB,-SiC coating to fight against
oxidation, wear, and corrosion. Usually, the combination of these materials protects the substrate
surface from high temperatures [136],[137]. The oxidation behaviour of SiC ceramic can tend

to improve ZrB; oxidation behaviour[21].

Shirshendu et al. investigated the composite scratch resistance on ZrB,-TiB; and found
that the developed composite coating possesses good wear resistance due to high fracture
toughness and hardness[22].

Jitendra et al. also studied the tribological behaviour of the same composite coating and
found decrement in coefficient of friction(COF), improved hardness, and enhanced the formation
of tribo-chemical films [138]

Tobar et al., investigated several samples of own-fluxing NiCrBSi alloy powders
combined with nickel clad WC powder. This composite powder was subjected to laser cladding
onto austenitic stainless-steel substrate of AISI304 grade. The goal of the investigation was to
study the impact of bulk fraction of WC particle on the development and recital of the composite
layer. They found the if the volume fraction of WC particles is more than 50% then pores were
there in the sample. Contrary to this if the volume fraction is less than 50% then resulting clad
layer shows excellent characteristic including homogeneity, density, and absence of cracks. The
micro-hardness was also excellent in the range of 600-1000HV depending upon the WC contents
levels[139].

Katsich et al., reported in his detail’s investigation of effect of carbide degradation within
a Ni-based hard facing reinforced with WC/W-C under the condition of impact and abrasion.

The samples were prepared by plasma transferred arc welding technique. The loss of carbide
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contents increases the wear rate, and the mechanism was prominently three body mechanism.
They reported that with the loss of carbide content directly impact the wear rate of the

specimen[140].

Gua et al., investigated on the laser cladding developed NiCrBSi Coating along with
NiCrBSi-WC-Ni composite coating on the stainless-steel substrate. The researched were majorly
focused on the wear and friction behaviours of the coatings under the counter body of SizN4 ball
at temperature of 500°C. Result showed that micro-hardness and wear resistance was higher than
that of laser cladded coating. Furthermore, the composite coating NiCrBSi-WC-Ni shows
enhance enhanced high temperature that that of NiCrBSi coatings. This may be because of the
robust WC phase formed in the developed composite coating[141].

An alloys Mo, WC, and NiCr for are well searched by the researcher for their well-known
properties like strength, wear resistance and corrosion resistance. Adding these materials into a
composite coating has potential to increase the surface properties of the components used by the
different industries ultimately increasing the life spans of the component in the corrosive and
abrasive environment. As per the review there are several methods for the synthesis of these
composites like thermal spray, laser cladding, plasma sparing and electrodeposition. These
developed coatings show excellent wear resistance, hardness, and chemical stability into the

different severe conditions.

The success of the developed composite coatings be contingent on the even distribution of WC
particle and best bonding between the phases and decreasing the risk of delamination.

Both the composite coatings ZrB»>-SiC and Mo-NiCr-W-WC represent the promising
opportunities for the advancing of protective coating technologies. These composite coating
offers enhanced mechanical, tribological, thermal and chemical properties. Because of these

properties they attractive for the various industrial applications.
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2.3 Research Gap
Composite coating involves the deposition of combination of materials on the substrate, have
achieved significant attention in the recent years from the researchers worldwide due to their
potential of enhancing the properties of the substrate as per the requirement of various industries.
While a substantial body of research exists on the composite coating still there are several notable
gaps that merit further research on the composite coatings.

I.  Lack of comprehensive studies of the composite coating for high temperature

applications
ii.  Composite coatings for hypersonic vehicle application

iii.  Lack of corrosion studies on Composite Coatings

In conclusion, while the literature on the composite coating for the higher temperature
applications has made significant strides, there are evident gaps that require further investigation.
There is limited literature available on composite coatings for higher temperature application,
wear behavior and corrosion behavior of composite coatings. Also, very limited work has been
done applications of composite coatings for hypersonic. Addressing these research gaps could
lead to the development of composite coatings with optimized properties and functionalities,
paving the way for their widespread application across the industries for high temperature

applications.

2.4 Research Objectives
Based on the exhaustive literature review and with the consultation of different expert in the field
of tribology and composite coating along with our mentors we have locked the following
research objective for the current research:

a. To develop composite coating for the wear resistance applications

b. To Characterize and analyze the Mechanical properties of the developed composite

coating.
c. To study the high temperature wear behavior of the developed composite coatings
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Chapter 03

Experimental Procedure and Research Methodology

In the present work, the experimental procedure to develop the composite coating along with the
detailed process parameter have been discussed. The characterisation techniques utilised for the
investigational study have also been discussed in this chapter.

3.1 Introduction

This chapter provides an in-depth overview of the comprehensive experimental methodologies
implementing and executing the experiments at several phases, the materials employed in the
study, and the specialized equipment utilized to evaluate the performance of the newly developed
materials through experimentation. Each piece of equipment utilized for the purpose of
characterizing the materials is meticulously detailed, including its distinct role within the
investigation, as well as its specifications and particulars.

Furthermore, the chapter encompasses the range of materials and chemicals essential for
fabricating the composite-coated specimens, along with the electrolytic solution utilized for the
deposition process. A systematic progression of steps, beginning from substrate preparation and

extending to the deposition procedure, is extensively expounded upon.

3.2 Material and Methods

3.2.1 Coating Material & its Groundwork

Table 3.1 presents the Coating materials employed in this present research work, along with
details such as the manufacturer's name and the level of purification achieved. It's noteworthy
that all chemicals used in this study are of analytical grade and have been utilized without the

need for additional purification.

Table: 3.1 List of Coating and substrate material along with specifications

S. No Coating Material | Manufacturer and Specifications | Substrate Material
1 Mo, NiCr, WC, W | Trixo-Tech Advanced Material Pvt Mild Steel

Ltd (Average particle size of 40 to (Dimensions: 80 x

65 +5 um, with a purity of 99.99%) 80 x 2.5 mm)

2 ZrB> 80 vol. %-SiC | Trixo-Tech Advanced Material Pvt Inconel 718
20 vol. %) Ltd (Average particle size of 40 to (Dimensions: 80 x
65 +5 um, with a purity of 99.99%) 80 x 2.5 mm)
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Planetary ball milling finds widespread application in grinding, mechanical activation, and
surface coating of powder particles. In the realm of mechanical alloying, critical elements include
the raw material in powder usage and the practice variables [142]. Key process variables
encompass milling speed, temperature, duration, and the ratio of balls to powder. These variables
hold a significant impact on the ultimate composition of elemental powders, thereby influencing

the end outcome.

First of all, the elemental powders (Mo, NiCr, and WC, W) are composed using an experimental
laboratory ball mill for 2 h. After confirming the even mixing, the mixture is then heated at 100
C for 1 h to eliminate the moisture beforehand loading into the feeder. Here and now the coating
powder is available for HVOF Thermal spray method for coating deposition.

On the Other hand, the coating powder compositions of ZrB, 80vol. %-SiC 20vol. % were got
by mingling ZrB, & SiC. To mix the mixture, a spray drying technique was used. Spray drying
procedures enhance the smoothness of powder flow in the plasma spraying feeder nose[143] .
Spray drying is performed to get nano, sub-micron-sized particles from the liquid and slurry to
fabricate the solid agglomerates particles[144] . In the spray-dried technique, the slurry is
sprayed hooked on the dry chamber by use of a spray nozzle. In this drying chamber, the warm
air is transferred inside the drying cavity, and the liquid evaporates by leavening dried
agglomerates powders resultant sphere-shaped grain particle powder with average particle size
in amid 40-60 um, appropriate in atmospheric plasma sprayed thermal spray deposition. This
agglomerated powder is simultaneously stored in the chambers where powders are collected that

are presented in the downside of the drying chamber revealed in Figure 3.1.

Drying
Gas

L5 Spraying
Nozzle

—> Drying Chamber
=» Exhaust
Gas

Slurry contains b
Powder + Binder

Dry Powder
~ Collectors
(Spray Dried
Powders)

Figure 3.1: Schematic diagram showing the spray drying process used in the study
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3.2.2 Substrate Selection & its Preparation

The Substrate serves as the foundation upon which the coating is deposited and significantly
influences the overall performance and durability of the coated system. The choice of substrate
for plasma-sprayed and HVOF coatings directly impacts the coating's performance, adhesion,
mechanical integrity, thermal behaviour, and overall suitability for the intended application[145]
. Careful consideration of substrate characteristics and compatibility is essential to achieve a
successful and reliable coated system. Therefore, Surface finishing, microstructure, and substrate
topography are important in coating formation. Impurities such as oily and grease over the
surfaces might reduce the adhesion of the coatings. That is why it is very important to prepare

the substrate with proper attention.

In the current work, we have used two different substrates with the same dimensions. The
substrate materials selected in the current study were mild steel and Inconel-718. The selected
dimension of the steel substrate is, and Inconel -718 substrate is taken as 80 x 80 x 2.5 mm.
Before synthesizing the composite coating through HVOF and plasma sprayed thermal process,
the substrates went to the cleaning. The samples are cleaned in the ultrasonicator under the
acetone in a water bath. After the cleaning, the substrate is passed through grit blasting (MECPL
equipment, India) with 20 um grit size alumina. Figure 3.2 (a, b & c) shows the grit blasted mild
steel substrate. The grit blasting aims to enhance the roughness of the substrate materials so that
the coating can adhere nicely to the substrate[146]. Grit blast offers an excellent surface for
interlocking places between the coating and substrate[147]. After grit blasting, the substrate was
cleaned minutely with the acetone using the ultra-sonification bath to remove the grit residues
left over in the substrate as much as possible. Any grit particle adhered to the metal substrate
will cause a flaw, that is exaggerated by its subjection to a temperature disparity in maximum
cases because of the thermal discrepancy between substrate metal and grit materials, which

directly gives birth to an expansion mismatch between them.

To perform the various experimental tests, the substrate and the coated specimen were cut into
regular pieces as per requirements. To avoid the heat impacts on the substrate, the cutting is
performed by using a high-speed diamond saw using a water jet to save the substrate from heat
shown in Figure 3.3. This cut rectangular specimens are well polished using the grinder and
polisher instrument with various types of emery paper like grid size 400, 600, 800, 1500, 2000,

3000 and then the final polishing of 0.04 um silica suspensions.
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Figure: 3.2 (a, b) Front & Side view - Grit blaster equipment used in the study

(c) Mild steel substrates after grit blasting

Figure 3.3: High speed Diamond saw (ATM Brilliant 220) used for cutting the samples.
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3.2.3 Coating Synthesis Methods and Process Parameters

HVOF and Plasma spray thermal processes are widely used due to their impressive coating
deposition onto the substrate materials.

HVOF coatings are known for their high quality, low porosity, high hardness, and excellent wear
and corrosion resistance[148] . Plasma spray coating proves invaluable for components subjected
to extreme heat stress. Deposited protective layer against the surface of these parts, enhancing
their ability to withstand high temperatures and thermal fluctuations. In this process, a plasma
torch is employed to heat a powdered coating material to its molten state. The melted unit
particles are then pushed against the substrate's surface, wherever they quickly coagulate,

forming a dense & resilient coating[149], [150].
3.2.3.1 Coating Synthesis via HVOF Thermal Spray Method

The Mo-NiCr-WC-W composite coatings were applied using the HIPOJET HVOF thermal spray
system, manufactured by MEC and accessible at DTU. The HVOF thermal spray equipment
[Refer figure 3.4 (a)] consisted of a HIPOJET-2700 spray gun, a control panel, an X-Y
manipulator, and a powder feeder. This system operated with argon, oxygen, and LPG cylinders.
The substrate, composed of grit-blasted mild steel measuring 80 x 80 x 2.5 mm, was coated using
the MEC PR-9182 model pressure blaster. This equipment was engaged to create and bonded an
additional layer on the substrate. The dust generated during the blasting process was collected
by a dust collector. This supplementary layer was utilized to improve the closed strength amid

the substrate & coating.

In the HVOF thermal spray procedure, the HIPOJET-2700M MEC HVOF system was utilized
to spray composite powder containing hard ceramics at supersonic speeds. To facilitate the
growth of subsequent layers, a continuous supply of nitrogen (N.) gas was provided to both the

steel plate and the powder spray system.
3.2.3.2 Coating Synthesis via Plasma Spray Method

Plasma spray techniques are used due to their impressive coating deposition onto the substrate
materials. In the present study, ZrB, 80 vol. %-SiC 20 vol. % were used for spraying on the
surface of the Inconel-718 with the dimension of 80 x 80 x 2.5 mm by using 9 MB plasma spray
gun (Oerlikon Metco, USA). The amalgamate powders were carefully cast-off to deposit coating
by means of the shrouded APS technique to prevent from oxidation. The primary plasma and

powder carrier gas are argon, and hydrogen is engaged as the secondary gas. An inert
57



atmospheric shroud is used and placed at the forward-facing of the 9 MB plasma gun as shown
in Figure. 3.5. Various test experiments were performed by considering method parameters for

coating samples are firm and embodied in tabular form in further section.
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Figure 3.4 (a) Displays the HVOF thermal spray coating equipment and (b) Coating process
setup
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3.2.3.3 Process parameter

The optimal process parameters for HVOF and plasma spray coating are contingent upon several
factors, encompassing the material under coating, the desired coating attributes, and the intended
application. Among these considerations, there are various key parameters that are frequently
fine-tuned to achieve effective plasma spray coating. These includes Stand-off distance, gas flow
rate, Powder feed rate Plasma Torch Power, Substrate Preheating Temperature, Rotation and
Traverse Speeds, Powder Particle Size, Gas Mixing Ratios, Spray Pattern, Cooling Rate and
Substrate Temperature, Multiple Passes and Overlapping[151], [152]. Some of the highlighted

process parameters are mentioned in the separate table

Figure 3.6: Simplified Schematic of Plasma Spray Process Typical Illustrating Powder

Particle Deposition on the Substrate
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3.2.3.4 Process parameter of HVOF and Plasma Sprayed Composite Coating

Various test experiments were performed by considering process parameters for coating samples
using HVOF Thermal spray method. Table 3.2 presents the process parameters used in the

present study for deposition of Mo-NiCr-WC-W composite coatings.

Table: 3.2 Process parameter of HVOF coating for the deposition

S. No. Parameters Values

1 Air flow (SLPM) 100
2 Carrier gases pressure (N2) kg/cm? 5

3 Air pressure kg/cm? 05

4 Oxygen pressure kg/cm? 08

5 Oxygen flow (SLPM) 250
6 Carrier gas flow (SLPM) 15

7 Fuel (LPG) pressure kg/cm? 06

8 Fuel flow (SLPM)

Table: 3.3 Optimized Process Parameters used to Fabricate Atmospheric Plasma Sprayed ZrB.-
SiC Coatings

Plasma Spray | Current | Voltage | Standoff Primary | FeedRate | Secondary | Shroud
Parameters distance | flow, Argon | (g/min) flow, Gas
(A) (V) (slpm) Hydrogen | Pressure
o (Som) | (psi)
Value 506 60 110 54 12 5.1 40
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3.3 Powder and Coating Characterisation

3.3.1 X-Ray Diffraction (XRD) study

X-Ray Diffraction techniques are used for characterizing a crystallographic phase’s
identification of the samples. This method is grounded on the dispersed intensity of an X — ray
beam that has knockout (Scatter) a sample where it is function of angle of incidence and angle
of scatter. The XRD principle is expressed using the Bragg’s Law (Equation 2.1), nA = 2d Sin 0
(2.1) Where, A is the wavelength of the fall X- ray radiation, d = the spacing between the planes
in the atomic lattice, 0 is the angle between the incident X ray and the scattering planes and n is
an integer determined by the order given. Cu-kal radiation with a wavelength of 1.5418 A is
commonly used in XRD[153]. An incident beam hits the sample with an angle of 0, for which
diffraction takes place in very likely location of 20. The bent beam is observed by means of a
mobile sensor that is linked to a computer. In usual use, the scan is used over a range of 20 values
at constant angular velocity. The crystallographic phase identification of all the HVOF and
plasma sprayed coatings was performed at room temperature using the X-ray diffractometer
(XRD) (Rigaku, Model: TTRAX 111, Japan), which is shown in the Figure 3.7. XRD was carried
out in 20 range between 20° and 80 ° at a Scan rate of 2°/min with the Step size of 0.02° and it
is operated in the 25kV and 15 mA current. In the present thesis, the obtained XRD patterns were
compared with the ICDD database to confirm the phase purity of the powders, pellets as well as
plasma sprayed coatings. Quantification of phases in the obtained XRD pattern was

accomplished using X'Pert high score plus software.

Figure: 3.7 X-ray diffractometer (Rigaku, Japan (Model: TTRAX 1l1) used in the study
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3.3.2 SEM and FESEM with EDS Characterization

The initial powder and developed powders detailed microstructure were carried out by using
FESEM (field emission scanning electron microscopy (Hitachi, Model: S-4800, Japan) shown
in Figure 3.8 (a, b). Further the same FESEM machine was used to study the hot corrosion test.
All the analysis was performed under the vacuum chamber by using voltage of 10-20 kV. Energy
Dispersive X-ray Spectroscopy (EDS) mapping is an analytical technique used in materials
science to visualize the distribution of elements within a sample[154]. The elemental
composition of the considered samples was identified by EDX (Energy dispersive X-ray
spectroscopy) that is connected to FE-SEM. The study provides valuable insights into the spatial
arrangement of different elements, helping researchers understand the composition and
elemental interactions within a material. EDS mapping relies on the principle that when a sample
is shelled with an electron beam in an SEM, it emits characteristic X-rays as a result of
interactions between the electron beam and the atoms in the sample[155]. EDS mapping is often
combined with scanning electron microscopy (SEM) to get high-resolution pictures along with
elemental information. This EDX detector detects the characteristics of X-ray energy and the
corresponding intensity generated from the sample. Each element emits X-rays with unique
energies, which are detected and analysed to determine the presence and distribution of elements
in the sample.

The chemistry of elements present and intensity count in the samples can be studied by using X-
ray. Hence, the coting used over the samples are ceramics and non-ceramics so for ceramics the
chances of charge accumulation is more at the surface which could be responsible for blur image
,50 for avoiding this ,the samples were coated by ultrathin gold layer to make it conductive using

ion sputtering unit (Hitachi, Model: E-1010, Japan) shown in Figure 3.8 (b).

3.4 Study of Mechanical Properties

Mechanical properties studies on Thermal spray coating (APS or HVOF) are of paramount
importance due to its profound implications for the performance, durability, and reliability of
coated components. Mechanical properties assessment provides critical insights into how the
coating will respond under various loading conditions, impacting its ability to withstand
mechanical stresses, thermal cycling, and wear. By comprehensively understanding the
mechanical behaviour of coatings, we can make informed decisions regarding material selection,
process optimization, and component design, leading to enhanced overall performance and

longevity in various applications.
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Figure:3.8 (a) the digital image of field emission scanning electron microscope (FE-SEM)

supplied by Hitachi, Japan (Model: S-4800) and (b) is the digital image of ion sputtering
unit (Hitachi, Model: E-1010, Japan) used to coat the samples before FE-SEM.

3.4.1 Density and Porosity Measurement

HGP (Helium Gas Pycnometer) Ultrapyc, Model 1200e, and Quanta chrome instrument made
by the USA was considered to measuring the density of delaminated coating. The helium gas
was used at an outlet gas pressure; 0.34 bar in 0.25cm of the sample cell. In current thesis work,
mixture rule was employed to calculating the relative densities of Mo-NiCr-WC-W and ZrB:

+SiC by following formula. Figure 3.9 (a) depicts the image of Pycnometer.

Bulkdensity = DryWelght Equation: 3.1

Volume

Relative Density= Bulk density + Theoretical density...... Equation: 3.2

Real Density 100 )
Theoretical Density =~~~ T Equation: 3.3

Porosity = 1 —

The bulk densities of all plasma sprayed coatings were determined using the Archimedes water
immersion technique. This arrangement involves suspending a pan by a string within a glass
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beaker filled with water, as illustrated in Figure 3.9 (b). In this thesis, the assessment of density
adhered to the ASTM C20-00 (2015) standard. According to this guideline, a small section of
self-supporting coatings was positioned within a container, and its weight was measured under
dry, suspended, and soaked conditions using a precision digital balance (Citizen, Model: CY
220C, India). To determine the volume, the weight of the plasma sprayed coatings when
immersed in a soaking state was subtracted from the weight while suspended. Subsequently, the
bulk density of the coating was derived by dividing its dry weight by the calculated volume, as
demonstrated in Equation 3.1. Furthermore, the RD, relative density of the coating was
determined by dividing the bulk density/theoretical density, as expressed in the following

equation. Porosity in the plasma sprayed coatings were measured by the empirical equation 3.3

Figure: 3.9 (a) Pycnometer used to calculate density of delaminated coating, (b) Suspended
pan-string setup for the measurement of bulk densities using Archimedes water immersion

technique

3.4.2 Micro Hardness Study

Micro-hardness values were measured by using Ficher micro hardness tester, which was present
in Delhi Technological University, New Delhi. The principle of Micro-indentation hardness
testing Vickers hardness test, but in this test less loads were produced more microscopic
indentations i.e., almost 10-200 um. This testing also called as micro-hardness testing which
was commonly employed to measuring the hardness in local field/area. For example distinguish
microstructural stages or surface layers[156]. Whereas, in Vickers hardness test, diamond shaped
pendant was taken to put the impression over the specimen exterior surface with application of
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force for 10-15 seconds. The range of force are one to thousand gf. The size of impression is
calculated by considering microscope with indenter angle of 136° (Face Angle). The value of
hardness are calculated by considering below formula:

The micro-hardness of NiCr-W-WC-Mo composite coating was obtained 240.75, 240.8, 284.29,
290.8 HV.

: : 2F sin (3) :

Vickers micro-hardness (HV) = o2 2 Equation: 3.4

Where:

F =load in Kgf

a = diamond indenter (136°), Face Angle

D= [D= (di+d2) / 2]

Where D; mean diagonal indentation in mm
Diagonal length
Measurement

Diamond Tip |

9

Vickers Indentation Impression

Ve
T

-

(b)

Figure 3.10: (a) Vicker hardness tester and (b) Its mechanism used for measuring micro-

hardness of composite coating
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3.4.3 Hot Corrosion Study

As a critical evaluation method for Plasma spray coatings, the hot corrosion test simulates the
actual corrosive conditions (typically salts) in a controlled environment. Thermally coated
samples are exposed to high temperatures to test corrosion resistance and degradation behaviour.
Typically, the arrangement consists of a high temperature furnace or testing enclosure that can
achieve the targeted temperatures, along with a system for introducing the corrosive substances.
The coated samples undergo meticulous preparation and mounting procedures to ensure
precision and uniformity in the outcomes. During the test, the coated samples will be subjected
to Na2SO4 + V20s salts for thirty hour at a 1600°C and then detached for characterization later
cooling to room temperature The proposed coating combination ought to display an
indispensable part in melted salt diffusion extenuation through working as a external barrier.
The said coatings interact thermally and chemically with the molten salts, altogether preventing

liquefied salt penetration and make strong root.

Na,SO,-V,0; salt

Isometric
View

ZrB,-SiC Coating
High Temperature
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sz Cross-Section
View
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(a) (b)
Figure 3.11: High Temperature Furnace for Hot Corrosion Test (b) Penetration apparatus of
molten Corrosive salts through ZrB,-SiC coating under elevated temperature environment.
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3.4.4 Residual Stress Measurement

Residual stress pertains to the inner tensions present within a coated material subsequent to the
completion of the plasma spray deposition process. These tensions emerge due to the temperature
differentials and mechanical interactions that take place during the swift cooling and
solidification of the molten particles as they affix to the substrate. These stresses can be measured
using experimental methods or a combination of experiments and mathematical analysis. Process
variables like deposition speed, spray gun velocity, coating temperature, and thickness influence
residual stress generation. The coating procedure affects the quality of particle drive, its impact,
distortion, coating development, splat interfaces, pore development, and ultimate layer
formation. Compressive residual stresses are preferred, while tensile stresses can lead to coating
issues like fatigue failure, crack initiation, and delamination. Drilling is a common method to
assess residual stresses, involving micro-level drilling until reaching the substrate with controlled
parameters to minimize induced stresses. The assessment of internal stresses present within the
composite coatings was conducted using a Pulstec residual stress analyser (model: -X360, XRD).
The evaluation of residual stress employed the cos (o) method, which is rooted in Bragg's law.
The analyser had an LED marker, CCD camera sustenance, and a power and sensor unit, that is
accessible at DTU. This approach is illustrated in fig. 3.13 (a, b) and is supported by a 45° X-
ray indentation and a sensor unit. The diverse orientations of grain crystals that fulfil Bragg's law
prompt X-ray diffraction. Due to these crystal orientation differences; the diffracted X-rays
create a cone pattern around the axis of the incident X-ray. The relationship utilized is nA = 2d
sin, where "n" (an integer) signifies the reflection order, "A”’; wavelength (incident X-rays), "d”;

interplanar spacing of the crystal, and "0”; angle of incidence, equal to the angle of scattering.

l Incident X- J

Diffracted { J $
X-ray ‘

Figure 3.12 (a) Mechanism of cosine-a method for measuring residual stress
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Figure 3.12 (b): Graphical representation of cosine-a method

3.4.5 Wear Study
The Wear study employed in the present investigation to analyse the friction coefficient, material
removal rate, and the force of friction experienced between two materials engaged in relative

motion.

For measuring the tribological properties of W-WC-NiCr-Mo, pin-on —disk Tribometer is used
with configuration of (TR-20L-PHMB800-DHM850). Figure. 3.14 depicts image of Pin on disk
tribo-meter. The load of 20 N-200 N was considered with sliding velocity of 300 rpm (up to) at
varying temperatures range of 850 °C and 800 °C. LVDT instrument was used for measuring the
wear. In the current research work, the temperature of disc has increased not the pin and disc

temperature.

LVDT Assembly

(a) (b)

Fig: 3.13 (a) Graphic representations of pin-on-disc Tribometer, and (b) High

Temperature pin on disc tribometer used for testing
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The four set was considered for performing wear test with pin diameter of 8 mm (EN-31) and
disc dia of 60 mm with 2mm of thickness. The pin has worked as a counterpart and it shape was
circular flat with 8 mm dia. At last the tribological properties was examined for developed
coatings with considering fixed parameters such as such as load (N), temperature (°C), sliding
velocity (m/s) and sliding distance (m). Table 3.4, 3.5 and 3.6 shows the variable tribo test

conditions for performing the experiments.

Table 3.4: Tribo-test condition

Sr. No Considered Parameters Taken Values
1 Temperature (°C) 100, 200, 300, 400
2 Load (N) 55, 65, 75, 85
3 Speed (m/s) 1.0,1.5,20,25

Table 3.5: Considered Experimental condition

Test No Temperature # Load # Speed # (m/s)
°C) (N)
Testing # 01 100 55 1.0
Testing # 02 200 65 1.5
Testing # 03 300 75 2.0
Testing # 04 400 85 2.5

Table 3.6: Constant parameters

S. No. Parameter Condition

1 Counter body | Pin of @8mm EN-31 was similar for all the test

2 Disc Disc of @60mm and thickness 2 mm of mild steel
with composite coating W-WC-Mo-NiCr

3 Lubrication Dry
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The tribological wear test of ZrB,-SiC composite coating conducted with the help of ball on disk
tribometer by means of tungsten carbide ball, for 3600s, 250 rpm of speed, 5 N of normal load
with diameter of wear track diameter is 6 mm. Additionally, ZrB-SiC in the modification of in
dry non lubricated conditions at sliding against counter body of WC ball and corrosive molten
salt (55 wt. % V20s + 45 wt. % NaxSO4) intrusion will also be explored. According to Archard’s
equation is applied for resolve of specific wear rate.

The formula for calculating wear rate using the volume loss method is as follows:

- v T Equation: 3.5
W= AN

Wear Rate (mm3/m) = (Volume Loss) / (Sliding Distance x Applied Load)

Where V; volume loss (mm?®) A; normal load (N) and N; sliding distance

W; wear rate (mm3/Nm)

Here, A shows the area among the coating and the ball, N shows the speed V shows the wear
loss. COF graph with respect to time is plotted for each developed coating (Mo-NiCr-WC-W) at
all the three applied loads. These plotted graphs showed the variation of COF values entire test
duration of fifty minutes. The tribometer is connected to computer which is WINDUCOM™
software enabled were used to records the value of COF after every seconds. Then this graph is
transferred into excel sheet and graph was plotted for load and three testing temperature for
comparison purpose.

Furthermore, the wear behaviour and wear morphology of worn surface of both the developed
coatings via plasma spray and HVOF thermal Spray were evaluated through FESEM and SEM
equipped EDS.

Ball holder

N

Wear track Steel ball

Specimen —=

—

Figure: 3.14 Schematic diagram representing Ball on Disc wear Tester
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CHAPTER - 4: RESULTS AND DISCUSSIONS
Development of Composite coating (Mo—NiCr—WC-W) on Mild Steel Substrate

and understanding its Tribological behavior under different Temperatures.

In current research work, HVOF sprayed Mo-NiCr—WC-W blend composite coating
tribological properties are studied under distinguish temperature ranges. In first phase,
powders are prepared for coating by employing ball milling procedure. In second phase, the
prepared powders are sprayed on the surface of substrate (4 specimen) by employing HVOF
technique. In next stage, tribological properties of developed coating were studied by using
high temperature pin on disk Tribometer at varying load, varying temperature and fixed
sliding speed. XRD, FESEM and micro hardness tester was used characterize the developed
coatings and hardness measuring purpose in developed wear tracks. The COF and wear rate

were calculated by employing weight loss and m/c outcomes method. At last, the results are

analyzed and discussed in detail.

4.1 Powder Characterization of Coating Material

4.1.1 Microstructural Characterizations of Mo, NiCr, W coating powders.

Figure 4.1 depicts the SEM micrographs of commercially obtained feed powders feed (a) Mo
(b) NiCr, (c) Tungsten and (d) Tungsten carbide powders which were used for developing the
coating onto the surface of the substrate by using HVOF spray technology. It has been observed
from the obtained SEM image that the shape of particles is in spherical in structure. The average
size of Mo, NiCr, W and WC obtained by spray dried process are from 40 to 65 £ 5 um[157],
[158].
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(a)Mo Powder

Figure 4.1: SEM micrographs of commercially obtained feed powders for HVOF coating.
4.1.2 XRD Analysis Mo, Ni-Cr, W and WC powder

The phase and purity of commercially obtained coating material were examined with the help of
XRD Analysis. In order to ensure uniform mixing of the powder particles, the obtained coating
materials were first milled in a laboratory ball mill for 2h. Figure 4.2 depicts the XRD pattern of
sprayed dried Mo, NiCr, W and WC showing sharp crystalline peaks of cubic structure. No
foreign peaks other than Mo, NiCr, W and WC, it shows the powder are contamination free. This

analysis confirmed that tungsten carbide was a strong intensity peak as compared to others.
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Figure 4.2: XRD spectra of the sprayed Mo, NiCr, W and WC powder

4.2 Characterisation of Mo-NiCr-W Developed Composite Coating
4.2.1 Morphology and Coating Thickness

The surface morphology of HVOF-deposited coatings was analysed using FESEM. Figure 4.3
(a) depicts as-sprayed coating Surface Morphology. The micrograph reveals that the coating in
its molten state, depicting a flawless deposition process. The as-sprayed coating reveals the
existence of pancake-shaped and disc splats. Partially melted regions are also evident. The
outstanding quality of the deposition becomes evident when observing the coating cross-
sectional area. The deposited coating on steel substrate is excellent & can be seen in the obtained
FESEM image. The highly magnified cross-sectional images give the clear appearance of
perfectly bonded matrixes, leading to improved hardness and wear resistance properties in
fabricated coatings. Figure 4.4 shows the coating cross-section thickness. The thickness obtained

from the developed coating was 370-380 um.
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Figure 4.4: Cross-Sectional View depicting Coating thickness
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4.2.2 EDS Analysis of Mo-NiCr-W Composite Coating

Figure 4.5 shows the elemental compositions of powders Mo, NiCr, W, and WC, where
elemental mapping analysis was performed. In the EDX diagram peaks of Ni, Cr, and C are
given off as the X-ray returns to the K electron shell. The peak of W is given off by M electron
shell and the peak of Mo is given by the L electron shell. Elemental mapping involves analysing
the spatial distribution of elements using techniques like EDS in conjunction with SEM. This
elemental mapping technique was performed to study the distribution of elements present in
powders such as Mo, Ni, Cr, W, and WC within the sample. From this study, it has been
perceived that Mo. Ni, Cr, and W were extant with their oxides on substrate surface .Figure 4.6
illustrates the distribution of carbon elements in the magenta regions; purple, yellow, orange,
green, and grey are the corresponding figures for Molybdenum, nickel, tungsten, oxygen, and
chromium. The manifestation of elements is also assured through peaks of EDS images depicts

in Figure 4.5.
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Figure 4.5: EDS analysis of HVOF deposited surface
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Figure 4.6: (i) Morphology and EDS analysis of coating powder

4.3 Tribological Study of Mo-NiCr-W Composite Coating
4.3.1 Wear and Frictional Behaviour of HVOF Coating

The tribological tests were performed at various normal loads such as 55, 65, 75, and 85 N at
high temperatures (100, 200, 300, and 400°C) for 60 minutes using EN-31 steel disc. The sliding
distance was taken at 1500 mm constantly for all the test conditions. The counter body has a pin
diameter of 8 mm made of EN-31 materials, and the disc diameter is 60 mm with a thickness of

2 mm of mild steel. This test was carried out in dry conditions.

Figure 4.7 (a) depicts the value of COF of developed coating (tungsten-based composite coating)
at various temperatures, at sliding velocities of 1 m/s ,1.5 m/s, 2 m/s, and 2.5 m/s at an applied
load of 55 N, 65 N, 75 N and 85 N in dry condition with 1500 m sliding distance. The value of
COF at 55 N is 0.622 at 65 N is 0.317 at 75 N is 0.436 and 85 N is 0.314.

The trend in COF values suggests that the friction behaviour of the composite coating is sensitive
to the applied normal force. Generally, higher normal forces lead to increased contact pressure
between the pin and the disc, which can influence the frictional behaviour. This behaviour might
arise due to changes in material deformation, adhesion, wear mechanisms, and contact area under
different loads[159].

The mean value of COF from T # 01, T # 02, T # 03, and T # 04 are 0.622, 0.317,0. 463 and
0.314 at distinguishing temperatures i.e. 100, 200, 300, and 400°C respectively.
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The decreasing trend in COF from T#01 to Test#2 suggests that the friction behaviour improves
with increasing temperature. This may be because of creation of a defensive oxide film on the
substrate surface at higher temperatures, reducing direct contact between the composite coating
and the counter body, thus lowering friction[160].

The slight increase in COF from Test 02 to Test 03 might indicate a change in wear mechanisms
or the development of a different type of surface interaction at this temperature range.

The decrease in COF from Test 03 to Test 04 suggests that at 400°C, the composite coating might
exhibit a more favourable friction behaviour, potentially because of variations in the material's
properties or the surface characteristics.

Figure 4.7 (b) depicts the wear versus temperature curve of the composite coatings. It shows that
wear keeps on decreasing with the increase of the temperature. The decreasing wear trend with
increasing temperature suggests that higher temperatures are generally beneficial for wear
resistance in this specific composite coating[161], [162]. This could be attributed to multiple
factors including formation of oxide Layers, lubrication effects, changes in wear mechanisms
and others. In general, elevated temperatures promote the formation of oxide layers on the
coating's surface. These oxide layers can act as barriers against wear by reducing direct contact

between the surfaces.
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Figure 4.7: (a) Variation in Coefficient of Friction with Sliding Distance for Mo-NiCr-WC-W
Coating, (b) Wear trend in Mo-NiCr-WC-W coating with respect to temperature.

Higher temperatures can alter the wear mechanisms that are dominant at lower temperatures,
leading to a shift towards mechanisms that are less detrimental to the material. Effect of

temperature on the micro hardness value is also the evidence of reduced wear mechanism.

4.4 Mechanical Properties of Mo-NiCr-W composite coatings

In this section we have demonstrated the mechanical properties including micro hardness &
residual stress of HVOF sprayed Mo—NiCr—-WC-W composite coating and understanding its
behavior with respect to temperature.

4.4.1 Effect of Temperature on Micro hardness property of Mo-NiCr—-WC-W HVOF
Coating

At an increasing temperature 100 to 400 °C in the interval of 100 °C, micro-hardness of the Mo—
NiCr—-WC-W HVOF Coating was calculated. The values are observed; 240.75+5, 240.8+5,
284.29+5 and 290.8+5 HV respectively shown in Figure. 4.8. For developed composite coating,
the micro-hardness value at 400 °C was higher than 100, 200 and 300 °C due to interfacial
strength amongst the micro particles used in coating and due to modification of grain positioning
at elevated temperature[163]. The coated micro-carbon particles help as a resistance to plastic

deformation and chiefly raise the hardness.
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Figure 4.8: Micro hardness value of Mo—NiCr-WC-W HVOF Coating w.r.t temperature.

4.4.2 Effect of Temperature on Residual stress of property of Mo—NiCr—WC-W composite
Coating

The residual stress (Fig. 4.9) of the Mo—NiCr-WC-W composite Coating was perceived as
354 +5, 124 £5,114 5 and 80 £5 MPa at an growing temperature from 100 to 400 °C in
the break of 100°C, respectively. This decline in residual stress can be attributed to stress relief
mechanisms or alterations in the grain direction of the coated material, resulting in reduced

residual stress levels[164].
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Figure 4.9: Variation in residual stress of Mo—NiCr-WC-W HVOF Coating w.r.t temperature.
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Laboratory setups employing X-ray micro diffraction, along with advanced 2D detectors, enable
the assessment of materials with exceptional spatial precision. This study introduces an
innovative approach for residual stress evaluation, centred around the analysis of a solitary
Debye ring with varied temperature range. This technique proves especially adept for stress
analysis in coatings and samples featuring intricate geometries. Figure 4.10 depicts the Debye
rings 2D, 3D and distortion ring at numerous temperatures from 100 to 400°C in the gap of
100°C. Collectively, Figure 4.10 furnishes valuable insights into the thermal conduct of the
material and the integrity of its crystal structure.

At 100°C, the Debye rings present a well-defined pattern, characterized by distinct spacing
between them. Upon raising the temperature to 200°C, the clarity of the rings slightly diminishes,
revealing some blurring at the edges. Progressing to 300°C, the distortion ring gains prominence,
indicating significant structural modifications within the material. Subsequently, at 400°C, the
Debye rings undergo substantial distortion, implying a transformative alteration in the crystal
lattice.

The 2D and 3D rings are no longer distinguishable at this temperature. The distortion ring
exhibits a complex pattern featuring irregular spacing and shapes. These observed shifts in the
Debye rings strongly suggest that the material experiences a phase transition as the temperature
ascends. These findings carry significant implications for comprehending the material's

characteristics and its potential applications.
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Figure 4.10: Debye rings at different temperatures ranging from 100 to 400°C, with intervals of
100°C, showcasing the 2D, 3D, and distortion rings.

4.5 Microstructural investigation of Worn-out surfaces.

To examine the wear-out nature of the composite coating, the FESEM images worn surfaces of
Mo—-NiCr-WC-W composite coating are displayed in figure 4.11 (a—d).

The figure declares the actuality of abrasive wear. In abrasive wear, hard particles or surfaces
encounter the material's surface, leading to material removal through mechanical forces[165].
The presence of micron-size carbon particles figure 4.11(a, b) on the worn surfaces indicates that
abrasion is a significant contributor to the overall developed coating wear behaviour.

Furthermore, cracks presence on worn surface, draws attention to a potential mode of wear
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propagation. Cracks are generated due to various factors such as stress concentrations induced
at the periphery of pits and cavities, thermal cycles due to rapid quenching during operating
condition, or material properties. The fact that these cracks are observed on the worn surfaces
suggests that they could serve as initiation points for the abrasive wear process. Oxidation is a
chemical process that can lead to the degradation of material properties. The development and
formation of oxides on the worn surfaces[166]. The presence of oxides could indicate that
chemical reactions takes place on the surface due to wear interactions, further contributing to the
overall wear process. Another critical aspect of wear failure mechanism observed in the present
study is the layer debonding figure 4.11 (d), which refers to the separation of different layers
within the coating. Layer debonding might be influenced by factors such as adhesion strength,

thermal stresses, or microstructural inconsistencies[167].
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Figure 4.11: Micrographs of wear out surfaces- FESEM.
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4.6 Summary

In short, HVOF technique was employed for developing the blend composite coating (Mo—NiCr
WC-W) on steel substrate. The tribological properties were studied at increasing temperature by
using pin on disk Tribometer. The excellent improvement in micro-hardness with increasing
temperature is obtained i.e. at 400 °obtained micro hardness was about 290.8Hv.In residual test,
at increasing temperature, value of residual stress tends to seem decreased i.e. at 100 °C (354
MPa) and minimum at 400 °C (80 MPa).At temperature range from 100 °C to 400 °C Debye
rings appears. At 100°C the value of COF is maximum and it minimum at 400 °C when
considered sliding distance was 1500 meter while at 200°C and 300°C were deceits amid above
temperature. At 100°C, wear rate of developed coating was observed maximum and minimum
at 400°C. FESEM images were taken to analyse the Microstructural of developed coating and
it’s worn out surface. These worn out surface carried of several oxides films, delamination layers

and cracks.
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CHAPTER -5

Development of Composite coating (ZrB.-SiC) using Plasma Spray and

understanding its thermo-chemical behavior

The objective of the present work is to sightsee the potential of ZrB»-SiC- based ceramic coatings
as a shielding layer for Inconel 718 substrates. The work targets on the use of shrouded plasma
spraying technology to deposit the coating and investigates the effect of exposure to molten
sulfate-vanadate salts (45% NaSOs and 55% V.0s) on its properties. By conducting a
comprehensive examination of oxidation and corrosion resistance, tribological behavior, and
interactions with molten salts, the study contributes essential insights to the field of advanced

ceramic coatings and their performance under demanding conditions.

This chapter contains five major sections. The first and second section examines the
Microstructural and XRD analysis of Powder and coatings respectively, while the third section
is intended to understand the Tribological wear property of ZrB,-SiC composite coating. The
fourth section inspects the Hot corrosion behavior of composite coating after subjected to
corrosive salts. The fifth section contains the XRD analysis of ZrB>-SiC Composite coating

before and after Hot corrosion.

5.1 Microstructural investigation of Powder and Plasma sprayed ZrB»-SiC
Coatings

5.1.1 Powder Characterizations through FESEM study

Figure 5.1 shows the high and low magnification FESEM images of ZrB»-SiC powders which
were used for developing the coating onto the surface of the substrate by using plasma spray
technology. Figure (a) and (b) shows the spherical shape powder particles with an average size
of 40-70-micron meter. The coarse structure can be seen in the obtained FESEM image due to
non-uniformity in morphology and sharp corners of base materials responsible for complete

agglomeration.

86



Figure 5.1 :( a-b) FESEM images of the ZrB,-SiC powder at lower and higher magnification,

demonstrating spherical shape.

5.1.2 EDS Analysis of Coating Powder

Figure 5.2 shows the elemental compositions of powders (ZrB.-SiC) where elemental mapping
analysis was performed. This elemental mapping technique was performed to study the
distribution of elements present in the sample's powders, such as Zr, B, Si, and C. Figure 5.2 (a)
gives the full knowledge of the ZrB»-SiC powder microstructure. Figure 5.2 (e) shows the
elemental mapping techniques that help us investigate the scattering of elements such as Zr, B
Si, and Carbon within the sample. This analysis is essential because it proves the presence of the
elemental ratio of ZrB»-SiC with the required composition. Figure 5.2 (f) shows the plot against
the elemental ratio versus desired specifications. Through this processing, the properties of

materials and processing conditions can be optimized.
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Figure 5.2: (a) FESEM image of ZrB»-SiC feedstock powder, (b-e) EDS mapping is showing the
EDAX spectrum quantifying presence of Zr, B, Si, and C elements.

5.1.3 Coating Thickness and Morphology of ZrB2-SiC Composite Coating

Figure 5.3 (a) shows the thickness cross-sectional view of the developed coating. The thickness
of plasma developed coating was achieved between 300 to 400-micron-m and showed the bereft
of defects with greater integrity with the substrate. Figure 5.3 (b) shows the developed coatings'
theoretical and measured densities. The density obtained from composite coatings is 86.4 £ 1.3%
of the theoretical density. As we know, the indirect relation between porosity and density, that
why we calculated the porosity of developed coatings, i.e., approximately 13%. Figure 5.3 (c)
shows the image of plasma sprayed ZrB»-SiC coating in the environment of shroud gasses on the
Inconel-718 substrate. Figure 5.3 (d) shows a bimodal-like sponge of ZrB,-SiC coating with an
averagely melted zone. The dense structure seems to be seen due to a completely melted zone in
high magnified FESEM image.
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Figure 5.3: (a) FESEM image (Cross-sectional area) of ZrB,-SiC plasma sprayed coatings and
(b) depicts the graph between the theoretical density versus measured density (c) Plasma spray
coating on Inconel-718 substrate (d) High magnified image of ZrB,-SiC plasma sprayed

coatings.

Figure 5.4 (a) and (b) shows FESEM images of the fragmented surface of as-sprayed ZrB,-SiC
coating, which showed a specific splat-like microstructure chiefly made up of superimposing
lamellae demarcated from splat borders and fenced from a connection of micro cracks. Thermal
conductivity and heat transmission are commonly affected by splat boundaries. Tension
relaxation during fast cooling causes horizontal micro-cracks to emerge at splat edges. Splat
boundaries form due to the weak connection between deposited splats caused by the collision of

fast solidification and their molten droplets.
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Figure 5.4: (a-b) Ahigh magnification image (FESEM) of a fragmented cross-section of plasma

sprayed ZrB»-SiC coating in an atmosphere of shroud gases.

5.2 XRD Analysis of ZrB2-SiC Composite Coating and Powders

Figure 5.5 shows the X-ray diffraction pattern of sprayed dried ZrB,-SiC powder and developed
coatings. In the XRD graph, the right shifting of peaks can be seen in the case of developed
coating because of the contraction of the lattice inside the crystal at the time of solidification of
melted particles on the substrate surface. As per the JCPDS data, the highest peak in the ZrB»-
SiC coatings obtained is Alpha in ZrB2 and gamma in SiC with Beta in ZrO». For ZrB», which is
hexagonal in nature. For hexagonal SiC, (00-036-0420) for monoclinic ZrO, (m-ZrO), and (00-
024-1164) for tetragonal ZrO; (t-ZrO2). t-ZrO2 was recognized in the sprayed coating since some
of the t-ZrO, may not be changed to m-ZrO> during the quick cooling from high to ambient
temperature. The XRD test could not recognize the SiO. because of its slow concentration and
amorphous nature. Apart from this, the low intensity of silicon carbide might be the reason for
the breakdown of silicon carbide with oxidation at high temperatures That’s why according to
this, the biggest phase of developed coating is ZrB. (Reference code: 01-089-3930). Though,
silicon carbide peaks, as per the reference code 00-022-1317, can be seen in the XRD pattern. In
difference, (00-036- 0420) for monoclinic ZrO2 (m-ZrOz) and (00-024-1164) for tetragonal ZrO»
(t-ZrO2). However, XRD patterns indicate that the coatings retained ZrB and SiC phases.
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Figure 5.5: X-ray diffraction (XRD) spectra of the ZrB>-SiC powder and Composite coating

5.3 Tribological investigation of Plasma Sprayed ZrB2-SiC Coatings

Figure 5.6 (a) shows the value of COF, wear rate, and wear volume loss data of uncoated and
coated substrates. It has been observed from obtained results that the value of COF and wear
volume loss has reduced significantly. The decrement in the average value of COF has been
observed, i.e., 0.57 for the uncoated substrate and 0.3 for the ZrB,-SiC substrate. The wear
volume loss of bare Inconel-718 and ZrB,-SiC was calculated to correspondingly 2.63 + 0.5 and
1.90 + 0.8 mm?. Figure 5.6 (b) shows the graph of decreasing wear rate values for the coating
substrate to the uncoated substrate. The wear rate for ZrB,-SiC coated samples was noted (2.02
+0.03 103 /N-m), and for uncoated samples, is (2.8 + 0.04 103 /N-m). The tribological properties
influenced the hardness and toughness of materials. These findings of results are dependable on
the Archard equation for abrasive wear. This equation helps assume that the harder materials will
be lower for abrasive wear and wear rate. Therefore, the wear debris will be less formed in harder
materials (ZrB2-SiC) whose hardness is which leads to good wear resistance and low value of
COF as compared to bare (Uncoated) substrate. The tribological properties of ZrB, have also
improved by adding SiC to the composite powder. In the current study, the hydrated silica layers
are formed after reacting with moisture present in the air. The half-wear track was covered by

this produced lubricate film, which saved the surface of the substrate through wear.
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Figure 5.6: (a) COF of bare substrate and ZrB,-SiC coating (b) Graph depicting wear volume

loss along with wear rate.

5.4 Hot Corrosion behaviour of Plasma sprayed ZrB2-SiC Composite coating

Hot corrosion behaviour of Plasma sprayed ZrB,-SiC Composite coating under vanadate and
sulphate salts with different compositions has been presented in this section. Before the
introduction of corrosive salts, the composite coating was preheated at 250°C using high
temperature chamber furnace for 1 h to achieve better adhesion on the coating surface. A quantity
of 5 gm/cm? Na2S04-V,05 salt was evenly distributed on the coatings surface using a glass fibre
brush and then placed inside a furnace set to 1600°C.

The digital picture of ZrB-SiC has been seen in Figure 5.7 (a) before conducting the hot
corrosion testing. Whereas figures 5.7 (a) and 5.7 (c) show the plasma sprayed ZrB»-SiC coating
morphology after thirty hours of exposure to corrosive salts (V20Os + Na;SOa) at 1600°C. It has
been seen in the present study after conducting the hot corrosion at 1600°C with V205 + Na2SOu,
ZrB,-SiC is turned into monoclinic ZrO2, and Sioz is produced from silicon carbide, and little
amount of silicon replication is noted. Figure 5.7 (c) shows the coated surface covered by
corrosion products. The clear topography of the ZrB.-SiC coating (Plasma Sprayed) surface can
be seen in Figure 5.7 (d-e) on the surface of the substrate after exposure of 30 hours in the pool
of corrosive salts V205 + Na,SO4 at a temperature of 1600°C. It was observed that several
cylindrical-shaped and crystal dendritic was formed over the surface of the ZrB,-SiC coating.
The porous surface with fewer cracks (cylindrical and dendritic shape) has been shown in ZrB»-

SiC surface morphology.
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Figure 5.7: (a) ZrB.-SiC coating before the hot corrosion test. (b) V20s +Na>SO4 salt
onto the ZrB»-SiC coating and (c) Post-hot corrosion on coatings (d) FESEM picture
shows the surface of ZrB»-SiC coating after the hot corrosion test, and (e) high
magnification picture of marked area (Fig 5.7 d), arrow shows pores and molten salts of
NaSOs and V20s deposited and corroded over the surface.

The topmost surface of the developed coating before the hot corrosion can be seen in Figure 5.7
(a). Here 3 different regions are found. The EDAX spectrum was employed to verify elements
such as Zr, B, Carbon, and Si. The top surface of the developed coating after hot corrosion has
been seen in Figure 5.7 (c). In the present case, the three different areas were considered to
authenticate that how much area has suffered from corrosion with the corrosive materials. Figure
5.8: (a, c¢) shows the FESEM images of ZrB>-SiC composite coating before and after hot
corrosion. Figure 5.8: (b, d) shows the EDAX spectrum of ZrB>—SiC composite coating before
and after corrosion.

The EDAX scanning image of the developed coating surface can be seen in Figure 5.8 (d) after
performing the hot corrosion test at three different stages. These experiments confirmed the
presence of Zr, O, B, Si, Na, C, V and S after reacting with dissolved corrosive salts. In this
experiment, it has been observed that these corrosive salts (Na:SOs-V20s) melts at high

temperature and start reacting with ZrB»/SiC, forming oxides, i.e., ZrO2 and SiO>. The results of
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oxides formations help to protect the coating layer and stop the auxiliary reactions of salts with

the developed coatings.

) ZXBatSIC . (b) ZrB,+SiC

5.68K
4.97K]
4.26K]
3.55K
2.84K]
2.13K]
142K

071K

Before
LCorrosion

000§ ¢

Lsec: 146 0.000 keV Det: Octane Elect Plus

“ie) ZrB,+SiC o

315K

280K
245K
210K
1.75K]
1.40K
1.05K]

3 0.70K! :
After ossd 48
B, 0.00% 2 39
Corrosion

Lsec: 155 nts 0.000 keV Det: Octane Elect Plus

Figure 5.8: (a, ¢) FESEM images of ZrB. — SiC composite coating before and after hot
corrosion. (b, d) EDAX spectrum of ZrB2 — SiC composite coating before and after

corrosion

For a better understanding, due to the comparatively low melting point, i.e., 690° C, the chances
of melting V20s first in the mixed sulphate-vanadate salt. The reactions are summarised in

equation (3).

V205 + Na2SO4 =SO3 + NaAVO3 ., Equation -1
V205 + Na2O=2NaV O3, ..ccoeeeeiee Equation -2
V20s5+ 3Na20 =2NazVOa.....c.ooineiii i Equation -3

When the ZrB»-SiC coating was in direct contact to V20s- NaxSOs molten corrosive salts, a
molten mixture of Na20O-NaV0Os3-NaSOs-V205 -NasVOs likely to cover the coating’s surface
because these reactions might not be completed entirely and their reversibility should be
addressed. This combination might have entered the coating through the built-up pores, resulting

in micro-cracks over the coated surface from the plasma spraying process. According to a study
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conducted by Hakon Flood and Hermann Lux, when acid and base start to react with inorganic
salts, it is showcased as acidic through the acceptor of oxide ion (O2) and behaves as basic after
donating the oxide ion. This acid and basic concept can be taken as a kinetic revival of the oxygen
theory for both acid and base shown in the equation below:[168].

-2 f ] —
O +ACId =Base.......oovuiiiiiiiii i Equation -4
SOs (acid) + Na2O (Base) = NazSO4(Salt)..........ceeenininnntn, Equation-5

In the present work, Meta vanadate and sodium ortho are the majorly salt used. The sodium

vanadate. The sodium vanadate is shown below equation [7-8]:

NazO (Base) + V20s(acid)= 2NaVOs(Salt).......................... Equation -6

Result of this, the thermodynamic reactions that occur due to plasma spraying are given as

follows:

ZrBs + SiC+ NaVOsz — ZrO2 + Na2COs + SiO2 + V205 + B20s3 Equation -7

4B203+ 4ZrO2+ 5SiC+ 10NaVOsz = 4ZrB; + 2NaO + 5SiO2 + V205 + 5V205+3CO:

Equation -8

As discussed earlier, the loss of ZrO; and SiO> took place when the interaction of melted corrosive
salts which leads to the production of a ZrO- crystalline phase which caused the formation of ZrO>
to become unstable and change for the aforementioned stable monoclinic (m) crystalline stricture
of ZrOz. The volume expansion of approximately 2-6% occurs due to the transition of tetragonal
t' to monoclinic m ZrO, which results in cracking and spallation of ZrO,- SiC-based plasma
sprayed coating. It has been seen that as the volumetric pressure releases, it may cause fractures

in the coatings, which fail coatings.

(ZrOy) tetragonal = (ZrO2) MONOCHNIC «+ v vveveenreareeneeneainaaneanens. Equation -9
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Therefore, the Lux flood-based reactions are used to evaluate the interactions among the
ceramics with vanadium salts as the primary test, which is explainable for oxides if compared
with acid and basic nature. The low-affected stabilizer oxides must be acidic to interact with
V205 and NaVOs,

5.5 XRD analysis of ZrB2-SiC Composite coating before and after Hot corrosion

Figure 5.9 shows the XRD pattern of the plasma sprayed SiC-ZrB; coating before and after the
hot corrosion test. After the hot corrosion experiment was completed, zirconia was found in the
monoclinic and tetragonal phases, even though plasma sprayed coating merely possessed the
tetragonal phase. Apart from this, some SiO2 and V205 peaks were also visible in corroded ZrB,-
SiC coating. Through XRD, it has validated the presence of SiO2 on the top surface of corroded
ZrB»,-SiC substrate coating. Though, the corroded ZrB2-SiC coating’s XRD spectra exposed
sizable ZrB; peaking. Furthermore, the binary phases, such as SiO», SiC, and ZrO> products after
the reaction, can be found in the ZrB2-SiC plasma sprayed coating. The developed B0z has
expected to evaporate at 1400 °C. The ZrB.,Si bonds weaken and produce a disilicide phase,
generating a less thermodynamically stable Zr,BSi phase. According to a study conducted by
Kumar et al.at 1400 °C or above, the SiO; reacts with ZrO2 to produce ZrSiOs and ZrO,, which
also reacts to TiOz and forms titanium full zirconium titanate phase, i.e., ZrsTi;O2[169]. But in
the present study, ZrO and SiO> do not react with other oxides elements, which results in oxygen
ions starting to react with ZrB,-SiC on the exposure of components to produce their respective
oxides. V205 and Na>SOs diffraction patterns can be seen in the ceramic exposed salted surface

because of the remaining salts on the coating surface.
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Figure 5.9: XRD spectra of the ZrB, — SiC plasma sprayed coating before and after hot

corrosion test.

The XRD pattern shows that when the ceramic is exposed to molten salt, the diffracted peaks
related to ZrSiO4 binary compounds become more evident; this might be because the molten salt
creates an oxidizing atmosphere. Previous research on the electrochemical behaviour of ZrB; has
revealed that metal behaves passively in acidic chloride or neutral solutions. During chemical
deterioration, the presence of the SiC phase generates a thin protective layer of Si-O,

demonstrating passive metal behaviour[170], [171].
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5.6 Summary

In this study, a coating was produced with the aim of providing resistance against corrosive
environments at 1600°C for 30 h and having a relatively low coefficient of friction (COF) on its
surface. The coating was made using plasma spray technology and consisted of a mixture of ZrB>
and SiC with a thickness of 300-400um, on Inconel-718 substrate. The COF values for the coated
substrates ranged from 0.57 to 0.3. The wear rate of the ZrB,-SiC coating was found to be
2.02+0.03 x 1073 (mm3Nm), which was lower than that of the bare Inconel-718 substrate
(2.8£0.04 x 1073 (mm3/Nm)). The coated surfaces were then subjected to hot corrosion tests
using molten sulphate/vanadate salt mixtures, and it was found that the ZrO, component of the
coating formed a protective layer that prevented further penetration of the salts. The study
suggests that nanostructured ZrB»-SiC coatings can be a potential candidate for further
development as hypersonic features with improved resistance to hot corrosion via

sulphate/vanadate melts.
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CHAPTER -6

Conclusions

The end note of the present research work is discussed in this section. Climaxes important

conclusions are given here as follows.

e A composite coating (ZrB. and SiC) was developed using the thermal spray plasma
spraying technique with a 300-400um coating thickness on Inconel-718 substrate to
provide resistance beside corrosive surroundings at 1600 °C for 30 h with low COF
on its surface.

e The COF values for the coated substrates ranged from 0.57 to 0.7. The wear rate of
the ZrB,-SiC coating was found to be 2.02 +0.03 X107 (mm? /Nm), which was lower
than that of the bare Inconel-718 substrate (2.8 + 0.04 X10®) (mm?® / Nm)). The
coefficient of friction were almost constant with the variation of loads because of this
peculiar properties this can also be used in the disk break of automobile.

e The hot corrosion tests were performed on coated samples employing molten
sulphate/vanadate salt mixtures and observed that ZrO> component of the coating
formed a protective layer that prevented further penetration of the salts.

e The study shows that nanostructured ZrB»-SiC coatings can be a potential candidate
for further development as hypersonic features with improved resistance to hot
corrosion via sulphate/vanadate melt.

e Developed Mo-NiCr-WC-W blend composite coating on the mild steel substrate by
taking constant HVOF process parameters such as carrier gas flow used, air pressure,
etc. We used a simple, scalable, single-step HVOF spray technique to prepare these
surfaces.

e The wear and friction behaviour of developed coating were investigated at increasing
temperatures using a pin-on-disc tribometer.

e The remarkable improvement in hardness has been obtained in temperature
increasing trend. The highest hardness was obtained at 400°C, which is about 290.8V.

e The decreasing behaviour of residual stress has been obtained with increasing
temperature. The maximum value of residual stress was obtained at 100 °C, i.e., 354
MPa, and the minimum value at 400°C, i.e., 8OMPa. Debye’s rings also show the
same results.
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The maximum value of COF has been obtained at 100°C and the minimum at 400°C
at a sliding distance of 1500m, whereas at 200°C and 300°C the values were come
between above the temperature, and the wear rate was obtained at a maximum on
100°C and lowest on 400°C.

The cracks, oxide layers, abrasion, erosion, worn surface, and delamination of layers
are obtained through FESEM.

Scope for future work

Drawing from the findings of this thesis, several suggestions for forthcoming research can be put

forward. Subsequent investigations will enable:

To understand the Wear and Hot Corrosion behaviour of different. Further
investigating how different materials perform under various conditions can provide
insights into their durability, performance, and potential failure mechanisms. The
findings from such studies could lead to the identification of novel materials and
coatings that exhibit improved resistance to wear and corrosion, with applications
across industries ranging from aerospace to manufacturing.

To conduct tribological studies at different testing parameters like load, temperature,
and sliding speed, one can gain a deeper understanding of how these factors affect
the performance of materials and coatings.

To understand the cost-effectiveness analyses for the developed coatings, one can
provide valuable insights to industries regarding the economic viability of adopting
these coatings. This analysis considers factors such as manufacturing costs,
application methods, maintenance requirements, and potential savings due to
improved durability.

Mathematical modelling and analysis have not been addressed in the present thesis.
Therefore, it is essential to examine the wear characteristics and coefficient of friction

performance of these compositions.
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