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Abstract

Tribological response of thermally sprayed high entropy alloys for aerospace

applications
Raunak Supekar

Aerospace components operating in extreme environments commonly face severe
degradation due to wear, corrosion, oxidation and fatigue. Conventional materials used for such
components face limitations with such degradation issues and thus, there is a need to develop
new alloy systems capable of operating effectively in extreme conditions. High entropy alloys
(HEAs) have gained a lot of attention recently due to their outstanding mechanical properties
and tribological behavior. These advance HEAs need to be deposited in the most effective way
suitable for tribological applications. Thermal spraying techniques have proven to be one of
the most efficient technologies for mitigating wear and corrosion damage that occurs due to
harsh environmental conditions. The modularity of these techniques has made it possible to

spray and/or repair intricate components in an effective manner.

The main purpose of this research is to evaluate the tribological performance of a novel
AlCoCrFeMo HEA system deposited via cold spraying, flame spraying and HVOF spraying
technologies and identify the most suitable thermal deposition technique. This thesis comprises
of two research studies in which the first study focuses on tribological behavior of cold sprayed
and flame sprayed HEA at room temperature under varying loads (5N and 10N) and the effect
of polishing. The second study investigates the temperature response (room temperature and
450°C) on tribological behavior of the HEA deposited via cold spraying, flame spraying and

HVOF for the first time in scientific community.

In both the studies, the tribology tests were performed using ball-on-flat tribometer and
the wear profiles were extracted using a laser confocal microscope. The ex-situ characterization
of the coatings was done using scanning electron microscope (SEM), energy dispersive
spectroscopy (EDS), x-ray diffraction (XRD), image analysis, and Vickers micro-hardness
testing. The HVOF sprayed HEA showed the least wear rates followed by flame sprayed HEA
coating and cold sprayed HEA at both temperatures (room temperature and 450°C). The
research suggests that HVOF is the most suitable thermal spray deposition technique for high

entropy alloy systems involving tribological applications.
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Chapter

1. INTRODUCTION & OBJECTIVES

In this chapter...

The motivation and brief introduction to the thesis is presented with its objectives.



1.1. Introduction

Almost every industry is affected by the degradation of materials due to wear, oxidation
and corrosion damages. Conventional alloy systems prove to be incapable of preventing all
these degradation issues at once [1,2]. For, instance, gas turbines blades are constantly wearing
at the interface and cause severe losses in efficiency of the engines [3,4]. The wear damages
lead to failure of components in extreme environmental conditions which result in economic
losses, accidents and environmental consequences [5]. It is crucial to develop new alloy
systems that are able to withstand severe wear losses and also resist corrosion and oxidation
damages at the same time. The advances in scientific research have led to the discovery of a
new species of alloys termed as High Entropy Alloys (HEAs) coined by ef al. [6] and Cantor
et al. [7]. Ever since, the curiosity towards HEAs have been increasing exponentially to their

remarkable mechanical properties and tribological performance.

HEAs consists of five or more principal elements in equimolar or near equimolar
proportions within the range of 5 at% and 35 at% [6,7]. HEAs are mostly found possessing
face-centered cubic (FCC) or body-centered cubic (BCC) molecular structures due to their high
configurational entropies (more than 1.5 times R, R being the gas constant 8.3144 ] mol™1K™1)
and stability of phases. The four core effects namely (1) high configurational entropy, (2)
sluggish diffusion, (3) severe lattice distortion and (4) cocktail effect are responsible for its

superior properties and stable microstructure [8,9].

Several researchers have shown that HEAs exhibit exceptional tribological behavior in
the form of a coating [8,10-14]. More precisely, thermal spray deposition techniques have the
ability to produce excellent HEA coatings for wear resistant applications. Thermal spraying is
beneficial as compared to Chemical Vapor Deposition (CVD), Physical Vapor Deposition
(PVD) or sputtering since it can produce a coating of larger thickness suitable for tribological
applications [15]. Also, thermal spraying is advantageous in situations where repair work or
protective layers need to be deposited over complex geometries due to its versatility and
flexibility of operation. Cold spray, flame spray and HVOF are some of the most widely used
thermal spraying techniques to produce thick wear resistant coatings. Cold spraying is a high
velocity low temperature deposition technique where the temperature ranges are kept below
the melting point of the feedstock [16]. This process is beneficial for producing thick coatings
with minimal amounts of porosity and oxide inclusions [17]. Flame spraying and HVOF are

high temperature deposition techniques where particles are melted and deposited over the
2



substrate in the form of splats [15,18-20]. The rapid solidification of the melted splats tends to
increase the porosity of the coating which can be controlled through modification of spraying
parameters [18,20,21]. However, the oxide phases formed during high temperature deposition

increase the wear resistance significantly due to enhanced hardness of the coating [15,22-24].

While a significant amount of research has been performed on the microstructure and
mechanical behavior of HEAs deposited via thermal spraying, their tribological behavior has
received less attention. In particular, very few articles can be found on tribological evaluation
of cold sprayed and HVOF sprayed HEAs however, the tribological response of flame sprayed
HEAs have never been explored. The main purpose of this thesis is to critically evaluate flame
spraying for HEAs as well as provide a comparative tribological evaluation between three
thermal spray deposition techniques to identify the most suitable method of producing wear
resistant HEA coatings. A novel AICoCrFeMo HEA has been synthesized which was derived
from widely used AlCoCrFeNi HEA by replacing Ni with Mo.

1.2. Thesis objectives

The primary objective of this thesis is to evaluate the tribological response of thermally
sprayed HEAs for aerospace applications and identify the most suitable deposition process.

The following specific objectives (SO) have been identified for this thesis:

SO 1 = To identify existing research gaps for the deposition of high entropy alloys and design

an approach to corelate deposition parameters with coating performance.

SO 2 = To identify the effect of polishing and response of varying loads on cold sprayed and
flame sprayed AlICoCrFeMo HEA coatings on the tribological performance.

SO 3 = To evaluate the response of temperature on tribological behavior of cold sprayed,

flame sprayed and HVOF sprayed AICoCrFeMo HEA coatings.



1.3. Author’s comments

All the manuscripts in this master’s thesis have already been submitted to the journal
or under internal review. The chapters 3, 4 and 5 contains information that may overlap or
repeat within the introduction or experimental procedures sections of the individual
manuscripts. Repetitive information in the results has been minimized and referred properly to
the overlapping chapters wherever required and retained at some instances for ease of the

readers.
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Chapter
2.BASIC CONCEPTS & BACKGROUND

In this chapter...

A brief introduction to tribology involving the concepts of friction, wear and lubrication have

been discussed and basic concept of thermal spraying technology has been presented.



2.1.

2.2.

History of tribology

Tribology has been in existence since ancient times of human history including
the process of fire generation involved rubbing of two objects. One of the pioneers in
the field of tribology was the famous Leonardo Da Vinci, who is believed to have
developed several laws governing the friction between objects in the 15th century.
Further in the late 16th century, Amonton put forward the theory saying that the
surfaces of all objects are covered by small sphere particles which are now known as
impurities or asperities. This developed the concept of coefficient of friction. However,
it was not researched into the depths. Hence, the field of tribology saw no development
until 1886 when Osborne Reynolds published his famous paper on hydrodynamic
lubrication [1]. Osborne’s research on hydrodynamic lubrication proved that
hydrodynamic pressure of a liquid between the two sliding surfaces is enough to keep
the surfaces separated even at an exceptionally low sliding speed. This paper paved the
way for numerous research and developments in the field of tribology, but even till
now, the field of tribology is yet to be explored in depths [2]. It can be said that the
domain of tribology is very new as compared with other fields of mechanics,
thermodynamics, etc. and there is a massive research gap that needs to be filled to

further enhance the efficiency of systems involving tribological systems [2] [3].
What is tribology?

The word “tribology” is composed of two words, which are “tribos” (Greek
origin) meaning rubbing or sliding, while “ology” means study. Thus, tribology can be
defined as the study of interaction and movement of two surfaces in contact with each
other. These two surfaces can be both in motion at once or one object in motion and
other at rest. While the science of tribology is still an evolving subject, unknowingly,
humans and animals have been using this concept since ancient times. Numerous
examples include generation of fire by rubbing two different objects, walking, and
running, sweating on palms or feet, which in turn increases the friction enabling ease
in walking or running, etc. [2,4]. Recently, interest in the field of tribology is increasing
primarily aiming to manipulate the existing wear and friction between the two contact
surfaces by making use of several technologies including newer materials and

manufacturing techniques. Overall, it can be said that the field of tribology consists of



three main components: (1) Friction, (2) Wear and (3) Lubrication (depicted in Figure

2.1) [2,4].

Friction

Tribology

Lubrication Wear

Figure 2.1 Three main components of tribology [3].

2.2.1. Friction

The force of friction can be defined as the resistance to motion when one object
moves tangentially over the other body, while in contact [3,4]. Further, this resistance
is encountered in direction opposite to the direction of motion when the objects are
sliding with respect to each other [3,4]. Figure 2.2 depicts the two surfaces in sliding
contact with each other. The load/weight of the block is denoted by ‘W’ and acting
downwards. The friction force is denoted by ‘F’ and is opposite to the direction of
motion. Also, the coefficient of friction can be defined as the ratio of friction force (F)

to the normal load, (W) which is ‘p = Frictional force/Normal Load’.

w

Direction
of motion

Y, A,

Figure 2.2 Illustration of a horizontally sliding body [5].

In addition, frictional force between the two objects can be categorized in two separate
ways: (1) based on the presence or absence of lubricating fluid between the contacting

surfaces (Dry and Wet friction) and (2) based on the current condition of the system,
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1.e., whether the objects are already in motion or at rest at that particular instance (Static
and Dynamic Friction) [3,4]. Dry friction exists when there is no lubricating fluid
present in between the contacting surfaces, while wet friction exists when the two
surfaces in contact/motion have a film of lubrication present in between them. On the
other hand, static friction exists between the surfaces in contact when the whole system
is at rest, i.e., when motion is about to be initiated, while dynamic friction exists when
the surfaces are already in motion (sliding). The presence of frictional force between
the two surfaces can be desirable or non-desirable based on the application [3,4]. For
example, we need frictional force to be able to walk or run, for smooth application of
car/bike brakes, handwriting on paper, etc. Whereas there are various cases where we
desire to have lower/no force of friction, examples are, gears, cams sliding surfaces,
pistons in engine blocks, etc. In conclusion, frictional force is a system property
(depends on environment, lubrication, temperature, humidity, etc.) and is not dependent

on a specific material [3,4].

2.2.2. Waear

Wear can be defined as the phenomenon of loss of material from either of the
two surfaces in contact during relative motion. The material loss from the surfaces of
objects in contact can be transferred to the other surface (case of no net loss of material
of the system) or it can be accounted for as the loss into the atmosphere (case of loss of
material to the atmosphere lowering the net weight of system) [3]. Similar to friction,
wear is a system phenomenon and can also be desirable in some cases. For instance,
wear is desired in the case of writing with a pencil on a sheet of paper. However, the
aim is to always avoid wear in case of tires of an automobile, gears etc [3]. Wear in a
system can be caused by six different wear mechanisms: (1) adhesion, (2) abrasion, (3)
fatigue, (4) impact by erosion and percussion, (5) tribo-chemical and (6) oxidative type
[3,6]. The wear mechanisms followed by the bodies in contact largely depend on the

operating conditions and the environment of the system [3].

2.2.3. Lubrication

In cases where wear and friction are not desired in between the two surfaces in
contact, a lubricant is used in between the surfaces to lower the amount of wear/friction.
Depending on the system requirements, this lubricant can be a liquid or solid [7]. Fluid

film lubrication is used in case of low-speed application and greases are used for high-
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2.3.

speed systems. On the other hand, solid lubricants, for example graphite or MoS2, are
used for elevated temperature applications or space applications where liquid lubricant
fail due to their volatility. While the lubrication of two surfaces in contact is broadly
categorized into two categories which are hydrostatic and hydrodynamic lubrication
[7]. In the case of hydrostatic lubrication, the two sliding or rolling surfaces are
separated by a film of lubricant fluid which is pumped by making use of a pump. Thus,
overall, the efficiency of lubrication system is dependent on the performance of pump.
This fluid tends to keep the two surfaces separated from each other and reduces friction
as aresult [7]. While in the case of hydrodynamic lubrication, the motion of one surface
is at a high speed as compared with the other surface. This leads to the gathering of the
lubricating fluid under the sliding surface and the bodies in contact can be separated
which results in reduction in friction. One such example of hydrodynamic friction is

water ski sport, in which the ski is at a higher speed than the water below [7].
Concept of thermal spraying technology

Manufacturing techniques largely influence the mechanical properties and the
microstructure of the materials and as a result determine their friction and wear behavior
[8-10]. Bulk manufactured modern alloy systems (Ni-based, Ti-based, Al-based, Co-
based and High Entropy Alloys) have shown promising wear behavior under extreme
conditions. However, producing entire components with these alloys increase the usage
of expensive alloys and place a burden on alloying technologies for developing new
materials. For example, Ni-based alloys are well known for their wear resistance
however, if the aerospace components are manufactured using these alloys, the overall
weight and economy will greatly increase. To mitigate these issues, wear resistant
coatings can be sprayed over cheaper and lighter metals instead of using expensive bulk
alloys. In addition to reduction in costs and weight, coatings have proved to be

advantageous in repairing damaged components instead of replacing them completely

[11].

Thermal spraying is a widely used modern technology for developing thick
wear resistant coatings. Thermal spraying is termed as a technique in which the
feedstock is in the form of powder particles. These powder particles are sprayed over a
metallic substrate in either molten or unmelted state depending on the process

parameters. These particles are impinged over the substrate at high velocities (50 to
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>1000 m/s) and form solid splats that agglomerate and form a thick coating (>100 pum)
[12,13]. Thermal spray operates at a wide range of deposition temperatures lying
between 200 K to 2500 K [10]. Plasma spray, flame spray, high velocity oxygen fuel
and detonation gun are some of the commonly used high temperature deposition
processes. These techniques are useful for developing hard wear resistant coatings due
to the oxide inclusions at elevated temperatures [10]. However, in some applications,
oxide contamination is undesirable. In addition, the rapid solidification of molten splats
leads to increased porosity due to which low temperature deposition techniques such as

cold spraying are preferred [14].

This thesis compares the tribological behavior of cold sprayed, flame sprayed
and HVOF sprayed coatings. Thus, these technologies have been discussed briefly in

the following sub-sections.

2.3.1. Cold Spray

Cold spray or cold gas-dynamic spray is a relatively newer technology used to
produce thick metallic or ceramic coatings over a metallic or mixed metal composite
substrates [15]. Being a low temperature deposition process, the operating temperatures
lie between 0°C to 1000°C. In order to increase the adhesion of powder particles over
the substrate, the particles are accelerated and sprayed at very high velocities ranging
between 300 m/s to 1200 m/s and the particle size ranges between 1 to 50 pm in
diameter [12]. Many researchers studied the microstructures of high entropy alloys
(AICoCrFeNi, CoCrFeMnNi, CrFeMnNi, and AlCoCrFeNiTi) developed by cold spray
and found that the phases were fine and homogenous with negligible presence of oxide
phases and very less porosity (< 1%) [16-19]. Figure 2.3 shows a schematic of a typical
cold spray technology [12]. Pressurized gas (typically Nitrogen) is first brough to the
gas control module with the help of high- or low-pressure compressor and then heated
with the help of an electric or a combustion type heater. The heating of the gas helps in
improving the particle impact velocities and benefits the quality of coatings. This heated
high-pressure gas is passed through a De Laval (convergent-divergent) nozzle and the
flow changes to supersonic velocities at the exit. The feedstock powder is fed through

a powder feeder and brought in the gaspath with the help of precision robotic
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equipment. The accelerated gas bombards the feedstock powder over the substrate and

eventually forms layers of thick coating.

Gas heater

High =®={_ 0

Data acquisition & control system

Carrier gas

Figure 2.3 Schematic of cold spray technology [12].

2.3.2. Flame Spray

Flame spraying is one of the highest temperature deposition processes with the
values as high as 2600°C [12]. The elevated temperatures lead to formation of oxide
phases which raises the hardness of the coating resulting in improved wear performance
as compared to cold sprayed coatings [20]. Traditional flame spraying technology was
one of the initial methods of coating deposition. The particle velocities are relatively
low in the range of 80 m/s to 100 m/s and the powder particles are impinged over the
substrate in molten state which then solidify rapidly leading to increased porosity
[12,14]. Figure 2.4 illustrates the schematic of a flame spraying equipment [12]. In this
figure, it can be seen that feedstock powder is carried through the feeder to the nozzle
with the help of a carrier gas (usually Air or Nitrogen). Acetylene in presence of Oxygen
is used as fuel for combustion and generate high temperatures that are able to melt the
powder particles. Feed power is introduced axially into the path of these combustion
gases and is melted for increased adhesion over the substrate. The molten particles are
accelerated towards the substrate due to high velocities generated as a result of
combustion of fuel exiting the nozzle in the form of a flame torch. The concentrations
of oxygen can be reduced (fuel-rich) to minimize the oxide contaminations formed in
the coatings. Flame spraying is a very primitive technology with a very basic set of

required equipment and hence is highly cost effective.
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Figure 2.4 Schematic of flame spray technology [12].
2.3.3. High Velocity Oxy-Fuel (HVOF)

Like flame spraying, HVOF is also a high temperature deposition technique
with temperatures ranging between 2200°C to 3000°C with particle velocity between
500 m/s to 2000 m/s [21]. High particle velocities favor the formation of coatings with
less porosity similar to cold sprayed coatings, but higher deposition temperatures give
rise to oxide phases which are similar to flame sprayed coatings. Few researchers
studied flame sprayed of AlCoCrFeNi, AlICoCrMoNi and AlTiCrFeCoNi coatings
deposited using HVOF [22-25]. It was observed that the porosity levels were as low as
3% and the overall hardness of the coatings were much more than that obtained using
cold spray. Figure 2.5 shows the schematic diagram of HVOF technology [26]. It can
be seen that HVOF is a specialized type of flame spray where the exit velocities of the
nozzle are supersonic. The fuel used is usually gas or kerosene which is fed to the
combustion chamber and ignited. The combustion gases are passed through a water-
cooled nozzle where they expand and reach high velocities. The carrier gas is usually
oxygen and air by which the powder feed particles are fed into the flame and bombarded
over the substrate at high particle velocities. The high kinetic energy associated with
supersonic flow of gases tends to produce thick and dense coatings even though some
of the particles might be unmelted due to high impact forces. In some application the

oxyacetylene fuel is used or simply air is used for combustion. This special variant of
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HVOF, where air is the main combustion fuel, is widely known as High Velocity Air

Fuel (HVAF) spraying.

Powder injector -
Nozzle exit g
Supersonic

flow shock diamonds

Water in

Combustion ¢, most designs)

chamber
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Water out either design)

Oxygen \ Fuel (C,H,. H,, etc.)

Figure 2.5 Schematic of HVOF spray technology [26].
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Chapter

3. HIGH ENTROPY ALLOY COATINGS
DEPOSITED BY THERMAL
SPRAYING TECHNOLOGIES: A
REVIEW OF STRENGTHENING
MECHANISMS, PERFORMANCE
ASSESMENTS AND PERSPECTIVES
ON FUTURE APPLICATIONS

In this chapter...

A detailed literature review on thermally sprayed high entropy alloys has been presented.
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3.1. Abstract

Thermal spray deposition techniques have been well established owing to their
flexibility in addressing degradation due to wear and corrosion issues faced due to
extreme environmental conditions. With the adoption of these techniques, a broad
spectrum of industries is experiencing continuous improvement in resolving these
issues. To increase industrial level implementation, state-of-the-art advanced materials
are required. High entropy alloys (HEAs) have recently gained considerable attention
within the scientific community as advanced materials, mainly due to their exceptional
properties and desirable microstructural features. Unlike traditional material systems,
high entropy alloys are composed of multi-component elements (at least five elements)
with equimolar or nearly equimolar concentrations. This allows for a stable
microstructure that is associated with high configurational entropy. While most of the
research on HEAs has primarily been focused on high-temperature deposition methods,
there is continuous interest in identifying research gaps in the development and study

of high entropy alloys fabricated using semi- and solid-state deposition techniques.

This review article provides a critical assessment observed in various high
entropy alloys developed by means of thermal deposition techniques and their
strengthening mechanisms. The wear, corrosion, and oxidation responses of these
alloys are reviewed in detail and correlated to microstructural and mechanical
properties and behavior. In addition, the review undertakes a comparative evaluation of
HEAs and conventionally utilized materials, with a strong focus on material design
principles for developing next-generation HEAs that can significantly benefit the
aerospace, marine, energy, oil and gas, and mining sectors. Despite having shown
exceptional mechanical properties, the article describes the need to further evaluate the
tribological behavior of these HEAs in order to show proof-of-concept perspectives for

several industrial applications in extreme environments.

Keywords: Aerospace materials, High entropy alloys, microstructure, phase

formations, strengthening mechanisms, Tribology

3.2. Introduction
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3.2.1. Introduction to high entropy alloys

Traditional alloy design strategies generally consist of combining one or two
principal elements with few minor elements in order to achieve the desired
microstructural features and mechanical properties. However, these strategies restrict
the plausible number of combinations for developing advanced alloys since most of the
dominant elements would be either iron, aluminum, or nickel. A paradigm shift in the
alloy design concept occurred in 2004, when Cantor et al. [1] and Yeh et al. [2]
developed advanced metallic alloys by mixing multiple elements, without
differentiating solvent and solute atoms. Cantor et al. [1] reported this design concept
as “multi-component alloy systems”, whereas the term “high entropy alloys (HEAs)”
was derived from the pioneering work of Yeh et al. [2]. Since then, the term HEAs has
become popular among the scientific communities, and researchers had put significant
efforts in investigating the microstructural features and phase formations that formed
for different HEAs, as well as their impact on different industrial applications, including
wear and corrosion. Studies have shown that the HEAs possess unique microstructural
characteristics that result in the stabilization of solid solution structure with adjustable

properties depending upon the chemical compositions used.

High entropy alloys are defined based on chemical compositions — containing
five or more principal elements with equimolar concentrations or close to equimolar
concentrations unlike the traditional alloy design strategies [1,2]. The concentrations of
major elements ranges between 5 at% and 35 at%, with the possibility of adding minor
elements less than 5 at% [3]. It has been reported that the HEAs possess inherently high
configurational entropy (>1.5R, where R is the ideal gas constant) compared to
traditional alloys (<1.0R) (Figure 3.1). In their book of “High Entropy Alloys”, Murty
et al [156] have mentioned that the configurational entropy (AScont=-R (Xa InXa + XB
InX3g)) of a binary alloy is maximum when the elements are in equiatomic proportion
and this configurational entropy increases with increasing number (N) of elements
(ASconf, max = R InN). More information on calculating the configurational entropy of
high entropy alloys can be found in this book [156]. Thus, a new definition for HEAs
arose based on high configurational entropy per mole, where the alloy should exhibit a
configurational entropy greater than 1.5R. If the configurational entropy values are less
than 1.5R, the alloys are classified as medium entropy systems (see Figure 3.1).

However, it has been argued that the high configurational entropy effect bestows the
22



single-phase solid solution structure (disordered or partially ordered) for HEAs, either
in the form of face-centered cubic (FCC), body-centered cubic (BCC), or the
combination. The contribution of enthalpy of mixing and the high configurational
entropy is key in reducing the Gibbs free energy of the system for obtaining the single-
phase structure. Debates on the formation of intermetallic compounds (i.e., B2, ¢
phases) in HEAs are still going on. However, the combination of disordered and ordered
structure may significantly play a crucial role in desirable properties based on the
selection of compositions. HEAs also go by the names such as complex concentrated
alloys [4], compositionally complex alloys [4], multi-component alloys [1], and

baseless alloys [5].

‘ Medium Entropy Alloy High Entropy Alloy
ASCm:f =1.0R | 1.0R < ASConf < 1.5R ASconr 2 1. 5R
One or two dominant Two to four dominant Five or more dominant
elements. Formation of elements elements. Single phase
solid solution and/or solid solution phase
compounds formations (FCC/BCC
or both)

Figure 3.1 Differences between low, medium and high
entropy alloys [1].

Owing to the compositionally complex structures, HEAs possess superior
strength, excellent fracture toughness, fatigue strength, high-temperature oxidation and
corrosion resistance, as well as improved wear resistance [3,6-8]. While earlier studies
focused mainly on understanding the mechanical behavior of arc-melted HEAs, the
advancement of HEA coatings by means of thermal spray techniques has recently
gained more attention. Indeed, with the advent of these advanced materials, there is a
demand for the development of time-efficient, reliable and environmentally friendly
deposition techniques that benefits the HEAs in controlling degradation-related
problems. As shown in Figure 3.2, the demand for HEAs by means of thermal spraying
technologies has been increasing in accordance with the number of research
publications per year since 2016. Thermal spraying technologies are well-established
in many industrial sectors for developing thick coatings due to their ability to deposit
wide range of feedstocks to protect industrial components against extreme

environments caused by wear, corrosion, and oxidation [9-11].
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Figure 3.2 The number of publications of thermal spray
high entropy alloy coatings per year until March 2022.

With the increasing demand for HEA materials and coatings, the synthesis of
feedstock needs to be optimized since it plays a vital role in producing coatings with
negligible microstructural inhomogeneities. This will pave the way for desirable
mechanical properties, such as strength, hardness, and toughness, which in turn, provide
better industrial sustainability. Nevertheless, the quality and characteristics of the
feedstock powders are determined by the fabrication routes, which includes particle
size and morphology, homogeneity, powder yield, and flowability [12,13]. The
capability of HEAs to be developed as a coating has increased the scope for various
industrial applications due to the reduced amount of feedstock consumptions and the
ability to deposit on intricate components compared to bulk alloy counterparts. Despite
the versatility of using these techniques, studies related to thermal-sprayed HEA
coatings are limited and not fully understood. Therefore, this review article provides a
critical assessment on the microstructural and strengthening mechanisms. The wear,
corrosion and oxidation responses of various HEAs are reviewed and discussed in
detail. In addition, the feasibility of next generation high entropy alloys is reported,
emphasizing on the development of high-performance coating materials and their

potential benefits for sustainable industrial futures.
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3.2.2. Preparation of HEA Feedstock

Many researchers have been devoted to fabricating HEA feedstocks for the
thermal spraying by means of mechanical blending, mechanical alloying, gas
atomization, mechanical milling of as-casted HEAs, and more recently radio frequency
inductively coupled plasma (RF-ICP) [14-19]. Mechanical blending involves mixing of
each elemental powder without any bonding formation, and the features of powder
particles remain unchanged [14,15]. Lobel et al. [14] investigated the impact of three
feedstocks prepared by mechanical blending, mechanical alloying and gas atomization
of AlCoCrFeNiTi HEAs and deposited on S235 steel substrates via the atmospheric
plasma spray system. Figure 3.3 shows the microstructure for all three HEA coatings
prepared by different feedstock routes. Among these HEA coatings, the gas-atomized
showed homogeneous microstructure with lower defects compared to that of
mechanically blended and mechanically-alloyed powder based coatings. The authors
also reported that the hardness showed a significant difference in the values for the
coatings prepared by three different feedstocks. The highest average hardness (Vickers
micro-hardness test) was found for the gas atomized powder deposited coatings with
around 5.8 GPa, followed by mechanical alloyed and mechanical blended deposited
coatings of approximately 4.6 GPa and 3.4 GPa, respectively. This was most probably
related to the formation of a homogeneous microstructure for the gas atomized powder
deposited coatings (see Figure 3.3). The mechanical blended powders showcase the
presence of titanium and nickel contents along with BCC and FCC phases, highlighting
inappropriate formation of alloy microstructure compared to the coatings deposited
with gas atomized powders. This implies that mechanical blending may not the most

appealing approach for preparation of HEA feedstocks for thermal spray technologies.

Mechanical alloying and gas atomization are the most widely used synthesis
routes due to their homogenous nature in forming an alloy [12,20]. Due to the
exceptional flowability and homogeneity in microstructural formations, the gas
atomization method is a feasible method for synthesizing the HEA feedstocks.
Mechanical alloying, on the other hand, provide superior elemental distribution and
may form solid solution structure due to melting and solidification; however, the
flowability might be challenging due to their irregular morphologies and varying

particle distributions compared to that of gas atomized counterpart.
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Figure 3.3 Scanning electron microscope images of (a) mechanically-alloyed and
(b) gas-atomized feedstocks of AICoCrFeNiTi powders. Coating microstructure
of the AICoCrFeNiTi HEA coatings for (¢) mechanically blended, (d)
mechanically-alloyed and (e) gas atomized feedstock powders. The different
microstructural features with respect to different feedstock powders are clearly
visible in the figure, with the gas atomized powder coatings showing
homogeneity compared to the other two coatings [14].

A new powder metallurgical technique has been introduced by Zhu ef al. [21]
to synthesize HEA powders rapidly by means of a plasma source provided by radio
frequency inductively coupled plasma (RF-ICP). As shown in Figure 3.4, RF current,
which is passed through a load coil wound around a dielectric tube (i.e., ICP torch)
provides an intense electromagnetic (E.M.) field inside the torch leading to ionization
of the working gas [21]. The mixed powders are placed on a water-cooled copper
crucible which is able to tolerate the high temperatures of RF-ICP during the process
(Figure 3.4). The ignited RF-ICP will rapidly heat the powder bed and build up a high-
temperature environment for HEA synthesis. Generally, the speed of material
preparation in an alloy synthesis method is a critical factor. The process temperature
provided by ICP can reach up to 5000 — 8000 K [21], which is significantly higher than
3000 K for arc-melting [22] and 4500 K for laser-melting [23]. Therefore, the efficiency
of alloy synthesis by RF-ICP is higher. At the end of the process, the plasma is turned
off while the argon gas will keeps running to rapidly cool the sample while protecting
it from the air [21]. As shown in Figure 3.5, the total time is within 40 s for the
fabrication of HEA, which is followed by fast cooling the sample by argon for ~15 s.
This method features a high fabrication temperature ensuring homogenous mixing, high

heating and cooling rate (~10°K/s), high fabrication speed preventing the material from
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volatile evaporation, reduction of the non-uniform distribution of microstructures
caused by uneven diffusion due to high heating rate, eco-friendly heat source without
the emission of harmful gases or secondary products to the environment, elimination of
the unstable impurities improved controllability of the process in comparison with the
free burning arc due to the absence of arc instability, minimization of the contamination
of the synthesized samples from electrode erosion due to electrodeless design of the
RF-ICP, formation of a natural shroud gas around the sample by the plasma jet
minimizing the entrainment of the surrounding air, and use of any kind of precursor in

different physical forms or chemical compositions [21].
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Figure 3.4 Setup of HEA synthesis with RF-ICP. Well-mixed powder bed is directly
synthesized by RF-ICP under 1100 W with 5000 — 8000 K and becomes HEAs within 40s
[21].
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Figure 3.5 Rapid synthesis of alloys. (a) The temperature profile of CuNi alloy
using the RF-ICP synthesis. The OM images demonstrate the evolution of
porosity of CulNi alloy during HEA synthesis process. (b)-(¢) OM images of
synthesized FeCoNi MEA, FeCoNiCu MEA, FeCoNiCuAl HEA and
FeCoNiCuTi HEA [21].

3.3. Microstructure and strengthening mechanisms of HEA

coatings

3.3.1. Microstructure

Thermal-sprayed deposits usually contain defects, such as porosities, un-melted
or partially melted particles, some level of oxidates forming in the whole stages of the
spray process [24-27]. A schematic diagram and scanning electron microscope (SEM)
images in Figure 3.6 show different types of defects. The density of these defects highly
depends on the specific spray process used, the operating parameters chosen, and the
feedstock sprayed. Several studies have indicated that investigating the relationships
between defect formation and processing are vital for the improvement of as-sprayed
coating properties [25,28-30]. All the HEA coatings developed through thermal

spraying and their phase formations have been illustrate in Table 3.1.
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Figure 3.6 (a) A schematic diagram of defects generated in a thermal spray
process [27]. SEM images of plasma-sprayed (b) AlICoCrFeNi and (c)

MnCoCrFeNi showing the formation of oxides, pores and interlamellar
cracks [24].

Table 3.1 Different high entropy alloy compositions and their phase formations

and porosity levels according to deposition techniques.

High entropy alloy Feedstock Deposition Porosity
Substrates Phases Ref.
coatings routes routes (%)
BCC + FCC +
MA Mild steel APS ) 9.5+£23 [24]
oxides
Gas atomized ~ AISI 1045 steel APS BCC and B2 - [58]
Gas atomized APS BCC and FCC - [17]
MA Mild steel HVOF B2 - [63]
MA Mild steel HVAF B2 - [63]
06Cr13Ni5SMo
Water
) martensitic HVOF FCC and BCC - [64]
AlCoCrFeNi atomized

stainless steel
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Al-rich oxides +

MA SS 316L APS AlCrFe oxides + - [70]
Al-depleted regions
Low carbon BCC+FCC +
MA APS ) - [59]
steel oxides
AlpsCoCrFeNi, Gas atomized SS 304 APS FCC - [71]
MA SS 316 APS BCC and oxides - [20]
MA S235 steel APS BCC and FCC - [14]
Gas atomized S235 steel APS BCC and FCC - [14]
AlICoCrFeNiTi
Gas atomized S235 steel HVOF BCC +B2 + Al2 - [80]
AlosCoCrFeNiTi AS572 steel HVOF BCC - [81]
BCC + FCC +
MA Mild steel APS ) 7.4%1.3 [24]
MnCoCrFeNi oxides
MnCoCrFeNi Gas atomized SS 304 APS FCC - [152]
Gas atomized SS 316L Detonation FCC and oxides3 - [65]
. Low carbon )
Gas atomized APS FCC and oxides - [72]
steel
FeCoCrNiMog.»
. Low carbon )
Gas atomized HVOF FCC and oxides - [72]
steel
06Cr13Ni5SMo
) Water o
WC-10Co /AlCoCFeNi ) martensitic HVOF FCC + BCC - [65]
atomized
stainless steel
MA + gas
Ni60/AlCoCrFeNiTi ) SS 316 APS BCC and oxides - [15]
atomized
Mechanically BCC+ B2+ FCC +
Ag/ Alp2CrCo; sFeNi, sTi Carbon steel APS ) - [71]
blended Cr Carbides
Al05-13 wt.% TiO» ) . )
Gas atomized Mild steel APS FCC and oxides - [76]

/MnCoCrFeNi
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BCC + FCC +

Nano oxides/MoCrCoFeNi  Gas atomized - APS ) - [16]
oxides
AlCoCrFeNiSi MA SS 316 APS B2 and BCC - [60]
Ni-base super
AlCoCrFeNi MA CS BCC 7 [16]
alloy

MnCoCrFeNi Gas atomized Al 6082 alloy CS FCC - [41]
AlCoCrFeNiTi MA Steel CS B2 + TiC+o 0.5+0.18 [50]
MnCrFeNi Gas atomized Fe52 steel CS BCC - [40]
MnCrFeNi Gas atomized Fe52 steel CS BCC - [40]
Nio,zCo,GFeo‘zchio,zAlTio,z Gas atomized SS 304 APS BCC and CI‘3Si - [153]
NiCo¢Feo,CrSiAlTio Gas atomized SS 304 APS BCC and CrsSi - [153]
Nio,zCo,GFeo‘zcn,5SiA1Tio,2 Gas atomized SS 304 APS BCC and CI‘3Si - [153]
CrMnFeCo - - APS FCC 2.9 [45]
MnCoCrFeNi - - CS FCC 0.47+0.17 [41]

Arc melting +
NiCoo.cFeo2CrisSiAlTio. mechanical - APS BCC 1-5 [47]

milling
Al 6TiCrFeCoNi Gas atomized - HVOF BCC 1.68 [48]
) Mechanical
AlCoCrMoNi _ - HVOF BCC 1.03 [154]
alloying
Gas atomized - HVOF FCC + AB,O, 0.6 [155]
FeCoCrNiMog.»

Gas atomized - APS FCC + AB»O4 3.1 [155]

Arc melting +
mechanical HVOF BCC 2.840.5 [33]

Nio.2Coo.6Feo2CrSio2AlTio. millin

£ APS BCC 43405  [33]
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The main defect of thermal sprayed HEA coatings is oxidation. The existence
of oxides breaks the chemical uniformity of coatings. Compared to the relatively soft
HEA matrix, randomly distributed oxides are rigid. It has been reported that oxides play
an important role in tribological applications [25,31-33]. In addition to increasing the
hardness of HEA specimens, in certain conditions, oxides can act as self-lubricating
materials. However, in some cases, oxides with high porosity deteriorates the corrosion

resistance, which can result in premature failure of the component [32,34,35].

Oxide formation takes place at different stages during spray process [31]. The
content of oxides highly relies on thermal sprayed processing. For atmospheric plasma
spray (APS), where particle temperatures may reach up to 2500 K [36,37], the oxygen
will react with fully molten or semi-molten powders before and after impact on a
substrate. Oxide precipitates can be a major issue, when HEAs have oxygen-sensitive
constituents, such as aluminum (Al), titanium (Ti), chromium (Cr), and molybdenum
(Mo) [20,38,39]. On the contrary, minimal oxidation was observed for the coatings
deposited using cold spraying. The temperature used for this process is far below their
melting points, which in turn results in lower oxidation [16,40,41]. More recently, a
significant amount of effort has been put forward to reduce the content of oxidates for
APS [42-44]. By introducing a vacuum chamber in APS, the oxide inclusions will be
efficiently reduced. However, apart from the limited workpieces, the cost of such
installation is high. Instead, adding a coaxial shrouding gas is an efficient method to

minimize oxidation.

HEA coatings developed via thermal spraying feature varying levels of
porosity. The fraction of the porosity ranges from less than one percent to over ten
percent. It is reported that the amount, size, and even the location of pores can strongly
affect the mechanical properties (e.g., hardness, elastic modulus, wear behavior) and
physical properties (e.g., thermal conductivity) of HEA coatings [25,27,45-51]. Table
3.1 lists porosity data as a function of thermal spray processes. It can be seen that the
HEA coatings prepared via APS possess higher porosity compared to that of the HEA
coatings developed via high-velocity oxygen fuel (HVOF) and cold spraying,
respectively. In addition to that, varied particle distribution sizes of mechanically-
alloyed powder particles may induce microstructural defects with high amount of

porosity and cracks, which also depend on the exposed zones of powder particles in the
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plasma stream as reported by Anupam et al. [38]. The particles travelling around the
periphery of the plasma stream are not exposed to high temperatures completely,
leading to partially melted regions or scattered fragments of oxides, which in turn,

affects the homogeneity of the coatings and leads to undesirable properties.

A unique characteristic of thermal spray processes is the extremely high heating
and cooling rates (>10° K/s) [27]. Such rapid cooling rates result in fine-grain
structures. Meanwhile, large numbers of solute atoms are also beneficial to limit grain
growth in HEAs. Coatings with fine-grain structures often possess a good combination
of strength and ductility. Another advantage of a high cooling rate is preventing
elemental segregation. Therefore, as-sprayed HEA coatings may possess different
phases constitution compared with their as-cast counterparts [17,24,52,53]. For
example, both AlSiTiCrFeCoNiMoo.s and AlSiTiCrFeNiMoy.s fabricated via thermal
spray manifest a supersaturated BCC phase due to rapid solidification. For as-cast
counterparts, they are dual-phase alloys (BCC+FCC) [52]. The phase components of
HEAs are affected by the feedstock synthesis techniques and thermal spray methods.
Mechanical alloying allows powders mix in nanoscale with enhanced solid solubility,
which favors the formation of solid solution phases before thermal processing [54].
Those post-alloyed powders melted or partially melted in APS and HVOF will further
undergo phase transformation. On the contrary, for cold spraying, due to relatively
lower processing temperatures, materials will maintain their feedstock compositions.
Taking Al-Co-Cr-Fe-Ni alloying system as an example, it was observed that the BCC
phase dominates after mechanical alloying because aluminum acts as a BCC stabilizer
[16]. This phase composition was retained in cold spray HEAs [16]. For plasma sprayed
AlCoCrFeNi coatings, the FCC phase was observed as being the major phase [24].
However, this can be affected by the particle size, argon flow rate, and the spraying
current. Coarse powders with an increment of argon flow rate favor the formation of

the FCC phase [17].

The microstructure and phase constitutions can generally be adjusted by post-
processing treatments. As-sprayed coatings, especially for those forming under high
processing temperatures, have a high density of pores. Post-processing treatments have
a strong influence on eliminating the pores. Yue et al. [55] proved that a dense surface
with only very few isolated small pores can be found in the laser-remelted layer (shown

in Figure 3.7a). Besides, the growth of columnar dendrites was observed as the result
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of laser remelting (shown in Figure 3.7b). As mentioned above, rapid cooling rates
allow HEA coatings to possess a precipitate-free microstructure. Annealing and/or laser
remelting often promote the formation of precipitates [33,47,48,56]. The size and
distribution of precipitates can be changed by tuning process parameters. Those
precipitates as hard phases may increase the strength and hardness of HEAs and can be
a good candidate in tribological applications. Wang ef al. [56] applied a transmission
electron microscope (TEM) on thermal sprayed NiCoo.cFeo2CrSiAlTio» HEA coatings.
After heat treatment, nano-precipitates are randomly distributed on the matrix (shown
in Figure 8a), which results in a higher hardness (935 HV) compared to its as-sprayed
counterpart (450 HV). A high density of dislocations was observed after heating, and
semi-coherent interfaces were formed, which is energetically favorable (shown in

Figure 8b).

20kV X200 100pm 10 50 BEC

Laser-remelted layer Plasma-sprayed layer

Figure 3.7 (a) A cross-sectional SEM image of AICoCrCuFeNi coated on a Mg
substrate showing the as-sprayed layer and a laser-remelted layer. (b) A high-
resolution SEM image showing the epitaxial growth of columnar dendrites at the
laser-remelted layer [84].

Figure 3.8 TEM images of thermal sprayed NiCo00.6Fe0.2CrSiAlTi0.2 after annealed
under 1100 °C for 10 h showing (a) large amount of nano-sized precipitates (labeled
with A, B and C); (b) high density of dislocations (marked with white arrows) [56].
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3.3.2. Strengthening mechanisms of HEA coatings

3.3.2.1 Solid solution strengthening

Based on the results from recent studies, solid solution strengthening
mechanism plays a major role in improving the hardness for most of the thermal-
sprayed HEA coatings. It has been reported that the solid solution strengthening for
HEAs is mainly attributed to the pronounced lattice distortion associated with mismatch
parameter of atomic size differences of different elements [57]. The atomic radius of
each constituent element studied for thermal sprayed HEA coatings are illustrated in
Table 3.2. As shown in Table 3.2, the elements with large atomic radius (i.e., Al, Ti and
Mo) induce strain energy in the lattice structure causing severe lattice distortion, which
is one of the core effects of high entropy materials [6]. The pronounced lattice distortion
effect act as a large barrier against the dislocations and their movements by effectively
pinning the dislocations, yielding solid solution strengthening/hardening. A study by
Wang et al. [58] explored the deposition of gas atomized AlCoCrFeNi feedstock on
AISI 1045 steel by means of APS. The hardness was around 4.5 GPa (468 HV), which
is likely due to the solid solution strengthening caused by the disordered BCC (A2) and
ordered (B2) phase formations. It has been argued that the occurrence of ordered B2
phases is more prominent when the lattice distortion effect is too large [57]. The
movement of dislocations is inhibited by the hard B2 phases causing resistance to
plastic deformation, which further yields to improved strength for the HEA coatings.
The effect of annealing temperature on hardness has also been investigated for the
AlCoCrFeNi coating, and the results showed an increase in hardness with lower
annealing temperature and a gradual decrease as the function of annealing temperature
(600 to 900 °C). The higher hardness obtained after annealing at 600 °C (5.64 GPa) was
approximately 1.2 times than that of the as-sprayed HEA coatings at room temperature.
The authors claimed that the area fraction of B2 phases (i.e., possible increase in the
solid solution strengthening effect) increased at 600 °C and thus, significantly
contributing to enhanced hardness. However, it is anticipated that the presence of B2
phases decline the toughness/ductility of the coatings that have not been reported to

date.
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Table 3.2 shows the atomic size radius of the constituent elements used for high
entropy alloy coatings.

Elements Al Co Cr Fe Ni Ti Si Mn Nb Mo

Atomic
size

0.143 0.125 0.128 0.127 0.125 0.146 0.111 0.126 0.246 0.139
radius

(nm)

Mu et al.[59] explored AlCoCrFeNi equimolar compositions deposited by
means of atmospheric plasma spraying. The authors showed that the average hardness
increased as the function of spraying power, with the highest observed around 5.97 GPa
when using a voltage and current of 55.4V and 550A, respectively. Cheng et al. [17]
investigated similar AICoCrFeNi HEA composition deposited using APS with varying
gas atomized feedstocks (10-60 pm and 60-90 um). The hardness was higher (4.18
GPa) for the coatings deposited with coarser feedstock (60-90 um) and a high spraying
current of 650A. This was mainly attributed to the solid solution strengthening
associated with BCC phases compared to finer feedstock (which has major FCC peaks).
It should be noted that the absence of oxides was reported and compared to other
literature on APS-based HEA coatings. However, it can be inferred that the solid
solution strengthening due to the presence of high aluminum content (20 at%) is the

major responsible factor for high hardness.

The microhardness and wear properties of mechanical-alloyed AICoCrFeNiTi
HEA coatings were first investigated by Tian et al. [20]. The authors used the APS
technology to fabricate the coatings on stainless steel 316 substrates. The result showed
that the average hardness value was around 6.3 GPa (642 HVy.), which was higher
compared to the AlCoCrFeNi HEAs fabricated by means of atmospheric plasma
spraying. The higher average hardness of 3.8 GPa was also obtained at the
coating/substrate interfaces, signifying adequate adhesion. The low porosity, severely
distorted lattice structure (solid solution strengthening) due to large atomic radii of
aluminum and titanium, as well as the hard oxides are the determinative factors that
contribute to the improved hardness of AICoCrFeNiTi coatings. Generally, silicon can

also increase the strength of the materials through solid solution strengthening due to
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its small atomic size. In terms of HEAs, the addition of silicon favors to phase
transitions and mechanical properties due to its high negative enthalpy of mixing with
other constituent elements and lattice distortion effect. To date however, the influence
of silicon content on the mechanical properties has been limitedly examined. Tian ef al.
[60] fabricated the equimolar AlICoCrFeNiSi HEA coatings using the APS technique
on stainless steel 316L. The average hardness was found to be approximately 6 GPa
(612 HVo.2), which is due to the solid solution strengthening associated with the
presence of B2 and disordered BCC phases.

3.3.2.2. Grain boundary strengthening

Grain boundary strengthening or fine grain strengthening are often observed in
thermal-sprayed HEA coatings, particularly in cold spraying, which can significantly
contribute to the enhancement in the hardness/strength. For grain boundary
strengthening, the strength/hardness primarily depends on the pinning of dislocations
around the fine grains contributing to Hall-Petch effect. This phenomenon has been
observed in cold sprayed HEA coatings, reported by Nair et al. [61] and Rojas et al.
[62]. The high velocity impact offered in thermal spraying techniques (cold spraying,
HVOF and HVAF) improves the strengthening by inhibiting the grain growth due to
dynamic recrystallization and high dislocation density [62]. A comparative study of
AlCoCrFeNi HEA coatings developed using HVOF and HVAF thermal spray
technologies was reported by Lobel ef al.[63]. The microhardness exhibited higher (6.6
GPa) for HVAF fabricated HEA coatings compared to that of HVOF based HEA
coatings (5.8 GPa). The authors concluded that the low porosity levels and influence of
grain boundary strengthening (fine grain size) due to high velocity impact could be the
possible reasons for improved hardness. Furthermore, the absence of oxides and low
porosities also resulted in a low standard deviation of hardness for the HEA coatings

developed using HVAF.

In a different study reported by Wei et al. [64], for similar composition HEA
fabricated by means of HVOF, the average hardness obtained was around 5.4 GPa (552
HVo.3), which was attributed to the presence of FCC and BCC phases. Nano indentation
studies were performed on each phase of the HEA coatings to determine the nano
hardness and elastic modulus. Higher nano hardness (i.e., 9.5GPa) and lower elastic

modulus (i.e., 208 GPa) were obtained for the BCC phases (9.5 GPa) when compared
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to that of the FCC (i.e. H=5.9 GPa and E=250 GPa), highlighting solid solution
strengthening. The work of elastic deformation was high in BCC phases indicating the
capability of large elastic recovery after deformation compared to FCC phases. The
study concluded that the combined interaction of solid solution strengthening and grain
boundary strengthening are the contributing factors for the improvement in hardness of
the HEA coatings. Similarly, Liao et al. [65] investigated the hardness of the Cantor
(CoCrFeMnNi) HEA deposited by means of detonation spraying on stainless steel 316L
substrates. The average hardness obtained in this study was around 4.6 GPa, which
outperforms the alloys fabricated using casting (1.6 GPa) [66] and spark plasma
sintering (4 GPa), respectively [67]. Despite the presence of FCC phases in the
MnCoCrFeNi coatings, the grain boundary strengthening associated with fine grains

and oxide formations augmented the high hardness.

While thermally sprayed HEAs exhibited outstanding microstructural features
and mechanical properties, as shown by several studies in literature, there is limited
work specifically focusing on HEAs fabricated via cold spray techniques. The trend in
cold spray HEA coatings is increasing among researchers due to its feasibility in
producing high strength coatings [68,69]. The high velocity (typically between 500 m/s
and 1200 m/s) during the deposition process results in severe plastic deformation, which
further contributes to improved strength due to fine grain size and work hardening.
Anupam et al. [16] reported the first AICoCrFeNi HEA fabricated by means of cold
spraying. The mechanically-alloyed powder feedstocks were used to deposit the coating
on nickel base superalloy substrates. The major BCC phase obtained for the HEA
resulted in an average coating hardness of 3.8 GPa. The high hardness could possibly
be explained by the fine grain structure, which occurred due to severe plastic
deformation. However, the obtained hardness value for the cold sprayed AlICoCrFeNi
HEA coatings was lower compared to HVOF, and APS deposited HEA coatings
[17,63], which is due to the absence of oxides lamellae in the cold spray HEA coatings.
The influence of Mn on CoCrFeNi HEAs was investigated by Yin et al. [41]. The high-
pressure cold spray system was utilized to deposit atomized MnCoCrFeNi feedstock on
aluminum 6082 alloy substrates. The overall hardness showed to be around 3.2 GPa,
which was three times the hardness of powder particles. The improvement in the
hardness was attributed to the significant grain refinement (fine grain strengthening)
and increased dislocation density after cold spraying.
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3.3.2.3. Oxide-based strengthening

The evolution of oxides and their impact on mechanical properties for thermal
spray coatings has been previously reported on several occasions. The occurrence of
oxides during oxidation in-flight for high temperature deposition techniques is a
common artifact. Nevertheless, the occurrence of these oxides plays a dominant role in
changing the behavior of the coatings in terms of hardness and wear performance.
Meghwal et al. [70] conducted nano-indentation studies on similar compositions
fabricated using APS. The oxide phases were dominant in the case of APS HEA
coatings compared to the HVOF HEA coatings. The Al-rich and oxide-rich phases were
found to have the highest nano hardness of 15 GPa, followed by AlCrFe oxides and Al
depleted HEA regions with 13 GPa and 5 GPa, respectively. The H/E; (hardness to
reduced elastic modulus) ratio was reported to be lower for the Al-depleted HEA phase,
indicating the ability to resist plastic deformation. Although the Al-rich oxide phases
exhibited high hardness, the Weibull plot assessment signifies the Al-rich oxides phases
with the largest variations, which explained the inhomogeneity of property distribution.
These oxides improved the overall microhardness of the AICoCrFeNi HEA coatings,
which was around 4.13 GPa. Liang et al. [71] investigated APS-based non-equimolar
AlpsCoCrFeNiz high entropy alloy coatings using gas atomized powders. The average
hardness reported was around 2.7 GPa, which was lower than that of the same coatings
developed using magnetic sputtering (5.5 GPa). The reason might be the homogenous
microstructure with low defects and voids, resulting in two times high hardness for the

sputtered HEA coatings.

More recently Nair et al. [61] investigated novel AICoCrFeMo HEA using cold
spraying and flame spraying technologies to understand their effects on microstructural
formation and hardness property. The average hardness showed approximately 40%
improvement for the flame sprayed HEA coatings owing to the formation of high
fraction of spinel oxides (25 wt%) compared to cold sprayed HEA coatings. A
comparative study using APS and HVOF was investigated by Li ef al. [72] using non-
equimolar FeCoCrNiMoo> HEA as feedstock. An average hardness reported for APS
and HVOF coatings was around 3.4 GPa and 3.8 GPa, respectively. The reported values
also outperform the FeCoCrNiMoos HEA fabricated via arc melting (2 GPa)
investigated by Shun et al. [73]. Although the coatings and arc-melted HEAs exhibited

FCC phases, the improvement in the hardness for the HEA coatings was mainly
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attributed to the occurrence of oxide contaminations compared to that of arc-melted

HEAs.

3.3.2.4. Dispersion strengthening

The addition of particulate reinforced high entropy alloy coatings developed by
means of thermal spraying techniques has been reported in literature [74-76]. The hard
particle reinforcement enhances the mechanical properties such as hardness and
toughness due to the different possible mechanisms, namely, i) dispersion strengthening
— associated with micro size particles, ii) misfit in coefficient of thermal expansion —
resulted in occurrence of geometrically necessary dislocations, iii) load transfer effect
— transferring loads from the matrix to the particles and iv) Orowan strengthening
mechanism associated with nano size particles [77]. It has been reported that the
addition of micron sized particles induces high dislocation densities and twinning
around the reinforced particle regions, which contributes to improvement in the
hardness/strength [78]. Many studies have been reported on the effect of dispersion
strengthening through particle reinforced HEA coatings. Wei ef al. [65] investigated
the effect of hard WC-10Co reinforcement of AlICoCrFeNi HEA by mixing using a
mechanical mixer prior to deposition. The HVOF system was used to spray in different
proportions (0 to 50 wt.% of WC-10Co) on 06Cr13Ni5Mo martensitic stainless steel.
The average hardness showed a linear function with the reinforced particles with
highest value obtained for equi-proportional HEA composite coatings (7.3 GPa), which
was around 1.5 times than non-reinforced counterparts. The solid solution
strengthening associated with high atomic radii elements (aluminum) as well as the
dispersion strengthening mechanisms (due to hard WC-Co) further result in improved
hardness for the HEA coatings. In addition, the addition of reinforcement enhanced the
plastic deformation resistance of the coatings obtained from nano indentation results.
The nano-hardness and elastic modulus of BCC phases were around 11.52 GPa and 232
GPa, respectively, for the equi-proportional HEA composite coatings, which was
higher than that of values reported previously [64]. This can be explained based on the
bonding force enhancement of the lamellae after reinforcement addition, which further

resulted in enhancement in the average hardness.

In the work reported by Tian ef al. [15], the atomized Ni60 alloy was added as

reinforcement to AICoCrFeNiTi and developed using APS technique. An increase in
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the average hardness from 6.3 GPa to 6.6 GPa was found after reinforcement addition,
which is attributed to the dispersion strengthening and solution hardening. The
coating/substrate interface hardness was also enhanced noticeably after the
reinforcement additions compared to non-reinforced counterparts. Zhu et al. [76]
investigated MnCoCrFeNi composite HEA by adding AlO3-13 wt.% TiO; as a
reinforcement and fabricated via APS. The powders were blended with a 3D motion
mixer with a frequency of 50 Hz for 4 hours before spraying. The average hardness was
1.29 times higher for the HEA coatings after reinforcement, signifying the dispersion
strengthening. The H/E ratio was also enhanced, indicating the resistance to plastic
deformation and elastic recovery for the AlO;-13 wt.% TiO: reinforced HEA

composite coatings.

Nano oxides reinforced FeCoCrNiMo HEA using APS was investigated by Mu
et al. [16]. The authors concluded that the dispersion strengthening (possibly Orowan
strengthening) due to addition of nano oxides as well as solid solution strengthening
due to high atomic size of molybdenum contributed towards high microhardness of 3.1
GPa despite the FCC structure. The obtained average hardness was almost similar to
the result obtained using APS FeCoCrNiMoo.2 HEA coatings [72] and higher than arc-
melted HEAs [73].

3.3.2.5. Precipitation strengthening

The effect of precipitation strengthening on mechanical properties of thermal-
sprayed HEA coatings has been reported in literature. Fine particles that precipitate
creates large strain fields, which act as barriers to the movement of dislocations and
improves the hardness through Orowan strengthening [77]. Very recent study by Rojas
et al. [62], reported the formation of nano sized fine precipitate (226 nm) for cold
sprayed CoCrFeo.7sNiMoo.3Nbo.12s HEA coatings. The authors concluded that the fine
precipitates, coupled with lattice distortion induced by molybdenum and niobium (solid
solution strengthening), and fine grains (grain boundary strengthening associated with
cold spraying) pinned the dislocations resulting in high compressive yield strength of
1745 MPa. Jin et al. [79] investigated the effect of silicon in different molar fractions
(x = 0.5 to 2) on AlpsCoCrFeNiSix HEA fabricated by means of APS on Q235 steel
substrates. The developed coatings were post-processed using laser re-melting. The
hardness showed linearity with the molar fractions, wherein the maximum hardness

was observed for AlysCoCrFeNiSiz coatings (10.7 GPa) and the lowest hardness was
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found for the coatings with low silicon content (4.9 GPa). The area fractions of BCC
phases increased (increase in solid solution strengthening effect) by suppressing the
FCC phases after laser-remelting, which attributed to the highest hardness for the
coatings. However, due to high silicon content, chromium and silicon (which has a high
negative enthalpy of mixing) tend to decompose from the matrix and form Cr3Si
precipitates, which also act as precipitation strengthening mechanism and along with

solid solution strengthening due to lattice distortion, it further resulted in high hardness.

Li et al. [71] reported non-equimolar Alp>CrCoisFeNiisTi HEA by adding
silver as a reinforcement to fabricate coatings using APS. The HEA and reinforced
particles were mechanically blended and deposited on carbon steel substrates. The
coated specimens were then heat-treated to 750 °C. The average hardness showed to be
around 6 GPa for as-sprayed HEA coatings, which further increased up to 1.2 times
after heat treatment. The oxidation and precipitation hardening (Ni-Ti and Co-Ti
phases) are the contributing factors for improved hardness after heat treatment. A recent
study by Yurkova et al. [50] explored the MA AlCoCrFeNiTi HEAs deposited using
high-pressure cold spraying on steel substrates. The study reported that the average
hardness value is around 10 GPa, which outperforms the AlCoCrFeNiTi coatings
fabricated by means of APS and HVOF techniques [14,80]. The presence of
intermetallic phases, such as B2 (AINi rich) and CrFe rich precipitate phases along with
TiC formations, contributed to high hardness. In addition, the high-velocity impact of
feedstock powder particles on the substrate resulted in significant plastic deformation
through strain hardening and undergoing dynamic recrystallization, which influences

further hardness enhancement.

Another study was performed by Chen et al. [81] where the authors reduced the
Al content to AlosCoCrFeNiTi HEA. The average hardness value obtained for the
HVOF sprayed HAE coating was around 7.7 GPa (789 HVo.1). The hardness increased
up to 9.2 GPa when treated at a temperature of 800 °C for 1 hour. The improved
hardness was probably related to the precipitation hardening after heat treatment. The
CrFe rich o phases were precipitated from the BCC phases at high temperatures (>300
9C) resulted in high hardness. Furthermore, the fracture toughness was investigated
using the Vickers indentation method for the first time in thermal spray coatings. Higher
fracture toughness was obtained at room temperature (8.4 MPa.Vm). However, the

fracture toughness showed to be decreasing after heat treatment (5 MPa.Nm). These
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trends can possibly be explained by the brittle nature of CrFe rich o phase
precipitations. At high temperatures, the CrFe with high negative enthalpy of mixing
tends to decompose from the BCC phases forming ¢ phase precipitates. The presence
of o phases also increases the work hardening ability due to the formation of
deformation twinning and hence, improves the hardness, and lowers fracture toughness.
The detailed mechanism needs to be further investigated to provide a correlation
between phase formations and mechanical properties. The various high entropy alloy
coatings developed through thermal spraying techniques that have been evaluated in
terms of their strength/hardness are summarized in Figure 3.9. As shown in Figure 3.9,
the precipitation strengthening mechanism together with solid-solution strengthening
contributes to higher microhardness when compared to the other strengthening
mechanisms of the HEA coatings, irrespective of the chemical compositions and

deposition technologies.

| Solid solution strengthening |

Grain boundary strengthening |l" persion str th
APS AlCoCrFeNiSi CS MnCoC1FeNi :I APS Nano oxide FeCoCrNiMo
HVOF WC-10Co AlCoCrFeNi
APS AICoCIFeNiTi
CS MnCoCrFeNi APS Ag Aly,CrCoy sFeNi, sTi
APS AlCoCiFeNI
DG MnCoCrFeNi HVOF WC-10C0o AlCoCtFeNi
APS AlCoCtFeNi
HVOF AlCoCrtFeNi APS ALO;-TiO, MnCoCrFeNi
S AlCoCrFeNi-annealed
HVOF AlCoCiFeNi APS Ni60 AICOCIFeNiTi
APS AlCoCrFeNi . -
HVAF AlCoCiFeNi APS Ni60 AICoCtFeNiTi
0123 456 7 891011204 2345678 9101112 o 7 5 3 & 65 6 7 & 6 101112

Microhardness (GPa) Microhardness (GPa) Microhardness (GPa)

|Oxlde-basedstrengthening | Precipitation str: heni |

IAPS Aly sCoCrFeNi,
HVOF FeCoCiNiMo, ;

APS FeCoCiNiMo,

HVOF Al 4CrCoFeNiTi - anncaled

HVOF Al (C1CoFeNiTi

CS AlCoCrFeNiTi

E

APS Al ;CrCo, sFeNi, s Ti - annealed

FS AlCoCrFeMo

:

APS AlCoCrFeNi

:

APS Aly,CiCo, FeNiy ;Ti

APSCoCrFeNiSi,

o

Microhardness (GPa)

12 3 4 5 6 7 8 9 1011129 1 2

g 10 11 12

56 7 8

5 4

Microhardness (GPa)

Figure 3.7 Comparative assessment of different strengthening mechanisms for
thermal sprayed HEA coatings. The precipitation strengthening seems to have a
higher influence on the microhardness compared to all other strengthening
mechanism.
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3.3.3. Quantitative mechanical performance and property

assessment for extreme industrial applications

The influence of microstructure and mechanical properties incline to form in
thermal spray HEA coatings are important to understand the failure mechanisms due to
loading conditions. The results from the previous studies of HEA coatings are
investigated mainly on micro-hardness. Although hardness being a dominant property,
the reliability of the coatings under different loading conditions also influenced by
various mechanical properties such as yield strength, ultimate strength, ductility,
toughness, strain hardening and elastic modulus. Recently, Munday ef al. [82] studied
the correlation between different mechanical properties and microstructural features
(porosity, particle-particle mean free path and average particle size) on cold sprayed
WC-Ni composite coatings. The features of microstructural defects that influence
mechanical properties has been investigated systematically. It was reported that a high
variation in tensile strength was found due to variations in WC content and related
porosity. Such study may open the door to explore the fundamental understanding of
HEA coatings. The high spatial variability is challenging and difficult through
experimentations and can be validate and predict through mechanism-based numerical

models.

The strength and toughness are the key properties that determines resistance to
damage due to loading. For instance, the aircraft and marine components during
operations suffer from erosion damages due to impact of high velocity solid particles,
which resulted in decline in efficiency of the components and premature failure.
Furthermore, the decline in the wear performance may drastically leads to fatigue
failure due to cracking [83]. The fatigue crack initiation phenomenon is related to the
residual stress, and the coatings with excellent balance of strength and toughness can
be able to provide high resilience to fatigue, wear and erosion damages [84,85].
However, the systematic investigations that relate to the HEA coatings and their fatigue
failure mechanisms is lacking. It has been reported that the material’s capability to
absorb strain energy can provide high damage tolerance to fatigue failure. Furthermore,
it is well known that the coatings with excellent toughness and ductility can provide
resistance to erosion damage when the angle of impact greater than 60°, whereas the
hardness and strength are the dominant parameters at low angles [85,86]. HEAs are

reported to have the synergistic response of strength and toughness, which can provide
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resistant to micro-cutting, micro ploughing, micro indent and micro-cracks [87-89].
Since the state-of-art-of the field of HEAs is establishing among the thermal spray
researchers, such studies have not been explicitly explored till date. Figure 3.10
represents classifications of parameters that should quantify for extreme engineering
environments. Correlating the materials-related features of HEA coatings including
different mechanical properties (yield strength, ductility, toughness, ultimate strength,
fracture strength, elastic modulus, work hardenability, fracture resistance),
microstructures (porosities, cracks, inter-splat bonding, adhesion and cohesion) and
phase formations (oxides, FCC, BCC and other phases) with extrinsic factors of wear
damage, such as shape and size of abrasion particles, particle distribution, hardness of
the abrasive particles, density, impact velocity, impact angles, and temperature, which
may help in understanding the effect of microstructure, mechanical properties and
loading conditions (see Figure 3.10). However, such process parameter evaluations are
challenging through experimental investigations and not fully understood. Mechanism
through physical-based modelling is a viable approach to predict the damage resistance

of thermal sprayed HEA coatings.
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Figure 3.8 Schematic illustrating the classifications of material properties for
quantifying the mechanical performance for extreme environmental
applications.

Other salient properties that influence the functionality of a coating are the
substrate-coating adhesion and cohesion or bonding between splats. The adhesion and

cohesion strengths can appreciably affect the coating’s performance in various loading
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3.4.

conditions. These studies are not emphasized to date for thermal spray HEA coatings.
Thus, the fundamental understanding on the adhesion and strengths and their
mechanisms on wear loading need to be explored for HEAs as structural applications.
The bond strength can be investigated by various testing, which includes peel adhesion
[90,91] laser shock adhesion test [92,93] and three-point bend test [94]. However, the
application of these methods on thermal sprayed HEA coatings has not been explored

and further research is required.

Performance assessment of HEA coatings

3.4.1. Wear behavior

Prior studies have mainly focused on the HEA composition of AICoCrFeNi,
where additions of promising elements have been investigated in terms of the wear
performance. Since the HEA coatings have the ability to provide high temperature wear
performance due to their peculiar microstructural features, many studies were devoted
to performing the wear studies at elevated temperatures. Some of the important HEA

coatings and their key findings are summarized in this section.

The wear behavior of AICoCrFeNiTiops developed by means of HVOF was
studied as a function of temperature (room temperature to 900 °C) using an Al,Os
counterface and a 26 N normal load [95]. A strong dependence of temperature on the
wear behaviour was observed, which indicates that the wear resistance decreased as the
function of temperature (from room temperature to 500 °C) due to thermal softening.
However, an increase in the wear resistance was found as the temperature increased up
to 900 °C. Figure 3.11 revealed presence of deep grooves with oxide formations (white
regions) at the lowest temperature however, oxide film or glazed layers appeared to be
compact on the wear tracks at elevated temperatures acting as a protective shield against
plastic deformation [95]. The glazed layers formed are comprised of spinel oxides,
causing a reduction in coefficient of friction and wear rates. Chen et al. [81]
investigated the wear performances of HVOF based AlosTiCrCoFeNi HEA coatings
using pin on-disc testing against a Al2O3 counter body. The authors noticed a change in
the wear behavior as the function of temperature, where abrasive wear was the
dominant wear mechanism together with fatigue failure at increased temperature [81].
A compact glazed layer was also identified on the wear tracks at highest temperature

(500 °C), yielding to reduction in coefficient of friction. The evolution of these compact
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glazed layers protect the surface from further damaging due to sliding, and thereby

lower wear rates were achieved [81].

85D W WD= 15mm 200X 2opm 85D 2600KV  WD= 16mm 200X 2o

Figure 3.9 Wear morphologies of AICoCrFeNiTi HEA coatings tested at room
temperature and elevated temperature. The presence of contrast oxide regions
was more profound when tested at room temperature compared to that at
elevated temperature [14].

Tian et al. [20] investigated wear performance at varying temperatures using
SizN, counterface for atmospheric plasma sprayed AICoCrFeNiTi HEA coatings on
stainless steel 316L substrates. The study was performed at varying temperatures, i.¢.,
25 °C to 900 °C with a constant normal load. The as-sprayed HEA coatings showed the
presence of ordered BCC, disordered BCC and an FCC phase. The authors reported
that there were no changes in phases when tested at 500 °C; however, at elevated
temperature (at 700 °C), CrFe rich precipitates were found on the wear tracks, indicating
a phase transformation from the disordered BCC structure. The CrFe precipitates might
contributed to reduction in coefficient of friction and lower wear rates compared to that
of tested at different temperatures. In general, fine structured precipitates with small
fractions may induce pinning of dislocations by Orowan strengthening, which further
contributed towards high hardness and reduction in wear rates. Wear morphologies of
the AICoCrFeNiTi HEA coatings at different temperatures are shown in Figure 3.12.
As shown in Figure 3.12, the wear tracks obtained at room temperature and 500 °C
showed significant delamination, abrasive grooves and formation of lips after testing.
The pronounced delamination could possibly be explained by the large plastic flow and
adhesive wear. Ex situ analysis of the counterface and their transfer film formations
have not been reported by the authors. Nevertheless, the formation of tribofilms were
found for the HEA coatings tested at higher temperatures, i.e., 700 °C and 900 °C. The

tribofilms consists of compact oxides and mechanically mixed layers — layers that
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generated due to chemical and processing conditions during wear, which further helped

in reduction in wear rates and coefficient of friction.

A comparative study on FeCoCrNiMoo> HEA coatings using HVOF and APS
over a steel substrate was performed by Li et al. [51]. The study concluded that the high
fraction of oxides, typically spinel oxides formed for the APS HEA coatings reduced
the wear rates compared to that of HVOF based HEA coatings. The spinel oxide
contents for APS HEA coatings were almost 4 times higher compared to HVOF HEA
coatings. Despite of having high fractions of oxides, the hardness values were similar
for both HEA coatings. The high fractions of spinel oxides act as a lubricating behavior
for the APS HEA coatings, which in turn reduced the wear rates compared to HVOF
HEA coatings in an order of magnitude. The dominant wear mechanisms involved was

abrasion for both the HEA coatings [51].
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Figure 3.10 Wear morphologies of mechanically-alloyed AlICoCrFeNiTi HEA
coatings tested from room temperature to 900 °C. Delamination, and formations
of grooves and lips were more obvious at low temperatures (Figure (a to c¢)). The

tribofilm formations at elevated temperatures (700 °C and 900 °C) act as
protective layers against wear damage (Figure (g to i)) [20].

More recent by Patel et al. [96] investigated the wear behavior of as-sprayed
and heat treated CoCrFeMnNi HEA coatings using Al,Os as counter surface tested at 5
N normal load. The study was carried out on rough and polished surfaces, aiming to
understand the influence of surface roughness on tribological interfaces. The as-sprayed
polished surfaces showed approximately 5 times lower wear rates compared to that of
rough surfaces of the HEA coatings, indicating the rough surfaces are not an appealing
method for wear applications. However, no variations in wear rates were achieved after
heat treating the HEA coatings. The difference in wear rates could possibly be
explained by the formation of oxide or glazed layers, which were similar in case of as-

sprayed and heat-treated HEA coatings. The authors concluded that the occurrence of
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tribolayers (typically mixed oxide layers) act as third-body, which reduced the adhesion
between two bodies and thereby increased the wear resistance for both the coatings.
Figure 3.13 shows the counterface images after sliding against the as-sprayed and heat-
treated HEA coatings at both the surface conditions. As shown in Figure 3.13, material
transfer had taken place for all the coatings, wherein, severity of grooves was lesser in
case of the polished surface coating compared to that of rough surface counterpart. The
authors suggested that the transfer film to counterface was higher for the rough surfaces,
which eventually leads to further breakage of the films. Consequently, the fractured
particles (wear debris particles) act as third body, resulting in ploughing of asperities

and wear rates for the rough surface HEA coatings [96].
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Figure 3.11 Wear morphologies of AI203 counter body performed against rough
and polished CoCrFeMnNi HEA coating surfaces. The transfer film was more
pronounced for the rough (unpolished) HEA coatings, which contributed to
increased wear rates [96].

A few articles also investigated the wear behavior of cold sprayed HEA
coatings. Yin et al. [41] investigated the wear behavior of high-pressure cold sprayed
FeCoNiCrMn HEA coatings tested at 5 N load using WC-Co ball as counter body. The
authors concluded that the significant work hardening ability and grain refinement due
to high velocity impact influenced the wear rates, which was comparatively lower than
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that of laser cladded HEA coatings. Similarly, a recent study by Silvello et al. [97]
investigated the wear behavior of cold sprayed and HVOF sprayed FeCoNiCrMn HEA
coatings. The study showed that the cold sprayed HEA coatings exhibited least cohesive
strength, which were prone to wear performance. On the other hand, the HVOF coatings
showed low wear rates, which was mainly attributed to their formation of spinel oxides.
It was observed that the wear track was characterized by microgrooves and fragmented
debris, indicating abrasive wear as major wear mechanism for the cold sprayed HEA

coatings.

3.4.2. Corrosion behavior

Chromium is considered to be the most influential metal to provide material
protections against corrosion species due to its stabilized chromium oxide films. It has
been reported that the presence of chromium with more than 20 wt.% in the composition
provides corrosion protections for HEAs fabricated via arc-melting [98]. However,
some studies on HEAs claimed that the aluminum addition in high fractions declines
the protection capability by depleting chromium from the phases [99]. Still, the debate
is ongoing on how the alloy chemical compositions, microstructural, and phase
formations influence the corrosion characteristics of HEAs. Reported literature in the
article was mainly focused on seawater (may consist of NaCl, CaCl> MgSOs, and
MgCl) and 3.5 wt.% NaCl as electrolytes. Generally, chloride ions cause severe
corrosion damages when compared to electrolyte containing acidic or alkaline.
However, there is a significant research gaps on the response of different electrolyte
conditions on corrosion performances of thermal sprayed HEA coatings. More
importantly, different chemical compositions of HEAs utilized for thermal spraying has
not studied so far and required further research to understand how the influence of
different HEA compositions and their microstructural artifacts could impact the

performance under electrochemical damage.

The effect of phase formations and oxidation in HEA coatings can strongly
influence the corrosion current density (Zcorr), pitting potential (Epit), and corrosion rates.
Wang et al. [100] investigated the corrosion behavior of (CoCrFeNi)osNbs HEA
coatings using plasma spraying. I.or values showed to be around 7.23 pA/cm?, which
is lower than that of HEA coatings fabricated using other techniques, highlighting the

better corrosion resistance. The presence of stable oxides (CrO3 and Nb2Os) enhances
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corrosion resistance for the HEA coatings. Niobium and chromium rich interdentrite
phases act as micro-galvanic cells, which leads to inferior corrosion resistance. In
another study reported the corrosion rates decreased up to 1.6 times by an increase in
the molybdenum additions in AICoCrNiMo, (x = 0.5 and 1) HEAs fabricated by HVOF
[101]. These HEA coatings showed approximately 2.4 times better corrosion

performance than that of traditional NiCrSiB coatings under 3.5 wt.% NaCl solution.

Mu et al. [59] investigated the corrosion performance on AlCoCrFeNi HEA
fabricated by means of APS. They utilized different power sources to study their effects
on corrosion behavior. The coatings with high voltage exhibited low I values,
highlighting the better corrosion resistance. The electrochemical impedance
spectroscopy (EIS) study revealed the high charge transfer resistance (Rc) for the HEA
coatings fabricated at high voltage, which indicated the better passivation resistance.
X-ray photoelectron spectroscopy (XPS) showed the presence of species including
AlO3, Co304, Cr (OH)3, Fex03, Fex04, FeO, NiO, and bound water (H20) on the
corroded surfaces, where the presence of bound water improved the corrosion
performance of HEA coatings. Meghwal et al. [102] investigated the AlICoCrFeNi HEA
coatings using APS in comparison with stainless steel 316L under seawater conditions.
The HEA coatings showed slightly higher Icorr values (0.83 uA/cm?) compared to that
of stainless steel 316L (0.26 pA/cm?), as shown in Figure 3.14(a). Micrographs of the
corroded surface revealed the formation of the pores and pits for the HEA coatings,
which indicates the general and localized corrosion attacks (Figure 3.14(b) and 3.14(c)).
Stainless steel 316L is known for corrosion resistance material due to its Cr203
stabilization, which acts as the barrier to selective and localized corrosion. On the other
hand, the microstructural inhomogeneities and porosities act as preferential sites that
lead to poor corrosion resistance for the HEA coatings. The multiphase formed with
oxides may act as micro-galvanic cells, which also increased the lcorr values compared

to stainless steel 316L.
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Figure 3.12 (a) Potentiodynamic polarization curves of APS AlCoCrFeNi HEA
coatings and SS 316L and (b) and (c) depicts the corroded HEA surfaces [102].

More recently, Nair ef al. [61] investigated electrochemical corrosion of newly
developed AICoCrFeMo coatings deposited by means of flame spraying and low-
pressure cold spraying techniques using a 3.5 wt% NaCl solution. The authors reported
that the lack of oxide contaminations and reduced porosity level contributed to an
improvement in the corrosion resistance (approximately two times); low corrosion
current density and high passivation capability for the cold sprayed coatings compared
to that of flame sprayed counterparts, as shown in Figure 3.15. The presence of oxides
inclusions during oxidation in-flight, which has different chemical composition
gradients, increased the corrosion rates for the flame sprayed HEA coatings due to
formation of micro-galvanic cells. Furthermore, the porosity level was higher in the
case of flame sprayed HEA coatings, which act as a preferential site for the electrolyte
to pass through, resulting in high corrosion rates. The comparative studies of the
corrosion current density indicated that the thermal sprayed HEA coatings showed
better performance compared to that of the HEA coatings fabricated using different
manufacturing routes when tested under 3.5 wt% NaCl solution [61,97,98,100,103-
106], as shown in Figure 3.16.
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Figure 3.13 Electrochemical corrosion studies representing potentiodynamic
polarization curves and Nyquist plot of flame sprayed and cold sprayed
AlCoCrFeMo HEA coatings. The figure indicates that the cold sprayed HEA
coatings showed better corrosion performance compared to flame sprayed HEA

coatings [61].
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Figure 3.14 A comparative assessment of corrosion current density for thermally
sprayed HEA coatings with other HEA coatings fabricated using different
methods under 3.5 wt% NaCl solution [61,97,98,100,103-106]. The thermal

sprayed HEA coatings showed lower corrosion rates compared to stainless steel
316L and other HEA coatings. GTAC is gas tungsten arc cladding, CS is cold
spraying, FS is flame spraying, HVOF is high-velocity oxy fuel, APS is air

plasma spraying and LC is laser cladding.
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3.4.3. Oxidation behavior

Although the performance of HEA coatings against corrosion was better than
traditional materials, studies on the oxidation behavior of thermal sprayed HEA
coatings were also shown promising. The literature investigated for oxidation response
on thermal sprayed HEA coatings were similar to that of electrochemical corrosion.
The studies on oxidation response are crucial for thermal-sprayed HEA coatings that
can be served for elevated temperature applications. Hsu et al. [33,107,108] fabricated
HEAs based on the family of non-equimolar NiCog¢Feo2CrySi-AlTi, coatings using
APS, HVOF, and warm-spraying. The alloy coatings development strategy aiming at
achieving a clearly beneficial property combination, which is required for insertion of
new high-temperature coatings, can be summarized as follows. Chromium and
titanium, in addition to aluminum, should ensure the formation of protective oxide
scales. Addition of silicon also favors in providing oxidation protection with chromium
and titanium constituent elements. All the HEA coatings were compared to traditionally
utilized NiCrAlY and MCrAlY coatings, respectively. These studies were performed at
a temperature of 1100 °C.

The first study conducted by Hsu et al. [33] fabricated used APS-based HEA
coatings with an increase in chromium content, and the result showed a similar
oxidation response compared to that of NiCrAlY coatings after the completion of 150
hours. The steady-state regime was found for the HEA coatings after 100 hours,
indicating stable oxide scales. The mixed Ti-Cr-Al oxides and Al,O; are the major
contributing thermally grown oxides (TGO) to provide oxidation resistance. The next
study conducted by Hsu ef al. [107] used two HEA overlay coatings with varying
chromium and titanium in NiCoo.cFeo2Cri3S1AlTi02 and NiCoosFeo2Cri.sSiAlTi
fabricated using HVOF, APS, and warm spraying, respectively. The oxidation time
increased to 336 hours. A steep rise in the weight gain was observed for all the HEA
coatings compared to MCrAlY coatings (Co-30Ni-21Cr-15A1-0.5Y), indicating
inferior oxidation performance. The weight gain showed a sudden rise after 250 hours
for the HEA coatings. Among the HEA coatings, warm-sprayed coatings showed the
highest oxidation resistance, which is mainly due to the non-porous oxide scales. The
subsurface layer confirmed the Ti-Cr-Al and Al>Os are the oxide scales formed for all
the HEA coatings. Another study was reported by adding Si in

NiCoo.sFeo2CrSio2AlTio» was fabricated HEA overlay coatings using APS and HVOF,
55



3.5.

respectively [108]. The oxidation studies were performed in comparison with MCrAlY
(Co-30Ni-21Cr-15A1-0.5Y) coatings. The weight gain showed a sharp rise until 50
hours, followed by steady-state conditions for the HEA coatings, whereas the MCrAlY
coatings showed a steep rise until 168 h. The results conclude that the oxidation

resistance was similar to that of MCrAlY coatings at 1100 °C.

The Al,O3 and CrO3 serve as protective oxide scales, which yield better
oxidation resistance for the HEA coatings. For instance, two HEA
AlSiTiCrFeCoNiMoo.s and AlSiTiCrFeNiMoo.s coatings showed the first increase in
oxidation resistance from 900 to 1000 °C and declines at 1100 °C, which is due to the
formation of unstable TiO: scales at the outer layer. Among all the temperatures, both
the HEA coatings showed better oxidation performance at 1000 °C, which is attributed
to their strong chromium oxide scales [52]. Another study by Anupam et al. [16]
reported Al,O3; protective oxides are the main contributing factors for oxidation
resistance for the cold sprayed AICoCrFeNi coatings while performed at 1100 °C for
100 hours. Recently, Xu et al. [109] investigated the oxidation performance of
FeCoCrNiMn fabricated using cold spraying at 700 to 900 °C and compared with their
bulk forms. The oxidation behavior of cold sprayed CoCrFeMnNi and reported similar
oxidation rate (k, = 0.0208 mg? cm™ h'') compared to as-cast HEA (kp =0.0197 mg?
cm™ h') at 700 °C, but higher at high temperatures. The multi oxide scales were
observed on the sublayer, which includes Mn2Os outer layers, Mn-Cr spinel layers
along with Cr,Os inner layers, respectively at 700 to 800 °C. The significant grain
boundaries promote the manganese outer diffusion, which results in the formation of
manganese oxide scales, which was not found for the as-cast HEAs. These studies give
a new opportunity to explore detailed studies regarding the oxidation response in

thermal-sprayed HEA coatings and can be potentially transformative.

Types of HEA coatings and their potential applications

3.5.1. Refractory-based High Entropy Alloys (RHEAs) for high

temperature applications
Refractory-based HEAs (RHEAs) have gained significant attention in the
materials science community due to their prospective properties at elevated
temperatures. Despite having high-temperature strength and oxidation resistance, the

limited capability of nickel superalloys to perform at temperatures above 1000 °C has
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always been a challenge. The features of RHEAs in terms of resistance to high
temperature softening, and high melting point that can sustain more than 2000 °C
outperform the superalloys, reported by literature [110-113]. Furthermore, the high-
temperature strength and ductility along with superior oxidation and corrosion
resistance of RHEASs at elevated temperatures increased the demand to focus on thermal
barrier coatings. However, no reports have been provided for RHEAs fabricated using
thermal spray technologies so far. Grouping the elements with refractory and transition-
based metals offers excellent properties to high-temperature strength and oxidation,
which in turn results in poor oxidation performance, high density, and brittleness [113-
115]. By employing thermal spraying technologies for HEAs may enable a
breakthrough for applications that demand elevated temperatures. However, till now,
more than 120 refractory based high entropy materials has been developed using
various technologies due to their exceptional high temperature properties. Primarily,
RHEAs forms as BCC phases, mostly with single phase BCC structure with high
strength at room and elevated temperature (even at high temperature of 1600 °C) and
are high resilience to thermal softening because of the slower diffusion kinetics [61],
and thus, capable as coatings for high temperature gas turbine regions in aerospace
sectors. More importantly, the combination of refractory (Ta, Nb, etc) and transition
metals (Al, Cr, Mo) provide an excellent combination of high melting point and
oxidation and corrosion resistance, enable them to use for high-temperature
applications replacing super alloys. Recently, Gorr ef al. [113,114,116-118] proposed
novel RHEAs based on the x-Mo-Cr-Ti-Al (x=W, Nb, Ta) alloy system developed by
arc-melting and annealing. The alloy development strategy aiming at the achieving a
clearly beneficial property combination, which is required for insertion of new high
temperature materials, can be summarized as follows. The addition of tungsten,
niobium, tantalum, and molybdenum should provide a high melting point, high
temperature strength and creep resistance. Additions of titanium and aluminum should
guarantee reasonable density, while chromium, in addition to aluminum, should ensure
the formation of protective oxide scales. While the equiatomic alloy W-Mo-Cr-Ti-Al
possesses a single-phase BCC microstructure, the substitution of tungsten by niobium
causes formation of the ordered Laves and A15 phases [113,118]. In addition to the
BCC and the Laves phases, the ordered B2 phase becomes dominating in the Ta-Mo-
Cr-Ti-Al alloy [117]. Furthermore, the Ta-Mo-Cr-Ti-Al alloy shows very high
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oxidation resistance. Oxidation experiments yielded values of the mass gain less than 1
mg/cm? and ~ 3 mg/cm? at 1000 and 1100°C, respectively, after 48 hours [116,117].
The formation of the protective Al>O;3 oxide scale along with CrTaO4 explains the high
oxidation resistance of the Ta-Mo-Cr-Al-Ti alloy [116]. The remarkable properties of
RHEAs such as high melting point, high hardness and oxidation resistance are
beneficial for harsh environments and thus, suitable for the components used in gas
turbines. However, the exploration of RHEAs in conjunction with thermal spraying
technologies for high-temperature applications has not been explored till date and

further research is required.

3.5.2. Transition-based High Entropy Alloys for aerospace

applications

For aircraft engines, static and dynamic seals are vital components, which
prevent the leakage of gases and fluids. One typical example is the usage of face seals
to control the oil leakages from the gear boxes. In addition to that, the seals should
have capability to withstand high temperature operations. Figure 3.17 shows typical
seals used in aircraft engines and their locations. However, due to the severe operating
conditions, engine seals undergo pronounced vibrations relative to the interfaces, which
results in high friction and wear by reducing their efficiency to control the leakages
[119]. Studies are on-going to incorporate advanced materials to mitigate the high
friction and wear operating at different working environments, especially in the high-
temperature regions. Thermal-sprayed HEA coatings have shown promising wear
behavior at elevated temperatures, which can be a potential candidate for such extreme
applications. The lightweight nature and superior specific strength at high temperatures
offered by AICoCrFeN1 HEAs may be an alternative material than that of the traditional
materials utilized for aerospace seal applications [120]. However, further research is
required to understand how the different temperatures influence the wear performance

of thermal-sprayed HEA coatings.
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Thermal barrier coatings are utilized to protect gas turbines components from
extreme temperatures. The thermal barrier coatings consist of metallic bond coat as first
layer and ceramic coating as top layer coating. Typically, MCrAlY (M = Co and/or Ni)
is used as metallic bond coating as these coatings provide reasonable oxidation
performance due to the formation of Al,O3 oxide scales, acting as a protective shield
for base materials. Most of transition-based HEAs have shown exceptional properties
due to their sluggish diffusion kinetics and high configurational entropy effect [121].
Aluminum and its oxide counterparts formed are the protective scales preventing from
oxidation; however, utilizing the high-temperature deposition techniques reduce the
aluminum content in the HEA coatings, reported by Ang ef al. [24]. More specifically,
the deposition techniques that can work under low temperature is a feasible approach
to develop HEA coatings that can provide protective oxide films from further oxidation.
Cold sprayed HEA coatings as bond coating for thermal barrier systems has not been
explored till date and opens a new research direction to explore transition-based HEA

coatings.

3.5.3. High Entropy Carbides

High-entropy-driven materials provide a challenging aspect to design materials
based on certain applications. Although transition and refractory metals endow a scope
in terms of structural materials for harsh environments, the researchers extend their
focus in designing and developing carbides from the group of IVB, VB, and VIB
transition metals known as high entropy carbides (HECs) [122-125]. The most
attractive features of HECs are their ability to persist in single-phase structures at

extreme temperatures and local chemical environments. By the advantages of slow
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diffusion kinetics and distorted lattices favor the HECs to provide thermal protection,
improved strength and hardness, and better oxidation resistance. Furthermore, the
HECs are defined as materials with ultra-high melting points (>3000 °C), which
increase their demand in extreme operational conditions in structural applications such
as rocket nozzles, and nuclear reactors. The plausible elements based on the
vulnerability of the applications should have to be explored to develop high-entropy-

driven carbides.

3.5.4. High Entropy Oxides

The rapid development of high entropy materials and their strong correlations
between compositions and properties opens up a new window to study the prospects of
these materials in the form of oxides. High entropy oxides (HEOs) are emerging branch
of high entropy materials, which can fulfil the requirements in applications such as
catalyst, dielectrics, and magnetic properties [126-131]. The distinct nature of anion
and cation sublattices in HEOs bestow better solubilities and stabilizations. Although
the field of research based on HEOs is in its inception, the understanding of developing
the HEOs by means of thermal spraying and cold spraying is critical and challenging.
The structural formation and properties of thermal spraying and cold spraying HEO
coatings should have to be explored to expand their research for applications such as,
catalysis, water splitting, thermal protection, supercapacitors, and thermoelectric and
thermal barrier coatings. HEOs developed through arc-melting process had been proved
for their magnetic [127,128] and energy storage [129,132] applications, and hence, the
thermal-sprayed HEO coatings may provide a fascinating research topic in the near

future.

3.5.4.1. High Entropy Composites Alloys

Metal matrix composites (MMCs) have widely been studied for many industrial
applications due to their high hardness and excellent strength with optimum ductility
and toughness [82,133,134]. Several secondary particles as reinforcement, typically
ceramics, are incorporated into the metal matrix to enhance the inherent features of the
composite structures that can be implemented in various industrial sectors. Considering
the attractive properties attained through these composites, HEAs are used as a metal
matrix with ceramic reinforcements (i.e., TiC, SiC, WC, Al;O3, TiN) developed

through different techniques such as induction melting [75,135], plasma cladding [136],
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microwave processing [87,88], spark plasma sintering (SPS) [137-139] and additive
manufacturing (AM) [140,141]. Thus, a new family of MMCs arose in the field of
HEAs known as high entropy composite alloys (HECAs). Together with thermal
spraying and cold spraying technologies, HECAs can provide an excellent opportunity
to break the bottleneck problems associated with wear and corrosion. One such example
is the fatigue fracture (due to cyclic loading of bubble implosions) and plastic
deformation failures when exposed to cavitation erosion damage. Therefore, the
concurrent high strength and toughness interactions are significant in controlling
cavitation damage due to bubble implosions. To the best of the authors’ knowledge,
only one group investigated the cavitation erosion-corrosion response on AlICoCrFeNi
HEAs fabricated through HVOF technique [64]. HEA coatings showed 3.5 times lower
cumulative mass loss (CML) than conventional steel (06Cr13Ni5Mo) after 24 hours of
testing. The presence of BCC phases in HEA coatings enhance the hardness due to solid
solution strengthening that controls damage due to bubble implosions. Lamellar
spalling and interlaminar cracks are the dominant damage mechanisms observed after
testing. Different HECAs can be designed by tailoring the chemical compositions and
with the addition of reinforcement that can be fabricated using deposition techniques

depending on the vulnerability of severe degradations.

3.5.5. Perspectives on Other Applications of HEA Coatings

Varying the chemical compositions opens new possibilities for potential
benefits of HEAs in their multifunctional roles including catalysis and energy
applications. The governing factors, including high configurational entropy and severe
lattice distortions, enable HEAs to perform as a catalyst. The most promising attribute
for HEAs is the meticulous material selections and their property tuning by varying the
chemical compositions in atomic length, which helps to modify the crystal structures to
mold them as a feasible catalysis. Employing the established thermal spraying
manufacturing routes is considered a top-notch approach to fabricate catalytic HEAs.
However, to the best of the author’s knowledge, the utilization of HEAs through
thermal spraying is still lacking. Being the vast compositional space of HEAs,
designing new-generation catalytic HEA coatings would be challenging and require

high-throughput screening using computational tools such as machine learning.
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Recent studies show the potential features of arc melted HEAs to use in
orthopedic implant applications in terms of hip and knee replacements [142-146].
Although the demand for bio implant materials is increasing due to automobile accident
rates and sports injuries, premature failure due to localized corrosion in a highly
aggressive physiological environment becomes a long-term issue for using traditional
materials. The presence of toxic ions is another problem in conventional materials such
as stainless steel, which leads to allergic reactions to the human body. The distinguished
microstructural features of HEAs, along with anti-wear and anti-corrosion properties,
endows the possibility of HEAs to use as a novel type of bioimplant materials
[147,148]. Since the field of research is highly unexplored in terms of HEA coatings,
the potential benefits of HEAs can provide a helpful hand to develop bioimplant
coatings with improved wear and corrosion resistance, excellent strength-weight ratio,
and biocompatibility. The perspective for future study associated with thermal spray
HEA coatings would invigorate the interests of researchers to focus extensively on the

directions of orthopedic implants.

Radiation damage in the nuclear sector is another challenging area of research,
where the structural material damages due to the high dose of radiation at high
temperatures. The traditional materials for nuclear reactors are unable to overcome high
dose neutron irradiations, which eventually results in material embrittlement,
hardening, and failure. The salient features of HEAs with topological lattice distortion
capability between constituent elements can be able to provide self-healing ability to
encounter the high radiation dose. The findings of arc-melted HEAs showed an
excellent irradiation response than traditional materials [149,150]. This expands the
possibility of such a study in the field of HEA coatings through thermal spray

manufacturing routes.

Thermal-sprayed high entropy alloy coating properties can be further enhanced
through targeted strategies in order to create next-generation materials with unique
properties. One of the main advantages of HEAs is that they provide numerous
possibilities in designing alloys including the combinations of transition metals,
refractory elements and ceramics. For achieving favorable phase formations and
desired mechanical properties such as strength and toughness, selection of plausible
alloying elements is paramount. Recently, researchers used the CALPHAD approach

for designing numerous high entropy alloys with different variations of alloying
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elements and predicted their phase formations, which in turn can identify the
strengthening mechanisms of HEAs. For instance, Guo et al. [151] used CALPHAD
approach coupled with experimentation results to design and develop precipitation
strengthened (FeCoNi)osAlxsTis. high entropy alloys. Thermo-Calc software with
TTNI18 database was used to predict the phase formations of the HEA, as shown in
Figure 3.18. Their studies validated that the formation of NizAl based y nano
precipitates was found for the HEAs using Thermo-Calc software and transmission
electron microscopy. Indeed, CALPHAD has been emerged as a profound tool for
predicting the phases, microstructure, and materials properties for numerous high
entropy alloy systems. CALPHAD in conjunction with machine learning approach is
an emerging trend for designing numerous plausible HEA systems that can pave the
way for better mechanical properties. Such approach corroborates the research
significance in predicting the alloying elements in thermal sprayed HEA coatings.
However, the evolution of oxide phases is a common microstructural artefact in thermal
sprayed HEA coatings due to their oxygen sensitive elements (typically Al, Cr, Mo, Fe,
etc.). Therefore, there is strong need to perform research in predicting the oxide
formations using CALPHAD aided approach for high entropy alloys by means of

thermal spraying technologies.
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3.6. Conclusions

High entropy alloys have been shown to have remarkable mechanical properties
and considerable potential for future applications. Thermally sprayed high entropy
alloys have been advantageous in many ways as compared to traditional alloys or
conventional coatings. HEA coatings can be used in many industries due to their
excellent wear, friction, corrosion, oxidation behavior and are now replacing some old
alloys and techniques eventually. HEA feedstocks can be produced by various methods
in which mechanical alloying is a technique followed by researchers in the laboratories.
In contrast, gas atomization is the most widely used technique due to the homogeneity
of the alloy. Blending is the simplest of all but is not used widely due to the poor
composition of the alloy and non-uniform properties. HEAs have been produced as bulk
alloys for a long time, but recent advancements of technology have enabled them to be
thermally sprayed as a coating over a substrate. Thermal spraying of HEAs is done over
a wide range of temperatures depending on the application. High-temperature processes
such as APS and HVOF have been shown to develop a harder coating due to oxides
and other temperature-induced phases. Cold spray is a low-temperature process that
produces a softer coating, and metals with a lower melting point can be sprayed by
using this technique easily. However, a study reported that cold sprayed AICoCrFeNiTi
showed higher average hardness than other high-temperature deposition techniques.
Cold sprayed HEAs tend to develop a stronger bonding with the substrate due to high
velocity impact on to the surface causing mechanical interlocking. Different spraying
techniques and process parameters give rise to other mechanical properties and
microstructural changes. High-temperature spraying produces higher porosities due to
lower particle speeds such as APS. These defects can be treated via post-processing,
such as annealing. In addition to that, alloying elements also play an essential role in
determining the properties of HEA. HEAs have been showing excellent tribological
characteristics from time to time. These coatings offer great potential to be used as
wear-resistant coatings. The ability of these coatings to change properties according to
the spray parameters make it highly viable to be used for varied applications. Similar
layers show different wear and friction behavior when developed via other processes.
Coatings produced via high-temperature processes tend to offer higher wear resistance
due to oxide formation at elevated temperatures. Softer coatings have lower wear

resistance but better friction behavior, possibly due to debris formation. HEA provide
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good corrosion resistance due to stable oxides formation. On the contrary, the defects
and porosities affect the corrosion behavior negatively. Alongside corrosion, the
oxidation resistance of HEAs was also studied to be better than those compared to
conventional alloys. Ideally, high-temperature processes should provide a better
oxidation resistance due to the formation of an oxide layer protecting the surface. But
certain coating develops pores which impact the oxidation resistance negatively. Owing
to HEAs outstanding mechanical and tribological properties, a wide range of industries
could benefit from these new species of alloys. The aerospace sector will primarily
profit from HEAs. They provide the perfect set of characteristics like wear resistance
and the ability to withstand erosion at high temperatures beneficial for harsh
environments such as gas turbine engines. The lightweight, high strength HEA coatings
are the essential factor for many industrial components that can provide energy
consumption, better functionality and improved service life. Material degradation can
be a harmful cause in the marine sector. HEAs being resistant to corrosion and
degradation, can find their space in marine industries. While HEAs have shown
promising potential for future applications, environmental awareness is also crucial to
study. Production and recycling of HEA coatings should be given importance alongside
its industrial benefits. Studies must be performed on how to extract metals elements
required for HEA feedstocks and extract those out of wasted HEA feedstocks. The cost-

effectiveness of thermal spraying of HEAs is also an important point to be noted.
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Chapter

4. TRIBOLOGICAL RESPONSE OF
AlCoCrFeMo HIGH ENTROPY
ALLOY DEPOSITED VIA FLAME
SPRAYING AND COLD SPRAYING: A
COMPARATIVE EVALUATION

In this chapter...

The tribological studies between the flame sprayed and cold sprayed HEAs have been

provided. The testing, characterization and data analysis was performed to understand the

friction and wear behavior at varying loads and surface conditions.
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4.1. Abstract

High entropy alloys (HEAs) are a promising class of advanced materials
composed of multi-component elements that possess outstanding mechanical and
corrosion properties, which enable their use in many industrial applications. However,
limited studies have focused on the tribological behavior of HEAs fabricated by means
of thermal spray technologies. In this study, AlCoCrFeMo equimolar HEAs were
fabricated successfully using flame spraying and cold spraying techniques to determine
the phase compositions, microstructures, properties, and sliding wear resistance.
Scanning electron microscope (SEM), energy dispersive spectroscopy (EDS), X-ray
diffraction (XRD), image analysis, and Vickers micro-hardness testing were used to
characterize the coatings. The results show the existence of oxides in the flame sprayed
HEA coatings due to in-flight oxidation, which led to noticeable increase in the porosity
(2.8 £ 1%) compared to the cold sprayed HEA coatings (<1%). Oxide evolutions and
body-centered cubic (BCC) phases improve the hardness of flame sprayed HEA
coatings compared to that of cold sprayed coatings. The sliding performance was
investigated at room temperature by varying the normal loads (i.e., SN, 10N) with
constant sliding speed (i.e., 3.1 cm/s). The cold sprayed coatings showed overall lower
coefficient of friction (i.e., ~0.5) with numerous fluctuations compared to the flame
sprayed coatings. However, the flame sprayed coatings showed improved wear
resistance when compared to HEA deposited by means of cold spray. This correlated
well with the observations of ex situ analysis, which showed greater material transfer
and increased formation of debris on the cold sprayed coatings compared to the flame
sprayed coatings. The results obtained in this study suggest that flame sprayed HEA
materials are promising candidates for next-generation tribological interfaces under
specific conditions, pointing to new materials designed with improved microstructural

features and enhanced mechanical properties.

Keywords: Aecrospace Materials, High Entropy Alloys, Interfacial Processes,
Tribology, Cold Spray (CS), Flame Spray (FS)
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4.2. Introduction

Over the years, the demand for materials that resist damage in extreme
environments has been increasing with respect to advancement of aircraft engines and
gas turbines. Traditional alloys based on one or two dominating elements have shown
limitations in terms of the requirements for the aerospace sectors, in particular due to
their limited efficacy to mitigate wear and corrosion challenges. Therefore, it is
paramount to develop advanced materials with desirable properties, which enable them
to withstand such extreme conditions. With the recent advancements in materials
research, a novel class of metallic materials comprised of multiple elements known as
“high entropy alloys (HEAs)” was coined in 2004, in the pioneering studies of Yeh et
al. [1] and Cantor et al. [2]. Since the emergence of HEAs, the demand for these alloys
has sparked considerable interest in the aerospace community due to their promising
microstructural features and remarkable properties, which make them more suitable for

extreme environments.

HEAs are alloys that contain five or more principal elements, each of which
comprises between 5 at% and 35 at% of the alloy [1]. These alloys possess high
configurational entropy exceeding 1.5R, where R is the gas constant
(8.3144 ] mol~1K~1), which enables the stabilization of face-centered cubic (FCC) or
body-centered cubic (BCC) depending upon the explored chemical compositions [3].
For instance, the formation of FCC phase was found in CoCrFeMnNi high entropy
alloys, which is one of the most extensively investigated compositions in both bulk
materials and coatings [2]. However, the replacement of manganese (Mn) with
aluminum (Al) promotes the evolution of BCC structure with high strength [4]. It has
been argued that the difference in phase formations was determined by the concurrent
interactions between high configurational entropy (AS¢onf) and enthalpy of mixing
(AHpix) [5]- Nevertheless, distinct features, such as lattice distortion, sluggish
diffusion and cocktail effects also benefit HEAs with unique microstructural

characteristics and desirable properties [6].

Several recent studies have shown exceptional properties of HEAs as coatings
in tribological applications [5-10]. More specifically, HEAs fabricated by means of
thermal spray coatings have been explored for their behavior under wear loading. For
instance, Tian ef al. [11] investigated the wear performance at varying temperatures
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using SizN, counterface for atmospheric plasma sprayed (APS) AlCoCrFeNiTi HEA
coatings on stainless steel 316L substrates. The authors reported that the reduction in
wear rates was achieved for the coatings tested at different temperatures up to 900°C
compared to those of steel substrates. More recently, Liu et al. [12] explored the
tribological performance of high-velocity air fuel (HVAF) sprayed CoCrFeNiTaAl
HEA coatings and compared it to 304 stainless steel substrates at varying temperatures
(room temperature to 400°C). The wear rates for the HEA coatings increased as a
function of temperature compared to 304 stainless steels because of the severe oxidative
wear mechanism involved at elevated temperature. Another study by Zhou et al. [13]
investigated sliding wear of Al(1.x) CoCrFeNiTix (x = 0 to 0.25) HEAs developed by
high-velocity oxy-fuel (HVOF) techniques against a SizN, counterface. The authors
found that with the increase in titanium (Ti) content, the coatings showed less damage
during abrasive wear and consequently improved wear resistance was observed, which

was attributed to the hard ordered phases.

While several studies showed improved wear performance of high entropy
alloys developed using thermal spraying technologies, the high temperature involved
in the process might result in undesirable phase transitions, and oxide contaminations
[14]. These phases, contaminants and defects may alter wear mechanisms and
consequently impact the wear performance of the HEA coatings. Thus, coating
fabrication technologies that operate under low-temperature conditions may be more
suitable to overcome some of these challenges. For instance, cold spraying is a solid-
state deposition method, where the temperature is maintained far below the melting
point of powder materials, and thus eliminates oxide contaminations and phase
transformations [15]. As compared to high-temperature deposition technologies, cold
spraying is capable of depositing powder particles at high velocities in the range
between 300 and 1200 m/s, which enable them to produce thick coatings with
negligible porosity and oxide inclusions [16]. So far, the exploration of high entropy
alloys using cold spraying techniques for wear performance has not been thoroughly
investigated. A very recent study by Yin et al. [17] explored the wear performance of
CoCrFeMnNi HEAs using cold spraying and laser cladding technologies. The authors
found that the wear resistance was higher for cold spraying HEA coatings compared to
that of the laser-cladded coatings. These studies confirm the potential benefits of

thermal spraying HEA coatings in tribological applications. Since solid state thermal
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4.3.

spraying coupled with high entropy alloys is a new research direction in the
development of coatings for extreme environments, novel alloy compositions should
be explored in order to provide a protection against mechanical damage due to sliding

wear.

The main purpose of this study was to fabricate AlCoCrFeMo HEA
composition using flame spraying and cold spraying technologies in order to
understand how the deposition temperature influences the microstructure, phase
formations, and tribological characteristics. The novelty of this study is the comparative
evaluation of AlICoCrFeMo high entropy alloys using flame spraying and cold spraying
techniques on the tribological behavior, which has not been previously investigated.
The wear performance of the cold sprayed and flame sprayed AlCoCrFeMo HEA
coatings were examined against alumina counter balls at varying normal loads (i.e., 5
N and 10 N). Ex-situ analysis was performed on the worn surfaces and counterface
using scanning electron microscope (SEM) and elemental dispersive spectroscopy
(EDS) analysis in order to determine the wear mechanism (tribofilm formations,

transfer film formations and wear debris) of the developed coatings.

Materials and Methods

4.3.1. Preparation of coatings

Mechanically alloyed AICoCrFeMo high entropy alloy composition was used
as a feedstock powder in this study (ABM Nano LLC, Missouri, TX, USA). The
nominal composition of AlICoCrFeMo HEA is shown in Table 4.1. Furthermore, the
morphology of the HEA powders is shown in Fig. 4.1. It is evident that the powder
particles appear irregular in morphologies with particle agglomerations. This can be
attributed to the repeated welding and fracturing of powder particles during mechanical
alloying. The size distribution of HEA feedstock powders after mechanical alloying
was —30 +3pum (3 to 30 pum). The chemical composition obtained for the
mechanically alloyed HEA powders closely matches the nominal composition, as listed

in Table 4.1.
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Figure 4.1 Scanning electron microscope of AlICoCrFeMo high entropy alloy
feedstock powders.

Table 4.1 Nominal and feedstock composition of AICoCrFeMo high entropy

alloy powder (at%).
Composition Al Co Cr Fe Mo
Nominal 20 20 20 20 20
Feedstock 20.5+2.1 19.2+0.9 194+04 20.4+0.8 205+1.1

Commercially available low carbon steel was used as substrates in this study.
Prior to deposition of HEA powders, the substrates were roughened using #24-grit
alumina (Manus Abrasive Systems Inc., Edmonton, AB, Canada) in order to enhance
the surface roughness and to provide better adhesion of coatings with the substrates.
The AlCoCrFeMo HEA powders were deposited using portable low-pressure cold
spray system (SST series P, CenterLine Ltd., Windsor, ON, Canada). Compressed air
was used as a working media for the coating deposition. Depositions were carried out
using a constant gas temperature and gas pressure of 450 °C and 92 psig, respectively.
The process parameters are summarized in Table 4.2. For high-temperature deposition,
an oxy-acetylene flame spray torch (6PII, Oerlikon Metco, Westbury, NY, USA)
equipped with a volumetric powder feeder (SMPE, Oerlikon Metco, Westbury, NY,
USA) was utilized for HEA deposition. Argon gas was used as a carrier gas to transfer
the HEA powders to spray torch to deposit the coatings. The deposition parameters
listed in Table 4.3 were selected based on previous trials performed by the authors of
this manuscript and the details can be found elsewhere [20,23]. In both cases, the,

coating depositions were manipulated using a programmable robot (HP-20, Motoman,
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Yaskawa Electric Corp., Waukegan, IL, USA) to ensure uniform and repeatable
deposition of the coatings. At least three samples were fabricated to ensure

reproducibility of the deposition process.

Table 4.2 Process parameters for cold sprayed AICoCrFeMo high entropy alloy

coating.

Cold spraying parameters

Values

Accelerating gas (m/s)

Compressed air

Pre-heating temperature (°C) 450
Gas pressure (psig) 92
Transverse speed (mm/s) 5
Stand-off distance (mm) 5
Increment size (pum) 3000

Table 4.3 Process parameters for flame sprayed AICoCrFeMo high entropy alloy

coating.
Flame spray parameters Values
Acetylene flow (m*/h) 1.2
Oxygen flow (m3/h) 1.92
Argon flow (m>/h) 0.56
Torch velocity (mm/s) 350
Stand-off distance (mm) 177
Particle concentration (ppm) 5000
Increment size (mm) 3
Number of passes 4

4.3.2. Microstructural and mechanical characterization

Microstructural and mechanical characterizations of the HEA coatings were
carried out on the cross-sectional samples. The cross-sectional samples were cold
mounted using epoxy resin and cured for 24 hours. The samples were polished using
400#, 600#, 800#, 1000#, and 1200# grit silicon carbide papers (LECO, Mississauga,
ON, Canada). Final polishing was performed using 3 um and 1 pm diamond slurry

suspensions (LECO, Mississauga, ON, Canada). The samples were cleaned with
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alcohol and acetone prior to microstructural investigations. A scanning electron
microscope (SEM) (Zeiss Sigma 300 VP-FE, Carl Zeiss Canada Ltd., Toronto, ON,
Canada) equipped with energy dispersive spectroscopy (EDS) in backscattered mode,
and a working voltage of 15 kV, was used to analyze the microstructure features of the
HEA coatings. At least ten micrographs (n =10) were captured in order to determine
the average porosity by using image analysis (ImagePro, Media Cybernetics, Bethesda,
MD, USA). X-ray diffraction (XRD) (Ultima IV diffractometer Rigaku, Akishima-Shi,
TYO, Japan) was conducted at a scanning rate of 2 deg/min with a scan range of 30° to
90° using Cu-Ko radiation (A = 1.546A) on the coating surfaces. The phase
identification was done using the Diffrac.Eva software. Coating’s hardness was
measured using Vicker hardness tester (VH1102 Vickers hardness tester, Buehler
Wilson, Lake Bluff, IL, USA). The indentations were made in accordance with the
ASTM Standard E384 [18] with a load of 300 g and a dwell time of 15 s. At least 30

indents (n = 30) were made for all the coatings to obtain the average micro-hardness.

4.3.3. Tribological testing and surface characterization

Tribology tests were performed on a ball-on-flat (reciprocating) configuration
using an (Anton Paar TriTec SA, Corcelles, NE, Switzerland) tribometer with
parameters established by this research group which were based on the capability of the
equipment. The normal loads were varied between SN and 10N and the total number of
cycles was 5000 (i.e., total sliding distance was 100 m). The sliding speed kept constant
at 3.1 cm/s (equal to 1 Hz frequency) with a sliding length of 10 mm. The tests were
employed at room temperature with humidity maintained between 18% and 22% using
desiccants throughout the tests. Alumina (Al>O3) ball with a diameter of 6.35 mm was
used as the counter face for testing. The sliding wear parameters are shown in Table
4.4.

Table 4.4 Sliding wear test parameters for cold and flame sprayed AlICoCrFeMo
high entropy alloy coating.

Sliding wear parameters Values

Load 5Nand 10N
Frequency 1 Hz
Amplitude / track length 10 mm
Velocity / sliding speed 3.1 cm/s
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4.4.

Cycles 5000

Sliding distance 100 m

Counter face Al>03 (alumina ball)
Counter face diameter 6.35 mm
Temperature 25°Ct028°C
Relative humidity 18% to 22%

The wear depth measurement was performed on the confocal laser microscope
(Olympus LEXT 4000, Houston, USA) along with the optical imaging of the wear
tracks and the counter faces. The surface roughness values for the unpolished and
polished cold sprayed HEA coatings were around 8.17 + 0.12 um and 1.27 = 0.3 um,
respectively, whereas for the flame sprayed HEA coatings showed approximately 6.81
+ 0.5 ym and 1.67 + 0.2 um for unpolished and polished surface coatings. The ex-situ
analysis on wear tracks were conducted using field emission scanning electron
microscope (OxfordSU3500, Hitachi, Japan) equipped with energy dispersive

spectroscopy to determine the involved wear mechanism in both the HEA coatings.

Results

4.4.1. Microstructure of HEA coatings

Figure 4.2 shows the XRD spectra of HEA coatings and feedstocks. As shown
in the figure, the cold sprayed HEA coatings showed formation of BCC phases (i.e.,
AlCoCrFe-rich BCC1 and CrMo-rich BCC2 phases), where the flame sprayed HEA
coatings showed major mixed oxide peaks (Al-rich oxides and spinel-type oxides
(AB204; A = Fe/Mo and B = Al/Cr)) along with the formations of AlCrFe rich BCC1
and Mo-rich BCC2 phases. The weight percentage of spinel oxides were observed to
be approximately 25.2 + 2.5 wt% (n = 3), whilst the BCC1 and BCC2 phases weight
fractions were observed to be around 46.5 * 2.2 wt% and 31.5 * 1.8 wt% . Similar
observations with the appearance of spinel oxides were reported for air plasma sprayed
AlCoCrFeNi HEA coatings [19]. It is apparent from the XRD profiles that the peaks of
feedstock and cold sprayed HEA coatings closely matches, indicating no change in
phase transition during cold spraying. Nevertheless, peaks for the flame sprayed HEA

coatings showed slight shift to higher angles due to the oxide inclusions.
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Figure 4.2 X-ray diffraction of feedstock powders, cold
sprayed, and flame sprayed AICoCrFeMo high
entropy alloy coatings.

Backscattered cross-sectional SEM images of both the HEA coatings are shown
in Fig. 4.3. Overall, the cold sprayed HEA coatings exhibited finer microstructure when
compared to the flame sprayed HEA coatings (Fig. 4.3(a)). The average porosity
obtained was less than 1%, which was mainly due to the consolidating effect of high-
velocity impact of powder particles [16]. However, the different splat morphologies
with mixed contrast regions were found for the flame sprayed HEA coatings. The oxide
regions were more prominent in all the regions, which is mainly due to the oxidation
in-flight during spraying. Different contrast regions that formed on the flame sprayed
HEA coatings is likely depends on the process of melting powder particles of different
sizes, which has been reported previously by Anupam et al. [4] and Nair et al. [20].
Numerous inter-lamellar cracks can be seen in the flame sprayed HEA coatings.
Furthermore, the apparent porosity was approximately 2.8 + 1 %, which was 65%

higher than that of the cold sprayed HEA coatings.
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Figure 4.3 Scanning electron microscopy of (a) and (b) Cold sprayed, (c¢) and (d)
Flame sprayed AICoCrFeMo high entropy alloy coatings.

Figure 4.4 shows the elemental distribution mapping of both the HEA coatings
and corresponding atomic percentages obtained for different regions (marked in Fig.
4.4b) of flame sprayed HEA coatings are shown in Fig. 4.5. It is apparent from the
elemental mapping that the oxygen concentration in the cold sprayed HEA coatings
was negligible, which closely matches the XRD results (Fig. 4.3). Regions
corresponding to white and black was mainly comprised of Mo, and Al rich BCC phase
regions (see Fig. 4.4). Flame sprayed HEA coatings, on the other hand, showed high
concentrations of oxygen in multiple regions (see Fig. 4.4 and Fig. 4.5). The black
regions comprised on enriched oxygen concentrations along with Al, Co and Fe,
suggesting formation of spinel oxides. White regions showed high concentrations of
Mo and Cr coupled with nearly equal concentrations of Al, Co, Fe, and oxygen,
indicating the CrMo-rich BCC phases embedded oxides. These results are in line with
the XRD results (Fig. 4.2). Gray regions showed Cr enriched oxide regions, indicating

the presence of chromium-based oxides and mixed oxide regions.
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Cold Spray Flame Spray

Figure 4.5 Scanning electron microscopy elemental maps of (a) Cold
sprayed and (b) Flame sprayed AICoCrFeMo high entropy alloy
coatings.
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Figure 4.4 Energy dispersive spectroscopy analysis of different regions of the
flame-sprayed HEA coatings. The letters (A to D) were the different regions
shown in Figure 4.4(b).
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4.4.2. Friction coefficient and wear behavior of HEA coatings

The friction coefficients of the cold sprayed and flame sprayed HEA coatings
as the function of number of cycles using a 5 N load are shown in Fig. 4.6. Figures
4.6(a) and 4.6(b) depict the unpolished and polished coating surfaces, respectively. As
shown in Fig. 4.6, the friction coefficient for the cold sprayed and flame sprayed HEA
coatings followed a similar trend for the unpolished and polished surfaces (i.e., S, =
6.8 t0 8.17 pm for the unpolished surfaces and S, = 1.2 to 1.6 pm for the polished
surfaces, where S, denotes surface roughness value). A gradual increase in friction
coefficient was observed at the beginning of the test, which is known as the running-in
regime (up to approximately 200 cycles) [21]. After the running-in regime, a slight
increase in the friction coefficient was found for both the HEA coatings. A steady state
was maintained between 200 cycles and 5000 cycles. It is apparent that the friction was
slightly reduced for the cold sprayed HEA coatings during steady state compared to
that of flame sprayed HEA coatings at both, unpolished and polished surface conditions
(see Fig. 4.6). It should be noted that the standard deviations for flame sprayed HEA
coatings were higher in case of the unpolished conditions compared to the polished
ones. On the other hand, the cold sprayed HEA coatings showed pronounced
fluctuations in the friction curves for both surface conditions (i.e., polished and
unpolished). Overall, the friction coefficient decreased after polishing for the flame
sprayed HEA coatings after testing, whereas the cold sprayed HEA coatings maintained

similar value up to 5000 cycles.
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Figure 4.6 Friction behavior of cold sprayed and flame sprayed AICoCrFeMo
high entropy alloy coatings at S N normal load for (a) unpolished and (b)
polished conditions.
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Figures 4.7(a and b) represents the friction coefficient curves of the unpolished
and polished HEA coatings performed at 10 N normal load. Similar to the 5N tests,
when using a normal load of 10N, the friction coefficient was lower for the cold sprayed
coating when compared to the flame sprayed one. With an increase in normal load from
5 N to 10 N, a subtle difference in the average friction coefficient was found for both
the HEA coatings. As shown in Fig. 4.7(a and b), the friction behavior for the cold
sprayed HEA coatings was consistent for unpolished and polished surface conditions,
highlighting the steady state regime throughout the test. Furthermore, similar
observations with pronounced fluctuations in the friction coefficient were also found

for the cold sprayed HEA coatings tested at 10 N compared to 5 N normal load.
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Figure 4.7 Friction behavior of cold sprayed and flame sprayed AICoCrFeMo
high entropy alloy coatings at 10 N normal load for (a) unpolished and (b)
polished conditions.

In case of flame sprayed HEA coatings, a steep rise in curves was observed up
to approximately 500 cycles, followed by a deceleration (up to 1000 cycles) and steady-
state regimes (after 1000 cycles) for both unpolished and polished surface conditions.
It should be noted that such a steep rise in curves was not seen for the flame sprayed
HEA coatings at 5 N loading. Similar to that observed at 5 N loading conditions, the
unpolished surfaces of the flame sprayed HEA coatings showed high standard

deviations compared to that of polished surfaces tested at 10 N.

Figure 4.8 shows the average wear depths for both cold sprayed and flame
sprayed HEA coatings performed at 5 N load. As shown in Fig. 4.8(a) and 4.8(b), higher
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wear depths (~ 60 to 70 um) were observed for the cold sprayed HEA coatings
compared to that of flame sprayed HEA coatings (~ 5 to 10 um) for both the unpolished
and polished surface conditions. The slight variations in the wear depths were found
between the unpolished and polished surfaces for both the HEA coatings. However, the
average wear depth increased for both the HEA coatings tested at high load, as shown
in Fig. 4.9. The wear depth for cold sprayed HEA coatings showed approximately 20
to 30 um increment for both unpolished and polished surface conditions compared 5 N
testing condition. Flame sprayed HEA coatings, on the other hand, exhibited almost
similar average wear depths of around 20 um for unpolished and polished surfaces,
respectively, which highlights approximately 10 um increment at higher loading

condition.

Unpolished Polished
BB unpoiished | W poished |
98 () | sn | —— Cold Spray s (o) | —— Cold Spray

60 —— Flame Spray 60 Flame Spray
T 401 g 404
= 204 = 204
£ 0 & o \
3 -201 © 204
§ -401 8 -404

=

= -60 -60

-804 -804

-100 - -100 4

-120 T . T T T -120 . T r T .

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Distance (um) Distance (um)

Figure 4.8 Wear profile of cold sprayed and flame sprayed AICoCrFeMo high
entropy alloy coatings at 5 N normal load for (a) unpolished and (b) polished
conditions.
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Figure 4.9 Wear profile of cold sprayed and flame sprayed AICoCrFeMo high entropy
alloy coatings at 10 N normal load for (a) unpolished and (b) polished conditions.
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The volume wear rates of all the developed HEA coatings at different coating
surface conditions with varying loads are shown in Fig. 4.10. It is evident that the flame
sprayed HEA coatings showed remarkable wear resistance compared to the cold
sprayed HEA coatings in all conditions. The flame sprayed HEA coatings exhibited
around 93% lower wear rates compared to that of cold sprayed HEA coatings at both
unpolished and polished surface conditions tested at 5 N normal load. However, the
wear rates were similar for cold sprayed HEA coatings, approximately 140 X

10~5mm3/Nm at both unpolished and polished surface conditions. With the increase
in normal load from 5 N to 10 N, a reduction in wear rates (approximately 35%) was
observed for the cold sprayed HEA coatings in polished coating surfaces. The low wear
rates achieved for the cold sprayed HEA coatings are in line with friction behavior,
which showed lower friction coefficient compared to that of test with a 5 N normal load
(see Fig. 4.7(a)). However, the flame sprayed HEA coatings showed higher wear rates
under unpolished surfaces conditions, which was approximately 62% compared to that
of the 5 N loading condition. No such variations were found in the wear rates for the

polished surface conditions when tested at 10 N normal load (see Fig. 4.10).
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Figure 4.8 Wear rates of cold sprayed and flame sprayed AICoCrFeMo high
entropy alloy coatings at 5 N and 10 N normal load for unpolished and polished
conditions.
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4.4.3. Ex-situ analysis of wear tracks and counter face

Figure 4.11 shows the worn surface morphologies of unpolished cold sprayed
HEA coatings tested at 5 N normal load. As shown in Fig. 4.11(a), it is clearly visible
from the wear tracks that the cold sprayed HEA coatings underwent significant damage
by means of deep groove scratches parallel to the sliding direction, highlighting
abrasive wear mechanism [22]. Numerous loose debris particles were also found on the
wear tracks of cold sprayed HEA coatings, indicating the possibility of third-body
abrasion. Relatively wider wear track can be seen in the cold sprayed HEA coatings
after testing with a wear track dimension of approximately 1.6 mm. Furthermore, the
presence of oxide debris was observed in some regions on the wear tracks, as shown in
Fig. 4.11(b). In addition, numerous cracks were also found in the regions near the oxide
debris, highlighting the brittle nature of oxide layers. The increase oxygen content was
further confirmed with the EDS analysis of the wear tracks, as shown in Fig. 4.13, and
summarized in Table 4.5. The oxygen concentrations were negligible in case of the

unworn cold sprayed HEA coatings (see Fig. 4.3(a)).

The worn surface morphologies of the unpolished flame sprayed HEA coatings
are shown in Fig. 4.12 (a & b). When compared to cold sprayed HEA coatings, the
damage severity found to be lower in case of flame sprayed HEA coatings. There is no
evidence of wide groove scratches and micro-ploughing for the flame sprayed HEA
coatings. In contrast, brittle fracture along with numerous cracks and spallation pits
were found on the wear tracks of the flame sprayed HEA coatings. The brittle fractures

were more evident in the regions mainly comprised of oxide phases.

The oxygen content did not show many variations between the worn and
unworn surfaces, (see Fig. 4.13 and Table 4.5). The EDS analysis confirmed that the
tribo-layers appear enriched in Cr, Fe, Al and oxygen concentrations with traces of all
other elements (see Fig. 4.13 and Table 4.5). When compared to cold sprayed HEA
coatings, the width of the wear track dimension was around 0.7 mm, which is

approximately 54% lower compared to that of the cold sprayed HEA coatings.
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Figure 4.9 Scanning electron microscope shows the (a) low and (b) high
magnified images of worn surface morphologies for the cold sprayed HEA.
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Figure 4.10 Worn surface morphology of (a) low magnification and (b) high
magnification of flame sprayed AlICoCrFeMo high entropy alloy coating at S N
normal load for unpolished condition.

Figure 4.11 Scanning electron microscopy elemental maps of worn surface of (a)
Cold sprayed and (b) Flame sprayed AICoCrFeMo high entropy alloy coatings.
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Table 4.5 Elemental distribution on worn surface of cold sprayed and flame

sprayed AICoCrFeMo high entropy alloy coating.

Elements are in atomic percentage

Regions Al Co Cr Fe Mo 0] C

E 13.93 7.94 9.34 11.34 11.68 38.09 7.68
0.68 1.81 0.36 1.07 60.19 8.65 27.24
6.43 4.30 66.04 1.40 0.48 10.62 10.74
7.52 5.78 6.66 6.32 5.85 62.08 5.79

I 7.97 10.78 10.74 10.71 11.76 41.35 6.68
26.74 3.10 3.01 2.71 2.51 58.31 3.62

Wear morphologies of alumina counter ball after sliding against HEA coatings

are shown in Fig. 4.14. It is apparent from the optical graphs that the amount of transfer

film was higher on the counter face after sliding against cold sprayed HEA coatings

when compared to the flame sprayed HEA (Fig. 4.14(a and b)). The amount of transfer

film formations for the cold sprayed HEA was similar for both unpolished and polished

surface conditions. However, the unpolished flame sprayed HEA coatings exhibited

higher amount of transfer films when compared to the polished flame sprayed HEA.

Furthermore, scratches can be seen on the counter faces, which might have resulted

from hard oxide debris particles during sliding. The contact area and wear depth on the

counter face was higher when sliding against cold sprayed HEA coatings.
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Figure 4.12 Wear morphology of alumina counter ball after sliding at 5 N
normal load for (a) unpolished, (b) polished cold sprayed and (c) unpolished, (d)
polished flame sprayed AICoCrFeMo high entropy alloy coatings.

4.5. Discussion

Detailed characterization of the high entropy alloy coatings fabricated by means
of cold spraying and flame spraying showed significant differences in the evolved
microstructure, phase formations, and wear performance. Among the coatings tested in
this study, the polished flame sprayed HEA coatings exhibited the highest wear
resistance. The presence of spinel-type oxide contaminations for the flame sprayed
HEA coatings due to oxidation in-flight with a phase fraction of 25.2 + 2 wt% (n =
3) contributed to an increase in hardness when compared to the cold sprayed HEA
coating. It is apparent that the evidence of oxide inclusions was negligible in case of

cold sprayed HEA coatings. Owing to the high fraction of oxides, a relatively high
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hardness value was obtained for the flame sprayed HEA coatings (592 +
43 HV (n = 30)), which showed approximately 40% higher than that of cold sprayed
HEA coatings (362 + 48 HV (n = 30)). The oxides were predominantly composed
of Al-rich and spinel type AB,0, (A = Fe/Mo and B = Al/Cr) oxides for the flame
sprayed HEA coatings. A recent study by Patel e al. [23] reported the average hardness
value of 423 HV for high-velocity air-fuel sprayed CoCrFeMnNi HEA coatings, which
exhibited mixed oxide phases of Cr,03,and Co3;0,, respectively. The wear rates for
heat treated polished CoCrFeMnNi coatings at similar conditions, however, they were
3.5 times higher compared to flame sprayed HEA coatings. This could possibly be
explained by the difference in the formation of oxides and their corresponding phase
fractions formed for the flame sprayed HEA coatings. In addition, the existence of
solid-solution BCC phases for the AlCoCrFeMo HEA coatings were also a
determinative factor for improving the hardness. It has previously been reported that
the FCC solid-solution structure favors the low hardness, whereas higher hardness was
reported for the BCC structured high entropy alloys [24-26]. Hence, it can be said that
the difference in the wear rates for the cold sprayed and flame sprayed HEA coatings
was mainly attributed to their difference in microstructure, phase formations and
hardness, which is a result from the responses of high-temperature and low-temperature

depositions.

The wear track analysis confirmed the existence of severe abrasive wear for the
cold sprayed HEA coatings with pronounced plastic deformation (see Fig. 4.11).
Indeed, the repetitive fracturing and delamination might have resulted in increase of the
wear rates for the cold sprayed HEA coatings tested at both 5 N and 10 N normal loads.
A prior study on cold sprayed AlICoCrFeMo HEA coatings showed a lack of cohesive
strength between particle-particle interfaces that resulted in high wear rates tested under
abrasive loading [20]. Thus, it can be implied that the inferior wear performance for the
cold sprayed HEA coatings might be due to the intense delamination, and severe
abrasion on the wear tracks compared to that of flame sprayed HEA coatings (see Fig.
4.15). In addition to that, the appearance of debris was also evidently found on wear
tracks of the cold sprayed HEA coatings. This debris must have been oxidized due to
the frictional heating at the interface performed at open atmospheric conditions during
sliding and acted as third-bodies [27]. Previously, Nong et al. [28] had reported the

formation of oxide layers (also known as glazed layers) in AlCrFeNiTi HEAs, that
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protected the surface from delamination. However, they also reported that the
continuous delamination and removal of oxide layers from the wear tracks for the
AlCrFeNiTiMng s alloy increased the wear rates. Hence, it can be inferred that similar
mechanism might have occurred in case of the cold sprayed HEA coatings. The
formation of oxide debris could be the result of breaking of oxide layers that were
formed on the wear tracks during sliding, that might have undergone three-body
abrasion, leading to increase in wear rates. Similar observations for high-velocity oxy
fuel based CoCrFeMnNi HEA coatings was also reported by Patel et al. [23]. Further,
it can be seen that the transfer film on the counter face was more prevalent for the cold
sprayed HEA coatings than that of flame sprayed HEA coatings (see Fig. 4.14).
Alidokht et al. [29] reported increase in wear rates for the cold sprayed titanium
coatings, which is governed by the monotonous accumulation and annihilation of
transfer films on the counter face during sliding. This is consistent with the observations
in our study, where a higher amount of transfer was observed on the counter-face
against the cold sprayed HEA coatings, which also showed an increase in wear rates
when compared to the flame sprayed HEA coating. In addition, for flame sprayed HEA
coatings, the evidence of debris was found to be comparatively lower than that of cold
sprayed HEA coatings, indicating that the three-body abrasion has not played a role for
the flame sprayed HEA coatings. Consequently, a reduction in dimensions (width and
depth) of the wear tracks were observed with the flame sprayed HEA (see Fig. 4.12). A
study by Wu et al. [30] reported occurrence of low wear debris with shallow grooves,
which is likely due to high hardness of boronized Alp.;CoCrFeNi high entropy alloys.
Similarly, the oxide-rich flame sprayed HEA coating studied here, showed an increase
in hardness and consequently, restricted the advancement of abrasive wear, which in
turn, resulted in lower wear rates. Similar observations were also reported by Verma et
al. [31], which suggested that the addition of copper (Cu) in CoCrFeNiCu HEA likely
promotes the oxide layer formations during sliding and protected the coating surfaces
against wear by preventing a direct contact at the interface. Another study also reported

the same observations for the plasma sprayed FeCoNiCrMn high entropy alloys [32].

In terms of the friction behavior, the cold sprayed HEA coatings exhibited lower
friction coefficient but greater fluctuations in the curves tested at all conditions (see
Fig. 4.6 and 4.7) when compared to the flame sprayed HEAs. The fluctuations could be
attributed to the repeated localized fracturing of the coating layers, which may lead to
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buildup and loosening of debris on the wear tracks during sliding. Another possible
explanation could be that the lower overall friction of the cold sprayed HEA coating is
a result of the delamination of the coating layers [33]. In addition, the loose debris
particles might have acted as roller bearings and contributed towards the sliding motion
thus reducing the overall friction. Similar observations of friction coefficient were also
reported previously by Joseph et al. [22] and Tiiten et al. [26]. The friction behavior of
the flame sprayed HEA coating was quite intriguing. The steep rise in the friction curves
(up to 500 cycles) observed might be due to the removal of contaminant or oxide layer
over the surface and thus, exposure of the bare surface which must have given rise to
the adhesion and hence, the friction coefficient. Another reason for the rise of friction
might be the entrapment of the wear debris between the sliding surfaces, which
penetrate both the surfaces and stop the slippage resulting in a rise in friction. The
sudden drop (500 to 1000 cycles) in the coefficient of friction may be explained by the
gradual removal of asperities from the counter face because wear particles are not able
to anchor easily to a polished surface [21]. In addition, for the flame sprayed HEA
coating, the compact oxide phases due to oxidation in-flight exhibits strong resilience
against deformation and delamination at both unpolished and polished conditions,
which could be another possible reason for higher friction coefficients. A similar
phenomenon was modelled by Rigney et al. [33] which suggested that harder materials
exhibit high resistance to deformation which consequently results in high friction
coefficient. The presence of scratches and roughened regions over the surface of
counterface (see Fig. 4.14) provides more evidence of this phenomenon for the flame

sprayed HEA coating.
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Figure 4.13 Proposed wear mechanism for cold sprayed and flame sprayed
AlCoCrFeMo high entropy alloy coatings.

4.6. Conclusion

In this study, AlICoCrFeMo high entropy alloy system developed through flame
spraying and cold spraying was evaluated for its tribological behavior at ambient
conditions. Flame sprayed AlCoCrFeMo HEA coatings showed higher oxygen
concentration compared to the cold sprayed HEA coatings, which resulted in higher
hardness and consequently reduced wear rates. In addition, higher number of debris
particles were generated throughout the test with the cold sprayed AICoCrFeMo HEA
coatings, which resulted in higher amount of material transfer to the counter face. The
wear for the cold sprayed HEA was governed primarily by third-body abrasion and
secondarily by delamination, while brittle failure dominated the wear mechanism of

flame sprayed HEA coating as evidenced by the ex-situ analysis of the worn surfaces.

The average friction coefficient for cold sprayed AlICoCrFeMo HEA coatings
was overall lower compared to that of the flame sprayed HEA coatings. Cold sprayed
coating exhibited loose debris acting as roller bearings and offered lesser resistance to
deformation as compared to flame sprayed coating, which consequently reduced the
friction. Polishing seemed to have a higher effect on friction and wear of flame sprayed

AlCoCrFeMo HEA coatings. The results obtained in this study suggest that the flame
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sprayed HEA coatings are promising candidates for next-generation tribological
interfaces under specific conditions, pointing to new materials designed with improved

microstructural features and enhanced mechanical properties.
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Chapter

5. INFLUENCE OF TEMPERATURE ON
THE TRIBOLOGICAL BEHAVIOR
OF AlCoCrFeMo HIGH ENTROPY

ALLOY DEPOSITED VIA VARIOUS
THERMAL SPRAYING TECHNIQUES

In this chapter...

The response of varying temperatures on friction and wear behavior is presented. Thermal
spraying techniques such as cold spray, flame spray and HVOF have been evaluated and

compared to identify the most suitable technology for producing wear resistant HEA coatings.
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5.1. Abstract

Tribological evaluation of thermally sprayed high entropy alloys have received
little attention. High entropy alloys (HEAs) have shown excellent mechanical
properties and wear resistance while also retaining their resistance to corrosion damage.
In this study, novel AlICoCrFeMo HEA coatings were developed by means of cold
spraying, flame spraying and high velocity oxy-fuel (HVOF) technologies. For the first
time among the research community, three different thermal spraying techniques were
compared for HEAs to determine their tribological behavior, phases, microstructures
and mechanical properties. The coatings were characterized by scanning electron
microscope (SEM), energy dispersive spectroscopy (EDS), x-ray diffraction (XRD),
image analysis, and Vickers micro-hardness testing. The cold sprayed HEA exhibited
less porosity (<1 %) while the flame sprayed and HVOF sprayed coating exhibited
porosity levels of (2.6 £ 1 %) and (~ 1 %) respectively. This is mainly due to large
presence of oxides in the case of flame sprayed and HVOF sprayed HEA coatings. As
a result, the flame sprayed and HVOF sprayed coatings exhibited higher hardness
values which is also due to the evolution of body centered cubic (BCC) phase structure

as opposed to cold sprayed HEA coating.

The dry sliding wear behavior was investigated at two different temperatures
(RT and 450°C) at normal load of 5 N and at a constant sliding velocity of 3.14 cm/s
for all the samples. The friction coefficient during the first half of the test was highest
for the HVOF sprayed HEA followed by flame sprayed HEA and cold sprayed HEA
being the least. During the second half of the test, the flame sprayed HEA exhibited
higher friction coefficient as compared to HVOF sprayed HEA and cold sprayed HEA
which maintained the lowest value for both the temperatures. However, the wear rates
of the HVOF sprayed HEA were significantly lower than the others, with the cold
sprayed HEA having the most wear among the three for all temperatures. This
correlated well with the observations of the ex-situ analysis, which showed greater
material transfer and increased formation of debris on the cold sprayed coatings
compared to the flame sprayed and HVOF sprayed coatings. In addition, ex-situ
analysis suggested the formation of an oxide based tribofilm on the cold sprayed
coatings resulting in reduced wear at elevated temperatures. Brittle fracture was still

evident with the flame sprayed coating at elevated temperatures which coupled with
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increased adhesion, increased the overall wear. These results suggest that HVOF is the
most promising thermal spraying technique for AICoCrFeMo HEA followed by flame

spraying for the specific conditions used in this study.

Keywords: Acrospace Materials, High Entropy Alloys, Interfacial Processes,
Tribology, Cold Spray, Flame Spray, HVOF
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5.2. Introduction

Traditional materials such as Nickel, Cobalt and Titanium are commonly
employed in mechanical systems. However, in extreme environmental conditions, these
materials fail to operate effectively due to their poor resistance towards temperature
and corrosion effects [1,2]. Therefore, there is a strong desire to develop new materials
that can operate well in these conditions. The term High Entropy Alloys (HEAs) was
coined by Yeh ef al. [3] in 2004 which was inspired from a prior work of Ranganathan
et al. [4] that showcased the outstanding properties of multi-metallic cocktail alloys.
HEAs not only exhibit excellent tribological behavior but also feature enhanced

mechanical properties [5].

HEAs are defined as alloys having five or more principal elements in equimolar
proportions. To improve the performance of such HEAs, principal elements are varied
in the range on 5% to 35% atomic percentages [3]. HEAs exhibit excellent toughness,
hardness and high resistance to wear, corrosion and oxidation damages due to their four
core effects namely high entropy effect, lattice distortion effect, sluggish diffusion
effect and cocktail effect as discussed by many researchers [2,6-8]. HEAs have high
configurational entropy (>1.5R) which helps in stabilizing the atomic structure [9].
Cantor alloy (CoCrFeMnNi), coined by Cantor et al. [5] comprises of face centered
cubic (FCC) structure which is the most widely studied HEA so far. However, replacing
Mn with Al accelerates the formation of body centered cubic structure (BCC) which
results in improved strength [6]. HEAs have been repeatedly showing promising results

in the form of bulk alloys as well as coatings for tribological applications [10-12].

Joseph et al. [12] studied the sliding wear behavior for vacuum arc-melted
Alp3CoCrFeNi, AlpsCoCrFeNi and CoCrFeMnNi and compared it with traditionally
used Inconel 718 alloy over a wide range of temperatures (25°C to 900°C). The samples
were tested against Alumina (Al>O3) counter balls, and it was observed that FCC
structure of CoCrFeMnNi and Alp3CoCrFeNi resulted in higher wear rates at room
temperature due to lower hardness. Whereas Alo.sCoCrFeNi, AICoCrFeNi and Inconel
718 having BCC and/or FCC structure had much more resistance to wear. However, at
elevated temperatures, the wear resistance of almost all the HEAs showed higher values
as compared to traditionally used Inconel 718. This is mainly due to the presence of

oxide based tribo-film over the worn surface which protected the surface underneath as
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opposed to traditionally used nickel-based alloy (Inconel 718). As expected,
AICoCrFeNi had a superior performance than any other alloys considered in this study
at all temperature ranges due to its pure BCC structure. Similarly, Zhang et al. [13]
synthesized CoCrFeMnNi and CoCrFeNiV by vacuum hot pressing sintering and tested
against SizNs4 counter balls at temperatures ranging between 25°C to 800°C. The
addition of V and removal of Mn from the traditionally studied cantor alloy
(CoCrFeMnNi) resulted in precipitation of hard sigma phase that enhanced the hardness
(975 £ 11 HV) of the HEA significantly. Evidently, CoCrFeNiV showed improved
resistance to wear due to formation of hard V>Os oxide glaze layer as compared to

CoCrFeMnNi for all temperature ranges.

Even though bulk HEAs have shown promising results, thermally sprayed HEA
coatings are much more effective when it comes to tribological applications. This is
due to their flexibility and versatility of operation and ability to be coated over intricate
and complex geometries. Properties and tribological performance of HEAs are greatly
influenced by the different thermal spraying processes such as HVOF, HVAF, Flame
spray and Cold spray due to the variations in particle velocities, operating temperatures
and carrier media [14]. Cold spraying being a low temperature process, prevents the
formation of oxides and temperature related defects while protecting the surface from
oxidative wear [15-17]. However, on the contrary, formation of oxide phases is
sometimes beneficial from tribological perspective since the oxides enhance the
hardness of the coating and also protect the surface underneath from further wear [6].
Zou et al. [18], very recently synthesized a high entropy composite alloy coating (HEC)
by reinforcing FeCoNiCrMn with AlOs3 particles and cold spraying. The authors
observed that the hardness of the HEC with 11 wt% AlO3 was 278.3 = 13.9 HV¢3 and
for 20 wt% AlO3 was 302.4 + 19.9 HVy 3 as compared to 258.4 = 22.6 HV3 of pure
FeCoNiCrMn. This resulted in 50% reduction in wear rates for the reinforced HEC as
compared to original HEA which can be attributed to grain size refinement and work
hardening effects due to reinforcements. It can be inferred that cold sprayed HEA
coatings being softer in nature can be enhanced by implanting ceramic particles within
their matrix. However, high temperature deposition processes inherently provide hard
coatings due to evolution of oxide phases during spraying which is beneficial for
tribological application as compared to cold spray. In addition to that, reinforcements
using ceramic particles will improve the resistance against wear damage even further.
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For instance, in 2022 Silvello et al. [19] compared the wear behavior of FeCoNiCrMn
HEA sprayed using HVOF and cold spray at room temperature (27 + 2°C) against WC-
Co counter ball. It was observed that HVOF produced harder coating of 390 = 10 Hvo.1
as compared to cold sprayed coating of 382 + 6 Hvo.;. The hardness of cold sprayed
coating was closer to HVOF due to reduced porosity of less than 1% and dense thick
coating in case of cold sprayed HEA coating which is comparable to a thin HVOF
coating with oxide phases. The HVOF sprayed HEA exhibited lower wear rates as
compared to cold sprayed HEA due to their increased hardness and cohesive strength.
Also, Lobel et al. [20] studied the tribological behavior of HVOF sprayed
AlCoCrFeNiTios HEA tested against Al2Os; counter ball over a wide range of
temperatures (22°C to 900°C). It was seen that from room temperature to 500°C, the
wear resistance dropped due to thermal softening, but it increased significantly at
900°C. From temperatures between ambient and 500°C, the wear was dominated by
abrasion as well as third body abrasion of loose debris particles. For temperature > 800
°C, the oxide based tribo-layer significantly increased and covered a larger surface
resulting in improved protection. The phases at room temperature were mostly BCC
(A2) and BCC (B2) however, at elevated temperatures the inclusions of minor FCC,
spinel oxides and tetragonal c-phase were evident which could be responsible for
increased wear resistance. There is no research done on tribological evaluation of flame
sprayed HEAs however, some interesting work comparing cold sprayed HEAs with
flame sprayed HEAs can be found in the prior studies done by the authors of this current

manuscript.

The main purpose of this research is to critically evaluate the effect of
temperature (25°C and 450°C) on the tribological behavior of HEAs developed by
three different thermal spraying processes. A novel AlCoCrFeMo HEA coating was
developed using cold spraying, flame spraying and HVOF and tested at room
temperature as well as 450°C against Al,O3 counter ball to evaluate its friction and wear
performance. The mechanisms were determined by performing detailed ex-situ analysis

on the worn surfaces.

5.3. Experimental methods
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5.3.1. Thermal spraying of HEA coatings

A novel HEA system was developed and its tribological behavior was studied
for extreme environmental applications. AICoCrFeMo HEA powder developed by
ABM Nano LLC, Missouri, TX, USA was used as a feedstock for thermal spraying.
Table 5.1 shows the nominal composition of AlCoCrFeMo HEA. Particle
agglomerations were observed which can be inferred from their irregular appearance in
morphologies. This can be a result of fracturing of powder particles during mechanical
mixing, and repeated welding. The powder particles mainly ranged between —30 +
3 um (3 to 30 um). The mechanically alloyed HEA powder related closely to their
nominal compositions. As shown in Table 5.1.

Table 5.1 Nominal and feedstock composition of AICoCrFeMo high entropy
alloy powder.

Composition Al Co Cr Fe Mo
Nominal 20 20 20 20 20
Feedstock 205+2.1 192+05 194+04 204+0.8 205+1.1

Commercially available low carbon steel was grit blasted using #24-grit
alumina (Manus Abrasive Systems Inc., Edmonton, AB, Canada) and used as a
substrate. Three different thermal spraying technologies were used to spray the same
AlCoCrFeMo HEA and were evaluated for its friction and wear behavior
unprecedentedly. A portable low pressure cold spray system (SST series P, CenterLine
Ltd., Windsor, ON, Canada) was used to deposit the AICoCrFeMo HEA coating in
which the working fluid for deposition was compressed air. A constant gas temperature
of 450°C and a constant gas pressure of 92 psig were maintained throughout the
deposition process. Table 5.2 lists the process parameters of this system. Secondly, an
oxy-acetylene flame spray torch (6PII, Oerlikon Metco, Westbury, NY, USA) was used
for high temperature thermal deposition of the HEA coating which was fitted with a
volumetric powder feeder (SMPE, Oerlikon Metco, Westbury, NY, USA). Table 5.3
shows the spraying parameters for flame spray in which it can be seen that the main
carrier gas used was Argon. To ensure a homogeneous and reproducible coating, a
programmable robot (HP-20, Motoman, Yaskawa Electric Corp., Waukegan, IL, USA)

was used for spraying the HEA powders over the substrate which was seen in all three
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samples of the HEA coating for each deposition process. The HVOF coating was
deposited by using Oerlikon-Metco Diamond Jet™ 2700 Gun. The process parameters
shown in table 5.4 for the HVOF coating were derived from previously successful
works published by one of the authors of this manuscript [1].

Table 5.2 Process parameters for cold sprayed AICoCrFeMo high entropy alloy
coating.

Cold spraying parameters Values

Accelerating gas (m/s)

Compressed air

Pre-heating temperature (°C) 450
Gas pressure (psig) 92
Transverse speed (mm/s) 5
Stand-off distance (mm) 5
Increment size (pum) 3000

Table 5.3 Process parameters for flame sprayed AICoCrFeMo high entropy alloy

coating.
Flame spray parameters Values
Acetylene flow (m*/h) 1.2
Oxygen flow (m>/h) 1.92
Argon flow (m>/h) 0.56
Torch velocity (mm/s) 350
Stand-off distance (mm) 177
Particle concentration (ppm) 5000
Increment size (mm) 3
Number of passes 4

Table 5.4 Process parameters for HVOF sprayed AlICoCrFeMo high entropy

alloy coating [1].

HVOF parameters Values
Feed rate (g/min) 23
Oxygen flow (L/min) 303.5
Propylene flow (L/min) 78.8
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Air flow (L/min) 421.8

Transverse speed (m/s) 1
Stand-off distance (mm) 150
Substrate temperature (°C) 350-400
In-flight particle temperature (°C) 2200
Velocity (m/s) 558
Number of passes 30

5.3.2. Coating characterization methods

Cross sections of the coated HEA samples were used for the coating
characterization. The cross sectioned samples were cold mounted by utilizing epoxy
resin and left to cure for 24 hours. Polishing of the cross sections were done using 400,
600, 800, 1000, and 1200 grit silicon carbide papers (LECO, Mississauga, ON, Canada)
and these were cleaned using alcohol and acetone to avoid any contamination. The
surface roughness values for the tests done at room temperature were maintained at
S, =~ 1.2to1.6 pm for all the samples. For high temperature tests, they were
maintained between S, = 6.8 to 8.17 pm for cold sprayed and flame sprayed samples
and S, = 1.2 to 1.6 um for HVOF sprayed samples. Earlier works of the authors have
already established that difference in surface roughness values did not have a significant
impact on the friction and wear behaviors of cold sprayed and flame sprayed samples
for AlICoCrFeMo HEA coatings in this particular range. The microstructural features
were observed using an energy disruptive spectroscopy (EDS) (15 kV) in backscatter
mode which was fitted to a scanning electron microscope (SEM) (Zeiss Sigma 300 VP-
FE, Carl Zeiss Canada Ltd., Toronto, ON, Canada). The average porosity was
determined by high quality image analysis (ImagePro, Media Cybernetics, Bethesda,
MD, USA) for ten micrographs (n =10). The phases were identified by performing X-
ray diffraction (XRD) (Ultima IV diffractometer Rigaku, Akishima-Shi, TYO, Japan)
over the coatings withing the scanning range of 30° to 90° at 2 deg/min and Cu-Ka
radiation (A = 1.546 A). Further analysis of phases was performed by Diffrac.Eva
software. Vickers hardness tester (VH1102 Vickers hardness tester, Buehler Wilson,
Lake Bluff, IL, USA) was used to measure the average micro-hardness of the coatings
in accordance with ASTM Standard E384. 30 indents (n = 30) were made at a load of

300 g and for a dwelling time of 15 s. The XRD characterization for HVOF coating
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was performed by using a Bruker AXS, Germany, Model: D8 Discover system at k =
1.78 A° and 2h = 20°-130° (Co Ka radiation) with 35 kV power and 45 mA tube
current. Cross sectional studies were performed using a SEM (SU3500, Hitachi, Japan)
and the elemental maps were obtained using Oxford Aztec X-Max50 SDD energy
disruptive spectroscopy (EDS) system.

5.3.3. Dry sliding wear testing

Reciprocating dry sliding wear tests were performed using a ball-on-disc type
tribometer (Model: Anton Paar TriTec SA, Switzerland) at 5 N normal load for 5000
cycles and two different temperatures (room temperature & 450°C). The relative
humidity around the sample was maintained by using desiccants between 18% - 20%
for all test conditions. The sliding velocity was kept constant at 3.14cm/s (1Hz) with an
amplitude of 10 mm. The total sliding distance at this velocity for 5000 cycles was
found to be 100 m. Alumina (AL203) balls with 6.35 mm diameter were used as a
counter face for all the tests. The sliding wear parameters were derived from previous
studies of the same research group [1,22] for closer comparison and mentioned in Table
5.5.

Table 5.5 Sliding wear test parameters for cold, flame and HVOF sprayed
AlCoCrFeMo high entropy alloy coatings.

Sliding wear parameters Values

Load SN/10N
Frequency 1 Hz
Amplitude / track length 10 mm
Velocity / sliding speed 3.14 cm/s
Cycles 5000

Sliding distance 100 m
Counter face AlOs3 (alumina ball)
Counter face diameter 6.35 mm
Temperature 259Ct0 28°C
Relative humidity 18% to 22%

The wear profile characterization and optical imaging of counter faces were

performed using a confocal laser microscope (Model: Olympus LEXT 4000). The wear
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5.4.

profiles obtained were used to calculate the wear area at cross-section of the wear track
and the material pile-up area was subtracted from it. This wear area was used to
calculate the actual wear volume (¥ mm?®) by multiplying it by the track length (10 mm).
The wear rates (W mm?/Nm) were calculated using these wear volumes (¥ mm?) for all
the testing conditions by W = V' / L*D where, L is the normal load (5 N) and D is the
sliding distance of the wear test (100 m).

The worn surface morphology was analyzed using scanning electron
microscope (Model: SU3500, Hitachi, Japan) to interpret the wear mechanisms of the
three HEA coatings. Elemental mapping and energy disruptive spectroscopy were

performed through Oxford Aztec X-Max50 SDD system attached to the SEM.
Results and discussion

5.4.1. Characterization of HEA coatings

The characterization of cold sprayed and flame sprayed HEA coatings have
been discussed in detail in chapter 4, section 4.4.1 of this thesis. Figure 5.1 shows the
XRD spectra for HVOF sprayed AICoCrFeMo HEA coating. As seen from figure 5.1,
HVOF coating showed a presence of BCC phases along with mixed complex oxide
phases similar to that of flame sprayed HEA coating. However, the coating
characterization of HVOF sprayed HEA compared to that of the flame sprayed coating
showed slight variations. For instance, flame spraying is a low velocity and high
temperature thermal deposition technique which allows more time for the elements to
be oxidized in-flight [1,7,37]. Thus, based on the assessment of Ellingham diagram, it
can be inferred that Al, Cr, Fe based oxides have a higher tendency of forming in HVOF
sprayed HEA coating [38].

122



O Al,Cr,Mo rich BCC —— HVOF

AlCrFe-based O
oxides

Intensity (a.u)

20

Figure 5.1 X-ray diffraction of HVOF sprayed
AlCoCrFeMo high entropy alloy coating.

The backscattered SEM images of HVOF sprayed coating are shown in Figure
5.2. The images suggest that HVOF spraying developed a coating with a finer
microstructure, which can possibly be explained by higher particle velocity [23]. The
images show a presence of some cracks and faults indicating the brittleness. However,
the coating also exhibits plastically deformed splats due to high impact velocities. The
microhardness value for cold sprayed HEA was the least (362 + 48 HV') among the
three followed by flame sprayed HEA (592 + 43 HV) and HVOF HEA having the
highest hardness (654 + 32 HV).

The variations in hardness observed in HVOF sprayed coating as compared to
flame sprayed coating can be explained by the differences in their microstructure (see
figure 5.2 and figure 4.3). Finer microstructure, deformed phases and lesser porosity in
case of HVOF sprayed coating as compared to flame sprayed coating explains the
higher hardness values observed in HVOF sprayed HEA coating. Overall, the HVOF
sprayed coatings show the characteristics of both flame sprayed as well as cold sprayed

HEA coatings.
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Figure 5.2 Scanning electron microscopy of HVOF sprayed AlICoCrFeMo high
entropy alloy coating at (a) low magnification and (b)high magnification.

Figure 5.3 shows the elemental maps of HVOF sprayed HEA coating and table
5.6 summarizes its point analysis data. The results obtained from mapping and analysis
align well with the XRD pattern. Figure 5.3 shows a clear presence of oxide
concentrations within the coatings. The darker regions of the coating were majorly Al-
based and Cr-based oxides whereas the light er regions were rich in Co-based oxides.
However, the lighter regions at some locations also exhibited a complex mixture of all
the elements along with oxygen suggesting the homogeneity of the coating. Overall,
oxides were present throughout the coating along with dominant principal elements in

some locations or equally distributed spectra of Al, Co, Cr, Fe, Mo and O which are

key for improving the wear behavior of the coating.

Figure 5.3 Scanning electron microscopy elemental maps of HVOF sprayed AICoCrFeMo high
entropy alloy coating.
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Table 5.6 Elemental distribution of HVOF sprayed AICoCrFeMo high entropy
alloy coating.

Elements are in atomic percentage

Regions Al Co Cr Fe Mo 0]
9.48 1.86 9.39 5.23 7.44 66.60
B 5.21 68.24 7.21 7.29 8.48 3.57
5.80 6.30 26.84 23.92 27.34 9.81
1.22 43.39 4.87 15.57 19.82 15.14

5.4.2. Tribological behavior of HEA coatings

The friction coefficient as a function of number of cycles for cold sprayed, flame
sprayed and HVOF sprayed AICoCrFeMo HEA at 5 N normal load is shown in figure
5.4. Figure 5.4(a) shows the friction data for room temperature and figure 5.4(b) for
450°C. At room temperature, a gradual rise in the friction coefficient was observed
between 0 to 250 cycles for cold sprayed HEA which is defined as the running-in
regime followed by a steady state from 250 to 5000 cycles. The initial rise in the friction
is a result of breakage of smooth coating surface and introduction of debris during the
first few cycles. Flame sprayed HEA showed a similar running-in and steady state
regimes in terms of cycles as compared to cold sprayed HEA. However, for HVOF
sprayed HEA, the running-in regime was extended up to approximately 3000 cycles
followed by a steady state up to 5000 cycles. The steady state friction values were
significantly lower than the running-in regime friction values. This might be due to the
delay in formation of smooth tribo-film over the worn surface. The hard oxide phases
proved to be resistant against sliding for the initial 3000 cycles until the surface was
broken down and transformed into a smooth groove. The initial breakage of oxide-
based phases was uneven and created a hinderance in sliding motion which also
explains the large fluctuation in friction values during the first 3000 cycles. In
comparison, the cold sprayed HEA showed the least friction coefficients for the steady
state as compared to flame sprayed and HVOF sprayed HEAs. At steady state, the
HVOF still performed much better than the flame sprayed HEA. Large number of
debris particles were observed in the case of cold sprayed HEA as compared to the other
two. This explains the fluctuations observed throughout the 5000 cycles of cold sprayed

HEA. The higher hardness values coupled with strain hardening during sliding of
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HVOF sprayed and flame sprayed HEAs resulted in increased shear forces required to
break-off the asperities and resisted the sliding motion [24]. The softer nature of the
cold sprayed HEA delaminated easily and as a result showed the least value for friction

coefficient. Similar theory was proposed by Reid et al [25]. in 1987 for Cu-Sn and Cu-

Al alloys.
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Figure 5.4 Friction coefficient vs. cycles at 5 N load for (a) Room temperature and (b) 450°C.

At 450°C, the friction behavior followed a very similar trend that was observed
at room temperature as it is evident from figure 5.4(b). cold sprayed HEA performed
better than other two in terms of friction followed by HVOF and lastly flame sprayed
HEA. The friction coefficient values and operating regimes remained similar for cold
sprayed HEA for both the test temperatures. This might be since the easy delaminating
nature of the coating overcame the adhesion caused at elevated temperatures. Flame
sprayed HEA showed a delay in steady state at 1500 cycles as compared to 250 cycles
at room temperature. This delay in converging to a steady state might be due to initial
softening of the HEA with no significant transfer. Increased adhesion of the debris
particles to the counter ball must have formed a transfer film after 1500 cycles which
resulted in rise in friction coefficient. A steady state was maintained after 1500 cycles
until 5000 cycles. Overall friction coefficient of the flame sprayed HEA was observed
to be higher at elevated temperatures as compared to the room temperature due to
increased adhesion and formation of larger number of debris particles comparatively.
The HVOF sprayed HEA showed a slight increase in the friction coefficient at running-
in (0 to 2500 cycles) as well as steady-state (2500 to 5000 cycles) regimes also due to

the increase in adhesive component introduced by the rise in temperature. At both

126



temperatures, HVOF sprayed HEA showed friction coefficient values closer to cold

sprayed HEA during steady state.

Figure 5.5 shows the wear depth profiles of cold sprayed, flame sprayed and
HVOF sprayed HEAs at 5 N normal loads at both testing temperatures. Figure 5.5(a)
shows the wear depth profiles at room temperature. It can be clearly seen that higher
wear depth of about ~ 70 to 80 um was observed for cold sprayed HEA but the depths
for flame sprayed and HVOF sprayed HEAs were almost negligible for these test
conditions. However, the flame sprayed HEA revealed a more uneven wear profile with
non-uniform patches of wear throughout the wear track. HVOF HEA even though
having negligible wear depth, still showed a distinct groove. The wear depth profiles
show that cold sprayed HEA had a significantly wider groove followed by the flame
sprayed HEA and lastly the HVOF sprayed HEA. Figure 5.5(b) shows the wear profiles
for 450°C. It can be observed that cold sprayed HEA and HVOF sprayed HEA showed
a reduction in wear depth at elevated temperatures by almost ~30 um and ~5 pm
respectively. However, the flame sprayed HEA surprisingly showed a significant
increase in the wear depth which also follows its rising trend of friction coefficient at

elevated temperature.
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Figure 5.5 Wear depth profile of cold sprayed, flame sprayed and HVOF sprayed samples at S N
load for (a) Room temperature and (b) 450°C.
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The wear rates for all the HEAs at all test temperatures have been depicted in
figure 5.6. Similar to the wear depth profiles, it is evident that cold sprayed HEA
showed the highest wear rates at room temperature (140 x 10° mm? Nm™) as well as
450°C (71.8 x 103 mm?® Nm™') compared to the other two with a reduction of almost
50% at elevated temperature. The wear rates of the HVOF sprayed HEA reduced from
3.96 x 10 mm? Nm™! at room temperature to 0.7 x 10° mm® Nm™! at 450°C. Whereas,
that of flame sprayed HEA increased from 10 x 10> mm? Nm™! at room temperature to
21.68 x 10° mm> Nm™ at 450°C. More discussion on wear behavior at elevated

temperatures has been provided in the next section (section 5.4.3).
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Figure 5.6 Wear rates of cold sprayed, flame sprayed and HVOF AlCoCrFeMo high
entropy alloy coatings at 5 N normal load for room temperature and 450°C.

The evolution of microstructure was evidently different in cold sprayed HEAs
as compared to flame sprayed and HVOF sprayed HEAs as discussed in detail in the
previous sections (section 4.4.1 and section 5.4.1) of this thesis. Large presence of
oxides due to in-flight oxidation was observed in the case of flame sprayed and HVOF

sprayed HEAs due to the difference in the deposition temperatures. These oxide phases
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coupled with the microstructure formed, contributed towards the hardness of the
coatings (see previous section). The cold sprayed HEA had almost negligible oxide
inclusions and hence exhibited lower hardness values. The differences in the wear rates
between the different coatings correlates well with the differences in their hardness
values. Further investigation on wear behavior has been carried out on worn surfaces

and the discussion has been provided in the following section (section 5.4.3).

5.4.3. Ex-situ analysis of worn surfaces and counter ball after sliding

tests

To understand the variations and the mechanisms of the wear behavior of the
HEA coatings, the worn surfaces were further characterized using scanning electron
microscopy (SEM), electron disruptive spectroscopy (EDS) analysis and elemental
mapping. The elemental maps for the cold sprayed and flame sprayed HEAs (figure
4.13) along with the EDS analysis table (table 4.5) at room temperature has been
presented in the previous chapter (chapter 4) of this thesis. Table 5.7 summarizes the
EDS analysis data for HVOF sprayed HEA for room temperature and Figure 5.7 shows
the elemental maps for HVOF sprayed HEA at room temperature. Figure 5.8 shows the
worn surface morphologies of HEA coatings at room temperature tests. Figure 5.8(a,
b) shows the worn surfaces of cold sprayed HEA at room temperature. It was observed
that the worn surface was covered by wear scars parallel to the sliding direction
throughout the wear track. This signifies that the wear was dominated by abrasive
mechanism [12]. The wear track also showcased delamination and plastically deformed
phases with a very minute presence of cracks which indicates that the resistance to wear
was very low. The worn surface as showcased in figure 4.11 (b), also had a presence of
oxide debris particles which must have acted as third bodies and accelerated the wear.
These oxide debris particles must have resulted from frictional heating at the interface
of the counter ball and surface of the coating which also explains the fluctuation
observed in the friction graph of the HEA. It can be inferred that the wear mechanism

for this system was mostly ploughing/abrasion along with third body abrasion.

Figure 5.8(c, d) shows the worn surfaces of the flame sprayed HEAs that
showcase the brittle nature of the coating. The observed wear was non uniform and
abrupt throughout the wear track with almost negligible presence of abrasion marks.

The higher hardness of the coating contributed towards increased wear resistance as
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compared to cold sprayed HEA coating. Unlike the worn surface of the cold sprayed
HEA, the worn surface of the flame sprayed HEA exhibited numerous cracks with clear
evidence of brittle fracture. Fragmented debris was observed with no evidence of plastic
deformation which is an indicator of higher hardness. The absence of abrasive wear
scars and the distinct phases with large number of cracks indicate that the wear was
dominated mostly through brittle failure mechanisms. Oxide debris particles were
found adhered to the surface of the wear track which indicates that an oxide based tribo-
film was formed which protected the surface underneath from further wear. Elemental
maps shown in figure 4.13 (b) and EDS analysis (table 4.5) proves that there was no
significant change in the oxide contents after the sliding wear as compared to unworn
surface and the oxide inclusions mainly originated from the high temperature

deposition process.

The worn surface of the HVOF sprayed HEA at room temperature is shown in
figure 5.8(e, f). HVOF sprayed HEA possessed the highest hardness as compared to
other which played a key role in improving the wear resistance. Similar to flame
sprayed HEA, it also showed numerous cracks and evidence of brittle failure. However,
abrasive wear scars and plastically deformed asperities were also observed along with
homogenized phases which explains the smooth uniform wear groove. Evidence of
large oxide-based debris layer was found adhered to the surface which protected the
surface and resisted the wear similar to flame sprayed HEA. The elemental analysis
suggested that oxide percentage over the surface did not change significantly after
sliding. Large patches of oxide debris were found with presence of all principal
elements in a uniform fashion.

Table 5.7 Elemental distribution on worn surface of HVOF sprayed
AlCoCrFeMo high entropy alloy coating at room temperature.

Elements are in atomic percentage

Regions Al Co Cr Fe Mo (0]
7.74 6.67 7.07 7.63 8.66 62.23
B 19.94 11.81 13.39 17.99 23.13 13.74
4.68 53.82 3.01 3.39 3.51 31.59
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Figure 5.7 Scanning electron microscopy elemental maps of worn surface of HVOF sprayed
AlCoCrFeMo high entropy alloy coating at room temperature.

Room Temperature

(a) Cold Spray

(d) Flame Spray

Figure 5.8 Worn surface morphology of (a, b) Cold sprayed, (c, d) Flame sprayed and (e, f)
HVOF sprayed AICoCrFeMo high entropy alloy coatings at S N normal load for room
temperature.

Figure 5.9 shows the worn morphologies of the alumina counter balls for all
testing conditions. As seen from figure 5.9(a), the counter face of the cold sprayed HEA
showed significantly larger transfer of frictionally heated debris particles as compared
to the other two. The transfer film suggests that large amount of delamination occurred
in cold sprayed coating and increased the wear rates as a result. The flame sprayed HEA
counter ball (figure 5.9(b)) showed less transfer at room temperature with visible
scratches and cracks at the area of contact which implies that the hard coating resisted
the sliding motion leading to increased friction and reduced wear. On the contrary, the
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HVOF sprayed HEA counter ball at room temperature as observed in figure 5.9(c),
showed less transfer compared to the cold sprayed and flame sprayed coatings. The area
of contact appears to be the lowest among the three with harsh wear damage on the
alumina ball due to hardness of coating. These findings align well with the low wear
rates of this coating. Presence of wear scars and lack of cracks also confirms that
abrasion played a part in wearing out the coating however, the hardness and oxide layer

prevented the wear rates from inflating as inferred from the wear track analysis.

Room Temperature
(a) Cold Spray (b) Flame Spray

Sliding direction Sliding direction

450°C
(d) Cold Spray Flame Spray

Sliding direction

Figure 5.9 Wear morphology of alumina counter ball after sliding at S N normal
load for (a) Cold sprayed HEA, (b) Flame sprayed HEA, (¢) HVOF sprayed HEA
at room temperature and (d) Cold sprayed HEA, (e) Flame sprayed HEA, (f)
HVOF sprayed HEA at 450°C.

Overall, the oxide inclusion and atomic phase structure played an integral part
in determining the wear rates of the HEA coatings. As discussed earlier, aluminum
supported the formation of BCC phase structure in addition to the oxides formed due

to high temperature deposition processes in case of flame sprayed and HVOF sprayed
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HEA coatings which increased the hardness of the coating significantly as discussed by
many researchers [26-28]. The increased hardness proved to be vital in increasing the
wear resistance of flame sprayed and HVOF sprayed HEA. Severe wear occurred in
cold sprayed HEA due to continuous delamination of surface due to weak cohesive
strength, large number of debris particles resulting in three body abrasion, large amount
of transfer on the counter ball resulting in harsh ploughing damage and lack of oxide
based tribo-film to protect the surface underneath [7]. Poza et al [29] have suggested
that Al-based coatings tend to show plastic deformation leading to delamination. It was
also noticed that the wear mechanism was mostly adhesive type during initial sliding
however during latter cycles, the creation of hard oxidized debris acted as third bodies
and caused massive abrasive wear which matched perfectly with the observations made
in this current study. In case of flame sprayed HEA coating, the oxide phases protected
the surface from severe delamination and abrasive wear [30,31]. However, the brittle
failure of coating led to uneven wear leading to severely worn patches at some
locations. The oxidized loose debris was hard enough to initiate cracks on the worn
surface and cause wear, but contrastingly adhered debris formed a tribo-film over the
wear track protecting further wear. The evidence of loose debris observed was
significantly low owing to the hardness which resulted in shallower groove due to lack
of enough ploughing [32]. The wear mechanism appears to be dominated by brittle
failure coupled with some amount of adhesion. Interestingly, HVOF sprayed HEA
coating exhibited characteristics which were a combination of the other two HEA
coatings. Similar to flame sprayed HEA, the worn surface analysis provided evidence
of brittle failure with minor cracks indicating high hardness. The hardness of the coating
being highest among comparison group, showed the least wear rate. Howsoever, the
worn surfaces also exhibited abrasion marks and plastic deformation which resulted in
smooth groove avoiding non uniform patches of wear. The counter ball surface showed
no significant transfer which proved that the adhesive component of wear was not
exaggerating. The wear occurred due to mild abrasion causing deformation of asperities
and brittle failure to some extent. The hard oxide phases, oxide-based tribofilm and
plastically deformed asperities improved the wear resistance of the coating. The non-
uniform wear of flame sprayed HEA and uniform wear of cold sprayed and HVOF
sprayed HEA could be a characteristic of the size of phases observed in figure 5.8. The

variations in size of phases were introduced due to variations in splats morphology as
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a result of high particle velocities in case of cold sprayed and HVOF sprayed coating
as opposed to flame sprayed coating [33,34].

Figure 5.10 shows the worn morphologies of all the coating systems at 450°C.
As observed from figure 5.10(a, b), the cold sprayed HEA coating exhibited a very
similar mechanisms for wear and the wear track width reduced to ~1.4mm from 1.6mm
as temperature increased. Abrasion marks are clearly visible similar to the tests at room
temperature with presence of minor cracks. However, a smoother tribofilm was visible
at elevated temperatures. Figure 5.11(a) show the elemental maps of cold sprayed HEA
from which it can be inferred that the smooth tribofilm showed a large presence of oxide
content which was also confirmed from table 5.8 showing the EDS analysis. Visible
pits over worn surface signifies the brittle nature, a characteristic of harder surface, of
the coating which arises from fracturing of oxide-based tribo-layer. The worn surface
morphologies of the counter ball at 450°C shown in figure 5.9(d) suggests that the
transfer of material was almost similar to that observed at room temperature with a
slight increase in heated debris particles. The frictionally heated debris was mostly
found adhered to the wear track or the counter-ball at 450°C as opposed to the loose

particles observed at room temperature.

Wear track morphology of flame sprayed HEA at 450°C can be found in figure
5.10(c, d). Surprisingly, the track width increased to ~1.1mm at 450°C from 0.7mm at
room temperature. It was observed that the wear groove was much more uniform as
compared to that at room temperature which signifies wear by ploughing through
asperities. On a closer analysis it was observed that the brittle failure and cracks were
still evident at 450°C. The elemental analysis confirmed that no significant difference
in oxide concentrations was seen between these operating temperature ranges.
Significantly large amounts of debris particles were observed at elevated temperatures
which signifies that the asperities were easily broken off at higher temperatures. The
worn surface of the counter ball shown in figure 5.9(e) shows significantly larger
amount of transfer made up of frictionally heated debris particles. This is a sign of
increased adhesion leading to adhesive type of wear and ploughing through the coating.
The area of contact was clearly large at 450°C due to deeper penetration of counter ball
in the coating. All the evidence suggests that the hardness of the coating might have

been decreased at 450°C which explains the increased wear rates.
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The HVOF sprayed HEA at 450°C as observed in figure 5.10(e, f), shows a
reduction in track width from ~0.3mm at room temperature to ~0.2mm at 450°C.
Magnified images show that the wear track was covered with a large oxide based tribo-
film which protected the surface from wear. The elemental maps suggest that this oxide
was majorly Co-based. Similar to that at room temperature, the surface showed minor
abrasion marks with a small amount of plastically deformed phases. The worn surface
had no visible cracks or loose debris particles. The counter ball shown in figure 5.9(f)
presents a clear reduction in area of contact and much cleaner surface with the exception
of transfer-film which suggests that the surface might be harder at 450°C as compared

to room temperature.
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Figure 5.10 Worn surface morphology of (a, b) Cold sprayed, (c, d) Flame sprayed and (e, f)
HVOF sprayed AICoCrFeMo high entropy alloy coatings at 5 N normal load for 450°C.

Table 5.8 Elemental distribution on worn surface of cold sprayed, flame sprayed
and HVOF sprayed AICoCrFeMo high entropy alloy coating at 450°C.

Elements are in atomic percentage

Regions Al Co Cr Fe Mo 0]
A 0.18 324 0.55 0.44 8.11 58.32
40.03 2.03 0.49 12.83 3.87 40.75
C 8.64 4.73 18.52 5.90 6.98 55.23
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D 0.0 16.16 2.88 15.32 30.70 34.94

E 1.39 8.28 22.25 12.40 16.19 39.47
F 28.04 1.91 30.09 12.91 1.23 25.82

8.29 8.47 6.85 7.33 9.12 59.94
H 0.15 58.23 0.57 0.33 0.12 40.59
| 5.21 38.68 11.04 13.67 16.75 14.66

In comparison among the deposition processes, the wear behavior of cold
sprayed, flame sprayed and HVOF sprayed HEAs showed similar results. At elevated

temperatures, the wear rates of the cold sprayed HEAs reduced significantly due to the

Figure 5.11 Scanning electron microscopy elemental maps of worn surface of (a) Cold
sprayed, (b) Flame sprayed and (¢) HVOF sprayed AICoCrFeMo high entropy alloy
coating at 450°C.

increase in oxide based tribo-films formed over the surfaces and possible increase in
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hardness. The reduction of loose debris mitigated the three-body abrasion and the oxide
based tribofilm protected the surface from further wear. At both the temperatures, the
cold sprayed HEA showed similar mechanisms of delamination and abrasive type of
wear However, for the flame sprayed HEA, the increase in adhesion component and
debris formation leading to abrasive wear at 450°C with probable decrease in hardness,
increased the wear rates significantly. The flame sprayed HEA still exhibited large
amount of brittle fracture and cracks and the wear mechanism was dominated by
adhesion and mild abrasion for high temperature tests. The HVOF sprayed HEA
showed a large increase in Co-based oxide layer over the surface which must have been
hindered in formation of Al-based or Cr-based oxides, which are mostly abrasives, in
larger quantities. Ceramic layers usually protect the surface from wear however, they
are brittle and fail due to mechanical loading and eventually end up increasing the wear
[35]. Interesting work done by Viat et al. [36] suggests that Co-based oxides, on the
other hand, exhibit ductility as opposed to brittleness at elevated temperatures and
reduces wear. This phenomenon might have plastically deformed the phases instead of
fracturing them and prevented the coating from severe third body abrasive wear due to
broken ceramic debris particles. This explains the reduced wear rates of HVOF sprayed

HEA at high temperatures.

5.4.4. Proposed mechanisms

The proposed mechanism for the cold sprayed and flame sprayed HEA has been
discussed in detail in the previous chapter of this thesis (chapter 4). The proposed
mechanism has been derived through rigorous analysis of the friction, wear behavior
and ex-situ analysis of the worn surfaces. At room temperature, the HVOF sprayed
HEA showed the least wear rates as a characteristic of its highest hardness in
comparison. The higher hardness could have potentially contributed to a decrease in the
amount of abrasion. In addition, a smooth oxide based tribo-film was formed over the
surface which helped decrease the overall wear. With progression of sliding, the surface
of the coating succumbed to fatigue stresses leading to brittle failure giving rise to some
loose debris particles. These debris particles caused minor abrasion which was evident

from the wear scars observed in some regions of the wear track.

At 450°C, the cold sprayed HEA showed an increased amount oxide content

over the worn surface indicating a presence of a more uniform tribo-film as compared
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to that at room temperature. In addition, the wear track was observed to be smooth with
negligible presence of cracks or brittle failure. Reduction in the fluctuations observed
on the friction graph indicates that lesser number of loose debris particles were formed
hence mitigating the three-body abrasive wear. The wear rates at elevated temperatures
were reduced due to possible increase in the hardness and formation of hard oxide
phases over the worn surface indicated by pits observed on the wear track due to

brittleness of the coating.

The flame sprayed HEA coating at 450°C, showed increased wear rates due to
significant increase in the adhesive component and possibility of reduced hardness. The
surface of the coating was subjected to adhesive type of wear which is evident from the
area of contact of counter-ball and friction graphs during the initial sliding. Large
amounts of cracks and loose debris was observed over the worn surface at elevated
temperatures which suggests that the brittle fatigue failure also increased due to
softening of asperities. Overall, the wear mechanism at high temperatures can be said
to be dominated by breakage of asperities and formation of loose debris particles which
accumulated on the counter ball forming transfer-film that penetrated the coating deeper

than the coating at room temperature and accelerated the wear.

The HVOF sprayed HEA coating at 450°C, showed significant reduction in
wear rates which can be attributed to a smooth and uniform oxide-based tribo-film (i.e.,
Co-rich). The wear of the coating showed similar mechanisms compared to the room
temperature wear. The wear track of the coating exhibited a slight increase in adhesion
during the initial sliding cycles which can be inferred from friction graph and blackened
transfer observed over counter ball. The worn surface of the coating showed a reduction
in brittle failure and evidence of plastic deformation with some amount of abrasion.

Figure 5.12 illustrates a schematic representation of the proposed wear mechanisms in
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worn state of cold sprayed, flame sprayed and HVOF sprayed AICoCrFeMo HEA
coatings at room temperature as well as 450°C.

- Debris | .;:: Tribofilm - Transferfilm - Wear track

4 N
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/Counter [ Counter
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face
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. /
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Figure 5.12 Proposed wear mechanism for cold sprayed, flame sprayed and HVOF
sprayed AICoCrFeMo high entropy alloy coatings at room temperature and
450°C.

5.5. Conclusions

In this study, AlICoCrFeMo high entropy alloy coatings were developed using
cold spray, flame spray and HVOF. These coatings were tested to evaluate their friction
and wear behavior at room temperature as well as 450°C. A comparative evaluation of

the coatings was drawn, and the following conclusions were deduced:

e HVOF sprayed and flame sprayed HEA coatings exhibited large concentrations
of oxide inclusions compared to cold sprayed HEA coating at both operating

temperatures leading to increased hardness values.
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At room temperature, the cold sprayed HEA (0.49) had the least steady state
friction coefficient followed by HVOF sprayed HEA (0.56) and flame sprayed
HEA (0.55). The wear was dominated by abrasive mechanisms due to large
number of debris formation for cold sprayed HEA, brittle failure with minor
adhesion for flame sprayed HEA and minor abrasion coupled with brittle failure
due to the hard nature of the coatings. The HVOF sprayed HEA performed
better than the rest with minimal wear rates followed by flame sprayed HEA
and cold sprayed HEA being the worst. The high wear rates for cold sprayed
HEA are a direct result of low hardness values as compared to other two.

At 450°C, the friction coefficients of all the systems increased as a result of rise
in adhesive component. The steady state friction coefficient of the flame
sprayed HEA (0.78) was the highest followed by HVOF (0.64) and cold sprayed
HEA (0.52) coating. The wear for the cold sprayed HEA was still dominated by
ploughing/abrasion and delamination however, the wear rates reduced at
elevated temperatures due to formation of oxide-based tribo-film giving rise to
small degree of brittle failure characterized by pits over the wear track. The wear
rates for the flame sprayed HEAs reduced because of significant increase in
adhesive component followed by deeper penetration of counter ball and possible
decrease in the hardness. The wear mechanisms at elevated temperature showed
evidence of increased abrasion with significant increase in debris formation due
to brittle failure. HVOF sprayed HEA coating showed a rise in Co-based tribo-
film formation over the worn surface which prevented wear. As a result, the
wear rates at 450°C for HVOF sprayed coating were the least among all the
other tested systems. The wear occurred due plastic deformation of asperities
followed by minor abrasion and adhesion.

HVOF spraying seems to be the most suitable thermal deposition technique for
producing wear resistant AlCoCrFeMo high entropy alloy coating followed by
flame spraying. Cold spraying, even though having performed better in friction

as compared to other two, shows significantly large wear rates.
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Chapter

6. CONCLUSIONS AND FUTURE
WORK

In this chapter...

The overall conclusions of the thesis have been summarized and proposed future work has been

presented.
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6.1. Conclusions

HEAs have been widely studied since 2004 in their bulk form however, thermally sprayed
HEAs have only been investigated since recent years. This thesis explores the available
literature on thermally sprayed HEAs and provides a critical comparative evaluation of their
tribological performance through the manuscripts. The conclusions for the individual
manuscripts have been discussed in detail within their respective chapters. The overall

conclusions of the thesis have been summarized in this chapter:

1. Thermally sprayed HEAs show a great potential for wear resistant coatings due to
their excellent tribological properties. HEAs can be synthesized by variety of
methods such as mechanical alloying, gas atomizing, blending and arc-melting
which lead to different mechanical properties. The properties and performance of
the coating is largely affected by the deposition technique. For instance, high
temperature deposition such as HVOF and flame spray tends to produce hard
oxidized coatings having high porosities whereas a low temperature deposition
method such as cold spray produces a soft coating with lesser porosity. The
versatility of thermal spraying techniques makes it feasible to produce coatings of
desired properties depending on the particular application.

2. A novel AlICoCrFeMo HEA coating was developed using cold spray, flame spray
and HVOF and their tribological performance was evaluated at varied conditions.
Flame sprayed and HVOF sprayed HEA coatings exhibited higher hardness due to
formation of oxide phases and showed lesser wear rates as compared to cold sprayed
HEA coatings. Polishing had a higher effect on the friction and wear of flame
sprayed HEA coating.

3. At room temperature, cold sprayed HEAs had higher fluctuation in friction
coefficients due to large number of loose debris particles but showed the least value
among the comparison group due to its soft nature. Flame sprayed and HVOF
sprayed coatings exhibited higher friction due to the increased hardness and
resistance to break asperities with HVOF performing better in the latter part of the
tests. The cold sprayed HEA showed the highest wear rates followed by flame
sprayed HEA and finally HVOF sprayed HEA having the least. The varying wear

rates are a direct result of the hardness of coating.
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4. At 450°C, the friction coefficients increased due to enhanced adhesion. Flame
prayed HEA showed highest friction followed by HVOF sprayed and cold sprayed
HEA respectively. The wear rates for the cold sprayed and HVOF sprayed HEAs
reduced drastically due to formation of hard oxide phases over the worn surface.
However, the wear rates for flame sprayed HEA coating reduced as a result of
increased adhesive and abrasive type of wear and possible softening of the coating
at elevated temperatures. Overall, HVOF sprayed HEA coating showed the highest
wear resistance at elevated temperatures among all the other tested systems and cold
sprayed HEA showed the least wear resistance with flame sprayed HEA being in
the middle.

5. Cold spraying seems to be a better performer in terms of friction, but its severe wear
rates deem it incapable for tribological applications. HVOF was found to be the
most suitable thermal spray deposition technique for producing AICoCrFeMo HEA

coating with excellent tribological behavior.

6.2. Future Work

1. Higher temperature tribological evaluation should be performed (i.e., up to 1000°C)
on these coating systems in order to closely mimic applications in hot sections of
gas turbine engines.

2. Other thermal spraying techniques having much higher deposition efficiencies, such
as High Velocity Air Fuel (HVAF) should be explored for developing
AlCoCrFeMo HEA wear resistant coatings in order to improve efficiency and
reduce the costs.

3. The principal elements of the HEA should be modified to achieve enhanced
performance. Refractory metals such as tungsten (W) and vanadium (V) can be
imparted to the existing composition for raising its high temperature performance.
For instance, AICoCrFeMoW and AlCoCrFeMoV can be deposited with HVOF,
since it was found to be the most effective technique, and its tribological behavior
can be investigated in-depth.

4. Advanced tribological evaluation should be performed on these HEAs using
component-based rigs in order to fully capture their abilities under application-

relevant conditions. This will help mature coating to a higher TRL.
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