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ABSTRACT

Maraging steels, widely used in the aircraft landing gear components were subjected to
wear due to the harsh working conditions. Surface modification of these components
by the deposition of advanced coating materials prolong their life. High entropy alloys
(HEA) are a contemporary class of materials with multiple primary elements having
applications in different fields, owing to their exceptional mechanical and physical
properties. Therefore the curent research is aimed at enhancing the wear performance

of maraging steels, by the deposition of HEA coatings.

CoCrNiTiMox and CoCrNiTiWy (x: molar ratio; x= 0.5, 1, 1.5) HEAs were processed
by mechanical alloying of pure metal powders for further application as feedstock in
the High velocity oxy-fuel (HVOF) technique. The phase and microstructural
transformation of the ball milled powders is investigated in detail by optimizing the
milling time and speeds. The milling process is extended for 50 h and milled powder
samples were collected at regular intervals of 10, 20, 30, 40 and 50 h to characterize the
samples for their suitability to deposit using thermal spray techniques. The milled
powders were characterized with respect to the phases, particle morphology, chemical
homogeneity, particle size and crystallite sizes. Based on the characterization studies,
the powders milled at a speed of 200 rpm for 10 h were selected as feedstock for HVOF

deposition.

After the deposition of coatings, the microstructural and mechanical characterization of
coatings were performed. The phases and microstructure of the deposited HEA coatings
were determined by X-ray diffraction (XRD) and scanning electron microscope (SEM).
The microhardness of the coating was determined by using a vickers indenter on the
coatings cross-section, with a load of 300 g and a dwell time of 15 s. The deposited
coatings fracture toughness was determined by using the Evans and Wilshaw’s
approach. The tribological behaviour of CoCrNiTiMox and CoCrNiTiWx HEA coatings
at elevated temperatures was studied extensively using a Pin-on-Disc tribometer. The
deposited coatings exhibited a lamellar structure and good mechanical bonding with the
substrate. The porosities of CoCrNiTiMox and CoCrNiTiWx HEA coatings, as

calculated using ImagelJ software, were found to be in the range of 1-2%.



The mechanical performance of the CoCrNiTiMox and CoCrNiTiWx HEA coatings
revealed superior values, when compared to other HEA coatings. The microhardness of
CoCrNiTiMog5, CoCrNiTiMo, and CoCrNiTiMoi s HEA coatings were found to be
841+62 HVo3, 927 £ 45 HVo3 and 952423 HV 3, respectively. On the other hand, the
microhardness of CoCrNiTiWys, CoCrNiTiW, and CoCrNiTiW 1.5 HEA coatings were
found to be 863+52 HVo3, 951 + 38 HVop3 and 1025£39 HV3, respectively. The
fracture toughness of CoCrNiTiMoo.5, CoCrNiTiMo, and CoCrNiTiMoi s HEA coatings
were found to be 2.89 £ 0.31 (Mpa m'?), 3.26 + 0.25 (Mpa m"?) and 3.79 + 0.35 (Mpa
m'?) respectively. Likewise, the fracture toughness of CoCrNiTiWo.s, CoCrNiTiW, and
CoCrNiTiW,s HEA coatings, were found to be 3.22 + 0.26 (Mpa m'?), 3.54 + 0.32
(Mpa m"?) and 3.87 + 0.3 (Mpa m'?) respectively. Further, it can be witnessed that the
as-sprayed HEA coatings exhibited a steady increment in the mechanical properties

with an increment in the molar fraction of Molybdenum and Tungsten.

The specific wear rate of CoCrNiTiMo HEA coating dropped by 70.5%, declining from
17.34 £ 2.8 x10°® mm*/N-m to 5.1 £ 1.6 x10°® mm?/N-m, while CoCrNiTiW dropped
by 76.3%, decreasing from 15.8 £ 3.7 x10°® mm?*/N-m to 3.73 + 2.1 x10® mm*/N-m,
with an increase in the temperature from RT to 600 °C. The wear rates of coatings
exhibited a significant reduction at elevated temperatures, owing to the formation of
TiO2, CoMo00O4, NiO tribofilms for CoCrNiTiMo, and TiO2, CoWO4, WOs3 oxides for
CoCrNiTiW. Further, the CoCrNiTiMoi s HEA coatings offered better wear resistance,
as compared to CoCrNiTiMoos HEA coatings, at any temperature and loading
condition, due to the increment in the molar fraction of Molybdenum. Additionally, the
CoCrNiTiWi s HEA coatings exhibited superior wear performance, when compared to
all the six compositions in the current research. The investigation of worn surfaces
showed a transformation in wear mechanisms from adhesive and abrasive wear at room

temperature to oxidative wear at elevated temperatures.

Keywords: High entropy alloy, High-Velocity Oxy-fuel spray, Wear, Mechanical

alloying, Microstructure.
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CHAPTER 1

INTRODUCTION

1.1 Background of study

Wear refers to the progressive damage or deterioration that occurs when surfaces come
into contact and experience relative motion. There are several types of wear, each
characterized by specific mechanism and contributing factors. The classification of
wear includes abrasive wear, erosive wear, sliding wear and corrosive wear. Among the
different types of wear, sliding wear is a common phenomenon, which is widely
responsible for the failure of multiple engineering components. Some notable
applications of sliding wear include automotive brake systems and engine components,
bearings, shafts, couplings, and aircraft landing gear components. The wear rate of
these components is affected by several factors including the nature of interacting
surfaces, loading, environmental condition and sliding speed. Frictional forces play a

crucial role in the material removal from the surfaces during sliding wear.

The tribological performance of sliding parts is crucial in specific applications, to
safeguard the engineering components against the harsh working conditions and enable
their proper functioning. Therefore, understanding the nuances of sliding wear is
essential to mitigate the wear rates. Surface modification techniques seems to be a
promising approach, in order to retain the bulk properties of the underlying substrate
and reduce the degradation at the surface. Several surface modification techniques
including carburizing, nitriding, thermal spray coatings, laser cladding, thin films were

widely utilised in order to augment the surface characteristics of the material.

Carburizing and Nitriding surface hardening techniques may cause distortion in the
shape of the treated components and induce brittleness. Laser cladding forms thick
coatings with excellent metallurgical bonding but induces high thermal stresses and
deformation in the system. Physical and chemical vapour deposition techniques were
specifically used to develop thin films to enhance the coatings' electrical and corrosive
performance. Therefore, various thermal spray techniques, including plasma spray
(Purushotham et al. 2023; Xiao et al. 2020a), high-velocity oxy-fuel spray (HVOF)
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(Srivastava et al. 2019), cold spray (Yin et al. 2019; Yurkova i Bilyk 2020), and flame
spray (Pal et al. 2023), were investigated to explore its application in different areas.
Thermal spray deposition methods were widely preferred due to their versatility in
depositing different materials without deteriorating the properties of the substrate.
Among the thermal spray deposition techniques, HVOF spray forms dense coatings
with lamellar microstructures, possessing minimum porosity and good mechanical
bonding with the substrate (Lobel et al. 2017; Srivastava et al. 2019).

Maraging steels, frequently employed in the aerospace industries for high-stress
applications such as landing gear and rocket engine components, were prone to wear
due to repeated impact and sliding contacts. Therefore, enhancing the functional
performance of these components using surface modification techniques seems to be a
viable alternative. Researchers and engineers continually explore new materials,
coatings, and lubrication techniques to improve the resistance of components to sliding
wear. In the current study, high entropy alloy (HEA) coatings were deposited onto
maraging steels using HVOF technique to enhance the tribological performance.

HEA coatings find their applications in numerous fields, including aerospace,
automotive, energy sector and industrial machinery. In aerospace industry, landing gear
components experiences significant wear and tear during take-off and landing. HEA
coatings can enhance the wear resistance of landing gear components, increasing their
lifespan. Further, the superior resistance of HEAs to oxidation and corrosion makes
them ideal for certain aircraft parts including combustion chambers, nozzles, bearings
and shafts. HEA coatings can significantly reduce wear and friction in automobile
engine components such as pistons, cylinder liners, and valves resulting in an
enhancement in engine efficiency and longevity. HEA coatings can also be used as
radiation shielding materials in nuclear reactors and help in protecting components from
radiation damage. Wind turbine components, particularly those exposed to harsh
weather conditions, can benefit from the enhanced wear and corrosion resistance

provided by HEA coatings.

HEA coatings offer several advantages over traditional coatings, making them an
attractive option for various applications, particularly in demanding environments.

HEA coatings generally exhibit higher hardness and strength due to their multi-
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principal element composition, resulting in better resistance to mechanical wear and
deformation. HEAs often have higher fracture toughness, making them less prone to
cracking under stress compared to traditional coatings. The unique microstructure of
HEA coatings can lead to lower friction coefficients, reducing wear in high-friction
environments. HEA coatings maintain their structural integrity and performance at
higher temperatures compared to many traditional coatings, making them suitable for

several high temperature applications.

1.2 High Entropy Alloys

HEAs are a contemporary class of materials characterized by five or more primary
elements in approximately equal amounts. HEAs were quite different from the
conventional alloying approach, which usually contains one or two principal elements.
HEAs intentionally incorporate multiple principal elements to introduce a high level of
disorder or entropy in their structure. The content of individual elements in a HEA can
vary within the range of 5-35 at. % (Cantor et al. 2004). HEAs exhibit a wide range of
desirable properties, including exceptional hardness (Chen i Suprianto 2020), thermal
stability (Shivam 2020), tensile strength (Zhang et al. 2020), corrosion resistance
(Wang et al. s.d.), and wear resistance (Chen et al. 2019c¢). These exceptional properties
emerge as a result of their distinctive attributes, which encompass high mixing entropy,
sluggish diffusion kinetics, and lattice distortion. According to Gibb's free energy rule,
the compounds with higher mixing entropies possess lower free energies, restricting the
formation of multiple intermetallic compounds. Therefore, many HEAs were seen to
form stable solid solutions with simple FCC or BCC phases (Tsai i Yeh 2014; Zhang
et al. 2014). The main fundamental in the design of HEA is that the entropy of the
system is maximum at equimolar composition. Further, the entropy of the system
increases with the inclusion of more elements to the system. Gibbs free energy rule
states that the systems free energy decreases with a rise in the entropy of the
system (AG,ix = AHpnix — TAS,i5)- The drop in the free energy of the system restricts
the formation of multiple intermetallic compounds, thereby enabling the formation of
solid solutions. (Tsai et al. 2014; Zhang et al. 2014)

HEAs were widely synthesised as bulk materials using arc melting (Ghassemali et al.
2017; Sathiaraj i Bhattacharjee 2015), mechanical alloying (Shivam et al. 2020) and



spark plasma sintering techniques (Alvi i Akhtar 2019; Zhang et al. 2016). The main
drawbacks associated with melting and casting routes are segregation of the
constituents and inhomogeneity in the microstructure. However, producing HEAS in
large quantities presents a significant cost challenge due to the expensive nature of the
pure metal powders. The application of HEAS as coatings offers several advantages,

including cost reduction and improvement in the functional properties of the substrate.

1.3 Core effects of HEAs

HEASs possess four core effects, namely high entropy effect, lattice distortion effect,
sluggish diffusion, and cocktail effect. High entropy effect is crucial in the
thermodynamics of phase formation, Sluggish diffusion is responsible for slowing
down the kinetics of phase formation and favours the formation of nanostructures.
Lattice distortion determines the mechanical and physical properties of the alloy.

Cocktail effect is responsible for achieving composite effect on properties.

1.3.1 High entropy effect

In thermodynamics, entropy refers to the measure of disorder or randomness in a
system. In traditional alloys, there is a relatively ordered arrangement of atoms in the
lattice structure. In the context of HEAS, the high entropy effect is a consequence of the
increased disorder introduced by the presence of multiple elements. This disorder arises
because the atoms of different elements are distributed randomly throughout the
crystalline structure of the alloy, rather than forming a more ordered and predictable
pattern. In line with the Gibbs free energy rule, the systems with higher entropies
possess lower free energies. The lower free energy of the system constrains the
emergence of several intermetallic compounds, thereby facilitating the formation of

solid-solution phases (Chen et al. 2018).

1.3.2 Lattice distortion effect

Lattice distortion refers to the alteration or deformation of the regular crystal lattice
structure in a material. It can be seen that in a pure metal, all the lattice sites are occupied
by the same element (Figure 1.1). However, in case of multiple principal elements, the
different lattice sites were occupied by different elements possessing distinct atomic
sizes. The elements bigger in size induce compressive stresses, whereas the elements

smaller in size induce tensile stresses. The existence of compressive and tensile stresses
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distorts the lattice, as can be seen in Figure 1.1. Lattice distortion can be a hindrance to
the movement of dislocations, which thereby leads to an enhancement in the strength
of material (Zhang et al. 2014).

One-component alloy Five-component alloy

BCC
No lattice distortion Severe lattice
distortion

Figure 1.1 Schematic depicting the lattice distortion effect in HEAs (José et al. 2019)

1.3.3 Sluggish diffusion effect

Sluggish diffusion refers to the slow or limited movement of atoms or particles within
amaterial. In the context of materials science, diffusion is the phenomenon where atoms
migrate from areas of greater concentration to those of lesser concentration. This
movement is essential for various processes, such as phase transformations, heat

treatment, and the development of microstructures in materials.

The kinetics of diffusion and phase transformation in HEAs exhibit a notably slower
pace compared to pure metals or conventional alloys. In HEA’s, the existence of
multiple primary elements leads to a variety of neighbouring atoms at each lattice site.
Therefore, the mean potential energy difference between lattice sites is predominantly
high. On the other hand for pure metals, where all the lattice sites were occupied by the
same element, the value of mean potential energy difference is zero. So this variation
in the mean potential energy at different lattice sites makes the diffusion of the atoms
very difficult (Tsai et al. 2014). Additionally, the diffusion coefficients of individual
elements within a HEA were distinct. For example the elements with High melting
point have very lesser diffusion coefficients. Phase transformations occur only when
there is coordinated diffusion among the constituent elements. So the slow diffusion of

certain elements obstructs the phase transformation. From Figure 1.2, it can be seen that
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the mean potential energy difference is highest for HEAs and zero for pure metals.
Further, the diverse mix of elements can result in higher activation energies, making it

more challenging for atoms to move through the material.

F;urc metal
Fe-Cr-Ni
~———CoCrFeMn_  Ni

Potential Energy

0‘.0 0‘.5 1‘0

Configurational Coordinate
Figure 1.2 Schematic showing the mean potential energy difference for pure metals and
alloys (Zhang et al. 2014).

Sluggish diffusion can contribute to the thermal stability of HEAs. The disorderly
arrangement of atoms and limited mobility of certain elements can hinder significant
changes, leading to thermal stability, even at elevated temperatures. Further, the
disorderly arrangement of atoms and slow diffusion kinetics may lead to the persistence

of specific phases or structures, influencing the material's properties over time.

1.3.4 Cocktail effect
The "cocktail effect” in the context of HEAs refers to the unique and beneficial

combination of properties that arise from the diverse mixture of multiple elements in
these alloys. In HEAs, the inclusion of multiple elements in roughly equal proportions
leads to a synergistic effect, resulting in a combination of properties that can be superior

to those of traditional alloys.

The characteristics of HEAs were determined not solely by the individual attributes of
their constituent elements but also by the interactions among these elements. In addition
to examining the isolated properties of each component, it is crucial to consider how
these elements interact with each other, as these interactions play an important role in

determining the overall behaviour and performance of the alloy. For instance,
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Aluminium is a malleable metal with a relatively low melting point and a FCC crystal
structure. However, incorporating aluminium into a HEA enables the formation of BCC
solid solution, thereby elevating the alloy's hardness (Sriharitha et al. 2013; Wang et al.
2014b).

1.4 Mechanical alloying

MA is a solid-state non-equilibrium processing technique that produces materials with
good chemical homogeneity. The main objective for exploring the MA technique is its
inherent nature of processing elements with different melting points and vapor
pressures (Suryanarayana et al. 2001). Almost every material, ranging from ductile,
brittle and composite materials can be easily milled (Dwivedi et al. 2016; Koch 2017).

The mechanical performance of the material can be enhanced by processing them under
non-equilibrium conditions. Non-equilibrium processing techniques refer to fabrication
methods that deviate from thermodynamic equilibrium. In traditional equilibrium
processing, materials reach a stable state dictated by thermodynamic principles. Non-
equilibrium processing imparts high energy to the materials, enabling them to achieve
the targeted microstructure and properties. Traditionally, researchers have employed
temperature, pressure, light, or electricity to induce a transformation in the material
from its equilibrium state to an energized condition. Mechanical alloying is a means of
achieving the energised state by plastic deformation of powders using brute force. Some
common non-equilibrium processing techniques include rapid solidification,
mechanical alloying, severe plastic deformation, pulsed laser deposition, ion

implantation and spark plasma sintering.

MA process involves the mechanical mixing or blending of powder particles of
different metals or compounds in a ball mill, followed by a series of milling-induced
reactions. The procedure includes the repetitive cycles of cold welding and fracturing
of powder particles. The primary objective of mechanical alloying include achieving a
homogeneous distribution of elements at the atomic level and refining the
microstructure of the resulting material. The particle size and the alloying rate can be
controlled by varying the milling speed and time during the mechanical alloying

process.



Tungsten Carbide vial and balls were utilized in performing the milling process owing
to their exceptional hardness and thermal stability. In order to mitigate the
agglomeration of powders during the alloying process, a process control agent (PCA)
is used in the milling media. Commonly used PCAs include sodium stearate, toluene
and acetone. Mechanical alloying is performed in a controlled environment, under inert
atmosphere using Argon gas, to limit the interaction with the external environment
(Suryanarayana 2019). The collision and entrapment of the powders in between the
balls can be seen in Figure 1.3.

Figure 1.3 Collisions between balls and powders during MA (Suryanarayana 2019).

1.4.1 Mechanism of alloying

The mechanical alloying (MA) process entails the cyclic process of, flattening, cold
welding and fracturing of powders inside a ball mill. The initial interaction with the
grinding balls results in the flattening and work hardening of the ductile metal powders.
On the other hand, the brittle particles experience fragmentation, leading to a reduction

in size. The various mechanisms during MA include:

Cold Welding: Powder particles are initially mixed and loaded into a ball mill. The
high-energy collisions between the balls and powder particles result in cold welding,
where the surfaces of the particles adhere to each other without the need for high

temperatures.

Fracturing: As milling continues, the particles experience deformation due to the
impact and shear forces. This leads to the fragmentation or fracturing of the particles

into smaller sizes.



Rewelding: The newly formed smaller particles are again subjected to cold welding as
they come into contact with each other. This promotes the intimate mixing of the

different components, creating a finely dispersed alloyed powder.

Steady state: The process is repeated for a sufficient duration until a homogeneous

alloyed powder is obtained.

The key to mechanical alloying lies in achieving a equilibrium between cold welding
and fracturing. The repeated cycles of cold welding and fracturing enable the mixing of
different components at the atomic level, resulting in a finely dispersed alloy with
enhanced properties. The process is particularly valuable for creating alloys that may
be difficult or impossible to produce through conventional melting and casting

methods.

1.4.2 Nanocrystalline materials

Nanocrystalline materials refer to materials that have a nanoscale crystalline structure,
meaning that the individual crystallites or grains within the material have dimensions
in the order of nanometers. The term is often used to describe polycrystalline materials
where the grain size is in the nanometer range. Nanocrystalline materials are often
produced using techniques like ball milling, mechanical alloying, or other high-energy
methods. These processes help in breaking down larger crystallites into smaller ones.
Numerous studies have consistently shown that materials subjected to mechanical
alloying exhibit a reduction in both powder particle size and grain size over milling
time. The sizes diminish rapidly in the initial milling stages and undergo a more gradual

decrease in the subsequent stages.

In traditional materials, the grain size typically lies in the micrometre range or above.
However, in nanocrystalline materials, the grain size is observed to be in the nanometre
scale, usually less than 100 nanometres. Nanocrystalline materials have a high surface
area per unit volume, owing to the smaller grain size. This increased surface area can
lead to enhanced reactivity and improvement in the mechanical properties, compared
to their coarse-grained counterparts. It's important to note that the properties of
nanocrystalline materials can be highly dependent on the specific material, processing

techniques, and intended applications. The ability to control and tailor the grain size at



the nanoscale allows for the optimization of material properties for specific purposes,

opening up new possibilities for innovation in various industries.

1.5 Thermal spray Coatings

Thermal spray coatings are a class of surface engineering techniques used to apply
coatings to substrates for various purposes, including enhancing wear resistance,
corrosion protection, thermal insulation, and more. The process involves melting or
partially melting coating materials and projecting them onto a prepared surface, where
they solidify to form a coating. There are several methods of thermal spraying, with
common techniques including flame spraying, plasma spraying, and high-velocity
oxygen fuel (HVOF) spraying.

The mechanism of thermal spray coatings involves the meticulous application of a
coating material onto a substrate through a series of well-coordinated steps. Initially,
the chosen coating material, often in powdered form, is fed into a thermal spray gun.
Subsequently, a high-temperature flame or plasma is generated within the gun, igniting
and melting the powder particles. These molten or partially molten particles are then
propelled towards the substrate at high velocities, where they impact and solidify,
forming a layer. The rapid cooling and solidification contribute to the creation of a
dense and adherent coating. The resulting coating mechanically bonds to the substrate,
providing enhanced mechanical and tribological properties. The versatility of the
thermal spray process allows for the application of coatings on diverse materials and
surfaces, making it a widely employed technique in industries requiring surface
modification and protection. The distinctive characteristic of thermal spray lies in its
ability to cause minimal temperature rise of the substrate during the coating process,
ensuring that the metallurgical properties of the substrate remain unaltered. The

schematic of the coating deposition during thermal spray can be seen in Figure 1.4.
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Figure 1.4 Schematic showing the mechanism of coating build-up in thermal spray

deposition techniques (Matthews, 2004).

1.5.1 High Velocity Oxy-Fuel (HVOF) technique

HVOF technique operates through a controlled combustion process, where a mixture
of fuel gas and oxygen ignites in a high-pressure chamber, generating a high-velocity
and high-temperature flame. Fine powders in the particle size range of 15- 45 microns,
comprising metals, ceramics, or carbides, are then injected into this flame. The intense
heat causes the powder particles to melt or partially melt, and they are accelerated to
high velocities. These molten particles impact the substrate, flattening and solidifying
to form a dense coating. The porosity of the deposited coatings in HVOF technique
were usually lesser than 2%. Notably, the HVOF process minimizes heat transfer to the
substrate, preserving the metallurgical properties of the material. The repeated
application of this process builds up a coating with enhanced mechanical and
metallurgical characteristics, making HVOF a widely used technique for applications

requiring wear resistance, corrosion protection, and thermal barriers.
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CHAPTER 2

LITERATURE REVIEW

2.1 Processing of High Entropy Alloys (HEAS)

HEASs have become popular in the recent days, due to their exceptional mechanical and
functional properties. Nevertheless, processing of HEAs is a challenge owing to the
difference in atomic sizes and melting points. Researches have processed HEA’s using
several techniques, such as vacuum arc melting (Sathiaraj and Bhattacharjee 2015),

mechanical alloying (MA), and spark plasma sintering (SPS) (Raman et al. 2018).

2.1.1 Mechanical Alloying

MA is a solid state processing technique and has the ability to process materials with
distinct melting points and vapor pressures (Suryanarayana et al. 2001). Almost every
material, ranging from ductile, brittle and composite materials can be easily milled
(Dwivedi et al. 2016; Koch 2017). The development of nanocrystalline HEAs further
enhanced the scope of high entropy alloys. It was observed that because of the
extremely small dimension of the grains, most of the atoms in these materials are
present near the grain boundaries and thus the materials exhibit better mechanical,
physical and magnetic properties (Suryanarayana 2001).

Varalakshmi et al. (2008) synthesized nanocrystalline AlFeTiCrZnCu HEA by MA and
reported the formation of BCC structure with a crystallite size of 10 nm. The hardness
of the processed HEA was observed to be 2 GPa. Further, the authors reported that the
AlFeTiCrzZnCu HEA is thermally stable even after sintering at 800°C.

The thermal stability of the HEA’s has been studied by various researchers after
prolonged heat treatments using Differential Scanning Calorimetry (DSC), Thermo
Gravimetric Analyzer (TGA), and X-ray Diffraction techniques. Mridha et al. (2013)
studied the thermal stability of spark plasma sintered HEA upto 900°C and reported a
better hardness of 6 GPa and relative density of 95 percent after sintering at 900°C

Babu et al. (2014) scrutinized the thermal stability of AICoCrCuNiFeZn high-entropy
alloy (HEA) produced through mechanical alloying. They employed DSC/TGA curves
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with a heating rate of 20°C/min, reaching up to 1000°C. The mechanically alloyed
powder displayed exothermic behaviour between 30-960°C, attributed primarily to the
release of internal stresses and lattice strain induced during ball milling. Beyond 960°C,
an endothermic peak emerged, indicative of the evolution of new phases. The
AlFeCuCrMgxHEA synthesized by MA also possesses a exothermic curve in the range
of 25- 450°C, associated to the release of internal stress during ball milling (Maulik i
Kumar 2015).

Chen et al. (2015) synthesized Alo.7sFeNiCrCo, Alo.7sFeNiCr and Alo75sFeNiICrCoTio.2s
HEA’s by MA and reported the formation of BCC and FCC solid solutions in all the
three alloys after milling for 30 hours. The solid solution phase formation has been
validated by using TEM- Selective area electron diffraction studies. The authors
reported that the Alo.7sFeNiCrCo alloy depicted high strength, due to the solid-solution

strengthening.

Murali et al. (2016) synthesized the AICoCrCuFeZnx HEA by MA and investigated the
effect of Zn variation on the phase formation of the HEA. The results reveal the phase
transformation of AICoCrCuFeZny alloy from BCC + FCC phase to two FCC phases,
with the increase in Zn atomic fraction in the HEA.

Salemi et al. (2016) delved into how varying ball sizes impact the alloying rate within
CuNiCozZnAl HEA. Their findings revealed that the onset of solid solution formation
occurred significantly earlier when using balls of different diameters. Mechanical
alloying parameters such as milling time, ball to powder ratio, milling speed affect the
particle dissolution, microstructure and phase evolution of the powders (Atashin et al.
2015).

Fuetal. (2016) compared the bulk coarse grained CoNiFeAlCu High entropy alloy with
that of nanocrystalline CoNiFeAlICu HEA and observed that the nanocrystalline
samples depicted a substantial growth in yield strength and vickers hardness. The ultra-
high strength of the nanocrystalline HEA is mainly ascribed to the grain boundary
strengthening.

Bures et al. (2017) studied the influence of high temperature sintering on the mechanical

properties of FeSiBAINiMo HEA. The authors reported a noticeable rise in both the
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transverse rupture strength and Young's modulus values. Specifically, the transverse
rupture strength rose to 340 MPa from its initial value of 5 MPa, while the Young's

modulus increased to 87 GPa from 7.5 GPa.

Vaidya et al. (2017) synthesized the AICoCrFeNi HEA by sequential alloying of pure
metal powders. The progression of phases during this sequential alloying process is
influenced by the selection of the initial binary alloy and the sequence in which other
constituents are mixed. Notably, this approach has been noted for providing

opportunities to customize the phase composition for a specific alloy composition.

Kang et al. (2018) synthesized the refractory WNbMoTaV HEA, by powder
metallurgical process and demonstrated the emergence of BCC phase after milling for
6 h. The sintered samples showed better yield strength and plastic strain, due to the

interstitial strengthening, and orowan strengthening.

Tian et al. (2019) evaluated the influence of heat treatment on the phase evolution of
CoCrFeNiTiAl HEA milled powders and reported the transformation of eutectic phase
to two BCC phases after annealing at 600°C. The authors used n-heptane as the process
controlling agent (PCA) in order to mitigate the agglomeration during ball milling.

Rogal et al. (2019) processed the AICoCrFeNi HEA by varying the atomic percentages
of the constituent elements. The FCC and BCC solid solution phases started forming
after 35 hours of ball milling and the alloy showed better yield strength and Vickers

hardness values.

Wang et al. (2019) synthesized a nanostructured refractory MoNbTaTiV HEA
possessing a bcc phase by mechanical alloying for 40 hours. Remarkably, the
mechanically alloyed powder retained its nanocrystalline structure and bcc phase even
after undergoing annealing at 1200 °C, demonstrating the exceptional thermal stability

of the powders.

Shivam et al. (2020) synthesized AICoCrFeNi HEA by MA and conventional sintering.
The microstructure of the sintered HEA exhibited a uniform distribution of coarser and
finer grains. The coarser grains were in the range of 18-22 microns, whereas the finer

grains were in the range of 2-10 microns. The mechanical alloyed powders depicted a
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phase transformation after sintering from BCC phase to intermetallic laves phase and
sigma phases. The sintered samples showed a significant rise in the microhardness and
saturation magnetization with values measuring at 919 + 18 HVo3 and 70.05 A m?/kg
(emu/gm).

Suprianto and Chen (2023) studied the role of Cu and Y on the phase characteristics of
FeCoNiCrCu HEAs, synthesized by MA and high temperature sintering. The elemental
segregation of Cu around the Cr-rich oxide clusters was observed during the high
temperature sintering. Further, the high content of yttrium addition stabilized the
formation of in-situ yttrium dispersoids, leading to an enhancement in the mechanical

properties.

2.1.2 Spark plasma sintering
Fu et al. (2013) synthesized the nanocrystalline CoosFeNiCrTios HEA by MA and SPS.
The combination of FCC and BCC phases seen during the MA process, undergone

transition after sintering, resulting in the emergence of a FCC phase and sigma phase.

Moravcik et al. (2016) synthesized the AICoCrFeNiTios HEA by MA followed by
consolidation using SPS at 1100°C. It was observed that the BCC phase formed during
MA, undergone transformation to form FCC, ordered BCC and sigma phase after
sintering at 1100°C. However, the hardness of the SPS HEA, which is about 762 HV,
IS retained even after heat treatment.

Zhang et al. (2016) synthesized the AICoCrFeNi HEA by SPS and documented the
emergence FCC, disordered BCC, ordered BCC solid solution phases in the alloy. Their
observations indicated that the presence of a spinodal structure in the BCC phase played
a pivotal role in enhancing the strength of the alloy.

Mohanty et al. (2017) reported the metastability in HEA’s after spark plasma sintering
the milled powders. It was observed that the FCC and BCC phases, detected in the
milling stage have undergone eutectoid transformation to form a FCC, laves phase and
sigma phase. The presence of decomposed microstructure and sigma phases, imparts

high hardness and elastic modulus to the sintered alloy.

16



Kumar et al. (2019) prepared the CoCrCuFeNiSix (x = 0, 0.3, 0.6 and 0.9 atomic %)
HEA by powder metallurgy route and investigated the phase evolution and wear
performance. A combination of FCC and BCC phases formed during milling
transformed to FCC and sigma phases after sintering. Further, the authors noticed a

substantial rise in the wear resistance with the addition of Si content.

Thiirlova and Prasa (2022) prepared the CoCrFeNiMnxAl2ox HEA by a combination of
MA and SPS. Their exploration into the influence of manganese variation on the HEA's
mechanical properties revealed a noteworthy correlation. The study demonstrated that
an augmentation in the aluminum molar fraction resulted in a substantial increase in
both strength and hardness. Additionally, the introduction of higher aluminum content
played a crucial role in improving the alloy's performance in high-temperature

oxidation conditions.

2.1.3 Vacuum arc melting

Many high entropy alloy systems such as AICoCrFeNi, CoCrFeMnNi and refractory
high entropy alloys such as NoMoTaWV, WMoCrTiAl have been synthesized by arc
melting and casting routes (Ghassemali et al. 2017; Naser-zoshki and Vahdati-khaki
2020; Sathiaraj and Bhattacharjee 2015; Senkov et al. 2011). The main drawbacks
associated with melting routes are separation of the alloying elements and

inhomogeneity in the microstructure.

Wang et al. (2014) investigated the effect of Al addition to CoCrFeNi using vacuum
melting technique and reported the formation of dual FCC + BCC phase. A significant

increase in the hot hardness has been observed with the increase in Al molar fraction.

Poulia et al. (2017) synthesized the MoTaWNbV refractory HEA by vacuum arc
melting and conducted a wear resistance assessment in comparison to the commercial
nickel super alloy, Inconel 718. The study unveiled a substantial 80% reduction in the
wear rates of the synthesized HEA when subjected to an Al203 counter body. This
improvement was attributed to the microsegregation of vanadium (V) and niobium (Nb)

in the interdendritic regions.

Hsu et al. (2017) synthesized the NiCoFeCrSiAITi HEA by vacuum arc melting. Their

findings indicated that the HEA coating exhibited an impressive hardness of

17



approximately 800 HV, and its wear resistance surpassed that of bearing steel by a

factor of two.

Hou et al. (2019) prepared AlFeCoNiBx HEA using vacuum arc melting and explored
the impact of varying the molar fraction of boron (B) on the alloy's mechanical
properties. The study revealed that an increase in B molar fraction from 0 to 0.2 at%
led to an elevation in both yield strength and plastic strain of the HEA. This

improvement was attributed to the formation of an FCC eutectic structure.

Das and Robi (2021) fabricated the WMoV CrTa and WMoV CrTaFe HEAS by vacuum
arc melting and studied their mechanical properties at room temperature and elevated
temperature. The authors observed that both the HEAS depicted high yield strength and
hardness at high temperatures, enabling their application in gas turbine blades and

nuclear reactor walls.

2.2 Deposition of HEA coatings

The processing of HEAs in bulk form is expensive, considering the high prices of pure
metal powders. Therefore, to reduce the costs, and impart the desired properties, surface
modification of the substrate using cathodic arc vapor deposition (Pogrebnjak et al.
2014), magnetron sputtering (Obeydavi et al. 2020), laser cladding (Gu et al. 2020), and
thermal spray techniques (Siao et al. 2014; Xiao et al. 2020b) have been explored. Arc
deposition and magnetron sputtering techniques were widely used for developing thin
films with lower deposition rates. The laser cladding technique induces high residual
stresses in the material, which may initiate cracks and alter the material's properties.
Therefore many researchers preferred thermal spray techniques such as plasma, HVOF,
and flame spray for depositing dense coatings resulting in better mechanical properties
(Meghwal et al. 2022).

2.2.1 Thin coatings

Hung et al. (2019) utilized magnetron sputtering technique to deposit VNbMoTaW and
VNbMoTaWCrB refractory HEA coatings and reported that the BCC phase observed
in VNbMoTaW HEA transformed to amorphous phase in VNbMoTaWCrB refractory
HEA. Further, the addition of Cr and B resulted in a significant increment in the

hardness, corrosion resistance and thermal stability of the HEA
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Kim et al. (2019) investigated the mechanical and electrical properties of NbMoTawW
refractory HEA thin films deposited by magnetron sputtering technique. The research
reported a hardness of 12 GPa and electrical resistivity of 168uQ cm, due to the

existence of nanoscale grains.

Tuten et al. (2019) analyzed the microstructure, mechanical and sliding wear behaviour
of TiTaHfNbZr HEA thin films coated on titanium by magnetron sputtering. The
findings demonstrate a good sliding wear resistance of the deposited coatings, enabling
their application in specific orthopaedic implants that were subjected to dynamic

loading.

Obeydavi et al. (2020) examined the microstructural, mechanical and corrosive
behaviour of FeCrMoCoCBSi thin film metallic glasses (TFMG) deposited by DC
magnetron sputtering at distinct currents. Notably, the authors noted that the TFMG
produced at a sputtering current of 0.3A displayed outstanding corrosion resistance

coupled with favourable mechanical properties.

Nagy et al. (2020) developed nanocrystalline CoCrFeNi HEA thin films by PVD
technique and compared the microstructure and hardness of the deposited coatings with
the bulk nanocrystalline samples prepared by high pressure torsion (HPT) technique.
The PVD films exhibited an exceptional hardness of 9.8+0.3 GPa, while the HPT

samples showed a hardness of 7.3+0.3 GPa

Ustinov et al. (2021) deposited CrFeCoNiCu HEA coatings using physical vapour
deposition (PVD) and investigated the effect of structure on the strength and damping
properties. It was observed that the HEAs showed dual FCC structure for coatings
deposited above 925 k, and single FCC structure for coatings deposited under 925 K.
The single FCC phase condensate possessed higher microhardness, as compared to the
dual FCC phase condensate and cast alloy. Further, both the single and dual FCC phases

exhibited higher damping capacity than the widely used damping materials.

Liao et al. (2022) studied the impact of laser shock peening (LSP) on the corrosion
performance of FeCoCrNiAl HEA coatings deposited by Physical vapour deposition
(PVD) techniques. The authors observed that the passive films and compressive

residual stresses induced during LSP resulted in enhancing the corrosion resistance.
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2.2.2 Laser cladding

Zhang et al. (2017) reported that the coating micro hardness increased enormously from
700 HV to 1300 HV after annealing heat treatment. The HEA coating primarily
consisted of a dominant BCC phase and a minor presence of TiW phase. Notably, the
BCC solid solution phases exhibited remarkable resilience, showing minimal alteration

even after annealing at 1200 °C for 20 hours.

Cai et al. (2017) has employed CALPHAD approach to estimate the phases and
mechanical properties of the FeCoNiAICu HEA. The resultant HEA coating manifested
a composition comprising two phases, FCC and BCC, each characterized by lattice
parameters of 3.664 A and 3.634 A, and 2.872 A, respectively.

Yu etal. (2019) synthesized the AICoCrFeNiTi HEA coating by MA and laser cladding
techniques. The influence of the laser power on the mechanical properties is studied by
varyings the power. The authors observed a substantial rise in the mechanical properties
of the coatings, produced by using a laser power of 1000 watts. Also it is seen that the
deposited coatings exhibited phase transformation from supersaturated BCC solid
solution to stable BCC and FCC phases.

Chen et al. (2019) processed the refractory HEA coating using Laser cladding and
reported an average hardness and Young’s modulus of 11GPa and 219.2GPa,
respectively. Sha et al. (2019).observed that phase transformation occurs from BCC,
FCC phase to BCC and sigma phase, as the content of Al increases in the laser cladded
AlxCoCrFez27MoNi HEA. A higher micro hardness of 1142 HV has been reported for
the laser cladded HEA.

Zhang et al. (2019) has followed ball milling and laser cladding technique for coating
the FeNiCoCrTigsNbx HEA coating onto the substrate. The FeNiCoCrTiosNbyx coatings
have BCC, FCC, Laves phase and it has been observed that the content of Laves phase
increased with the addition of Nb content in the coating. Further, the cladded coatings
exhibit highest average hardness of 852.5 HV. Qiu (2020) developed CoCrFeNiMo
HEA coating onto 45 steel using laser cladding and reported an enhancement in the

hardness and wear performance of the coating.
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2.2.3 Thermal spray coating

Thermal spray deposition methods were widely preferred due to its versatility in
depositing different materials without deteriorating the properties of the substrate.
Therefore, various thermal spray techniques, including plasma spray, high-velocity
oxy-fuel spray (HVOF), cold spray, and flame spray, were investigated to explore its
application in different areas (Meghwal et al. 2020). Among the thermal spray
deposition techniques, HVOF spray forms dense coatings with lamellar
microstructures, possessing minimum porosity and good mechanical bonding with the
substrate (Lobel et al. 2021).

Siao et al. (2015) prepared the nanostructured AICoCrFeNi and MnCoCrFeNi HEAS
through ball milling, subsequently utilizing the milled powders as feedstock in the
plasma spray technique. The mechanical properties of both HEA coatings exhibited
anisotropy, attributed to their lamellar, composite-type microstructure. Specifically,
AlCoCrFeNi featured a predominant BCC phase with a minor FCC phase, while
MnCoCrFeNi showcased a major FCC and a minor BCC phase.

Tian (2016) studied the phase evolution of the ball milled AICoCrFeNiSi powders after
deposition of coating using plasma spray. The BCC and FCC solid solution phases, as
detected by the ball milled powders were transformed to ordered BCC phase after
plasma coating. The crystallinity and the crystal structure of the HEA powder as
determined by the XRD, is validated using TEM-SAED patterns and it is found that
they are in good agreement with each other. The coating material showed a good micro
hardness of 612 HV and shows a better wear resistance with a volume wear rate of 0.38

X 10*mm?3/N-m.

L6bel et al. (2017) processed the HEA by three different processing techniques namely
MA, blending and gas atomization techniques. The authors explored the effect of
processing route on the microstructure and phase composition of the thermal spray
coatings. It was observed that the coatings deposited using the gas atomized powders
exhibited minimal microstructural defects, thereby leading to better wear resistance.

Jinetal. (2018) applied plasma spray to coat stainless steel with the FeCoCrNiAIl0.5Six

high-entropy alloy (HEA), examining the influence of silicon concentration on the
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alloy's microstructure, phase composition, and mechanical properties. The study
revealed that as the molar fraction of silicon increased from 0 to 2%, the FCC phase
decomposed, giving rise to the formation of BCC and Cr3Si phases. Moreover, the rise
in silicon content corresponded to an improvement in both hardness and wear resistance

of the alloy.

Tian et al. (2019) synthesized the AICoCrFeNiTi HEA coating by plasma spray after
Mechanical alloying the powders for about 10 hours. The XRD patterns indicate that
the BCC phase, as formed during Ball milling transforms into FCC and ordered BCC
phase after coating. The reported average microhardness of the HEA coating reached
642 HV, marking a significant fourfold increase compared to the stainless steel
substrate material. Notably, the high-temperature wear performance of the coated

samples surpassed that of flame-sprayed or laser-cladded NiCrBSi coatings.

Chen et al. (2019) fabricated the AlosTiCrFeCoNi HEA coating by HVOF spray and
scrutinized its wear behavior across varying temperatures. The findings revealed a rise
in the wear rate of the coatings as the temperature increased from room temperature to
300 °C, followed by a slight decline at 500 °C. This trend was associated with an
upsurge in fatigue wear at 300 °C and the formation of oxide tribo films at 500 °C.

Vallimanalan et al. (2019) prepared AICoCrMoNi HEA coating using HVOF technique
on steel substrate after ball milling for about 20 hours. The erosive wear of the coated
HEA shows better performance when compared to that of conventional WC-CoCr and
NiCrBSi coatings. The deposited coatings exhibited a hardness of 685 HV and a
porosity of 0.93%, respectively.

Xiao et al. (2020) analysed the application of heat treatment on the wear performance
of plasma coated FeCoNiCrSiAlx HEAs. The authors opined that a noteworthy
reduction in wear rates of heat-treated coatings was observed due to the emergence of

robust CrsNisSi, intermetallic phase.

Lobel et al. (2020) developed the AlCoCrFeNiTios HEA coating, by HVOF spray, and
reported a decrease in wear rates at elavated temperatures, owing to the emergence of
MgAI>04 spinel at 900 °C. Further, Liu et al. (2022a) noticed that the wear behaviour

of CoCrFeNiWyx HEA coating at different temperatures is sensitive to temperature.
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2.3 Functional performance of HEA coatings

The development of advanced materials that can endure harsh engineering conditions,
like high-temperature processes, wear and corrosive environments, is crucial to ensure
the reliable performance of mechanical components. Tribological performance of
sliding parts is very important in specific crucial applications including the aerospace
and automobile industries. So, several researchers investigated the application of HEAs
as bulk materials and coatings to understand their wear behaviours in different

environments.

2.3.1 Mechanical performance

As High-Entropy Alloys (HEAs) comprise multiple elements, the composition of
specific elements plays a pivotal role in shaping their phase composition,
microstructure and mechanical properties. AICoCrFeNi HEA is extensively studied by

many researchers, owing to its exceptional combination of strength and toughness.

Shun et al. (2012) studied the effect of Ti addition on the mechanical properties of
CoCrFeNi HEA and reported a 75% increment in the strength of the CoCrFeNiTi HEA.
Ma and Zhang (2012) synthesized AICoCrFeNi HEA with a single BCC phase and
reported the yield strength and hardness to be 1373 MPa and 520 HV respectively. The
AICoCrFeNi HEA is widely studied, due to its eutectic nature, resulting in better
strength and ductility. The addition of Mo to CoCrFeNi HEA induced hard intermetallic
phases, leading to an improvement in the strength of the alloy (Liu et al. 2016; Qiu
2020).

Ghassemali et al. (2017) analysed the impact of distinct BCC and FCC phases on the
initiation of cracks in the heat-treated AICoCrFeNi alloy. Their findings revealed a
dual-phase microstructure in the heat-treated AICoCrFeNi HEA, comprising 79% BCC
and 21% FCC phases.

Lizarraga et al. (2018) explored how the addition of W influences the phase evolution
and magnetic properties of CoCrFeNi HEA. Their study indicated that with an increase
in the atomic fraction of W, there was the formation of HCP and BCC phases. Qin et
al. (2018) analysed the impact of Co on phase transformation of (AICoCrFeNi)100-xC0x

HEA and observed an increment in the FCC phase fraction, with a rise in the Co atomic
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fraction from 0-16 %. The authors also observed a significant improvement in

plasticity, owing to a rise in the volume fraction of FCC phase.

Jin et al. (2018) coated the FeCoCrNiAlosSix HEA on stainless steel by plasma spray
and explored the impact of Si concentration on the alloy's microstructure, phase
composition, and mechanical behaviour. The study revealed a transformation from FCC
solid solution to BCC solid solution and Cr3Si phase as the Si molar fraction increased
from 0 to 2. The authors noted a substantial improvement in hardness, wear resistance,

and overall mechanical properties of the HEA with the higher silicon content.

Zhang et al. (2019) investigated the impact of Nb content on the phase formation of
FeNiCoCrTiosNby laser cladded HEA coatings. Their observations indicated that an
increase in Nb molar fraction enhances the intensity of the laves phase, consequently

improving the microhardness and mechanical properties of the coating.

Joseph et al. (2019) noted that elevating the Al molar fraction in AIXCoCrFeNi HEA
led to the stabilization of the BCC solid solution phase. Incorporating cobalt content
led to the stabilization of the FCC phase and a notable enhancement in the plasticity
(AICoCrFeNi)100xCox HEA (Qin et al. 2018).

Li et al. (2020) delved into the alloying impact of tungsten (W) on the phase evolution,
microhardness, and mechanical properties of CoCrFeNi HEA. Their findings indicated
improved mechanical properties in HEAs with higher molar fractions of W. Liu et al.
(2021) examined the influence of silicon (Si) addition on the microhardness of
AICoCrFeNiSix HEA coatings. Their findings revealed a consistent and linear increase

in microhardness values with the rise in Si content.

2.3.2 Tribological performance

Poulia et al. (2017) synthesized MoTaWNbV refractory HEA by vacuum arc melting
and compared its wear resistance with commercial nickel superalloy, Inconel 718. The
synthesised HEAs reported an 80% drop in the wear rates against the Al,Os counter

body due to the microsegregation of VV and Nb in the interdendritic regions.

Ayyagari et al. (2018) investigated the wear performance of Alo1CoCrFeNi and
CoCrFeMnNi HEA in dry and ocean environments and found that the former HEA
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exhibited better wear resistance in both the conditions, due to the emergence of oxide
passivation layers. The worn surface morphologies indicate that the mechanism for
wear rate is fatigue wear in case of Alo1CoCrFeNi and adhesive wear in case of
CoCrFeMnNi HEA.

Argade et al. (2019) analysed the effect of Laser fluences on the wear performance of
AlCoCrFe HEA coating deposited by laser additive manufacturing on Al substrate. The
authors noticed that the HEA coating, developed using lesser laser fluence of 17 J/mm?
showed better wear resistance. This phenomenon can be attributed to a reduction in the
volume fraction of the HEA phase and an increase in the intermetallic phase as the laser

fluence rises.

Srivastava et al. (2019) deposited FeCoCrNi2Al HEA coating using HVOF spray and
reported a microhardness of 610 = 30 HV, which was much higher than the
conventional MCrAlY coatings (250-520 HV). The researchers also assessed the
erosive wear performance of FeCoCrNi2Al HEA coatings across a temperature range
from room temperature to 800 °C. They observed the formation of a compact Al,O3

layer at 800 °C, leading to enhanced erosive wear performance.

Geng et al. (2020) observed a rise in the wear rate of CoCrFeNi HEA under vacuum
conditions as the temperature varied from room temperature to 800 °C. The increment
in the wear rate is attributed to the reduction in strength and inability to form dense

oxide tribofilms under vacuum conditions.

Gu et al. (2020) investigated the impact of Al addition on the AlxMoosNbFeTiMn; laser
cladded HEA. They noted a phase transformation from a single BCC to a dual BCC
with the increasing Al molar fraction in the HEA. Additionally, the authors reported
enhanced wear resistance of the HEA coatings with the inclusion of molybdenum (Mo)

content in the alloy.

Jin et al. (2020) highlighted that introducing Al to the AlxCoCrFeNiSi HEA led to an
improvement in microhardness. This improvement was attributed to the formation of
both BCC and intermetallic phases. Xiao et al. (2020) investigated the wear rates of

plasma sprayed FeCoNiCrSiAlx HEA coatings after heat treatment and observed a
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noticeable drop in the wear rates of the heat treated coatings, due to the formation of

hard CrsNisSi intermetallic.

Liang et al. (2020) also developed AICrFe2Ni2Wo2Moo7s HEA coating by laser
cladding and evaluated its wear performance in different environments such as NaCl
solution, sea water and deionized water. The authors observed that the friction and wear
properties of the developed HEA coatings was the mildest in sea water conditions,

owing to the lubrication effect of Mg(OH)2, and CaCos, on the surface of coating.

Liang et al. (2021) investigated the tribological performance of AICrFeNiWo2Tios
coating in artificial sea water and observed that the developed HEA coatings exhibited
better wear performance compared to the Q235 steel and SUS304, against SisNa,
GCrl15, YG6 counter faces. The authors attributed the better wear performance to the
anomalous sunflower like microstructure, in which nanoscale spherical precipitates are

thoroughly distributed in the core and petals region.

Li and Shi (2021) analysed the impact of aluminum content on the wear and corrosive
performance of AlxCrFeCoNiCu HEA coating and noticed that the wear performance
of the coatings increased with the rise in molar fraction of Al. Fu et al. (2021)
interrogated the effect of Mo variation on the tribocorrosion performance of laser
cladded CoCr2FeNiMox HEA coating and observed that the Mo addition drastically

improved the micro hardness and tribocorrosive properties of the coating.

Nguyen et al. (2022) explored the wear behaviour of arc melted CrFeNiAlo4Tio2 HEA
from 600-950 °C against SisN4 counter face. The results indicate that the wear rates
gradually decrease, on increasing the temperature from 600 — 800 °C, and increases on
further increasing the temperature to 950 °C. This phenomenon is attributed to the
formation of continuous oxide layers at 800 °C and thermal softening of the alloy at
950 °C.

Liu et al. (2022) developed FeCoCrAINi HEA coatings by plasma spraying and
reported an enhancement in the wear performance, due to the oxidative wear. Yang et
al. (2022) provided a comprehensive analysis of the alloying impact of silicon (Si) on

the wear performance of FeCoCrNiMoSix HEA coatings developed by laser cladding.
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They observed a substantial enhancement in the hardness and wear behaviour with the

Si content in the alloy.

Huang et al. (2022) employed laser cladding to create a CoCrCuFeNiTix HEA coating.
Their observations revealed that the addition of titanium (Ti) played a crucial role in
the formation of a hard laves phase and protective TiO2 layers on the worn surface. Liu
et al. (2022) investigated the effect of W on the dry sliding wear behaviour of
CoCrFeNiWx HEA coating at different temperatures and observed that the wear

behaviour is sensitive to temperature.

Likewise, the HVOF-sprayed AlCoCrFeNiTios HEA coating reported a drop in the
wear depths at elevated temperatures, due to the formation of MgAl.O4 spinel at 900
°C (Lobel et al. 2020). Adding W and Ti to the TixVNbTaWy refractory HEA also
enhanced the wear resistance at 600 °C because of the formation of tribofilms and
friction-induced subsurface strengthening (You et al. 2022). Several comparative
studies on the wear performance of bulk HEA’s with the conventional materials also
revealed a significant improvement in the wear resistance, making it an appropriate
choice for exploring the HEA’s further (Cheng et al. 2020; Nguyen et al. 2022).

2.3.3 Corrosion resistance

Jiang et al. (2019) explored the corrosion performance of AICoCryFeNi HEA and and
found that the incorporation of chromium (Cr) content resulted in a notable
enhancement of the corrosion resistance in the HEA. Vallimanalan et al. (2019)
performed the electrochemical corrosion studies on AICoCrMoNi HEA coating and
reported that the corrosion rate of the coated HEA is about 0.00276 mm/year, which is
very less compared to that of NiCrSiB coatings. Niu et al. (2019) studied the impact of
W molar fraction on the corrosion resistance of CoCrFeNiWyx HEA and observed that

the addition of W lead to a significant improvement in the pitting resistance.

Aliyu and Srivastava (2019) investigated the effect of graphene oxide variation on the
corrosive performance of MnCrFeCoNi HEA coating on mild steel samples. The
authors observed that the addition of graphene oxide led to the drop in the corrosive
current density and corrosion rate. The authors also reported significant microstructural
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transformation, with the increase of GO, from homogenous alloy to FeCoNi rich

regions embedded in MnCr matrix.

Liu et al. (2021) observed phase transformation from two BCC phases to a mixture of
FCC and BCC phase, with the increase in molar fraction of Cr in the AICr«NiCuosMo
HEA. The electrochemical corrosive studies shows the AICraNiCuosMo HEA coating
has better corrosive properties when compared to other compositions.

Muangtong et al. (2020) investigated the effect of Sn, Cu, Al addition to the FeCrNiCo
HEA, and observed that FeCrNiCoSn HEA has the largest corrosion resistance under
the chloride attack. It was seen that the Sn addition lead to the formation of SnO2 and
Cr,03 passive films on the sample surface, thereby leading to better corrosion
performance.

Xu et al. (2021) documented that the corrosion resistance of CoCrNiTiMo HEA
coating, deposited by double cathode glow discharge method, improved due to the
formation of hard Co,Mos intermetallic phase. Aliyu and Srivastava (2021) also
investigated the corrosive behavior of electrodeposited AINiCoFeCu and
AICrNiCoFeCu high entropy alloy coatings in 3.5 wt. % NaCl solution and observed
that the corrosive resistance of latter is higher due to the emergence of oxide film on
the surface.

Kuptsov et al. (2023) performed the electrochemical corrosion studies on FeCrNiCoCu
and FeCrNiCo HEA coated steel substrates in artificial sea water using three electrode
cell, and observed that the FeCrNiCo coatings outperformed the steel substrate and
FeCrNiCoCu coatings, owing to the formation of Cr based passivation film on the
surface. Besides, the authors also noticed the Cu segregation along the interdendritic
regions of FeCrNiCoCu HEA coatings, which led to the breakdown of Cr based

passivation film, and thereby increased the corrosion rate.

2.4 Research gaps

A review of literature highlights the following research gaps in HEAs

e It was found that High entropy alloys were widely processed as bulk materials
using spark plasma sintering and vacuum arc melting techniques. The
application of high entropy alloys as coatings to improve the tribological and

corrosion performance were limited.
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A thorough investigation of the mechanical alloying parameters, especially the
milling time and speed on the phase formation and microstructural evolution
has to be studied in detail.

Research pertaining to the cladding of High entropy alloys to the substrate has
been done extensively. However, the studies on high temperature wear
behaviour of high entropy alloys coated with HVOF spray technique were
minimal.

The application of refractory materials such as Molybdenum and tungsten in the
processing of high entropy alloys were limited. Further, the effect of variation
in the molar fraction of molybdenum and tungsten on the mechanical and

tribological performance of the high entropy alloys need to be well understood.

2.5 Objectives of the study

Processing of CoCrNiTiMox (x; molar fraction, x= 0.5,1,1.5) and CoCrNiTiWy
(x=0.5,1,1.5) HEA feedstock from pure metal powders to obtain a single or dual
phase solid solution using MA.

Characterization of elemental metal powders and milled powders for purity,
phase formation, morphology, particle size and crystallite sizes.

Thermal spraying of HEA feedstock powder using High velocity Oxy-fuel spray
technique on to maraging steel substrate.

Characterization of CoCrNiTiMox and CoCrNiTiWyx HEA coatings with respect
to micro hardness, fracture toughness, microstructure, phase analysis, porosity,
surface roughness and Raman spectroscopy.

Investigation of elevated temperature wear behaviour of CoCrNiTiMox and
CoCrNiTiWx HEA coatings using Pin-on-disc tribometer.

2.6 Scope of the research work

The current study aims to enhance the wear performance of maraging steels, commonly

utilized in aircraft landing gear components, which undergo wear and degradation in

harsh working conditions. To address this issue, mechanical alloyed CoCrNiTiMox (X;

a molar fraction, x = 0.5,1 and 1.5) and CoCrNiTiWy (x; a molar fraction, x =0.5,1 and

1.5) HEA powders were employed as feedstock in the development of dense coatings

using HVOF. The dry sliding wear behaviour of uncoated substrate and HEA coatings
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were extensively investigated at different temperatures and loads using a Pin-on-disc
tribometer. The microstructures and phases of the mechanical alloyed powders,
deposited coatings and worn surfaces were thoroughly studied. The mechanical
properties of the deposited HEA coatings, including the microhardness, fracture
toughness and surface roughness were determined. Molybdenum and Tungsten, which
are refractory metals, were predicted to enhance the wear behaviour of the HEA.
Therefore, the molar fractions of tungsten and molybdenum were varied to analyse its
effect on the phase formation, microhardness and wear behaviour. The wear
characteristics of the HEA coatings were systematically assessed under varying
temperatures and loads, drawing comparisons with the uncoated maraging steel
substrate. A comprehensive elucidation of the wear mechanisms inherent in HEAS
under diverse testing conditions was provided. The findings hold potential as a
benchmark for the strategic deployment of CoCrNiTiMox and CoCrNiTiWx HEAS in

diverse high-temperature scenarios.

2.7 Outline of the thesis
A brief skeletal structure of the thesis along with summary of individual chapters are as

given below:

Chapter 1 begins with the background of the current work and the introduction to high
entropy alloys. Subsequently, the core effects of high entropy alloys and their properties
were presented. The introduction to mechanical alloying and nanocrystalline materials
were also presented thereafter. Lastly a brief discussion on various thermal spray

techniques was also presented.

Chapter 2 presents an extensive literature review of various aspects of high entropy
alloys including the different processing methods and coating deposition techniques.
Further, the literature documents the functional performance of HEA coatings including
the mechanical, tribological and corrosive performance. Based on the literature survey,

the research gaps were identified and the objectives were formulated.

Chapter 3 describes the materials used in the study. The detailed methodology adopted

in the current research right from the selection of raw materials to evaluating the
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tribological performance was explicitly presented. Further, the various characterization

techniques used in the current study were discussed.

Chapter 4 sheds light on the initial characterization studies of the constituent metal
powders to identify the microstructure, purity and particle sizes. Further, the effect of
various mechanical alloying process parameters, including the milling time and speed
on the phase formation and microstructure evolution of the milled powders was
extensively investigated. Finally, an optimal milling time is fixed and the feedstock

powders were processed.

Chapter 5 presents the microstructural and mechanical characterization results of the
deposited CoCrNiTiMox and CoCrNiTiWyx HEA coatings. The microstructural
characterization has been performed by using XRD, FESEM, EDS, and OM techniques,
whereas the mechanical characterization is accomplished by using Vickers

microhardness and profilometer.

Chapter 6 evaluates the specific wear rates and frictional coefficients of CoCrNiTiMox
and CoCrNiTiWyx HEA coatings at different temperatures and loading conditions.
Moreover, the corresponding wear mechanisms and phases formed at different testing

conditions were reported elaborately.

Chapter 7 highlights the major conclusions from the current research and also sheds
light on the scope for future studies.

31






CHAPTER 3

MATERIALS AND METHODOLOGY

3.1 Selection of substrate material

The substrate utilized in the current study is maraging steel 250 grade, which is
currently used in rocket motor casings, low temperature tooling, light aircraft landing
gear and power shafts. The material has been procured from Chamunda Industries,
Mumbai. Optical Emission Spectroscopy technique is used for evaluating and analysing
the actual chemical composition of maraging steel in the current research. The nominal

and actual compositions of the substrate were reported in Table 3.1.

Table 3.1 Chemical composition (wt. %) of maraging steel 250.

Element Ni Co Mo Ti Cr Al C Fe
Nominal 17-19 7-85 4.1-52 0.3-05 05 0.05-0.15 <0.03 Bal
Actual 195 8.22 3.92 0.51 0.09 0.14 0.04 67

3.2 Selection of feedstock powders

In this study, High entropy alloys (HEA) consisting of transition elements have been
selected for enhancing the wear properties of the substrate material. CoCrNiTiMox (X;
a molar fraction, x = 0.5,1 and 1.5) and CoCrNiTiWy (x; a molar fraction, x = 0.5,1 and
1.5) HEAs with chemical compositions as mentioned in table 3.2 were chosen as the
feedstock for HVOF spray deposition. The selection of CoCrNiTiMox and
CoCrNiTiWyx HEA composition is primarily based on the properties of the constituent
elements. All the constituent elements in the HEA composition were transition metals
possessing higher hardness and melting points. Molybdenum and Tungsten, being
refractory metals possessing high hardness and melting point, are anticipated to
enhance the wear resistance. Therefore, the molar fraction of Molybdenum and
Tungsten were varied and its effect on the phase formation, mechanical and wear
behaviour of the HEAs was investigated. The molar fraction of Mo and W used in the

current research were 0.5, 1, and 1.5. The molar fractions were selected in such a way
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that the effect of the refractory element on the phase formation, microstructure,

mechanical and wear performance is clearly understood.

Moreover, the constituent elements possessing similar atomic sizes were considered in
designing the HEA, owing to its capability in enhancing the formation of solid solution
phases. Furthermore, the thermodynamic parameters of the HEA compositions,
including the atomic size difference, enthalpy of mixing, and entropy of mixing were
calculated in order to predict the formation of solid solution phases (Zhang et al.). The
pure metal powders has been purchased from Sichuan Zhichun New materials
technology Co Ltd, Chengdu, China. The properties of the metal powders have been
shown in the table 3.3.

Table 3.2 Composition of HEASs used in the current study

S. HEA Atomic %

No Co Cr Ni Ti Mo W

1 CoCrNiTiMoo 5 22.22 22.22 2222 22.22 11.12 -

2 CoCrNiTiMo 20 20 20 20 20 -

3 CoCrNiTiMoy 5 18.18 18.18 18.18 18.18 27.28 -

4 CoCrNiTiWos 22.22 22.22 2222 2222 - 11.12
5 CoCrNiTiW 20 20 20 20 - 20

6 CoCrNiTiW1 5 18.18 18.18 18.18 18.18 - 27.28

Table 3.3 Properties of the Elemental metal powders

Metal Atomic  Density Crystal Atomic Melting point
Powder number (g/cc) structure radius (pm) (°C)
Cobalt 27 8.86 HCP 135 1493
Chromium 24 7.14 BCC 140 1907
Nickel 28 8.91 FCC 135 1455
Titanium 22 4.50 HCP 140 1668
Molybdenum 42 10.28 BCC 145 2623
Tungsten 74 19.25 BCC 136 3422
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3.3 Processing of HEAs by MA

Mechanical alloying, a non-equilibrium processing technique, is used for synthesizing
the CoCrNiTiMox and CoCrNiTiWx HEAs. The pure metal powders of Cobalt,
Titanium, Nickel, Chromium, Molybdenum and Tungsten possessing different
morphologies and particle sizes were taken in a planetary ball mill (Retsch PM 100)
according to their compositions, as mentioned in Table 3.2. The selection of the milling
media plays a crucial role in contamination. The hardness of the milling media should
be considerably higher than the hardness of the powders to be milled. Common milling

media includes tungsten carbide, zirconia, stainless steel, or hardened steel.

Tungsten Carbide vial and balls were used in performing the milling process owing to
their exceptional hardness and thermal stability. The ball to powder weight ratio was
maintained at 10:1 and the milling speed was varied between 200 rpm to 300 rpm to
check the effect of milling speed on the alloying rate. The milling was carried out for
50 hours and samples were collected at regular intervals of 10 hours to study the
evolution of phases and dissolution of elements in the high entropy alloy. Wet milling
is adopted in the current study, using toluene as the process control agent to mitigate
the cold welding and agglomeration of powders during the milling process. The ball

milling setup is as shown in Figure 3.1.

Figure 3.1 Planetary Ball mill

In mechanical alloying, the process parameters were selected based on the application.
Higher milling speeds were selected, if one intends to enable the solid solution
formation at an early stage. However, higher milling speeds and ball-to-powder ratios
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(BPR) result in drastic reduction of the particle sizes of the milled powders. Further,
higher milling speeds also results in contamination from the milling medium. Milling
time also plays an important role in the formation of solid solution phases and reducing
the contaminants. In order to cater the complete formation of solid solutions during the
mechanical alloying of HEAs, longer milling times are required. Nevertheless,
extended milling times significantly drops the particle sizes, leading to poor flowability
in the nozzle. Therefore enough emphasis has been laid in the current research, in
identifying the effect of milling speed and milling time on the alloying rate and particle

size of the powders.

3.4 Deposition of HEA coatings using HVOF technique

High-velocity oxy-fuel spray (Aum techno spray, Bangalore, India) was employed in
the deposition of milled CoCrNiTiMox and CoCrNiTiWyx HEA powders in order to
achieve dense coatings with better mechanical properties. The HVOF process relies on
the synergy of thermal and Kinetic energy transfer, to achieve the desired
microstructures. Within the HVOF process, powder is introduced into a gun's flame and
propelled onto a substrate through the combustion reaction of various gases, leveraging

high velocity and temperature. The schematic of HVOF process is presented in Fig. 3.2.

Fuel

Oxygen Lavai nozzle
Coating —»
E a_‘,_ » Shock diamonds
E——_
>

Powder with nitrogen carrier gas

Compressed air
Substrate —»

Figure 3.2 Schematic of HVOF spray (Harith et al. 2018)

Retaining the phases, which were formed in the milling stage, even after the coating
deposition requires careful control of various parameters to prevent phase

transformations, oxidation, and other detrimental effects that could alter the phases. The
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flame temperature has to be carefully controlled, so as to generate enough heat just to
melt the powders. Further rise in flame temperatures eventually leads to phase
transformations. Therefore enough emphasis has to be laid in deciding the process
parameters. Optimal spray distance (typically 150-300 mm) has to be maintained, to
ensure the particles reach the substrate at the correct temperature and state (semi-molten
or fully molten). Too close may cause excessive heating, while too far may cause
cooling and improper adhesion. Moreover, using powders with narrow particle size
distribution (typically 15-45 microns) ensures uniform melting and deposition. Further,

utilizing inert gas shielding (e.g., argon) during spraying also minimizes oxidation.

The process parameters used in the relevant studies utilising HVOF spray have been
studied and adopted in the current research (Bolelli et al. 2019; Prasad et al. 2019). The
deposited coatings were subjected to trial characterization studies to assess the quality
of coatings. The coating thickness, porosity and cross- sectional microstructures were
studied in detail. Based on the characterization studies, the process parameters were
finalized and all the six compositions were deposited. Table 3.4 displays the process
parameters utilized during the coating deposition. The substrate preparation which
includes surface cleaning, surface roughening, and preheating enables the better
interlocking of the molten splats onto the substrate surface. Grit blasting is widely
preferred by many researchers, as it enhances the surface roughness, which is very
much desirable for mechanical bonding of the spray particles with the substrate. The
feedstock powders were preheated to 150 ° for 1 h, in order to remove the moisture

content and enhance flowability in the spray nozzle.

Table 3.4 Process parameters used in HVOF

Parameters Values
Oxygen (flow rate) 225 Ipm
Hydrogen (flow rate) 550 Ipm
Nitrogen (flow rate) 45 Ipm
Powder feed rate 20 g/min
Spray distance 250-300 mm
Thickness/ pass 15-18 microns
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3.5 High temperature tribological performance

Dry sliding wear tests were performed on the CoCrNiTiMox and CoCrNiTiWx HEA
coatings using Pin-On-disc tribometer (Ducom instruments, India), in accordance with
ASTM G99 standards. Dry sliding wear provides insights into the potential for
adhesion, abrasion, and other wear mechanisms that might be prevalent in applications
where lubrication is not present. Furthermore, dry sliding wear tests were particularly
relevant in cases where the use of lubricants is impractical or undesirable. Alumina
counter disc is used in the current research, owing to its higher hardness. High hardness
implies good resistance to wear and the ability to withstand abrasive nature of the
sliding contact. Additionally, alumina's excellent thermal stability and chemical
inertness resists chemical reactions and degradation despite the heat generated during
sliding contact, thus ensuring highly reliable and reproducible results. The experimental

setup used for the tribological testing is presented in Figure 3.3.

Figure 3.3 Pin-on-disc tribometer used for tribological testing

Cylindrical specimens coated on one face, possessing a diameter of 12 mm and length
of 30 mm were used in wear testing. The as-sprayed coated samples possessing higher
surface roughness were brought down to 1 um by carefully polishing the surface. The
frictional and wear behavior of the HEA coatings were extensively studied by varying

the temperatures and normal loads. The testing parameters were clearly outlined in
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Table 3.5. The typical sliding velocity of maraging steel components, widely used in
the aerospace landing gear vary from 0.1 to 2 m/s. Further the temperatures attained by
them may vary from ambient to elevated temperatures. Therefore, the process
parameters in the current study were selected in such a way, so as to mimic the actual
conditions. Moreover, the temperature rise of the interphase post wear testing due to
the frictional heat is also analyzed by using a digital laser infrared non-contact
thermometer. The rise in temperature of the interface depends on several factors

including the sliding distance, sliding speed and sliding pairs used.

Table 3.5 Parameters used for Pin-On-disc tribometer

Parameters Value

Counter disc Alumina (165 mm diameter, 6 mm thickness)
Normal load 2 kg and 4 kg

Sliding velocity 1.5m/s

Wear track diameter 120 mm

Temperature 25 °C, 200 °C, 400 °C and 600 °C

Sliding distance 2000 m

During the wear test, the frictional forces were continuously monitored by a load cell
securely attached to the Pin-on-disc apparatus. A chamber heating module was used for
conducting the high-temperature wear studies. Each experiment was performed thrice,
and the average value was considered to ensure repeatability and accuracy. The specific
wear rates of the HEA coatings and substrate were determined using Eg. 3.1 (Nguyen
et al. 2022). The wear volume (V) is calculated after measuring the mass loss and
density of the samples (Eq. 3.2) (Parthasarathi i Duraiselvam 2010). The mass loss is
determined by weighing the samples before and after wear testing, using an electronic
weighing balance with 0.1 mg accuracy. The density of coating is determined using the
Eqg. 3.3.

V= —';l x 1000 (3.2)
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p=p1 (=) (33)

Mag—my

W is the specific wear rate in mm?®N-m, V denotes the volumetric wear in mm?, L is
the load in N, and S is the sliding distance in meter, p is the density of coating in g/cm?,
m is the mass loss in g. p; corresponds to the density of water (1 g/cm®) at room
temperature, m, is the weight of the coating in the air (g), and m, is the weight of

coating in water (g).

3.6 Characterization of milled powders

3.6.1 XRF analysis of elemental powders

X-ray fluorescence analysis has been carried out on the constituent metal powders to
ensure their purity and to check the percentage of trace elements present in the

composition.

3.6.2 SEM and EDAX analysis

The surface characteristics and elemental composition of both the individual metal
powders and milled powders at various milling durations were analyzed using Field
Emission Scanning Electron Microscopy (Carl ZEISS-GeminiSEM) coupled with
Energy Dispersive Spectroscopy (EDS).

3.6.3 XRD analysis

The crystal structure and phase changes in the milled powders across different milling
durations were examined using an XRD (Malvern-Empyrean) equipped with a Copper
source (A= 1.5405 A) in the 20 range of 30° to 105°. The scanning process involved a
step size of 0.026° and a time per step of 27.54 seconds. The X’pert High score software
was employed to analyze the XRD profiles for phase identification. The crystallite size
and lattice strain of the milled powders were determined from the XRD data using the

Williamson-Hall approach.

3.6.4 Particle size analysis

The particle size distributions of the milled powders at various milling times were
identified by laser diffraction method using CILAS 1064 particle size analyzer. In order
to have a good flow ability and deposition efficiency of coatings, the particle size of the

feedstock powders should be of the range 5-45 microns.
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3.7 Characterization of deposited coatings

3.7.1 Specimen preparation for cross-sectional analysis

A precision sectioning saw from Ducom Instruments Pvt. Ltd, Bangalore is utilized to
cut the specimens, prior to the microstructural and mechanical characterization.
Subsequently, the samples were mounted and polished down to 2000 grit. In the last
phase, the specimens underwent mirror polishing on a cloth wheel polishing machine,
utilizing 0.5um alumina powder suspensions for a refined surface. Thereafter, the

specimens were ultrasonically washed using acetone and dried in hot air

3.7.2 Microstructural analysis

The surface morphology and cross-sectional microstructure of the deposited coatings
were extensively investigated by using a SEM equipped with EDS. Backscattered
electron mode is utilised for analysing the cross sections, whereas secondary electron
mode is preferred for analysing the surface morphologies of coated samples. Elemental
mapping of the coated samples was further performed to identify the distribution of

constituent elements in the microstructure.

3.7.3 XRD analysis

The phase composition of the as-sprayed coatings was found using an X-ray
diffractometer (Malvern PANalytical, Netherlands) using Cu source (A = 1.5403 A).
Scanning was performed in the range of 20° to 105°, and a step size of 0.027° with a
duration of 28 s per each step was employed during the test. The phases were identified

and indexed using the ICDD-PDF 2 database in Xpert high score plus software.

3.7.4 Coating thickness

The thickness of the HEA coatings were monitored during the HVOF deposition using
Minitest-2000 thin film thickness gauge. Further, to verify the thickness of the as-
sprayed coatings, high resolution images were taken along the cross-section using back

scattered electron mode in Scanning Electron Microscope.

3.7.5 Porosity and density
An optical microscope (Zeiss Axiovert, Germany) with ImageJ software was used to
measure the coatings' porosity at its cross sections following ASTM B276 guidelines.

The density of coatings was calculated using a pycnometer, following the guidelines
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outlined in the ASTM C135 standard. The deposited coatings were peeled off manually
by hammering at the cross section. A minimum of 2 g of sample was peeled off to

determine the density of coatings.

3.7.6 Micro hardness

The coated samples' microhardness values were evaluated according to ASTM E384
standards, using a Vickers indenter (Omnitech, India). The polished cross-sections of
the coated samples were subjected to indentations by applying a load of 300 g for a
dwell time of 10 s. Several measurements were taken along the thickness direction from
the substrate to the coating surface. The experiments were repeated thrice and average
of the three values were considered for determining the microhardness.

3.7.7 Fracture toughness

The fracture toughness of the coatings was determined by using a Vickers indenter on
the cross-section of the coating. Multiple indents were taken on the coatings cross
section, and toughness value is determined by measuring the lengths of cracks that
originated from the corners of the indent. However, the magnitude of fracture toughness
was determined by using the Evans and Wilshaw’s empirical equation (Eq. 3.4). (Evans
i Wilshaw 1976). Determination of fracture toughness of coatings by employing Evans
and Wilshaw’s approach is well established in the literature (Lin et al. 2015; Ndumia
et al. 2023). The test was performed by applying a normal load of 19.62 N and dwell
time of 10 s. An optical microscope was used to analyse the length of radial cracks

generated from the indentation corners.

Kic = 0.079 (=) log (22) (3.4)

a3/?

Where K; is the fracture toughness, P is the load applied on the indenter, ‘a’ is the half
average length of the diagonal of Vickers marks, and ‘¢’ is the average length of cracks

obtained in the tips of the Vickers marks.

3.7.8 Surface Roughness

The Surface roughness profile of the coated samples was determined using a 3D Non-
contact profilometer (Nanovea, ST400, USA). The coated samples were scanned in a
5mm x 5mm area and 2D line profiles were taken at specific locations.
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3.8 Characterization of worn samples

3.8.1 SEM analysis

The wear mechanisms of HEA coatings at different temperatures were identified by
analyzing the worn surfaces using the secondary electron imaging mode in FESEM.
The chemical compositions of the worn surfaces at different regions were studied by
EDS and elemental maps.

3.8.2 XRD analysis

XRD analysis has been performed on the worn surfaces of CoCrNiTIMox and
CoCrNiTIWx HEA coatings at different test temperatures to identify the phase
transformations. Scanning was performed in the range of 20° to 105° and ICDD-PDF2

database is utilized in identifying and indexing the formed phases.

3.8.3 Raman spectroscopy

The Oxide formation at a temperature of 600 °C was studied using a Confocal Raman
spectrometer (Renishaw, UK). Raman spectroscopy is an effective analytical tool to
characterize the worn surfaces and identify the formed oxide phases. Multiple
researchers have employed Raman spectroscopy to discern the emergence of oxide
phases (Guo et al. 2019; Miao et al. 2021). Raman spectroscopy is highly sensitive to
the vibrational modes of molecules. Each oxide phase has a unique set of vibrational
frequencies that appear as distinct peaks in the Raman spectrum, effectively serving as
a molecular fingerprint. By comparing the observed Raman spectrum with reference
spectra of known oxide phases, specific oxides can be accurately identified. A 50 mW
laser with an excitation wavelength of 532 nm and a 50x objective lens was used. The
range of Raman shift is taken from 100-1200 cm™ and an exposure time of 20 s is
adopted for characterizing the sample.

3.9 Summary
The detailed flow chart describing the methodology adapted in the current research is
presented in Figure 3.4. The sequence of steps right from the selection of raw materials

to evaluating the tribological performance of the deposited coatings was elaborated.
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Figure 3.4 Methodology of the research work
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CHAPTER 4

PROCESSING OF HIGH ENTROPY ALLOYS

4.1 Characterization of pure metal powders

The elemental metal powders were initially characterized before ball milling to
determine their microstructure, purity, and crystal structure using SEM, XRF, and
XRD. The surface morphology of the elemental powders had been studied using the
scanning electron microscope (Figure 4.1), and it’s evident that most of the powders
are flaky and non-spherical subject to their processing methods. X-ray Fluorescence
(XRF) analysis has been performed to ensure the purity of metal powders. The results
reveal that all the metal powders are highly pure with impurities less than 0.5% in each

metal powder, as mentioned in Table 4.1.

The qualitative analysis of the elemental powders has been done by using X-ray
diffraction (Figure 4.2). The corresponding peak locations of the elemental powders
has been identified and validated with that of the standard ICDD database. The
crystallite size is calculated by Debye-Scherrer law (Murali et al. 2016) (Eq. 4.1) and
the crystal structure of the particular elemental powder is determined from the peak
positions, using the X-ray diffraction data (Table 4.1). It has been observed that the
crystallite sizes of all the metal powders differ reasonably, varying from 41 nm to 265
nm, as indicated in Table 4.1. It is also evident that cobalt, chromium and nickel metal
powders possess a nanocrystalline structure, before the start of ball milling. Elements

possessing a crystallite size less than 100 nm were termed as nanocrystalline materials.
Crystallite size (d) = kA/B cos 0 (4.2)

Where k is a constant =0.94, A= wavelength of Cu-Ka = 1.5406 A B= FWHM, 20 is

the diffraction angle.
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Table 4.1 Characterization of as-received metal powders

S. Element Avg. particle  Purity Crystal Crystallite
No size (Um) (at. %) Structure size (nm)
1  Cobalt 72 99.80 FCC 50.70

2 Chromium 44 99.50 BCC 41.72

3 Nickel 42 99.50 FCC 34.90

4 Titanium 48 99.99 HCP 264.04

5 Molybdenum 61 99.90 BCC 265.60

6  Tungsten 56 99.90 BCC 232.50

Figure 4.1 Surface morphology of metal powders; (a) Cobalt (b) Chromium, (c) Nickel,
(d) Titanium, () Molybdenum and (f) Tungsten.
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Figure 4.2 X-ray Diffraction of pure metal powders; (a) Cobalt (b) Chromium, (c)
Nickel, (d) Titanium, (¢) Molybdenum and (f) Tungsten.
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4.2 Processing of CoCrNiTiMo HEAs by Mechanical Alloying

4.2.1 Phase evolution of ball milled powders

XRD patterns of CoCrNiTiMo HEA milled powders for different durations are shown
in Figure 4.3(a&b). Before ball milling all the metal powders are thoroughly mixed and
characterized for phases. In the X-ray diffraction graph, all the peaks corresponding to
individual metals i.e. cobalt, chromium, nickel, titanium, and molybdenum are evident.
The mechanical alloying process is carried out to know the effect of ball milling speed
and alloying rate on the phase evolution of high entropy alloy powder with respect to
milling time. Figure 4.3(a) shows the XRD patterns of CoCrNiTiMo HEA powder
milled at 200 rpm. Before the start of the ball milling, all the peaks corresponding to
pure metal powders are observed. After 10 hours of mechanical alloying, most of the
Titanium and Cobalt peaks started diffusing into the lattice. The rate of diffusion of the
elements into the lattice depends on the melting point of the particular elements (Chen
et al. 2009). Elements with lower melting points have a higher tendency to diffuse into
the lattice at a faster rate. Chen et al. (Chen et al. 2009) has observed that metals with
higher melting point possess high bonding strength and low self-diffusion coefficient
and hence these elements results in a lower alloying rate. After 20 hours, all the titanium

and cobalt peaks are completely dissolved into the lattice.

As the ball milling is prolonged further to 30 hours, a noticeable drop in the peak
intensities of Nickel at (2 0 0), (2 2 0) can be observed besides broadening of peaks.
The decrease in the intensity of peaks indicates that the peaks are slowly dissolving into
the matrix; the broadening of peaks indicates the reduction of crystallite size and the
increment of lattice strain. Also, with the prolonging of milling time, the most intense
peak of Molybdenum (1 1 0) move towards lower angles, indicating the change in the
lattice parameter of Mo. The Mo (1 1 0) peak at 40.48 degrees at the start of the milling
shifts to 40.46 and 40.41 degrees at 20, 30 hours respectively. This indicates the
increase of the Mo lattice parameter, owing to the diffusion of other elements into the
Mo lattice (Chen et al. 2009). The lattice parameter of Mo increases from 3.149A at the
start to 3.153A by the end of 30 hours of milling. As milling reaches 40 hours, all the
nickel peaks are completely dissolved. This indicates that by 40 hours, all the peaks

corresponding to cobalt, titanium, and nickel have been completely dissolved into
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molybdenum and chromium lattice sites. Here, molybdenum and chromium act as
solvents and dissolve all other elements, leading to solid solution formation. On further
extending the milling time to 50 hours, two BCC solid solution phases with lattice
parameters a= 3.148 A(BCC1) and a= 2.883A (BCC2) have been formed without the

formation of any intermetallic compounds.

Figure 4.3(b) shows the XRD patterns of CoCrNiTiMo HEA powder milled at 300 rpm.
At 300rpm milling speed, because of the higher energy of the system, the impact of the
balls onto the powders is significantly high. The powder particles are continuously
trapped in between the balls and the vial and are subject to more severe plastic
deformation. Hence the dissolution of the metal powders into the lattice sites starts
much earlier at higher speeds. The diffusion of titanium and cobalt peaks starts well
before 5 hours of milling, and by the end of 10 hours of milling all the titanium, cobalt
and nickel peaks have been completely diffused into the lattice sites of molybdenum
and chromium. The X-ray diffraction pattern at 10 hours of milling indicates the start
of the solid solution phase formation. On milling beyond 15 hours, a new phase can be
witnessed. The intensity of the new peaks increases with milling time and it can be
observed that this new phase is the WC contamination from the milling media. After
30 hours of milling, two BCC solid solution phases with WC contamination phase can
be observed.
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Figure 4.3. XRD of CoCrNiTiMo HEA powders at different milling times using a speed
of (a) 200 rpm and (b) 300 rpm.
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4.2.2 Calculation of crystallite size and lattice strain

In the mechanical alloying process, high impact energy is induced from the balls and
vial to the powders and because of this, the metal powders were subjected to continuous
grain refinement and rise in lattice strain. It is important to calculate the crystallite size
and lattice strain at regular intervals to know the effect of ball milling. Crystallite size
can be calculated either by the Debye-Scherrer method or the Williamson-Hall method.
Williamson-Hall method considers the effect of lattice strain on peak broadening of
XRD data and it gives effective results compared to the former method. Crystallite size
and lattice strain can be calculated from the peak locations and FWHM values by using
the Eq. 4.2 (Gupta et al. 2016). The instrumental effects in the peak broadening of the
XRD data have been eliminated by running a standard Si sample on the X-ray
diffractometer and following Eq. 4.3.

BcosO = KA/L + 4nsin b 4.2)

B = /Bg — B? (4.3)

Where 0 is the Bragg angle, B is corrected FWHM values at corresponding peak
locations of 0, after considering the instrumental broadening, A is the wavelength of the
XRD source, 1 is strain in the material and K is dimensionless shape factor and L is the
crystallite size. B ; is the FWHM value corresponding to the standard ‘Si’ sample. B ,

is the observed FWHM values at corresponding peak locations.

A comparative study has been made for the mechanically alloyed powder by varying
speed to select the optimal process based on the phase evolution and crystallite size.
Crystallite size and lattice strain calculations were made on the ball milled samples at
regular intervals of 10 hours. For the CoCrNiTiMo HEA milled at 200 rpm, the
complete formation of solid solutions is seen at 50 hours, whereas for powders milled
at 300 rpm, the solid solution formation is evident at 30 hours itself. Based on the
Williamson-Hall plot, crystallite size and lattice strain calculations have been made and
shown in Table 4.2. Figure 4.4 shows the Williamson-Hall plot for the milled powders
at 200 rpm at two different time frames 10 hours and 50 hours.
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Figure 4.4 Williamson- Hall plots of CoCrNiTiMo ball milled powders at 200 rpm (a)
10 haand (b) 50 h

Table 4.2 Crystallite size and lattice strain of CoCrNiTiMo Ball milled powders

Milling time Crystallite size (nm) Lattice strain (%)
(h) 200 rpm 300 rpm 200 rpm 300 rpm
Oh 124 124 0.187 0.187
10h 78.7 14.83 0.213 0.49
20h 66.7 4.71 0.208 0.50
30h 64.07 3.42 0.319 0.87

40 h 50.4 - 0.303 -

50h 46.2 - 0.415 -

From Table 4.2, it is observed that the crystallite size of the CoCrNiTiMo powders
milled at 200 rpm, steadily decreased with respect to time. At the beginning of the
milling, the blended powders possessed a crystallite size of 124 nm, thereafter the
crystallite size gradually reduced to 46 nm at the end of 50 hours of milling. When the
ball milling is carried out at 300 rpm, the reduction in crystallite size is significantly

high and it drops drastically from 124 nm to 3 nm after 30 hours of milling.

Further, it can also be seen that the lattice strain of the milled powders gradually
increases from 0.187% to 0.415% at the end of 50 hours of milling in the case of
CoCrNiTiMo HEA milled at 200 rpm. In the case of powders milled at 300 rpm, the
lattice strain values increase significantly with milling time and it reached to 0.87% at
the end of 30 hours of milling. The noticeable rise in the lattice strain is due to the
inherent nature of the mechanical alloying process. The ball milling process induces

strain in the lattice of the milled powders because of the continuous interaction and
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intense plastic deformation of the powders with the milling media. In all the two cases,
it was observed that the decrease in the crystallite size is significant in the initial hours
with a noticeable rise in the lattice strain. This explains that the rate of diffusion of the
elements into the host lattice is higher at the start of milling (Chen et al. 2015b; Wang
et al. 2014a).

4.2.3 Microstructural evolution of milled powders

SEM morphology of the CoCrNiTiMo high entropy alloy milled at 200 rpm is presented
in Figure 4.5 (a-f) at different milling times i.e. 0, 10, 20, 30, 40, 50 hours of milling.
Before starting the milling process, the blended powders have an irregular morphology
with different shapes because of the distinct processing techniques used in synthesizing
the pure metal powders (Figure 4.5a). After milling the powders for 10 hours, because
of the entrapment of the powders in between the balls and the vial, the particles are
flattened initially, as can be witnessed from Figure 4.5(b). On continuing the milling
further up to 20 hours, the flattened powders can be seen cold welded to each other
slightly as seen in Figure. 4.5(c). The extent of cold welding is reduced here because of
the wet milling environment due to the presence of Toluene as a process control agent.
Milling up to 30 hours results in the fracturing of the cold welded particles, leading to
refinement of the milled high entropy powders. From figure 4.5(d), it can be seen that
most of the particles fall under 10 microns of size, indicating particle size reduction. By
milling beyond 40 hours, a significant decrease in particle size can be seen, and the
particles tend to be near-spherical (Fig 4.5e). Milling until 50 hours, results in the

further reduction in particle size as can be witnessed in Figure 4.5 (f).

The chemical compositions of the constituent elements of CoCrNiTiMo milled for 50
hours at 200 rpm has been determined by Energy dispersive Spectroscopy and shown
in Figure 4.6. The expected compositions were named as ideal and the experimental
composition were reported as observed values in Fig 4.6. Due to the intense plastic
deformation and thorough mixing of the constituent elements in the vial during the
mechanical alloying process, the composition slightly changes. The authors tried to
compare the ideal compositions before mechanical alloying with the observed

experimental compositions post mechanical alloying. It can be observed that the
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expected and observed compositions of all the elements are close to each other with a
variation of 1-3%, indicating excellent chemical homogeneity of the milled powders.
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Figure 4.5 Microstructural evolution of CoCrNiTiMo HEA powders after milling for

a) 0hb) 10 hc) 20 hd) 30 h, €) 40 h, and f) 50 h.
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Figure 4.6 Chemical composition of CoCrNiTiMo milled at 200 rpm for 50 hours

4.2.4 Particle size analysis

The evolution of the particle size for CoCrNiTiMo HEA powders milled at 200 rpm
has been shown in Figure 4.7. It can be seen that initially after 10 hours of milling, the
particle size is 24 microns and the span is diverse ranging from 2-90 microns, with 90%
of the particles falling under 50 microns. On continuing the milling process further, the
particle size reduces and the range of particle size distribution becomes narrow. After
50 hours of milling, the average particle size and the range of distribution are 6 microns
and 1-20 microns respectively. The effect of milling speed on the particle size evolution
can be seen in Figure 4.8. It is evident from Figure 4.8 that the particle size reduction
rate is higher with the increase in the milling speed. This is due to the intense plastic
deformation experienced at higher speeds. At 300 rpm milling speeds, the average
particle size reduces to 5.5 microns, after 30 hours of milling with a range of 0.5-20
microns.
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Figure 4.7 Particle size distribution of CoCrNiTiMo HEA powders milled for a) 10 h
and b) 50 h at a milling speed of 200 rpm.

(a) (b)
50 50 :
I Percentage of particles Il Percentage of particles
w 40 - wn 40
2 2
s o
: :
Q. 30 a 30
— -
] (]
@ Q
o o
B 20- R 20-
£ 13
8 o
o @
o 10- I o 10
o “ M A St sury ArREm peemes £ e e Smen owens oo 0 l-"'"""""""‘-'—"‘"-"1""""7' —
10 20 30 40 S0 60 70 80 90 10 20 30 40 50 60 70 80 90
Particle size (pm) Particle size (pm)

Figure 4.8 Particle size distribution of CoCrNiTiMo HEA powders milled for a) 10 h
and b) 30 h at a milling speed of 300 rpm.

4.3 Processing of CoCrNiTiW HEAs by Mechanical Alloying

4.3.1 Phase evolution of ball milled powders

Figure 4.9 illustrates the phase evolution of CoCrNiTiW HEA powders with respect to
milling time. The XRD data of the blended powders before the start of the milling
process showed the presence of all elemental metal powders, including Co, Cr, Ni, Ti,
and W. After 10 h of milling, most of the diffraction peaks corresponding to the Ti
element disappeared, confirming the diffusion of Ti into the lattice. The elements with
lesser melting points possess high diffusion coefficients and are more likely to diffuse
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into the lattice sites of the solvent (Chen et al. 2009). Apart from Ti, the peaks
corresponding to Co were partially dissolved into the lattice, confirming the start of
solid solution formation. After 20 hours, all the titanium and cobalt peaks are
completely dissolved into the lattice. The peaks corresponding to Ni also started to

dissolve into the lattice sites of Chromium and Tungsten at this stage.
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Figure 4.9 XRD of CoCrNiTiW HEA powders at different milling times.

On further continuing the milling up to 30 h, all the Ni peaks completely disappeared.
Further, a noticeable drop in the intensity and widening of the major peaks
corresponding to chromium and Tungsten can be witnessed in Figure 4.9. The reduction
in the peak intensity is attributed to the diffusion of elements, enabling solid solution
formation (Varalakshmi et al. 2008). Whereas the peak broadening is due to the
decrease in crystallite size and increase in lattice strain as the milling progresses with
time (Shivam et al. 2019; Suryanarayana et al. 2001). On increasing the milling time
further up to 40 h, no noticeable change in the phase structure can be seen. However, a
decrease in the peak intensities and a reasonable broadening of peaks can be observed.
The analysis of the alloy after 50 h of milling revealed the formation of two BCC solid
solutions with lattice parameters of 3.152 A (BCC1) and 2.885 A (BCC2), respectively.
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4.3.2 Calculation of crystallite size and lattice strain

From Table 4.3, it is observed that the crystallite size of the CoCrNiTiW powders milled
at 200 rpm, steadily decreased with respect to time. At the beginning of the milling, the
blended powders possessed a crystallite size of 136 nm, thereafter the crystallite size
gradually reduced to 31.5 nm at the end of 50 hours of milling. From table 4.3, it can
also be seen that the lattice strain of the milled powders gradually increased from
0.179% to 0.508% at the end of 50 hours of milling. The noticeable rise in the lattice
strain is due to the inherent nature of the mechanical alloying process. The ball milling
process induces strain in the lattice of the milled powders because of the continuous

interaction and intense plastic deformation of the powders with the milling media.

Table 4.3 Calculation of crystallite size and lattice strain for CoCrNiTiW HEA

Milling time Crystallite size (nm) Lattice strain (%)
Oh 136 0.179
10 h 81.1 0.208
20 h 75.4 0.249
30h 58.2 0.289
40 h 43.8 0.372
50 h 315 0.508

4.3.3 Microstructural evolution

The morphology evolution of CoCrNiTiW HEA powders at different milling times can
be witnessed in Figure 4.10. At the start of the milling, the powder particles exhibit
uneven morphology with different shapes, owing to the various processing methods
involved in preparing pure metal powders. The particle size of the blended powders,
before the start of milling, ranged from 45-55 um. After 10 h of milling, flattening of
the powder particles is predominant due to the entrapment and repeated impact of the
powder particles between the vial and balls (Suryanarayana 2001). The average particle
size at this stage can be found to be around 18-22 microns. At this stage, as the milling
balls collide with each other and the powders, some of the powders were agglomerated
and cold welded at their contact points due to the high pressure and temperatures

generated during the milling process (Suryanarayana 2019). Since the milling process
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is carried out in a wet atmosphere, the extent of cold welding at this stage is controlled
by the process control agent. Nevertheless, occasional cold welding of the milled
powders can be seen from Fig. 4.10c. Fracturing and refinement of the powder particles
can be seen by continuing the milling for up to 30 h (Figure 4.10d). The morphology of
the particles tends to be more spheroidal at longer milling hours due to the continuous

refinement (Tian et al. 2018). The powders particle size was further refined to 4-5

microns after 50 h of milling.

Figure 4.10 Microstructural evolution of CoCrNiTiW HEA powders after milling for
a)0hb)10hc)20hd)30h,e)40h, and f) 50 h.
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The chemical composition of the milled powders can be seen in the Figure 4.11. It is
evident that the mechanical alloying process resulted in the homogeneous mixing as
well as a significant reduction in the particle size of the alloying powders. Fig. 4.11
depicts a minimal deviation in the expected and observed compositions of the milled
powders, conveying a homogeneous distribution of the constituent elements in the

milled powders.
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Figure 4.11 Chemical composition of CoCrNiTiW HEA powders milled at 200 rpm
for 50 hours

4.3.4 Particle size analysis

Figure 4.12 illustrates the progression of particle size for CoCrNiTiW HEA powders
milled at 200 rpm. Initially, after 10 hours of milling, the average particle size measures
26 microns, exhibiting a wide range of particle sizes from 5 to 90 microns. Notably,
86% of the particles fall within the 5-50 micron range. As the milling process continues,
there is a discernible reduction in the average particle size, accompanied by a narrowing
of the size distribution range. Upon reaching 50 hours of milling, the average particle
size further decreases to 7 microns, and the distribution range becomes even more
constrained, ranging from 1 to 30 microns. This signifies a substantial refinement in
particle size, underscoring the efficacy of prolonged milling at 200 rpm in producing

finer and more homogeneously sized CoCrNiTiW HEA powders.
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Figure 4.12 Particle size distribution of CoCrNiTiW HEA powders milled for (a) 10 h
and (b) 50 h at a milling speed of 200 rpm.

4.4 Solid Solution formation criteria in High entropy alloys

In case of binary alloys, the formation of solid solution has been identified by Hume-
Ruthery rules. Likewise, concerning High Entropy Alloys, Zhang et al. (2008) outlined
the criteria for the formation of solid solution phases. Thermodynamic factors such as
atomic size difference, enthalpy and entropy of mixing, valence electron concentration,
and electronegativity difference were employed to assess the potential for solid solution
formation in High Entropy Alloys (Guo 2015; Guo i Liu 2011). The corresponding
equations (Eq. 4.4-4.10) were given below and the calculated parameters are presented
in Table 4.4.

8= 100]2#1 ci(1- %)2 (4.4)

r= Z?:l Ciri (45)

Ci and r; is the atomic fraction and atomic radius of the i element. t is the average

atomic radius. § is the atomic size difference.

n L.

AH,.. = 4 z AHY cic; (4.6)
i=1,i%j

Aszx is the enthalpy of mixing of the binary alloy. ¢; and c; are the atomic fractions

of the elements in the binary alloy. 4H,,;, is the enthalpy of mixing of the alloy.
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ASmix = —R Y=, cing; (4.7)
Where A4S,,;, is the entropy of mixing and R is gas constant.
VEC = )" c;(VEC); (4.8)

Where (VEC); is the valence electron concentration of the i element and VEC is for

the alloy.
AX = \/Z;;l Ci (Xl — X)Z (49)
X=XLiaX (4.10)

Where X is the pauling electronegativity for the ith element and X is the averaged

electronegativity. AX is the electronegativity difference of the alloy.

Drawing from empirical relations, (Guo 2015) established specific guidelines for the
creation of stable solid solutions in High Entropy Alloys. They identified that the
formation of a stable solid solution is feasible under the conditions of -22 < AHmix < 7
kJ/mol, 11 < ASmix < 19.5 J/K-mol, and 0 < 6 < 8.5. Guo (2015) also outlined criteria
for the type of solid solution phase formation based on Valence Electron Concentration
(VEC) values. According to their findings, BCC phases would exclusively form when
VEC is less than 6.87, a combination of BCC and FCC phases in the range of 6.87 <
VEC < 8, and solely FCC phases when VEC exceeds 8. Further, the phases are more
stable if the electronegativity difference AX >0.133 (Dong et al. 2014).. Enthalpy of
mixing of the High entropy alloy has been calculated from the enthalpy of mixing
values of the binary alloy using Miedema’s model (Takeuchi and Inoue 2005). Yang
and Zhang have determined a parameter Q for defining the stability of solid solutions
and the equation is presented in Eq. 4.11 and Eq. 4.12 (Yang i Zhang 2012).

— TmASmix
|AHmix|

(4.11)

T = iz (T (4.12)

Where (T,,); is the melting point of the ith element and T;,,is the melting point of the

alloy. It has been proposed that if Q > 1, then the contribution of T;,,AS,,,;, will exceed
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that of AH,,;, and thus the formation of solid solution phases is stable according to
Gibbs free energy rule (Eq. 4.13) (Yang i Zhang 2012)

AGpix = AHpix — TAShix (4-13)

Based on the empirical relations, the thermodynamic parameters are calculated and
listed in the Table 4.4. The results show that the entropy of mixing, atomic size
difference, enthalpy of mixing, electronegativity difference and sigma values for both
the compositions satisfy the criteria set by Guo et al. for the formation of solid solution
phases. The calculated VEC values predict a mixture of FCC and BCC phases for both
CoCrNiTiMo and CoCrNiTiW high entropy alloys, whereas the data confirms the
formation of 2 BCC solid solution phases. Further it is not mandatory that the predicted
phases should always form. Dwivedi et al. (2016) reported the formation of a FCC
phase, while the VEC values predict the formation of BCC phase.

Table 4.4 Thermodynamic parameters of processed High entropy alloy:

Composition AS iy ) AH,;,  VEC AX T (K) Q
(J/mol. K) (kJ/mol)

CoCrNiTiMoos 13.14 381 -1723 710 0194 1994  1.520

CoCrNiTiMo 13.38 2.68 -15.52 7 0.214 2102  1.812

CoCrNiTiMozs 13.25 3.07 -13.87 6.88 0.225 2152 2.076
CoCrNiTiWos 13.14 208 -16.54 7.10 0.240 2082 1.654
CoCrNiTiW 13.38 1.78 -17.42 7 0.280 2262 1.737
CoCrNiTiWys 13.25 186 -12.24 6.88 0.302 2368 2.563

4.5 Summary

Mechanical alloying, a non-equilibrium processing technique, is used for synthesizing
the CoCrNiTiMox and CoCrNiTiWx HEA feedstock. The constituent metal powders
were mixed in appropriate proportions according to their weight fractions and grounded
in a planetary ball mill with a tungsten carbide vial and balls. In order to identify the
ideal milling time for synthesizing CoCrNiTiMox and CoCrNiTiWy high entropy alloy
feedstock powders, milling was carried out for 50 h and samples were taken at regular
intervals of 10 hours for characterization. After thoroughly characterizing the milled
powders with respect to phases, microstructure, chemical homogeneity and particle size

evolution, at different milling speeds and times, the HEA powders milled for 10 h at a
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milling speed of 200 rpm was selected as feedstock for thermal spray deposition using
HVOF technique. The average particle sizes of the CoCrNiTiMo and CoCrNiTiW
feedstock powders, as determined from the laser diffraction analysis using a particle
size analyser, were found to be 23.18 um and 25.66 pm respectively. Similarly, the
particle sizes of other HEA compositions used in the current research varied from 22
pm — 27 um. The corresponding thermodynamic parameters of the processed HEA’s,
including atomic size difference, enthalpy of mixing, entropy of mixing, valence
electron concentration, and electro negativity were calculated in order to predict the

solid solution phase formation.
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CHAPTER S

CHARACTERIZATION OF HEA COATINGS

5.1 Characterization of CoCrNiTiMox HEA coatings

5.1.1 Surface morphology

Figure 5.1 shows the surface morphologies of CoCrNiTiMoos, CoCrNiTiMo, and
CoCrNiTiMoys HEA coatings deposited by HVOF spray. It is evident that the all the
coated surfaces typically consists of multiple unmolten, partially molten, and fully
molten particles spread across the surface.
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Figure 5.1 Surface morphology of (a) CoCrNiTiMoos, (¢) CoCrNiTiMo and (e)
CoCrNiTiMoys HEA coatings deposited by HVOF spray. (b), (d), (f) shows the EDS
analysis of corresponding HEA coated surfaces respectively.
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Many undulations and a rough surface can be seen, which is typical of HVOF spray.
Since HVOF spray works on imparting high Kkinetic energies to the feedstock materials,
complete melting of the feedstock is not possible. Furthermore, the insufficient melting
time in the spray nozzle eventually forms partially molten surfaces (Prasad et al. 2019).
The EDS analysis performed on the surface confirms the presence of all alloying

elements along with significant contributions from oxygen.

5.1.2 Cross-sectional microstructure

The coating thickness of CoCrNiTiMox (x is atomic fraction; x= 0.5, 1, 1.5 HEA
coatings varies between 216-234 microns, as seen from the cross-sectional SEM images
(Figure 5.2). The coating cross-section in Figure. 5.2 possess lamellar structure, owing
to the layer by layer stacking of the deposited feedstock splats (Liu et al. 2022b). During
HVOF spray deposition, the semi-molten feedstock particles impact the substrate
surface with high velocities and solidify rapidly, forming dense coatings. The high-
energy impact of the feedstock particles creates a mechanical deformation in the
substrate surface and promotes bonding between the coating and substrate.

The mechanical interlocking of the coating splats to the substrate can be seen at the
coating interface in Figure 5.3. A rough wavy surface, with crests and troughs, can be
seen at the interface of HEA coatings (Nair et al. 2023). Pores and cracks were minimal
near the interface, suggesting better adhesion of the coated layers to the substrate (Chen
et al. 2015a). The porosities of CoCrNiTiMogs, CoCrNiTiMo, and CoCrNiTiMo15
HEA coatings, as determined by image analysis, were observed to be 1.1 + 0.3%, 1.12
+ 0.05 %, and 1.32 £ 0.2% respectively. Oxide inclusions can be occasionally seen
throughout the coating cross-section in minor proportions, owing to the oxidation of the
in-flight particles during deposition (Patel et al. 2022). The dark regions (highlighted
as points 1,3&5) in Figure 5.2 represent the oxy-rich phases. In contrast, the grey
regions (highlighted as points 2,4&6) represent a homogeneous distribution of all
constituent elements with minor oxide inclusions. Table 5.1 shows the compositions of

highlighted points in Figure 5.2.
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Figure 5.2. Cross-sectional microstructure of (a), (b) CoCrNiTiMoos (c), (d)
CoCrNiTiMo, (e), (f) CoCrNiTiMo1s HEA coatings in backscattered electron mode,
showing coating thickness and lamellar structure.

Table 5.1 Chemical composition of highlighted points in Figure 5.2 (at %).

Point Co Cr Ni Ti Mo O
1 6.9 9.5 4.6 13.7 1.1 64.2
2 28.9 21.0 27.1 2.3 12.8 7.9
3 4.2 10.0 2.2 16.3 3.5 63.8
4 21.9 23.2 21.4 6.4 19.3 7.7
5 7.8 9.0 6.7 9.0 1.9 65.6
6 21.9 7.2 22.2 1.3 33.6 13.8
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Figure 5.3. Interfacial bonding of (a) CoCrNiTiMogs, (b) CoCrNiTiMo, and (c)
CoCrNiTiMoys HEA coatings with the Substrate.

The distribution of the constituent alloying elements in the microstructure is visualized
by analyzing the elemental maps at the cross sections of the deposited HEA coatings.
It can be identified from Figure 5.4 that all the HEA coatings exhibit a homogeneous
distribution of the alloying elements. The CoCrNiTiMo1s HEA coating also revealed a
dense elemental map of Mo, indicting higher concentration of Molybdenum in the

microstructure.
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Figure 5.4 Elemental mapping of (a) CoCrNiTiMoos, (b) CoCrNiTiMo, and (c)
CoCrNiTiMo1s HEA coating cross-section.

5.1.3 XRD studies

Figure 5.5 presents the phases formed in the CoCrNiTiMoos, CoCrNiTiMo and
CoCrNiTiMoys HEAs after the deposition of coatings. It is discernible from the XRD
analysis that the BCC phases, forged during the milling stage, have persevered post-
coating deposition. Nevertheless, the exposure to elevated temperatures and kinetic
energies within the HVOF nozzle has instigated the emergence of supplementary
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intermetallic and oxide phases. The feedstock powders underwent exposure to
temperatures ranging from 1400 °C - 1600 °C and were propelled at velocities up to
1300 m/s during the coating deposition (Jin et al. 2020; Meghwal et al. 2022).

Retaining the solid solution phases during the HVOF coating process requires careful
control of various parameters to prevent phase transformations, oxidation, and other
detrimental effects that could alter the phases. The flame temperature has to be carefully
controlled, so as to generate enough heat just to melt the powders. The flow rate of fuel
and oxygen has to be appropriate, so as to preserve the desired temperatures. Moreover,
optimal spray distance (typically 150-300 mm) has to be maintained, to ensure the
particles reach the substrate at the correct temperature and state (semi-molten or fully
molten). Too close may cause excessive heating, while too far may cause cooling and
improper adhesion. Further, utilizing inert gas shielding (e.g., argon) during spraying

also minimizes oxidation.
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Figure 5.5 X-ray diffraction studies of HVOF sprayed (i) CoCrNiTiMoos, (ii)
CoCrNiTiMo, and (iii) CoCrNiTiMo1s HEA coating.
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The as-sprayed CoCrNiTiMoos coatings displayed a BCC phase (PDF# 01-085-1336),
NiTiO3z spinel (PDF# 01-076-0334), and MoNi intermetallic (PDF# 00-048-1745).
Likewise, the CoCrNiTiMo HEA coatings showed the presence of a single BCC phase
(PDF# 01-085-1336), CosTi intermetallic (PDF# 03-065-4116) and NiTiOs (PDF# 01-
076-0334). Further, the CoCrNiTiMo1s HEA resulted in the formation of a Co.Mo3
intermetallic, NiTiOz spinel, and BCC phase. The occurrence of oxide phases is
attributed to the in-flight oxidation of feedstock powders. The presence of intermetallic
phases contributes to the augmentation of hardness and mechanical properties (Chen et
al. 2019c; Joseph et al. 2020; Liu et al. 2016). Moreover, there is a significant peak
broadening in the XRD pattern of the coated samples, signifying a notable decrease in
the crystallite size. The drop in the crystallite size may be ascribed to the relatively
higher cooling rates in the thermal spray techniques (Chen et al. 2019a).

5.1.4 Microhardness

The microhardness values of CoCrNiTiMogs, CoCrNiTiMo, and CoCrNiTiMoys HEA
coating cross-sections at different penetration depths have been presented in Figure 5.6.
The microhardness near the substrate was around 422 + 7 HVo3, with minimal
variation. However, the deposited HEA coatings demonstrate a noticeable deviation in
the microhardness at various distances from the interface. A sudden increase in the
microhardness at the coating interface can be attributed to the work hardening effect. A
reasonable variation in the microhardness values can be seen at different points, owing
to the formation of different phases, including NiTiO3z spinel, MoNi and CosTi
intermetallic, and disordered BCC phases. Further, pores, oxides, melted and unmelted
particles throughout the microstructure contribute to the disparity in the microhardness
values (Jin et al. 2018b; Tian 2016).

Typical Vickers hardness values for HEA coatings often range between 500 to 1200
HV. Some specific HEA coatings, particularly designed for wear resistance and high-
temperature applications, can achieve even higher hardness values. In the current work,
the average microhardness values of the as-sprayed CoCrNiTiMogs, CoCrNiTiMo, and
CoCrNiTiMoys HEA coatings were 841+62 HVo.3, 927 + 45 HVo 3, and 952+23 HVo 3,
respectively. The high hardness of the investigated HEAs can be attributed to the BCC
solid solutions and intermetallic compounds formed during thermal spray deposition.
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Figure 5.6 Vickers microhardness of (a) CoCrNiTiMoos, (b) CoCrNiTiMo, and (c)
CoCrNiTiMows HEA coatings.
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HEAs containing disordered BCC phases demonstrate high hardness compared to FCC-
based HEAs (Nair et al. 2023). Furthermore, HEAs display high strength and hardness
due to the lattice distortion effect of the different constituent elements (Lee et al. 2020;
Roy et al. 2021). Additionally, a significant increment is seen in the microhardness
values of the CoCrNiTiMois HEA coatings, compared to that of as-sprayed
CoCrNiTiMoos coatings, owing to the presence of higher molar fractions of

Molybdenum.

5.1.5 Fracture toughness

Fracture toughness measures a material's ability to withstand the growth of existing
cracks or the initiation of new ones. In the context of sliding wear, where surfaces are
subjected to repeated friction and contact stresses, a coating with high fracture
toughness is generally more resistant to cracking and failure. In Figure 5.7, the
emergence of cracks is depicted, originating from the tips of the Vickers indenter and
running parallel to the coating-substrate interface. The material's fracture toughness is
determined by calculating the length of radial cracks emerging from the tips of the
indenter. There were no observed cracks perpendicular to the free surface of the coating,
suggesting an anisotropic behaviour influenced by the layered microstructure and

elongated shape of the splats in the thermally sprayed coatings (Lekatou et al. 2023).

Within a thermally sprayed coating, the interlamellar regions and splat boundaries may
act as areas with heightened stress concentration and diminished cohesive strength.
Hence, the occurrence of pores and the propagation of microcracks are frequently
observed at the boundaries of the splats (Zois et al. 2009). The average fracture
toughness of refractory HEA coatings typically falls within the range of 3 to 6 Mpa m*?
(Lin et al. 2015; Ndumia et al. 2023), with specific values depending on the
composition, deposition method, and microstructural characteristics. The average
fracture toughness of refractory HEA coatings is generally lower than that of bulk
HEAs due to the coating's microstructure, thickness, and the presence of interfaces with
the substrate. Enhancing the fracture toughness while maintaining other desirable
properties remains a key challenge in the development and optimization of refractory

HEA coatings.
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Figure 5.7 Optical microscope image showing the crack propagation for (a)
CoCrNiTiMogs, (b) CoCrNiTiMo, and (c) CoCrNiTiMo1s HEA coatings under a

Vickers indenter.

The fracture toughness of CoCrNiTiMoos, CoCrNiTiMo, and CoCrNiTiMo1s HEA
coatings, as determined by using Evans and Wilshaw’s equation, were found to be 2.89
+ 0.31 (Mpa m*?), 3.26 + 0.25 (Mpa m*?) and 3.79 + 0.35 (Mpa m*?) respectively.
CoCrNiTiMo1s HEA coating showed better fracture toughness than CoCrNiTiMo0os
and other thermally sprayed coatings (Lin et al. 2015; Ndumia et al. 2023). The coatings
with higher fracture toughness values can absorb more energy before fracture, thus

enhancing wear performance.

5.1.6 Surface Roughness and density

The 3-dimensional roughness plots of CoCrNiTiMoos, CoCrNiTiMo and
CoCrNiTiMo1s HEA coatings can be seen in Figure. 5.8. It is evident that there were
many surface asperities and undulations on the coated surface, owing to the deposition

and solidification of molten splats. The average surface roughness of CoCrNiTiM0oo s,
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CoCrNiTiMo and CoCrNiTiMozs HEA coatings were found to be 4.915 pm, 3.178 um
and 4.266 um, respectively. Coatings deposited by HVOF technique, often result in
smoother microstructures with comparatively lesser roughness values, enabling their
application in various wear resistant components. The surface roughness of the
deposited coatings can be further tailored by controlling the process parameters during
the coating deposition. Furthermore, the average densities of CoCrNiTiMogs,
CoCrNiTiMo and CoCrNiTiMo1s HEA coatings, as determined using ASTM C 135
standards, were found to be 6.42 g/cm?, 6.96 g/ cm? and 7.47 g/cm?, respectively.
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Figure 5.8 Profilometry studies showing the 3-dimensional roughness plot of (a)
CoCrNiTiMogs, (c) CoCrNiTiMo, and (e) CoCrNiTiMois HEA Coatings.

Corresponding 2D line profiles can be seen in (b), (d), (f) respectively.
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5.2 Characterization of CoCrNiTiWx HEA coatings

5.2.1 Surface morphology

Figure 5.9 shows the surface morphologies of CoCrNiTiWgs, CoCrNiTiW, and
CoCrNiTiW1s HEA coatings deposited by HVOF spray. Many partially molten and
unmolten particles can be identified on the coating surface, which is inherent in thermal
spray deposition techniques. The high velocities in the HVOF nozzle lead to a lesser
interaction time of the feedstock particles with the combustion gases, forming

numerous partially molten splats (Prasad et al. 2019).
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Figure 5.9 Surface morphology of (a) CoCrNiTiWos, (c) CoCrNiTiW and (e)
CoCrNiTiW1s HEA coatings deposited by HVOF spray. (b), (d), (f) shows the EDS
analysis of corresponding HEA coated surfaces respectively.

The high velocities and lower temperatures observed in the HVOF nozzle also help
attain microstructures with fewer defects. Typically, the particle velocity in an HVOF
process ranges from 500 to 1,300 m/s. The particle spray velocity is widely affected by
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the choice of fuel, flow rate of gases in the HVOF nozzle, spray distance and the coating
density. The choice of fuel (e.g., hydrogen, propane, kerosene) affects the combustion
temperature and the resultant gas velocity. The spray distance and the coating density
also influence the spraying velocity. Therefore, the process parameters adopted in the
current research were fixed after analysing the parameters considered for similar HEA
coatings. The EDS analysis performed on the surface highlights the presence of all

alloying elements along with significant contributions from oxygen (Figure 5.9 b,d&f).

5.2.2 Cross-sectional microstructure

Figure 5.10 shows the cross-sectional microstructures of CoCrNiTiWos, CoCrNiTiW
and CoCrNiTiW1s HEA coatings in backscattered electron imaging mode. The coating
thickness is observed to be uniform and is around 252 = 8 um for CoCrNiTiWogs , 236
£+ 7 um for CoCrNiTiW and 278 + 12 um for CoCrNiTiW1s HEA (Fig. 5.10a,c&e).
Maintaining a constant thickness along the coatings cross-section ensures uniform
mechanical properties such as hardness, wear resistance, and fatigue strength across the
coated surface. A uniform coating thickness helps in evenly distributing stresses across
the coated surface, reducing the risk of stress concentrations that can lead to cracks or
delamination. Furthermore, Consistent thickness ensures a uniform bond strength
between the coating and the substrate, enhancing the overall adhesion and reducing the
likelihood of coating failure.

A lamellar microstructure can be seen, which is a typical characteristic of HVOF spray
(Srivastava et al. 2019). Multiple lamellar structures were seen to be stacked one over
the other due to the impact and solidification of the molten splats on the previously
deposited splat. Feedstock powders were exposed to temperatures of 1500 °C and
accelerated to velocities ranging from 500 - 1300 m/s during deposition. Therefore,
inflight oxidation of molten splats is apparent, forming oxide stringers (Jin et al. 2020;
Meghwal et al. 2022). Furthermore, the fine powder particles possessing higher surface
area were extremely reactive and resulted in the formation of oxide stringers. The
entrapment of oxide stringers between the coating splats was comparatively lesser for
CoCrNiTiWis, owing to the relatively higher particle size of the CoCrNiTiWis

feedstock powder.

77



Figure 5.10 Cross-sectional microstructure of (a), (b) CoCrNiTiWos and (c), (d)
CoCrNiTiW and (e), (f) CoCrNiTiW1s HEA coatings.

The porosities of CoCrNiTiWos, CoCrNiTiW, and CoCrNiTiW1s HEA coatings were
found to be 1.31 + 0.32 %, 1.19 £ 0.03 % and 1.25 + 0.37 % respectively. Fabrication
defects including the pores and minor cracks were inevitable in thermal spray
deposition, owing to the solidification induced defects arising from the mismatch in
coefficient of thermal expansion of the coating and substrate (Hsu et al. 2017b). Further,
the rapid solidification at the interface restricts the escape of entrapped oxides and
gases, adding to the porosity. Table 5.2 shows the corresponding elemental

compositions of highlighted spots in Figure 5.10, as determined by EDS analysis. It
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was observed that the dark spots (spots 1,3 & 5) in the microstructure were oxy-rich
regions, and the grey spots (spots 2,4 & 6) were enriched with all the constituent

elements, representing the actual composition of the HEA.

Table 5.2 Chemical composition of highlighted points in Figure 5.10 (at %).

Point Co Cr Ni Ti w O
1 6.7 14.7 6.1 12.2 3.2 57.1
2 22.1 21.4 20.9 7.5 14.4 12.3
3 1.8 14.6 1.1 11.0 4.4 67.1
4 21.2 20.4 19.9 6.5 19.6 11.1
5 34 13.4 2.7 13.1 5.7 61.8
6 28.5 6.4 20.4 2.5 33.0 9.0

The nature of bonding of the as-sprayed HEA coating with that of the substrate can be
analyzed from the interfacial SEM images in Fig. 5.11. The grit-blasted substrate

possessing a rough surface with wavy nature can be seen at the interface.

Substrate

lnt'erface “\‘d\;;?’

Mechanical
Interlocking

Figure 5.11 Interfacial bonding of (a) CoCrNiTiWos and (b) CoCrNiTiW and (c)
CoCrNiTiW1s HEA coating with the substrate.

79



-

n --
Figure 5.12 Elemental mapping of (a) CoCrNiTiWos, (b) CoCrNiTiW and (c)
CoCrNiTiW1s HEA Coating cross-section.

The interaction of the wavy nature of the substrate with that of incoming molten splats
during coating deposition resulted in a good adhesion of the coatings with the substrate.
The mechanical interlocking of the solidified splats with the substrate surface can be
identified in Figure 5.11. The interfacial SEM analysis corroborate the good adhesion
of the coating with the substrate. To further characterize the coating microstructure and
identify the distribution of alloying elements, elemental mapping was performed on the

coatings cross-section (Figure. 5.12). Based on the EDS maps, it appears that all the

80



alloying elements are evenly distributed throughout the cross-section. Additionally, the
dark spots scattered all over the cross-section were identified as oxide stringers enriched
with Ti, Cr and Ni oxides.

5.2.3 XRD studies

The X-ray diffraction patterns of CoCrNiTiWgs, CoCrNiTiW and CoCrNiTiWys
coatings were depicted in Figure 5.13. The BCC solid solution phase of the milled
feedstock has been retained after the development of coatings. However, an additional
intermetallic phase CosTi (PDF# 03-065-4116) for CoCrNiTiWos, and Cr7Niz (PDF#
00-051-0637) for CoCrNiTiWis HEA coatings can be seen. The formation of
intermetallic phases can also be seen in other HEAS, resulting in improved hardness
and mechanical properties (Chen et al. 2019c; Joseph et al. 2020; Liu et al. 2016). Due
to the higher operating temperatures and Kinetic energies involved in the HVOF spray
deposition, the feedstock is subjected to oxidation (Li et al. 2017; Meghwal et al. 2022).
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Figure 5.13 XRD analysis of HVOF sprayed (i) CoCrNiTiWgs and (ii) CoCrNiTiW
and (iii) CoCrNiTiW1s HEA coatings.
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The CoCrNiTiWgs HEA coating reports the formation of Cr,0s (PDF# 01-084-0315),
and TiO; (PDF# 01-076-0319), while the CoCrNiTiW15s forms NiTiOs spinel (PDF#
01-076-0334), and TiO, (PDF# 01-076-0319). Further, the equimolar CoCrNiTiW
HEA coating showed the presence of two BCC solid solutions (PDF# 01-089-4900),
(PDF# 01-085-1336) and NiTiOgz spinel. Broadening of the diffraction peaks can also
be witnessed in the x-ray diffractogram of the deposited HEA coatings, owing to the
grain refinement. The higher cooling rates in the thermal spray deposition techniques
lead to a reduction in the grain sizes of the deposited splats (Chen et al. 2019a; Li et al.
2017; Zhou et al. 2022). Due to the lesser W content, the CoCrNiTiWos HEA reported
the formation of a single BCC solid solution. Contrarily, the presence of higher molar
fractions of tungsten in CoCrNiTiW1s HEA reported the formation of two BCC solid
solution phases.

5.2.4 Microhardness

Figure 5.14 shows the microhardness of CoCrNiTiWgs, CoCrNiTiW and
CoCrNiTiW1s HEA coatings using a Vickers indenter following ASTM E 384
standards. The indentations were made on the polished cross-sections at 50 pm
intervals, starting from the substrate and progressing towards the coating surface. It was
observed that the microhardness values at the substrate ranged from 410-440 HVoqs.
The hardness at the interface is influenced by both the substrate and coating and hence
its value lies intermediate to the hardness values of the substrate and coating. Excluding
the microhardness at the interface, the microhardness of CoCrNiTiWo s coating varied
from 823 £ 51 to 901 + 49 HVo.3. Simultaneously, CoCrNiTiW1s showed an increment
from 955 + 48 to 1087 + 53 HVo.3 (Figure 5.14b).

The variation in the microhardness values at different distances from the interface is
mainly attributed to the microstructural heterogeneity, owing to the distribution of
different phases (Liu et al. 2022a). The x-ray diffraction data from Figure 5.13
confirmed the presence of single BCC solid solution, CosTi phases for CoCrNiTiWqs
and two BCC solid solutions and CrzNis phase for CoCrNiTiW1s HEA’s. Apart from
the heterogeneous distribution of phases, the significant variation in the microhardness
along the thickness of the coatings might be due to the presence of porosity, oxides,

unmelted and semi-melted particles, inclusions in the microstructure, and layered
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structure of the coatings. Similar observations in the microhardness values were also
seen in other HVOF sprayed coatings (Jin et al. 2018b; Tian 2016).
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Figure 5.14 Vickers microhardness of (a) CoCrNiTiWos, (b) CoCrNiTiW and (c)
CoCrNiTiW1s HEA coating.
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The average microhardness values of CoCrNiTiWos, COCrNiTiW and CoCrNiTiWys
HEA coatings were found to be 86352 HVo3, 951 + 38 HVo3and 102539 HVo3
respectively. The substantial rise in the microhardness of CoCrNiTiWis HEA is
ascribed to the presence of additional BCC solid solution phase (Fig. 5.13). BCC
phases, possessing lesser slip systems, acts as barriers for the movement of dislocations.
Therefore, the plastic deformation of the system is restricted, leading to an enhancement

in strength and hardness (Meghwal et al. 2022).

5.2.5 Fracture toughness

Figure 5.15 shows the formation of cracks, emerging from the tips of the Vickers

indenter and parallel to the coating-substrate interface.

Figure 5.15 Optical microscopy showing the cracks generated for (a) CoCrNiTiWos,
(b) CoCrNiTiW and (c) CoCrNiTiW1s HEA coatings during the indentation fracture

toughness test.

The results reveal that the fracture toughness of CoCrNiTiWgs, CoCrNiTiW and
CoCrNiTiWys HEA coatings were found to be 3.22 + 0.26 (Mpa m*?), 3.54 + 0.32
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(Mpa m*?) and 3.87 + 0.3 (Mpa m*?) respectively. The reported values were found to
be higher than the other thermal sprayed coatings (Lin et al. 2015; Ndumia et al. 2023).
A higher fracture toughness value indicates the coating’s resistance to crack
propagation. In the context of sliding wear, where surfaces are subjected to repeated
friction and contact stresses, a coating with high fracture toughness is generally more

resistant to cracking and failure.

5.2.6 Surface roughness and density

The 3-dimensional roughness plots of the deposited coatings can be seen in Figure 5.16.
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Figure 5.16 Profilometry studies showing the 3-dimensional roughness plot of (a)
CoCrNiTiMogs, (c) CoCrNiTiMo, and (e) CoCrNiTiMois HEA coatings.
Corresponding 2D line profiles can be seen in (b), (d), (f) respectively.
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The average surface roughness of CoCrNiTiWos, CoCrNiTiW and CoCrNiTiW1s HEA
coatings were found to be 3.337 pm, 3.420 pum and 3.919 pm, respectively.
Furthermore, the average densities of CoCrNiTiWos, CoCrNiTiW and CoCrNiTiWys
HEA coatings, as determined using ASTM C 135 standards, were found to be 7.93
g/cm3, 9.27 g/ cm? and 10.17 g/cm?, respectively.

5.3 Summary

CoCrNiTiMox (x=0.5,1,1.5) and CoCrNiTiWx (x=0.5,1,1.5) HEA coatings were
successfully deposited on maraging steel substrate by HVOF spray technique. The
deposited coatings were characterized with respect to their microstructure and
mechanical performance. The microstructural characterization was accomplished by
XRD analysis, SEM and EDS techniques. The mechanical characterization includes
microhardness, fracture toughness and surface roughness analysis. The physical
parameters such as density and porosity of the deposited coatings were assessed. The
effect of variation in the molar fractions of Molybdenum and Tungsten on the phase
formation, microhardness and fracture toughness is thoroughly investigated. The results
indicate a significant enhancement in the mechanical performance of the deposited

HEA coatings with an increase in the molar fractions of Molybdenum and Tungsten.
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CHAPTER 6

TRIBOLOGICAL STUDIES

6.1 High Temperature tribological behaviour of CoCrNiTiMox HEA Coatings

6.1.1 Frictional coefficient plots

Figure 6.1 shows the representative friction coefficient graphs of CoCrNiTiMogs,
CoCrNiTiMo and CoCrNiTiMoys HEA coatings at different loading conditions and
temperatures. Figure 6.1b shows the friction coefficient variation of CoCrNiTiMoos
HEA coating with respect to sliding time at a normal load of 4 kg under different
temperatures. It can be observed that there were two stages in the friction coefficient
graph at any particular temperature. The initial stage, usually called the run-in stage,
lasted around 250 s at room temperature. During the run-in stage, a rapid and steep
increase in friction coefficient values has been seen, owing to the breaking of worn
surface and growth in contact area (Nguyen et al. 2022). The final stage is the stable
state, where the friction coefficient values become more stable and fluctuates between

narrow ranges.

The CoCrNiTiMoos coating exhibited an average steady-state friction coefficient of
0.57 £ 0.039 at room temperature and 0.45 £ 0.045 at 600°C. From the Figure 6.1b, it
is obvious that the CoCrNiTiMoos HEA coatings showed a drop in the friction
coefficient values with an increase in temperature. The frictional coefficients of
CoCrNiTiMo HEA coatings under normal loading of 4kg decreased from 0.52 + 0.014
to 0.44 + 0.006, with a temperature rise from RT to 600°C. Similarly, CoCrNiTiMo15
HEA coating also showed a reduction in the friction coefficient values from 0.60 +
0.042 to 0.43 = 0.047 at an elevated temperature of 600°C (Figure 6.1f). The reduction
in the friction coefficient values at high temperature may be attributed to the formation
of oxide layer on the worn surface. The oxide films reduce contact surface adhesion
and provide a self-lubricating effect (Li et al. 2022; Miao et al. 2021; Xiao et al. 2020c).
The as-sprayed coatings friction coefficient values at 200°C and 400°C wear test lie
between RT and 600°C. Additionally, the reduction in frictional coefficients at elevated

temperatures is noticeable even under a normal load of 2 kg.
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Figure 6.1 Friction coefficient plots of worn-out samples at different temperatures for
CoCrNiTiMogs at (a) 2kg (b) 4kg, CoCrNiTiMo at (c) 2 kg (d) 4 kg and CoCrNiTiMo15
at (e) 2 kg (f) 4 kg loading condition.

From Fig. 6.1b, it can also be observed that the duration of the run-in period was
influenced by sliding temperature. The run-in period, initially 250 s at RT, increased to
400 s at a temperature of 200°C. The running-in time for the wear rest at 400°C and
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600°C was 900 and 1170 s, respectively. These prolonged running-in periods at high
temperatures can be attributed to the continuous formation and breakdown of the oxide
layer. The formation of tribofilms suppresses the steep increase of the frictional forces,
enabling them to take longer times before attaining a steady state. The steady state for
CoCrNiTiMo HEA coatings at RT was attained at around 220 s. Nevertheless, for wear
tests conducted at 200 °C, 400 °C, and 600 °C, the steady states were reached after 518
s, 890 s, and 1255 s, respectively (Figure 6.1c). A similar trend can be observed for the
frictional coefficient values of the CoCrNiTiMo1s coatings at different temperatures.
From Figure 6.1f, the CoCrNiTiMo1 5 coatings exhibited a pronounced increase in the
running-in time for the wear tests conducted at 400°C and 600°C. The Run-in times

increased from 270 s at room temperature to 1280 s at 600°C.

6.1.2 Specific wear rate

The specific wear rates of CoCrNiTiMoos, CoCrNiTiMo, CoCrNiTiMors HEA
coatings, and maraging steel substrate with respect to temperature and load were
presented in Figure 6.2. The effect of normal load on the specific wear rates of the
substrate is significant when compared to that of as-sprayed coatings, at room
temperatures. From Figure 6.2, the maraging steel substrate reported a drastic increase
in the specific wear rate from 51.92 + 3.7 x10°® mm®N-m to 82.3 + 5.6 x10® mm?®/N-
m, with a rise in the load from 2kg to 4kg. The frictional heat and contact pressures
generated at the interface plastically deform the softer material, leading to abrasion of

surface layers (Medabalimi et al. 2021).

In contrast, the CoCrNiTiMog s coating showed a meagre increase in the wear rate from
22.49 + 2.6 x10 mm®N-m to 28.05 + 2.8 x10°® mm?/N-m. Further, the increase of Mo
atomic fraction on the specific wear rates showed better wear resistance at any given
temperature and load (Figure 6.2a&b). The CoCrNiTiMo HEA coating only
experienced a marginal rise in wear rates from 17.34 + 2.8 x10° mm®/N-m to 21.23 +
3.1 x10 mm®/N-m. Further, the CoCrNiTiMo1s HEA exhibited a rise from 12.73 +
2.7 x10® mm®3/N-m to 17.39 + 3.1 x10® mm?N-m, with with a rise in the load from
2kg to 4kg. The variations in hardness levels among these materials clarify the notable
differences in wear rates between the substrate and coatings. The high wear resistance
of CoCrNiTiMo1s HEA can be attributed to its high microhardness of 952 HV 3.
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Figure 6.2 Specific wear rate plots of Substrate and CoCrNiTiMox HEA coatings at
(a) 2kg normal load and (b) 4kg normal load.

Further, the temperature rise of the interphase, during room temperature wear tests is
analysed to check the effect of frictional heat on the sample. It was seen that the

temperature rise is minimal and has been limited to 2-3 °C, indicating the generation of
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lesser frictional heat at the interphase. The lesser frictional heat generated in the current
study may be attributed to the lesser sliding speeds and loading conditions. The rise in
temperature of the interface during pin-on disc wear test depends on several factors

including the sliding distance, sliding speed and sliding pairs used.

It can be seen from Figure 6.2a&Db that the specific wear rates of CoCrNiTiMox (x=0.5,
1 and 1.5) and substrate decrease with a rise in wear temperature. The specific wear
rates of CoCrNiTiMoos HEA coating, at a normal load of 4kg, decreased by 70.3%,
from 28.05 + 2.9 x 10° mm?/N-m to 8.33 + 1.8 x 10 mm3/N-m, when the temperature
is increased to 600°C from room temperature. The CoCrNiTiMo HEA coating's wear
rate dropped by 65.6%, from 21.23 + 3.1 x10® mm®/N-m to 7.3 + 1.4 x10°® mm?N-m.
Similarly, there is a drop in the specific wear rate of CoCrNiTiMo1s HEA coating by
63.4%, from 17.39 + 3.1 x 10® mm?¥N-m to 6.36 + 1.5 x 10°® mm?®N-m after the
temperature is raised to 600°C. The decreasing trend of the specific wear rates with
respect to temperature was mainly attributed to the formation of tribofilms on the worn

surface.

6.1.3 Wear mechanisms

The worn surfaces of the as-sprayed coatings were investigated using secondary
electron imaging mode in scanning electron microscopy to understand the wear
behavior and underlying wear mechanisms. The wear mechanisms for CoCrNiTiMogs
HEA coatings at different temperatures can be analyzed from Figure 6.3. A significant
number of grooves can be observed on the worn surfaces after the wear test at room
temperature, indicating dominant abrasive wear mechanism (Figure 6.3a). Whereas, the
wear test at 200°C, shows several spalling pits along with the abrasive grooves. The
debris particles were slightly bigger and multiplied compared to those at room
temperature (Figure 6.3b). The EDS results on the spalling pits and debris showed a
significant contribution of Aluminium, indicating adhesion of the counter surface onto
the worn surface (Table 6.1). The compaction of the pulled-out debris particles between
the sample surface and counter face leads to adhesion of the particles due to the
frictional heat generated at the contact surfaces (Alvi i Akhtar 2019). Therefore, the

wear rate at 200°C is dominated by the combined effects abrasive and adhesive wear.
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The wear test, at 400°C, showed crack formation on the surface. Delamination
of the worn surface can also be witnessed in Figure 6.3c, implying the fatigue wear
mechanism. Dark patches on the worn surface can also be occasionally seen. The EDS
data indicates high levels of oxygen present in the dark regions, confirming oxidative
wear. Therefore, the wear at 400°C is due to the combined effects of fatigue and
oxidative wear. After wear testing at 600°C, the worn surface reported an increase in
the number of cracks on the surface. However, the delamination sites have been
reduced, and a relatively smoother surface can be seen in Figure 6.3d. A pronounced
dark layer was found to be spread across the worn surface. The EDS data from Table
6.1 validates the substantial quantities of oxygen on the worn surface, indicating an

oxidative wear mechanism (Jin et al. 2022).
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Figure 6.3 SEM images showing the wear mechanisms of CoCrNiTiMoos HEA worn
surfaces at a) RT b) 200 °C ¢) 400 °C d) 600 °C in secondary electron imaging mode.

Fig. 6.4 reveals the surfaces of CoCrNiTiMo HEA coatings after wear testing at
different temperatures. The micrographs of CoCrNiTiMo demonstrated many grooves
aligned in the sliding direction during wear testing at room temperature, implying an
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abrasive wear mechanism (Joseph et al. 2019). Moreover, the surface of the worn
samples occasionally displays adhered debris particles (Figure 6.4a). The EDS analysis
uncovers the presence of Al, which was transferred from the Alumina counter body.
Table 6.2 depicts the compositions of all the labelled points in Figure 6.4. Following
wear testing at 200 °C, the adherence of loose debris particles is predominant,
confirming the adhesive wear mechanism (Figure 6.4b). The extended contact and
inadequate lubrication resulted in the adherence of the transferred debris particles from

the counterface.

Table 6.1 EDS analysis of specified points in Figure 6.3 showing the chemical

compositions in at%

Sliding Point  Chemical composition (at %)

temperature Co Cr Ni Ti Mo O Al

RT 1 10.7 146 108 123 97 354 6.7
2 263 208 256 82 11.7 6.8 0.6

200 °C 3 12.2 104 117 9.3 6.6 386 11.2
4 219 21 199 18 89 102 0.13

400 °C 5 10.7 89 9.2 8.7 42 443 14
6 14.7 153 137 156 54 302 51

600 °C 7 4.9 134 51 133 6.2 548 23
8 107 214 109 173 154 227 1.3

It is apparent from the worn surfaces at 400 °C that the surface exhibits minor cracks
and deformation. Fatigue wear is primarily characterized by the absence of cohesion
among the splats, resulting in delamination of the weakly bonded layers (Singh et al.
2019). Nevertheless, there are no visible signs of delamination on the surface, indicating
that the level of fatigue wear is minimal. In addition, the surface features numerous
abrasive grooves. Therefore, the wear at 400 °C is due to fatigue and abrasive wear
mechanisms. A consistent oxide layer was observed on the surface after performing the
wear test at 600 °C (Figure 6.4d). The surface had a refined appearance with fewer
debris particles and a smoother texture. The oxide tribofilms inhibit adhesion between
friction pairs, decreasing surface roughness (Cheng et al. 2020). Consequently, there
was a significant decrease in COF and wear rates, as depicted in Figure 6.1 & Figure
6.2 The EDS analysis on the oxide tribofilms manifested significant contributions from

Co, Mo, Ti and O, implying the presence of corresponding metal oxides.
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Figure 6.4 SEM images showing the wear mechanisms of CoCrNiTiMo HEA worn
surfaces at a) RT, b) 200°C, c) 400°C, d) 600°C in secondary electron imaging mode.

Table 6.2 EDS analysis of specified points in Figure 6.4 showing the chemical

compositions in at%

Sliding Point  Chemical composition (at %)
temperature Co Cr Ni Ti Mo ) Al
RT 1 1124 1409 12,65 1248 9.36 2746 12.71
2 26.65 20.23 2595 3.22 1193 1143 0.6
200 °C 3 12.2 1241 1177 1231 6.65 30.43 14.23
4 21.04 21.7 19.8 18.09 8.90 10.35 0.13
400 °C 5 12.78 1098 1151 10.25 5.53 4477  4.19
6 1472 1536 1348 157 54 30.28 5.06
600 °C 7 9.23 3.28 11.16 1254 8.82 54.07 09
8 1211 1712 10.22 15.07 8.78 36.20 0.49

Unlike CoCrNiTiMogs HEA coatings, the CoCrNiTiMo1s HEA coatings exhibited a
dominant adhesive wear mechanism at room temperature. The adhesive wear can be

quantified from the spalling pits on the worn surface (Figure 6.5a). Many debris
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particles can also be seen on the worn surface, along with the grooves aligned in the
sliding direction. Additionally, the EDS data from Table 6.3 shows an increased
presence of Al on the dark regions of the worn surface, confirming the adhesion of Al
from the Al,O3 counter face.

grooves

pallmg pats

Figure 6.5 SEM images showing the wear mechanisms of CoCrNiTiMo1s HEA worn
surfaces at a) RT, b) 200°C, c) 400°C, and d) 600°C in secondary electron mode.

Table 6.3 EDS analysis of specified points in Figure 6.5 showing the chemical

compositions in at%

Sliding Point Chemical composition (at %)

temperature Co Cr Ni Ti Mo O Al

RT 1 12.36  9.40 1141 1214 138 3218 8.71
2 18.03 16.51 1492 19.73 22.06 8.47 0.28

200 °C 3 7.76 1291 13.62 8.28 11.9 39.79 5.74
4 1584 19.77 1533 1934 1891 9.38 1.44

400 °C 5 8.52 7.16 8.55 7.69 12.72  46.25 9.11
6 23.57 6.16 23.63 6.85 2539 1432 0.07

600 °C 7 11.40 8.68 9.87 6.57 9.46  49.70 4.32
8 13.37 1426 1251 1544 1272 3145 0.24
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The material adhesion from the counter face is significantly reduced at a test
temperature of 200°C. Few delamination sites can be witnessed on the worn surface,
implying the presence of fatigue wear. The debris particles were significantly high near
the pulled-out regions. However, the intensity of fatigue is minimal, as can be seen in
Figure 6.5b. Several grooves were spread over the worn surface, indicating minor
abrasive wear and dominant fatigue wear mechanism.

The wear test at 400°C is mainly characterized by the formation of continuous oxide
layers and occasional cracks over the surface. Therefore, the material removal
mechanism at 400°C is due to the dominant oxidative wear and minor fatigue.
Furthermore, at 600°C, the cracks increased in number, but the wear rate was controlled
due to the pronounced oxide layer on the surface. The EDS data from Table 6.3 also
shows the increased oxygen concentrations over the entire surface. The dark areas were
mainly enriched with oxygen content, whereas the grey areas had a near-nomogeneous

distribution of all the constituent elements with minor oxide inclusions.

6.1.4 X-Ray diffraction

To quantify the phases formed on the worn surfaces of CoCrNiTiMoos HEA coatings
at different temperatures, x-ray diffraction analysis has been done and shown in Fig.
6.6. It can be observed that the CoCrNiTiMoos HEA coatings retained the BCC phase
and NiTiOs spinel formed during the HVOF spray deposition. However, an
intermetallic CosTi (PDF# 03-065-4116) can also be seen on the worn surface at room
temperature. The hard CosTi intermetallic, which possesses high strength and thermal
stability, is responsible for enhancing the wear properties of CoCrNiTiMoos HEA. No
new phases can be seen on the worn surface up to a temperature of 400°C. However,
an increase in the spinel intensity can be seen for the wear test at 400°C, which
decreases the specific wear rate. At 600°C, the wear test reveals the presence of
NiMoOs tribofilms (PDF# 01-086-0361), accounting for further reduction in the wear

rate.
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Figure 6.6 XRD analysis of CoCrNiTiMoos HEA Coatings after wear testing at (i) RT,
(if) 200°C, (iii) 400°C, and (iv) 600°C.

Figure 6.7 provides a clear illustration of the specific phases that were developed on the
surface of CoCrNiTiMo HEAs under different temperatures. It can be seen that few of
the phases formed during the coating deposition have undergone transformation and
resulted in the formation of BCC phase (PDF# 01-088-2323), Mo01.24Nio.76 (PDF# 00-
047-1129) and NiTiOs (PDF# 01-076-0334) at wear test conducted at room
temperature. No additional phases can be seen at the 200 °C and 400 °C test
temperatures. Nevertheless, the peaks have exhibited enhanced sharpness, suggesting a
rise in crystallite size with temperature. Additionally, the oxide phases depicted an
increment in the peak intensities at elevated temperature conditions. The wear testing
at 600 °C, demonstrates the existence of hard CosMo (PDF# 03-065-3519) and oxide
phases including CoMoOs (PDF# 00-021-0868), TiO> (PDF# 01-076-0319), NiO
(PDF# 01-089-7130). The genesis of these oxide tribofilms at high temperatures is
accountable for the substantial drop in specific wear rates and frictional coefficients
(Chen et al. 2019a; Lobel et al. 2020).
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Figure 6.7 XRD analysis of CoCrNiTiMo HEA Coatings after wear testing at (i) RT,
(i) 200°C, (iii) 400°C, and (iv) 600°C.

Figure 6.8 shows the XRD analysis for CoCrNiTiMo1s HEA coatings at different
temperatures. The CosTi intermetallic formed in the case of CoCrNiTiMoos HEA has
been replaced with Mo1.24Nio7e. The formation of Mo1.24Nio.7e induces high wear
resistance and thermal stability to the coating. The BCC phase and the NiTiOs spinel,
formed during the HVOF spray, have been retained after the wear test at room
temperature. As the temperature increases to 200°C, no new phases can be seen in the
XRD. However, with a further increase in temperature to 400°C, the Mo1.24Nio.76 phase
disappeared, and additional oxide phases such as MoO: (PDF# 00-050-0739) and
Co304 (PDF# 00-009-0418) can be seen. Furthermore, as the temperature rises to
600°C, an increased intensity in the MoO: peaks can be seen, enhancing the wear

resistance of CoCrNiTiMo1s HEA at high temperatures.
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Figure 6.8 XRD analysis of CoCrNiTiMo1s HEA Coatings after wear testing at (i) RT,
(i) 200°C, (iii) 400°C, and (iv) 600°C.

6.1.5 Raman Spectroscopy

Several researchers have employed Raman spectroscopy to discern the emergence of
oxide phases (Guo et al. 2019; Miao et al. 2021). Accordingly, to validate the oxide
phases reported in the XRD studies, Raman spectroscopy was conducted on the worn
surfaces of CoCrNiTiMox HEA coatings (Figure 6.9).

The worn surfaces of CoCrNiTiMoos HEAs confirmed the presence of NiTiOs (190
cm?, 290 cm™, 345 cm™, and 706 cm™)(Chellasamy i Thangadurai 2017) and NiMoO4
(704 cm™*, 809 cmt, and 960 cmY). Likewise, the worn surfaces of CoCrNiTiMo HEA
confirmed the CoMoOQ4 (356 cm™, 675 cm™, 804 cm™, 864 cm™ and 924 cm™1) (Xu et
al. 2016), TiO, (144 cm™, 197 cm™) (Hashem et al. 2018), and NiO (511 cm™, 1051
cm™) (Qiu et al. 2022) oxide phases. Furthermore, the worn surfaces of CoCrNiTiMo1s
HEAs after wear testing at 600 °C showed the presence of Coz0s (194 cm™, 522 cm™,
and 692 cm™) (lliev 2014) and NiTiOs (190 cm™, 290 cm™, and 345 cm™) . The Raman
analysis results align well with the XRD results, presented in section 6.1.4, indicating
a consistent correlation between the two analytical methods.
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Figure 6.9 Raman spectroscopy of (a) CoCrNiTiMoos (b) CoCrNiTiMo, and (c)
CoCrNiTiMoys HEA coating’s after wear testing at 600 °C.
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6.2 High Temperature tribological behaviour of CoCrNiTiWx HEA Coatings

6.2.1 Frictional coefficient plots

The friction coefficient plots of CoCrNiTiWos, CoCrNiTiW, and CoCrNiTiW1s HEA
coatings at different temperatures under dry sliding conditions, with respect to sliding
time, can be seen in Figure 6.10. It can be observed that the frictional coefficients
continuously increase at the initial stages with respect to time, before reaching a steady
state. This state can be referred to as the Run-in state. The sharp increase in the frictional
coefficients at the early stages can be attributed to rough surface asperities and high
adhesive forces at the beginning (Cheng et al. 2020). As the sliding progresses with
time, the surface asperities slowly wear out, and the contact area of the surface
increases, thereby leading to steady friction coefficients. It can also be observed from
Figure 6.10a that the attainment of a steady state is prolonged for wear tests at high
temperatures. The steady-state for CoCrNiTiWos HEA coating at room temperature
was attained early, i.e., around 180 s. However, the steady states for wear tests of 200
°C, 400 °C, and 600 °C were achieved after 550 s, 1320 s and 1500 s, respectively. At
high temperatures, the sliding action causes the oxide layer to continuously form and
break down, which results in delaying the steady state (Jin et al. 2022; Miao et al. 2021).
Due to this, the run-in state is prolonged until a stable oxide layer is formed.

It was observed that CoCrNiTiW HEA coating required comparatively less run-in time
to reach a steady state. The run-in times for CoCrNiTiW HEA at RT and 600 °C were
found to be 131 s and 820 s, respectively, as depicted in Figure 6.10c. Further, it can be
visualized that the run-in times for CoCrNiTiW1s HEA at room temperature and 600
°C were 120 s and 1150 s, respectively (Figure 6.10e). However, a pronounced
fluctuation in the steady-state friction coefficients can be seen for CoCrNiTiW1s HEA
at room temperature. Similar frictional behaviour has been reported for a few hard BCC
HEAs, such as AICoCrFeNi (Joseph et al. 2019) and AICoCrCuFeNi (Wu et al. 2006),
under dry sliding conditions at room temperature. The fluctuations in friction
coefficients at room temperature is mainly attributed to the entrapped debris particles

in between the coated surface and counterface, leading to three-body abrasion.
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Figure 6.10 Frictional coefficient plots of (a) CoCrNiTiWos, (¢) CoCrNiTiW and (e)
CoCrNiTiW1s, at different temperatures under a load of 2 kg. (b), (d), (f) represents the
frictional plots of CoCrNiTiWos, CoCrNiTiW and CoCrNiTiWis HEA coatings

respectively, at a load of 4kg.

Localized fracture of the surface layers also accounts for the fluctuations in frictional
coefficients. For instance, the accumulation of wear debris on the worn surface
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increases the frictional coefficients, while the breakdown of surfaces reduce the
coefficient values. Fluctuations within a range are apparent at room temperature,
irrespective of the loading condition. However, at higher normal loads, the increase in
the contact area of the sliding pair, enables the trapped debris particles to escape from
the contacting surfaces. This leads to a reduction in the three-body abrasive wear and
eventually results in lesser fluctuations in the frictional forces. Figure 6.10f shows a
smoother curve for CoCrNiTiW1s HEA at a normal load of 4kg, unlike the fluctuations
witnessed at a load of 2kg. Nevertheless, minute deviation in the frictional behaviour
can be witnessed for CoCrNiTiWos HEA under room temperature conditions at a load
of 4kg (Figure 6.10b). The noticeable fluctuations in the terminal stage of frictional plot
is anticipated to the increased accumulation and adhesion of debris particles. Similar
variations can also be noticed in the frictional behaviour of CoCrFeNiNbx HEA’s (Yu

et al. 2019b) at room temperatures.

It can also be inferred from Figure 6.10 that the average steady-state frictional
coefficients were higher at room temperature. The frictional coefficients of
CoCrNiTiWos HEA dropped from 0.504 + 0.015 to 0.397 £ 0.005, with the increment
in temperature from RT to 600 °C (Figure 6.10a). Likewise, the frictional coefficients
of CoCrNiTiW HEA coatings under normal loading of 2kg decreased from 0.579 +
0.026 to 0.422 * 0.005. Further, the CoCrNiTiW1s HEA exhibited a drop in the
frictional coefficients from 0.578 + 0.025 to 0.471 £+ 0.004. The drop in the frictional
coefficients is attributed to the formation of oxide layers at elevated temperatures,
which acts as a solid lubricant and reduces the interaction between the coating and
counterface (Li et al. 2022; Miao et al. 2021; Pole et al. 2020). Higher frictional
coefficients were recorded for CoCrNiTiW1s HEA, when compared to CoCrNiTiWos,
due to the increase in hardness of the HEA with the addition of W. Figure 6.10b,d&f
shows the frictional coefficient plots of the HEA’s at a normal load of 4kg. The rise in
the load results in a slight increment in the average steady-state friction coefficient. The
CoCrNiTiWos HEA reported an increase in the frictional coefficient from 0.504 +
0.015 to 0.535 £ 0.019 at room temperature. The frictional coefficients of
CoCrNiTiWos and CoCrNiTiWis HEAs at a normal load of 4kg also follow the

decreasing trend with respect to an increase in wear test temperatures.
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6.2.2 Specific wear rate

Figure 6.11 shows the specific wear rates of CoCrNiTiWgs, CoCrNiTiW, and
CoCrNiTiW1s HEA coatings and substrate material at different temperatures and
loading conditions. It can be observed from Figure 6.11a that the substrate reported a
specific wear rate of 51.93 + 3.7 x10° mm?3/N-m at room temperature under a normal
load of 2kg. However, the development of HEA coatings resulted in a significant
reduction in wear rates. The CoCrNiTiWos, CoCrNiTiW and CoCrNiTiWis HEA
coatings reported specific wear rates of 22.7 + 2.6 x10°® mm?/N-m, 15.8 + 3.7 x10®
mm?3/N-m, and 11.86 + 3.5 x10® mm?N-m respectively, showing a reduction in wear
rates by 56.3 %, 69.5% and 77.2 % respectively. The significant drop in the specific
wear rates of the deposited coatings is attributed to the emergence of hard BCC solid
solution phase and intermetallic phases CosTi and Cr7Niz phases. The effect of W
addition results in an increase in the hardness of the HEA and eventually enhances the
wear performance. From Figure 6.11, CoCrNiTiW1s HEA demonstrated superior wear

resistance compared to other HEA compositions at any given temperature.

With an increase in the temperature from room temperature to 600 °C, the HEA
coatings reported a fall in the specific wear rates. The specific wear rate of
CoCrNiTiWos HEA coating dropped by 73.6 % from 22.7 + 2.6 x10° mm?3/N-m to 5.99
+ 1.9 x10® mm3/N-m, while CoCrNiTiWas dropped by 78.8% from 11.86 + 3.5 x10°
mm3N-m to 2.51 + 1.5 x10°® mm?/N-m. The equimolar CoCrNiTiWw HEA coating
experienced a 76.3% drop in the wear rates from 15.8 +3.7 x10°® mm3/N-m to 3.73 +
2.1 x10®% mm®/N-m. The substantial drop in the wear rates is attributed to the
development of a compact oxide layer, which acts as a solid lubricant and limits the
interaction of the coated surfaces with the counter face (Chen et al. 2019a; L6bel et al.
2020).
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Figure 6.11 Specific wear rates of the substrate and CoCrNiTiWx HEA coatings at (a)

2kg load and (b) 4kg load.
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The influence of normal load on the wear rate of CoCrNiTiWx HEA coatings can also
be analysed from Figure 6.11a&b. On rising the load from 2kg to 4kg, the specific wear
rates of both the coatings and maraging steel increased reasonably. However, the
influence of normal load is significant on the wear rate of substrate, with specific wear
rates surging from 51.93 + 3.7 x10® mm®/N-m to 82.3 + 5.6 x10°® mm3/N-m. The
amount of frictional heat produced at the contact interface plastically deforms the softer
material and increases the contact area, resulting in higher wear rates (Medabalimi et
al. 2021). Conversely, the CoCrNiTiWos HEA coating reported a limited increment in
the specific wear rate from 22.7 + 2.6 x10% mm?/N-m to 23.78 + 2.5 x10® mm?3/N-m.
Similarly, the CoCrNiTiW1s HEA coating showed a minimal rise from 11.86 £ 3.5 x10°
® mm3/N-m to 12.52 + 2.5 x10°® mm3/N-m. The CoCrNiTiW HEA coating rose from
15.8 + 3.7 x10® mm?®N-m to 18.71+2.8 x10° mm?N-m.

Moreover, the increment in the specific wear rates of CoCrNiTiWos were more
pronounced at 200 °C and 400 °C, with a increment in the load from 2kg to 4kg. This
phenomenon can be ascribed to the modest thermal softening on the surface, with an
increase in the load and temperature (Lobel et al. 2020). At higher loads, the high
contact pressure of the sliding pairs increases the interface temperature, leading to
thermal softening on the surface. However, the effect of thermal softening is minimal
for CoCrNiTiW and CoCrNiTiWys HEAs, owing to the presence of higher molar
fractions of Tungsten. Tungsten, a refractive metal possessing higher melting point and

microhardness significantly enhances the wear performance.

6.2.3 Wear mechanisms

The worn surfaces of CoCrNiTiWos HEA coatings at various test temperatures have
been analysed using the secondary electron mode in SEM and presented in Figure 6.12.
Figure 6.12a shows the adhesion of particles detached from the worn surface and
alumina counterface. The authors identified the adhesion of debris particles from the
surface as localized welding and the adhesion of transferred particles from the alumina
counterface as transfer layers. The distinction has been made by identifying the
composition of the adhered particles on the worn surface using EDS analysis. The
CoCrNiTiWos micrographs after wear testing at room temperature is characterized by

the presence of transfer layers adhered to the worn surface (Figure 6.12a). It has been
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observed from the friction coefficient graphs in Figure 6.10 that the frictional forces
were comparatively higher at the room temperatures. The continuous contact between
the sliding pairs and the absence of lubricant eventually led to the material transfer and
adhesion between the sliding surfaces. The plastic deformation and localized welding
of the worn debris particles to the surface of the coatings can also be seen. The localized
welding of loose debris particles can still be witnessed on the worn surface of
CoCrNiTiWos HEA after wear testing at 200 °C (Figure 6.12b). However, the worn
surface was found to be smoother than that at room temperature, with a reduction in the

adhesion of transfer layers and size of the debris particles.

The worn surface of CoCrNiTiWo s HEA at 400 °C was found to be smoother, with dark
oxide patches scattered over the surface (Figure 6.12c). This resulted in the reduction
of loose debris particles on the surface. However, a few cracks and deformation of the
surface can also be witnessed, confirming the presence of minor fatigue wear. Fatigue
wear is mainly characterized by the poor cohesion of the splats, leading to delamination
and pull-out of the weakly bonded splats (Singh et al. 2019). Abrasive grooves can also
be seen widely on the worn surface, owing to the smooth oxide patches. Therefore the
wear at 400 °C is due to the combination of oxidative, fatigue and abrasive wear
mechanisms. The amount of Al transferred from the counter surface was greatly
decreased.

The worn surface at 600 °C was characterized by the presence of a continuous oxide
layer (Figure 6.12d). The surface has become smoother, with a reduction in the size and
quantity of the debris particles. The formation of a continuous oxide layer acted as a
solid lubricant and reduced the direct contact between the coated surface and the Al,O3
counter disc, resulting in the drop of frictional coefficients and specific wear rates, as
mentioned in Figure 6.10 & Figure 6.11. Further, oxide tribofilms suppresses the
adhesion between the friction pairs and results in the reduction of surface roughness
(Cheng et al. 2020). Ploughing grooves can also be occasionally seen at specific sites.
A significant decrease in the delaminated regions on the surface eventually led to a drop
in the worn debris particles scattered on the surface. The peeled-off oxide debris
accumulates and sinter on the worn surface of the coatings after repeated cycles,

eventually forming oxide tribofilms (Li et al. 2022). The EDS analysis on the dark
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region (point 7) showed the presence of significant contributions from Ti, Ni, Cr and
0., Therefore, the wear mechanism at 600°C, is dominated significantly by oxidative

wear.
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Figure 6.12 SEM images showing the wear mechanisms of CoCrNiTiWgs HEA worn
surfaces at a) RT b) 200 °C ¢) 400 °C d) 600 °C in Secondary electron imaging mode.

Table 6.4 EDS analysis of specified points in Figure 6.12 showing the chemical

compositions in at%.

Sliding Point Chemical composition (at %)

temperature Co Cr Ni Ti w 0 Al

RT 1 13.69 11.90 12.86 11.13 6.28 3272 1141
2 2414 2039 1640 2161 5.46 1157 0.43

200°C 3 1065 833 1052 990 7.51 39.15 13.94
4 20.58 21.23 18.81 14.24 10.03 126 051

400°C 5 12,19 10.76 11.33 954 449 46.89 4381
6 1738 19.77 1576 18.64 6.04 21.01 1.40

600°C 7 123 986 533 1753 162 63.17 1.25
8 2536 18.77 25.08 2.05  10.09 18.19 0.45
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The worn surfaces of CoCrNiTiW coatings can be analyzed from Figure 6.13. It's
noticeable from the SEM micrographs that many flattened debris particles were seen to
be adhered to the surface of the sample at room temperature conditions, corroborating
the adhesive wear mechanism. At 200 °C, the worn surface displays minor cracks,
shallow pits, and adhered particles. The EDS analysis also supports the adhesive wear
mechanisms, owing to the increased presence of Aluminum transferred from the
counter face. Oxides can also be revealed on the worn surfaces at 200 °C; however, the

observed oxides possess a rough surface.
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Figure 6.13 SEM images showing the wear mechanisms of CoCrNiTiWw HEA worn
surfaces at a) RT b) 200°C c) 400°C d) 600°C in Secondary electron imaging mode.

At 400 °C, the worn surface reveals the presence of discontinuous oxide patches spread
over the surface. The EDS analysis also highlights the increased presence of Oz and a
reduction in the Al content. The oxide patches were enriched with Cr and oxide content,
confirming the presence of corresponding metal oxides. Additionally, shallow grooves
and a few pull-out sites can be witnessed, substantiating the presence of abrasive and

fatigue wear mechanisms. At 600 °C, the worn surface exhibits a smoother surface
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characterized by a continuous oxide film. The EDS analysis emphasizes increased

oxygen content on the worn surface, signifying oxidative wear.

Table 6.5 EDS analysis of specified points in Figure 6.13 showing the chemical

compositions in at%.

Sliding Point  Chemical composition (at %)

temperature Co Cr Ni Ti W ) Al

RT 1 12.12 108 11.20 1199 890 3238 12.62
2 16.51 20.67 15.05 25.06 1142 10.69 0.59

200°C 3 10.02 10.66 9.78 13.15 795 3745 10.99
4 2482 1209 2130 9.38 1770 1417 055

400°C 5 3.74 2891 194 1454 553 4483 0.51
6 1547 533 2585 311 2793 2220 0.12

600°C 7 10.64 13.05 290 2427 142 47.63 0.09
8 1954 519 1786 275 6.30 4833 0.02

On the other hand, for CoCrNiTiW1s HEA coatings, the transfer layers adhered to the
worn surface increased in number and size after wear testing at RT, as can be seen in
Figure 6.14a. Few shallow pits and loose debris particles can also be located on the
surface, confirming the presence of dominant adhesive wear mechanism. The EDS
analysis on the adhered particles (points 1&3) reveals significant contributions from Al
and Oz, highlighting the presence of Al.O3 adhered from the counter face. Table 6.6
presents the EDS analysis results for all the labelled points in Figure 6.14.

For wear tests conducted at 200 °C, minor cracks with shallow pits can be seen on the
worn surface of CoCrNiTiW1s HEA. The coating material experiences pull-outs at the
corners, which confirms that the wear mechanism is due to fatigue. The worn surface
contains innumerable debris particles, indicating the fragments of the delaminated
coatings (Mahade et al. 2022). The dark patches representing the formation of oxides
exhibited a rough surface. Oxides formed on surfaces at lesser wear test temperatures
usually have a rough surface. Furthermore, the surface is only partially covered with
oxides, as confirmed from the EDS data (Lobel et al. 2020).
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Figure 6.14 SEM images showing the wear mechanisms of CoCrNiTiW1s HEA worn
surfaces at a) RT b) 200°C c¢) 400°C d) 600°C in Secondary electron imaging mode.

Table 6.6 EDS analysis of specified points in Figure 6.14 showing the chemical

compositions in at%.

Sliding Point Chemical composition (at %)
temperature Co Cr Ni Ti W O Al
RT 1 11.02 12.02 10.27 1213 7.78 36.49 10.29
2 1450 20.40 15.08 17.09 16.28 1523 1.42
200°C 3 975 710 980 875 6.46 4520 1294
4 1858 19.23 17.81 7.24  20.03 156 151
400°C 5 955 834 759 831 7.70 529 55
6 28.86 1.84 2067 145  26.09 1898 2.1
600°C 7 6.40 6.76 510 247  8.37 66.95 3.94
8 12.82 1210 895 205 1321 3121 121

The worn morphology of the CoCrNiTiW1s HEA at 400 °C exhibited pronounced dark

oxide patches spread over the entire worn surface (Figure 6.14c). Ploughing grooves

can also be seen in the sliding direction, confirming the presence of abrasive wear. The

EDS analysis on the dark region (point 5) confirms the presence of oxide scales.
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Further, the worn surface at 600 °C depicts a continuous oxide layer spread across the

entire surface, confirming the oxidative wear mechanism.

It can be inferred from Fig. 6.12 & Fig. 6.14, that even though the mechanisms
contributing to the wear rates of all the HEA’s were similar, a noticeable distinction can
be observed in terms of intensity of the observed mechanisms. For example, Figure
6.14a demonstrates the presence of multiple adhered particles on the surface, as
opposed to Figure 6.12a, highlighting the intensity of adhesive wear. Similarly, at the
test temperature of 600 °C, the surface of CoCrNiTiW1s HEA exhibits a pronounced
oxide layer, as compared to the oxide patches on CoCrNiTiWos HEA. The higher wear
resistance of CoCrNiTiWis HEA can be attributed to the increment in W molar
fraction. As reported in table 3.2, there is a significant variation in the atomic
percentages of W in CoCrNiTiWos (11.12%), CoCrNiTiW (20%), and CoCrNiTiW1s
(27.28%). Tungsten is a refractive metal possessing high density and microhardness.
The increment in the molar fraction of W, accounted for a rise in density from 7.93
g/cm3 (CoCrNiTiWos) to 10.17 g/lcm® (CoCrNiTiW1s). The microhardness values also
reported a significant increment by 18.77% from 863 HVo.3 to 1025 HVo3, with a rise

in the W molar fraction from 0.5 to 1.5.

6.2.4 X-Ray diffraction

In order to understand the wear characteristics of CoCrNiTiWgs, CoCrNiTiW and
CoCrNiTiWys HEAs at different temperatures and identify the formation of phases, X-
ray diffraction studies have been performed on the worn surfaces of the HEA coatings.
Figure 6.15 clearly depicts the distinct phases that have emerged in the CoCrNiTiWogs
HEAs under different wear test temperatures. It is evident that the Cr,Os, BCC and
CosTi phases that were formed during the coating development stage have remained
intact even after the wear test conducted at room temperature. No further changes were
observed during the wear test conducted at room temperature. Similarly, the wear test
conducted at a temperature of 200 °C does not indicate the existence of any new phases.
However, the peaks have become sharper, indicating an increase in the crystallite size

with temperature.
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Figure 6.15 X-ray diffraction of worn surfaces of CoCrNiTiWos HEA coatings after
wear testing at (i) RT, (ii) 200 °C, (iii) 400 °C, and (iv) 600 °C.

Moreover, the intensity of oxide peaks is enhanced at higher test temperatures. As the
test temperature increases to 400 °C, the Cr203 peaks intensify, and an additional CoO
phase can be seen. On further increasing the wear temperature to 600 °C, new oxide
peaks such as TiO, (PDF# 01-076-0319), NiCr.04 spinel (PDF# 01-075-0198), and a
hard CrsNiisW intermetallic (PDF# 03-065-5108) can be observed. The formation of
additional oxide phases at elevated temperatures improves the tribological performance

of the alloy.

The CoCrNiTiW HEA coatings demonstrated the presence of two BCC solid solutions
and NiTiOgz spinel at room temperature (Figure 6.16). The phases observed at room
temperature have been retained at 200 °C. However, the wear test at 400 °C unveiled
the disappearance of NiTiOz spinel, resulting in the formation of a new oxide phase,
CrWO3 (PDF# 01-074-1694). Subsequently, the elevated temperature wear test
performed at 600 °C reported the formation of an intermetallic Niw (PDF# 00-047-
1172), BCC phase (PDF# 00-004-0806), CoWQO4 (PDF# 01-072-0479), WO3 (PDF#
01-088-0550), and TiO2 (PDF# 01-076-0319) oxides.

113



ANiW U BCCl1 lBCC2 v NiTiO3 * Crwo;
® TiO) AWO3; ¢ CoWOy

Intensity (a.u)

20 (degree)

Figure 6.16 X-ray diffraction of worn surfaces of CoCrNiTiW HEA coatings after wear
testing at (i) RT, (ii) 200 °C, (iii) 400 °C, and (iv) 600 °C.

Additionally, the CoCrNiTiW1s HEA maintained the formation of NiTiO3z, BCC, and
Cr7Niz phases from the coating process, even after undergoing wear testing at room
temperature (Figure 6.17). At a testing temperature of 200 °C, the CrsNiz phase
underwent a transformation to form Cr.Ti phase. The CoO phase formed during the
wear testing of CoCrNiTiWos at 400 °C can also be witnessed in the case of
CoCrNiTiWis. The broadening of the peak observed in the wear test at 400 °C typically
indicates changes in the microstructure or properties of the coating due to the elevated
temperature. Elevated temperatures can cause phase transformations in the coating
material, leading to changes in hardness and toughness. The broadening of the peak
may indicate the presence of multiple phases or the formation of new phases with
different properties. Further, the broadening of peaks can also indicate a reduction in
the crystallite size and increment in the micro strain within the coating. High micro
strain can make the coating more prone to crack formation under wear conditions. In
Fig. 6.17, it is observed that that the wear test at 400 °C, reveals the presence of 3
different phases between 40 — 45 °C, and the obvious peak broadening is attributed to
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the presence of these phases. The presence of additional oxide phase at elevated

temperature has a positive influence on the wear performance.

The wear test conducted at 600 °C revealed the presence of a hard Ni17W3 phase (PDF#
03-065-4828), along with several oxide phases, including WO3 (PDF# 01-088-0550),
NiWO4 (PDF# 01-072-1189), and CoCr.04 (PDF# 01-078-0711). The presence of
higher molar fractions of W in CoCrNiTiW1s enabled the formation of dense oxides

enriched with tungsten, which eventually resulted in improved wear resistance.
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Figure 6.17 X-ray diffraction of worn surfaces of CoCrNiTiW1sHEA coatings after
wear testing at (i) RT, (ii) 200 °C, (iii) 400 °C, and (iv) 600 °C.

6.2.5 Raman Spectroscopy

Raman spectroscopy is an effective tool to characterize the worn surfaces and identify
the formed oxide phases (Chen et al. 2019a; Guo et al. 2019; Miao et al. 2021).
Therefore to substantiate the formation of oxide phases, Raman spectroscopy is
performed on the surfaces of CoCrNiTiWos, CoCrNiTiW and CoCrNiTiWis HEA
coatings after wear testing at 600 °C (Figure 6.18). Raman spectroscopy reported the
presence of TiO2 (399 cm™, 511 cm™) (Hashem et al. 2018) and NiCr.04 (181 cm™,511
cm, and 686 cm™1) (Wang et al. 2003) on the worn surfaces of CoCrNiTiWo s coatings.
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Figure 6.18 Raman spectroscopy of (a) CoCrNiTiWos (b) CoCrNiTiW, and (c)
CoCrNiTiW1s HEA coating’s after wear testing at 600 °C.
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Similarly, the worn surfaces of CoCrNiTiW HEA after wear testing at 600 °C showed
the presence of CowWOs (340 cm™, 408 cm™, 536 cm™, 686 cm™ and 881 cm™1) (Alharthi
etal. 2021), WOs3 (256 cm™, 801 cm™?) (Diaz-Reyes et al. 2013)., and TiO2 (144 cm™,
513 cm™) (Hashem et al. 2018) oxides. Further, the CoCrNiTiW1s HEA revealed the
presence of CoCr204 (192 cm™, 520 cm™, 680 cm™) (Sethi et al. 2017), NiWO4 (140
cm?, 891 cm™?) (Lima et al. 2020), and WOs3 (256 cm™, 801 cm™) phases (Diaz-Reyes
et al. 2013). The observed Raman spectroscopy findings were in good agreement with
the XRD phases reported in section 6.2.4. The presence of different oxide phases on the
worn surfaces at 600 °C, as identified in Figure 6.18, led to the drop in frictional

coefficients and specific wear rates (Jin et al. 2022; Nguyen et al. 2022).

6.3 Wear mechanisms of substrate

The worn surface morphologies of maraging steel substrate at different temperatures
were presented in Figure 6.19. It is evident that the worn surfaces were characterized
by the presence of grooves and debris particles, irrespective of the test temperatures,
demonstrating the dominant abrasive wear mechanism. Abrasion of the relatively softer
maraging steel is apparent when sliding against the hard alumina counterface and the
ploughed particles were seen to be scattered all over the surface as debris particles. The
abrasive grooves were clear and well aligned in the sliding direction. Further at a test
temperature of 600 °C, along with the abrasive grooves minor oxide patches can be

observed on the worn surface.

The specific wear rates of the substrate is substantially higher, when compared to the
wear rates of HEA coatings. The substrate reported a wear rate of 51.93 + 3.7 x10®
mm?3/N-m at room temperature under a normal load of 2kg. While the CoCrNiTiMo
and CoCrNiTiW HEA coatings exhibited specific wear rates of 17.34 + 2.8 x10°
mm?3/N-m and 15.8 + 3.7 x10°® mm?®N-m, resulting in a reduction of 66.6% and 69.5%
respectively. The specific wear rates of the substrate at different temperatures and loads

can be visualized from Figure 6.11.
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Figure 6.19 SEM images showing the wear mechanisms of maraging steel substrate
after wear testing at (a) RT, (b) 200 °C (c) 400 °C, and (d) 600 °C.

6.4 Summary

The tribological performance of CoCrNiTiMox and CoCrNiTiWx HEA coatings at
different temperatures and loading conditions is extensively investigated and compared
with that of the uncoated substrate. The HEA coatings exhibited higher wear resistance
at any given temperature, when compared to the substrate. Further, the deposited
CoCrNiTiMox and CoCrNiTiWx HEA coatings exhibited a substantial reduction in the
wear rates as the wear test temperature rose from RT to 600°C. The CoCrNiTiMo HEA
coating's specific wear rate dropped by 70.5%, from 17.34 + 2.8 x10°® mm?%N-m to 5.1
+ 1.6 x10® mm3/N-m. Likewise, the CoCrNiTiW coating experienced a 76.3% drop in
the wear rates from 15.8 +3.7 x10® mm®/N-m to 3.73 + 2.1 x10°® mm®N-m.

Further, the frictional coefficients of CoCrNiTiMo and CoCrNiTiW HEA coatings
reduced from 0.529 £ 0.014 to 0.451 + 0.006 and 0.579 + 0.026 to 0.422 *+ 0.005
respectively, with an increment in the wear testing temperature from RT to 600 °C. The
decrement in the COF values at elevated temperatures was accredited to the
development of oxide tribofilms. Specifically, the CoCrNiTiMo exhibited the
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development of CoMoO4, TiO2, and NiO, while the CoCrNiTiW coating displayed the
emergence of WOz, CoWOg4, and TiO. at 600 °C. Similar decreasing trend in the
frictional and wear behaviour has been witnessed in the case of other non-equiatomic
HEA compositions including CoCrNiTiMoos, CoCrNiTiMoys, CoCrNiTiWgs, and
CoCrNiTiW1s HEAs. The effect of variation in the molar fractions of Molybdenum
and Tungsten on the tribological performance, phase formation and wear mechanisms
of the HEA coatings is extensively investigated in the current chapter. The results
indicate a clear distinction in the performance of CoCrNiTiWos, CoCrNiTiW and
CoCrNiTiW1s HEA coatings. The increase in the molar fraction of Mo and W leads to
a significant increment in the hardness and wear resistance of the HEAs under

investigation.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions
In the present study, CoCrNiTiMox (x=0.5,1,1.5) and CoCrNiTiWyx (x=0.5,1,1.5) HEA
coatings were deposited on maraging steel using HVOF technique. The deposited

coatings were characterized with respect to their microstructural and mechanical

performance. The tribological behavior of the HEA coatings were extensively

investigated at different temperatures and the following conclusions were arrived.

CoCrNiTiMox (x=0.5,1,1.5) and CoCrNiTiWyx (x=0.5,1,1.5) HEAs were
processed by ball milling the constituent metal powders, resulting in the
formation of 2 BCC solid solutions. The effect of ball milling time and speed
on the alloying rate was studied in detail by varying the milling times and speed.
After thorough characterization, the powders milled for 10 h was used as the
feedstock for thermal spray deposition, owing to the morphology and particle
size of the powders.

The deposited HEA coatings retained the BCC solid solution phases formed
during the milling stage. However, additional oxide including NiTiOsz spinel,
Cr03 and TiO; and intermetallic phases including MoNi, Co.Mos, CosTi,
Cr7Nis were formed owing to the high temperatures and velocities experienced
during the HVOF spray deposition.

The microstructural analysis of the HEA coatings unveiled a compact lamellar
structure characterized by robust mechanical bonding to the substrate. The
porosities of CoCrNiTiMoos, CoCrNiTiMo, and CoCrNiTiMo1s HEA coatings
were found to be 1.1 £ 0.3%, 1.12 £ 0.05 %, and 1.32 £ 0.2% respectively.
While the porosities of CoCrNiTiWos, CoCrNiTiW, and CoCrNiTiWis HEA
coatings were found to be 1.31 £ 0.32 %, 1.19 + 0.03 % and 1.25 = 0.37 %
respectively.

The mechanical performance of the deposited HEA coatings revealed superior

values, when compared to other conventional coatings. The microhardness of
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CoCrNiTiMogs, CoCrNiTiMo, and CoCrNiTiMo1s HEA coatings were found
to be 841+62 HVo3, 927 + 45 HVo3 and 952423 HVo3, respectively. On the
other hand, the microhardness of CoCrNiTiWos, CoCrNiTiW, and
CoCrNiTiWys HEA coatings were found to be 863+52 HVq3, 951 + 38 HV(3
and 1025+39 HVo 3, respectively. Further, it can be witnessed that the as-sprayed
HEA coatings exhibited a steady increment in the microhardness values with an
increment in the molar fraction of Mo and W.

The fracture toughness of CoCrNiTiMoos, CoCrNiTiMo, and CoCrNiTiMoys
HEA coatings, as determined by using Evans and Wilshaw’s equation, were
found to be 2.89 + 0.31 (Mpa m*?), 3.26 + 0.25 (Mpa m*?) and 3.79 + 0.35
(Mpa m*?) respectively. Likewise, the fracture toughness of CoCrNiTiWos,
CoCrNiTiW, and CoCrNiTiW1s HEA coatings, were found to be 3.22 + 0.26
(Mpa m?), 3.54 + 0.32 (Mpa m*?) and 3.87 + 0.3 (Mpa m*?) respectively.
The frictional coefficients of CoCrNiTiMo HEA coatings dropped from 0.529
+ 0.014 to 0.451 + 0.006, while CoCrNiTiW HEA dropped from 0.579 + 0.026
to 0.422 + 0.005, with a rise in temperature from RT to 600 °C. Similar drop in
the frictional coefficients is witnessed for other non-equimolar compositions
including CoCrNiTiMogs, CoCrNiTiMoys, CoCrNiTiWos, and CoCrNiTiWz s
HEA coatings

Likewise, the specific wear rate of CoCrNiTiMo HEA coating dropped by
70.5%, declining from 17.34 + 2.8 x10 mm3/N-m t0 5.1 + 1.6 x10® mm®/N-m,
while CoCrNiTiW dropped by 76.3%, decreasing from 15.8 + 3.7 x10% mm?®/N-
m to 3.73 + 2.1 x10°® mm?N-m, with an increase in the temperature from RT to
600 °C.

The decrement in the friction coefficients and specific wear rates of as-sprayed
HEA coatings at elevated temperatures was accredited to the development of
oxide tribofilms. Specifically, the CoCrNiTiMo exhibited the development of
CoMo00O4, TiO2, and NiO, while the CoCrNiTiW coating displayed the
emergence of WO3, CoWOs, and TiOz at 600 °C.
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e The as-sprayed HEA coating's wear mechanisms transformed from a dominant
abrasive and adhesive wear at room temperature to significant oxidative wear

with minor fatigue at a temperature of 600°C.

7.2 Scope of future work
The following works can be taken up, to gain more insights into the mechanical and

functional performance of the HEA coatings.

e The processing of HEA compositions including other refractory elements can
be explored for their suitability in different engineering applications.

e The deposition of CoCrNiTiMox and CoCrNiTiWy HEA coatings using other
thermal spray techniques, specifically cold spray and plasma spray can be
explored. Further the mechanical and tribological performance of the coatings
can be thoroughly investigated and compared with the existing studies.

e Mechanical properties of the coatings including the scratch behaviour, young’s
modulus, Nano hardness of the coatings can be investigated further. Moreover,
the residual stresses developed during the coating deposition is determined to
understand their influence on the mechanical properties of the coatings.

e The suitability of CoCrNiTiMox and CoCrNiTiWx HEA coatings in marine
applications can be explored by studying their aqueous corrosion performance.

e The oxidation resistance of CoCrNiTiMox and CoCrNiTiWx HEA coatings at
elevated temperatures can be investigated to determine their suitability in
different high temperature applications.

e Further, the HEA coatings investigated in the current study can be post
processed using microwave fusing and other heat treatment techniques to

enhance the mechanical and tribological performance.
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