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Abstract

Microstructure, mechanical, and tribological evaluation of carbide-based wear-resistant coatings

for aerospace applications

Oluwadamilola Ogunmola

Thermally sprayed tribological coatings are extensively employed in aerospace applications to
address critical issues including corrosion, erosion, oxidation, abrasive wear, and fatigue under different
service conditions. Besides addressing these difficulties, these coatings are essential for improving the
efficiency of gas turbine engines, thereby decreasing fuel consumption and emissions.

High Velocity Air-Fuel (HVAF) thermal spraying has become a promising method for producing
carbide-based tribological coatings, offering significant advantages over other techniques such as Air
Plasma Spray (APS) process. Its higher particle velocity and lower flame temperature result in denser
coatings with reduced oxide content and enhanced hardness. These properties make HVAF an ideal
method for developing advanced coatings that can effectively resist surface degradation caused by wear,
corrosion, and erosion, even under extreme temperatures.

The objective of our research work is to investigate the tribological properties of thermally
sprayed carbide-based coatings deposited by plasma spray and high velocity air fuel deposition processes.
This work consists of two research studies, the first emphasize the influence of deposition processes (i.e.,
APS and HVAF) and binder content (i.e., pure carbide and cemented carbide) on the microstructural,
mechanical, and tribological behavior of chromium carbide-based coatings at room temperature and
450 °C. The second study is a preliminary work that evaluates the microstructure of pure silicon carbide
coatings deposited by suspension plasma spraying process.

The tribological test was performed using a ball-on-flat tribometer and the wear profiles were
obtained using a laser confocal microscope. The Ex-situ characterization of the as-deposited coatings
were performed using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-
ray diffraction (XRD), image analysis, and the Vickers microhardness test was performed on the cross-
sections of the coatings at room temperature. The HVAF sprayed Cr3;C2-25NiCr coating deposited with
the 414 nozzle exhibits the lowest friction and improved wear resistance compared to all the tested APS

coatings at room temperature and 450°C. Moreover, the second study has demonstrated that pure SiC



coatings can be produced using suspension plasma spray (SPS) process and open pathway for future

development of ceramic materials which are prone to decomposition.
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Chapter

1. INTRODUCTION & SCOPE

In this chapter...

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



1.1 Introduction

Engineering machines such as gas turbine engines are used in numerous industries including
aviation, power generation, and marine applications for generating power in large-scale quantity [1]. In
the aviation industry, several components of the jet engine including compressor, combustion system,
turbine, and exhaust work in synergy to convert fuel chemical energy into kinetic energy that are later
utilized for generation of thrust to drive modern commercial aircraft [2]-[4]. Basically, the air introduced
into the system is transformed into compressed air by the compressor and thereafter transferred to the
combustion chamber at a speed of 160 km/h where it is heated together with fuel at a temperature of
1300 °C to form a pressurized gas. The gas is expanded and converted into rotational kinetic energy to

drive the turbine blades [1].

Recently, gas turbines have been increasingly employed across three main categories, including
peak load (with less than 10% utilization), base load (approaching 100% utilization), and intermediate
load operations [5]. The utilization of jet engines is projected to rise in the coming years [6]. However,
the aerospace industry is constantly faced with challenges related to the risk of jet engine failures, which
severely impact the service life, safety, and cost associated with component replacement [7]. The frequent
start-stop cycles under base load conditions lead to substantial relative motion between interacting
components, resulting in wear issues [2]. Specifically, components such as combustion liner, transition
piece, turbine blade, and turbine ring experience continual friction due to constant interfacial contact
during operation [8]. The interaction results in high contact pressure and rise in temperature which lead
to fretting wear. The fretting wear induces significant fretting damage such as crack initiation as well as
interfacial degradation to the component which affects the safety, economy, and service life [9].
Furthermore, the relative motion between the interacting surfaces at elevated temperatures results in
considerable material degradation due to friction and wear [10]. While hot-section components are
exposed to extreme temperatures ranging from 1000 °C to 1300 °C, frictional contact or external heat
sources are the main causes of temperature rise in the cold section of the gas turbine engines. The
temperature rise alters the mechanical properties of critical components, leading to decreased abrasion
resistance [11]. Other challenges faced are constant demand for sustainable solutions to CO> emissions,
noise, maintenance costs, and operational safety [7]. Therefore, efforts to improve the efficiency,
reliability, and longevity of gas turbine components will be a key objectives for the aviation industry as

demand for more sustainable and cost-effective power generation solutions grows [6].



Surface engineering is an established technology for protecting and extending the lifespan of
engineering components used in nuclear power plants, automobiles, offshore structures, and aerospace
industries [12]-[18]. Moreover, this technology makes it possible to improve the mechanical properties,
corrosion and wear resistance of metallic components that are susceptible to surface degradation when
subjected to aggressive service conditions [14]. Generally, friction and wear are renowned mechanisms
that lead to the degradation of engineering components, thereby limiting their durability and overall
performance [19]. Tribological coatings are utilized to mitigate the damage posed by friction and wear
mechanisms [20], [21]. An ideal tribological coating possess good adhesion properties with the base
metal, high hardness and toughness, thermal stability and sufficient shear strength to resist contact
pressures [22]. In the aerospace industry, coatings are applied to improve the performance and extend
lifetime of gas turbine engine components such as gears, blade, bearings, dynamic seals and static seals
[23]. Soft coatings such as copper and nickel of hardness less than 10 GPa provides resistance against
friction occurring at the sliding interface which contribute to undesirable subsurface cracking and
subsequent wear damage, while hard coatings such as carbide, oxides, nitrides, and diamonds possess
hardness above 10 GPa and offer resistances against abrasion, erosion, and impact wear prevents

ploughing of materials both on a macro and micro scale [22], [24].

Several deposition methods such as vapor deposition (physical and chemical), electrodeposition
processes and thermal spraying, etc. are used for fabrication of tribological coatings that can be tailored
towards a specific application [25]. Electrodeposition techniques such as electroless and electrophoretic
process are the most economical process. However, the process is not environment friendly due to release
of highly toxic by-products [26]. While PVD offers superior coating properties, the high-vacuum
environment requirements lead to operational complexity and high cost. This requirement can also
compromise the size and shape of parts that can be coated. Moreover, PVD process has low deposition
rate resulting low coating thickness and longer processing time. Chemical vapor deposition offers
moderate equipment cost and higher deposition rate compared to PVD, making it more suitable for
applications requiring thicker coatings in less time. However, the precursor gas mixture and the required
maintenance such as cleaning and neutralization of the output gases increases the overall cost of the
process [27]. Thermal spray techniques have significantly expanded the range of surface modification
and coating technologies available today. This method has evolved into a reliable and cost-effective
solution for depositing thick coatings across a wide variety of feedstock materials and substrates. In the
aerospace industry, thermal spray coatings have proven to be indispensable, playing a crucial role in
modern manufacturing and maintenance processes [28]. Numerous techniques exist for the development

3



of tribological coatings, researchers and engineers are currently exploring innovative approaches to

enhance their performance and versatility.

Carbide-based coatings are currently used in aerospace applications as protective materials to
prevent the degradation of critical components within the gas turbine. These coatings are applied to
turbine blades, vanes, and other components in jet engines to protect them from wear caused by high-
speed particles and corrosive environments [29]. Furthermore, the coatings subsequently extend the
lifetime of the coated components while significantly reducing maintenance cost. Carbide-based coatings
provide better wear, erosion, and corrosion resistance than other coating materials such oxide-based or
nitride-based materials [30]. Generally, thermally sprayed tungsten carbide-based coatings are usually
the most preferred and widely used wear resistant coatings for gas turbine components due to its attractive
properties such as high hardness, high wear resistance and fracture toughness, high elasticity, chemical
inertness and low friction making them suitable for anti-wear applications [7]. These hard particles are
sprayed as cermet by co-deposition with binders such as Cr, Ni or Co. The binder phase provides the
required toughness, while the hard WC particles phase improved the wear resistant property [31], [32].
WC-Co coatings has been employed for repair of gas turbine shafts, aircraft landing gear and certain jet
engine components [33]. However, the use of tungsten carbide-based coatings at high temperatures above
500 °C is limited due to low oxidation resistance of the hard WC particles [31]. This is why their
application is limited in high-temperature environments. Thus, there is need for the development of viable
alternatives that can reduce the overall wear rate of critical components of gas turbine engines and operate

efficiently under extreme conditions.

Chromium carbide-based coatings are gradually emerging as a better alternative to replace
tungsten carbide-based coatings for wear resistance application due to their high hardness and excellent
tribological properties in harsh environments [34]. Chromium carbide-based coating offers an improved
erosion, corrosion and oxidation resistance making them suitable for use at elevated temperatures up to
900°C [35]. Recent research has shown that Cr3;C»-based coatings with nickel chromium (NiCr) as metal
matrix binder offer high corrosion and oxidation resistance [36], low friction coefficient and better wear
resistance than thermally sprayed WC-Co coatings [37], [38]. Additionally, the coefficient of thermal
expansion of chromium carbide-based coatings (10.3x107° °C™!) is close to that of steel (11.4x107¢°C™1)
and nickel (12.8x107¢ °C™') that makes up the base of high temperature alloys [39]. This minimizes stress
generated by thermal expansion mismatch during thermal cycling [40]. Since the demand for chromium

carbide-based coatings for extreme environment is increasing exponentially, the potential benefits of
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thermally sprayed chromium carbide-based coatings can help address numerous challenges associated

with wear of critical components in jet engines [30].

Silicon carbide (SiC) is a highly promising candidate for high temperature structural applications
due to its outstanding properties, including high strength, hardness, thermal conductivity, abrasion
resistance, chemical stability, and oxidation resistance [41]-[43]. The ceramic coating offer exceptional
tribological characteristics and have been utilized to enhance the wear resistance and durability of
aerospace moving components such as gas turbine blades, seals, and turbocharger rotors in extreme
environments [43], [44]. SiC coatings have been fabricated by traditional methods such as physical or
chemical vapor deposition [45], magnetron sputtering [46], and laser-assisted deposition [47]. However,
studies have demonstrated that thermal spray methods like suspension plasma spray (SPS) [48], and
suspension high-velocity oxy-fuel (S-HVOF) [44], are more cost-effective routes for producing dense
SiC-based coatings with high deposition rates. Ultimately, the choice of method used to deposit carbide-
based coatings depends on the specific application requirements, including the thickness and properties

of the coating, base material considerations, and equipment availability.

1.2 Thesis objectives

The main objective of this research work is to develop the next generation thermally sprayed carbide-
based coatings that can operate effectively over long periods of time and consequently, improving
tribological performance in harsh environments. The following sub-objectives have been identified for

this thesis:

e Examine the effect of deposition processes, spray parameters, and binder content on the
microstructure of the carbide-based coatings.

e Evaluate the friction and wear resistance performance of carbide-based coatings at room and
elevated temperatures.

e Perform analysis of the worn surfaces to interpret the interfacial processes of carbide-based
coatings in various environments.

e Provide recommendations to the aerospace research community regarding the design strategy for

development of carbide-based coatings.
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Chapter

2. BASIC CONCEPTS & BACKGROUND

In this chapter...
A brief introduction to the concept of tribology including friction, wear and lubrication were discussed.
Also, different types of thermal spraying techniques widely used for depositing tribological coatings have

been presented.
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2.1 Brief History of Tribology

The term tribology stems from the Greek word "tribos," indicating rubbing or attrition. Tribology
was established in 1966 by the British tribologist Peter Jost [1]. It was subsequently defined in 1967 by
a committee of the Organization for Economic Cooperation and Development (OECD) in the United
Kingdom [2]. The committee made an estimate of the revenues that could be generated by the industry
if tribological principles are applied in their operations. Tribology deals with the science and technology
of mating surfaces in relative motion. Figure 2.1 illustrates the three main concepts of tribology which
include friction, wear and lubrication. During interaction, forces are conveyed, mechanical energy is
transformed, and both the physical and chemical properties, including the surface topography of the
interacting components, are modified. The impact of surface interactions governs friction, wear, and

lubrication characteristics [3].

Tribology

Lubrication

Figure 2.1 Schematic of tribological triangle [4].

Tribology has gained recognition and significant progress in various industries, including
aerospace, automotive, and manufacturing [5]. The design of machines may utilize existing knowledge
of tribology to enhance their performance and durability [6]. Nowadays, tribologists utilize advanced
techniques such as microscopy and modeling to examine the behavior of engineering materials under
different operating conditions [2]. Understanding the complex relationships existing between materials,
lubricants, and machine operating conditions is essential for minimizing friction and preventing failures
associated with tribological phenomena [6]. The objective of tribology research is to minimize losses
resulting from friction and wear at all levels of technology and enhance machine efficiency, improve
performance, and save maintenance costs. Thus, tribology research will continually evolve as scientists

seek innovative methods to enhance machine performance and minimize material wear and friction [7].
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2.1.2 Friction

Friction is described as a force that resist the motion of interacting surfaces in contact, and it
occurs in the regions adjacent to and between solid surfaces [8]. Moreover, when surfaces in contact
move relative to each other, the resulting friction between the interacting surfaces converts kinetic energy
into thermal energy. Friction is an important aspect of human life. For instance, friction is required for
walking without slipping or falling, between tires and roads, and between mechanical parts that are bolted
together. However, friction is undesirable for most industrial machines because it causes energy loss,
leading to degradation of the interacting components and reduces the overall efficiency of the machine
[9]. Basically, there are two forms of friction which are static and kinetic friction. Static friction opposes
the onset of relative motion, while kinetic opposes the continuance of relative motion that was initiated.
The coefficient of static friction us, is usually higher than the coefficient of kinetic friction, uk. However,
both static and kinetic COFs depend on a pair of surfaces in contact [10]. According to Fig. 2.2, a
tangential force, F7, is required to initiate the relative motion between two bodies kept in close contact
by a normal force F. Such force is referred to as friction force which is required to overcome the static
friction force, Fy, opposing the motion. The ratio F1/Fn = us is the coefficient of static friction. However,
to maintain the motion of two bodies moving at a given sliding speed, a tangential force is required to
counteract the kinetic friction force. In this case, the ratio Fr/Fn = uk is the coefficient of kinetic (or

dynamic) friction [11].

Figure 2.2 Schematics diagram of the forces required to move two bodies in contact, with relevant
definition of coefficients of static and kinetic friction adapted from [11].

On the other hand, friction takes place due to energy dissipation at the interface, and may occur
by material deformation, asperity interactions, fracture, viscous fluid flow, and interatomic interactions.

[12]. Figure 2.3 illustrates different interfacial phenomena that frequently occur in frictional systems.
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The friction in two-body abrasion is usually high due to the plowing effect of hard asperities against
softer counterparts. In contrast, friction between smooth surfaces is generally lower unless significant
adhesion takes place between the interacting pairs, or when the surfaces are roughened by wear. Friction
involving third bodies is usually more complex because friction occurs both within the particle layer and
at the sliding interfaces. Density gradients and pores may develop in these layers, and their shear strength
varies non-linearly with density. In rolling contact and lubricated surfaces, friction is influenced by how
fluid is driven towards the sliding interface, the roughness of the mating surface, and the A-ratio, which

is the ratio of film thickness to the composite surface roughness [11].

Friction with abrasion Friction during sliding

rpm, ¥ rpm,

Third-body layers

Rolling with slip

Figure 2.3 Common interfacial conditions in frictional systems. Friction by hard asperities (upper left),
smooth sliding with or without an interfacial liquid layer (upper right), friction by sandwiched layer of
particles (lower left), and friction under rolling with slip (lower right) [8].

2.1.3 Wear

Wear is another integral part of tribology concept that is intimately linked to frictional processes
and may occur when two surfaces move relative to each other. The contact leads to a detrimental removal
of material from operating solid surface [13]. The surface damage or material removal could result from
one or both of two solid surfaces in relative motion [7]. In most metallic components, wear causes
damage such as deformation and cracking, resulting in material removal in form of small wear debris
which accumulates with time, often in a linear manner [14]. It is worth mentioning that increased wearing
of metallic components could lead to an increase in power loss, oil consumption and the cost of
component replacement may increase. Ultimately, it reduces efficiency and the overall performance of

the system. Therefore, as much as possible wear events should be minimized [13].
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Wear can occur in different form depending on the service conditions it is subjected to, including
the type of load or stress level, the environmental temperature, and the properties of the material itself
[10]. Figure 2.4 shows the schematics of common types of wear. Adhesive wear occurs on the principles
of solid-phase welding of interacting surface atoms [15]. Adhesive wear is a critical type of wear and
usually characterized by high friction and wear rates [16]. The wear phenomenon is usually facilitated
by clean surfaces, non-oxidizing conditions, and chemical or structural similarities between the sliding
surfaces [17]. When two materials interact in relative motion, atoms/particles from the softer material
tend to wear away unless the strength of both interacting materials are equal. In this case, both materials
undergo wear, with molecules and micro-particles being pulled off each surface. The fragmented particles
generated get trapped at the interface and cause even more surface area for atomic adhesion, leading to
high wear rate [18]. Adhesive wear can result in increased roughness and protrusions such as bumps
above the original surface. In industrial manufacturing, this process is referred to as galling and may lead
to delamination of oxidized layer protecting the underlying bulk material, thereby increasing the chances
of stronger adhesion [2]. Abrasive wear results from the removal of material by hard asperities sliding
against a softer one, digging into it and ploughs numerous grooves [17]. The hard particles may come
from the material itself or from counteracting surfaces within the tribo-system [19]. Abrasive wear has
two main categories, which includes two-and three-body abrasion. Two-body abrasion is caused by hard
protuberances or particles moving with the counterface, while in three-body abrasion is caused by free
or loose abrasive particles present as interfacial elements between the mating counterparts [20]. Due to
the abovementioned deformation mechanisms, the abrasive particles in a two-body mechanism can cut
deeply into the workpiece material, whereas in the case of three-body abrasion, the abrasive grains may
take extended time cutting into the material. Therefore, two-body abrasion is considered more severe and
results in wear rates which is three times greater than the three-body mechanism under the same loading
condition [21]. Fatigue is associated with repeated loading and unloading cycles [22]. Fatigue wear
induce surface and subsurface cracks which after a certain number of cycles lead to severe damage, in
the form of large fragments and/or large pits, on one or both mating surfaces [2]. Once a crack has been
initiated, each loading cycle extends the crack by a small amount, even though the cyclic stress intensity
is below the normal strength. The stress could be due to vibration or thermal cycling. Subsurface and
surface fatigues are mostly observed during repeated rolling and sliding cycles, respectively [23]. Other
wear processes includes corrosion wear which occur due to combined effect of mechanical wear and

chemical degradation [24]. Erosion is caused by the impact of solid particles, liquid droplets, or gas [25],
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while fretting occurs in small-scale oscillatory motion between two surfaces in contact, causing localized

wear and surface damage [26].

——
Adhesive Wear Abrasive Wear
\“‘“
A 2 eo
¥
— —
Third- Body Wear Fatigue Wear

Figure 2.4 Common types of wear damage; adhesive wear (upper left), two-body abrasive wear (upper
right), three-body abrasive wear (lower left), and fatigue wear (lower right) [27].

As previously mentioned, wear has been a major problem limiting the performance of engineering
components. To reduce wear damage, it is essential to select durable materials with appropriate design
and properties to minimize the stresses acting on it, and employ protective coatings or lubricants to

minimize the wear rate [28].

2.1.4 Lubrication

Mechanical systems such as bearings, gears and machine components are designed to interact in
different ways, such as sliding and rolling in relation to one another [12]. The interaction between the
mating surfaces occurs at the real contact area which is influenced by normal load and mechanical
properties [16]. The resulting interactions produce high frictional forces that could generate high
temperatures and expose the mechanical systems to wear. Lubricants are used to minimize friction
(resulting from vibrations) and wear of mechanical systems in relative motion [29]. Lubricants are
introduced between the actual surface contact and frictional force inhibiting the surfaces movement,
subsequently help to extend the life of mechanical components and reduce energy consumption [30].

Lubricants can exist in the form of liquids such as petroleum or mineral oils, silicone fluids and synthetic
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esters, while the commonly used solid lubricants includes MoS,, graphite, hexagonal BN and boric acid
H3BOs3 [29], [30]. Liquid lubricants can be applied on moving parts by hydraulic actions to keep the parts
separated. They are selected for application based on the effects of temperature change on the viscosity
of the lubricant which is to be kept at minimum. Solid lubricants find application in extreme working
conditions where conventional oils failed to work. They have low shear strength, low hardness, high
adhesion thermal stability and chemical inertness [17]. However, studies have shown that the operating
conditions of many lubricants are limited at low or high temperature, in vacuum or at extreme contact
pressure [31]. Moreover, the environmental concerns posed by lubricants further limit their improved
tribological applications. For instance, liquid lubricants are composed of 90% oil and 10% additives. The
additives present are toxic and not environmentally friendly [32]. These challenges led to the use of wear-

resistant materials with good frictional properties and can operate without lubrication [33].

2.2 Thermal Spray Technology

Thermal spray processes involve a set of coating processes where a heat source is used to melt
feedstocks in the form of powder, wire or rod form. The molten or semi-molten particles are then
projected towards a readily prepared substrate by expanding a process gas. Once the particles impinge
on the substrate, they cool and build up, particle by particle, layer by layer, resulting in coating deposit.
It is an adaptable procedure for depositing various feedstock materials at high temperature on practically
any substrate making it a very robust techniques in providing engineering and design solutions that
protect gas turbine components and enhance their overall efficiency [34]. Thermal spray technology
provides the opportunity to coat a diverse range of materials without causing substrate distortion or
encountering thickness constraints. It offers precision, eco-friendliness, and the capability to effectively
repair worn or damaged parts compared to traditional processes such as electroplating, electroless
deposition, and physical/chemical coating methods, which have drawbacks such as elevated processing
expenses, diminished deposition efficiency, and the generation of environmentally hazardous by-
products [35]. Figure 2.5 presents the classification of thermal spray processes based on the source of

energy used in generating the high-temperature and high-velocity gas stream.
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Classification of thermal spray processes
according to various type of energy source
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Figure 2.5 Classification of thermal spray coating processes based on the energy source used in the
process [36].

This thesis utilized atmospheric plasma spray (APS) and high velocity air fuel (HVAF) processes
for the deposition of chromium carbide-based wear resistant coatings. On the other hand, silicon carbide-
based coating was deposited by suspension plasma spray (SPS) process. The comparative analysis of

each thermal spray process has been described in more detail in the following sub-sections.

2.2.1 Plasma spray process

Plasma spraying (PS) is a versatile thermal spray deposition technique which uses an electrical
arc to generate a high temperature (more than 20000 °C) for melting and spraying materials onto a surface.
The schematic of a plasma torch is presented in Fig. 2.6. Plasma spray process is a low cost and flexible
methods for depositing coatings with high thickness and density from the micro to the macro scale [37].
Moreover, it has advantages of high flame temperature, high energy concentration, high bonding strength,
lower dilution of the coating, and high deposition efficiency [38]. Plasma jets are generated by using an
inert gas like argon or nitrogen, combined with hydrogen or helium as secondary gases. The gases are
heated by the electric arc created between cathode and anode electrodes until it is fully ionized. Thereafter,
the material to be deposited is injected into the plasma plume and heated by means of a plasma jet, having

high temperature and speed. The molten or partially molten droplets (depend on the grain size powders),
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are accelerated towards the surface of the pretreated substrate, which deform and deposit the coating on

the surface [39].
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Figure 2.6 Schematic diagram of plasma spray process [40].

Atmospheric plasma spray (APS) is a conventional thermal spray process that has been widely
used especially in industries such as aerospace, automotive, and energy for several decades for depositing
a wide range of materials, including metals, ceramics, and composites, for enhancing wear resistance,
corrosion resistance, thermal barriers, and other surface properties of engineering component. This
process allows the deposition of powders with a particle size ranging from 10 to 100 um to form a
lamellae coating microstructure of micrometer thickness and diameter of a few tens to hundreds of
micrometers. However, the main drawback is the challenges of processing nanometric particles due to
difficulty injecting them into the plasma jet as they tend to form larger aggregates that can block the
injection path and nozzle throats [41]. Furthermore, the resulting APS coatings have a characteristic
lamellar structure due to successive impingement of molten splats, revealing micro-defects such as un-
melted particles, porosity, and weak interlamellar bonding between splats that could deteriorate the

coating’s functionality and overall service performance [42].

Suspension plasma spray (SPS) is a novel variant of atmospheric plasma spray processes that
allows the deposition of sub-micrometric or nanometric particles (between 500 nm to 5 um) [43]. The
process also makes it possible to achieve thin coatings of thickness ranging from 20 to 100 pm with finer
microstructural features compared to the APS coatings [43]. The process uses the basic equipment of the
conventional process, but the feedstocks is dispersed in a solvent generally water, ethanol or their mixture,
at a certain ratio to form a suspension [44]. The prepared suspension is injected into the plasma plume

where it undergoes atomization to form very fine solid droplets. The liquid from the droplet evaporates
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and the fine powder particles can undergo a partial or full melting and may form agglomerates. The
melted particles impinge on the surface to form a fine structured coating [45]. The typical SPS coating
exhibit a columnar or vertical cracks microstructure, which strongly depends on the spray parameters
such as feed rate of liquids, standoff distance, solid loadings of liquid [46]. The injection mode also plays
a crucial role in achieving the desired coating structure. Fig. 2.7 shows various injection modes of
injecting feedstock slurry. Radial injection allows the injection of the slurry perpendicularly in the
direction of the plasma jet by an external injector. However, some suspension droplets/particles may not
pass through the plasma jet, leading to less efficient heating and possibly incomplete melting, which can
negatively affect the coating quality. Whereas, in axial injection mode, slurries are fed directly into the
plasma flow by a co-axial injector, thereby allowing longer residence time in the high-temperature core

of the plasma jet, leading to more uniform and complete melting of particles [47].
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Figure 2.7 Schematic diagram of (a) radial and, (b) axial feeding of feedstock [47].
2.2.2 High-Velocity Air Fuel (HVAF)

HVAF is a thermal spray coating technique that can be employed for producing a dense coating
with minimal oxidation. Unlike the high velocity oxygen fuel (HVOF) process, HVAF uses a compressed
air instead of oxygen for spraying which reduces the chances of decarburization and decomposition of
carbide particles. The relatively low processing temperature in HVAF process also help to retain the

solid-state nature of the particles deposited [48].

Figure. 2.8 shows the schematic of HVAF spray process. The process involved burning gaseous
fuel and compressed air in the combustion chamber to produce relatively high temperature and pressure.
The lower oxygen concentration lowers the combustion temperature but allows the efficient heating and
acceleration of the axially injected particles to a supersonic state and then propelled towards the substrate
where they undergo plastic deformation and adhere to the surface to form a coating. HVAF particle
temperatures are typically lower, and the particle velocities are significantly higher than the conventional
HVOF spraying process [49], [50].
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Figure 2.8 Schematic diagram of HVAF spray processes [51].

HVAF technique has some advantages over other combustion spray processes such as high jet
velocity and low flame temperature which results in dense coating with low porosity. The oxygen used
in HVOF process is replaced by air in the HVAF process which reduces the chances of particle oxidation,
resulting in coating with improved phase retention without any crack formation. Moreover, HVAF is a
low-cost alternative that can produce dense coatings and higher deposition efficiency compared to the

HVOF process.

2.3 Wear resistant coatings

The interfacial contact layer plays a significant role in tribological systems that operate under
sliding conditions due to its effects on friction and wear behavior. This layer, which forms the interface
between two sliding surfaces has several important effects that impact the overall tribological

performance of the system [52].

Generally, the contacting interfaces in gas turbine engines can be classified into clearance control
and tribological interfaces. Figure 2.9 shows the contact locations in a gas turbine engine. Clearance
control refers to systems, which are located directly in the gas path and includes abradable, abrasives and
knife-edge seals. While the tribological interface includes blade root interfaces, bearings, gears, and seals.
These contact interfaces are extremely sensitive to wear degradation that could lead to degradation of the
moving components and subsequently to failure of the machinery. In addition, premature wear of these
components could result in an increased number of engine teardowns, which significantly increases the
maintenance costs of an aircraft [53], [54]. However, if the contact area is reduced, low friction would

be expected, and this can only be achieve using wear resistant coatings [52].

Wear resistance coatings are employed to protect mechanical parts from catastrophic damage
resulting from wear events. These coatings are also utilized for maintaining the optimal performance and

durability of structural components [55].
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Figure 2.9 Cross-section of the contact locations in a jet engine [54].

Several wear resistant coatings have been employed for many decades in the industries to mitigate
wear by applying them to the surface of components and tools to protect them from wear degradation
under harsh operating conditions [56]. The common coatings materials that are widely used for wear
resistant coating consist mainly of nitrides, borides, carbon-based, oxides and carbides due to their high
hardness and wear resistance properties. These materials also offer excellent chemical stability and
oxidation resistance making them suitable for specific wear-related challenges in severe environments
[57]. This thesis focused mainly on carbide coatings such as chromium-carbide and silicon carbide-based

coatings.

2.3.1 Performance of plasma sprayed chromium carbide-based coatings

2.3.1.1 Microstructure and mechanical properties

Plasma sprayed Cr3;C»-NiCr coatings provides resistance against abrasive wear and a low friction
coefficient from room temperature up to 850 °C, due their high thermal stability and oxidation resistance
[58]. The microstructures of plasma sprayed carbide coatings are characterized by lamellar microcracks,
unmolten particles, weak interfaces and voids between successive splats [59]. Figure 2.10 presents the
typical microstructure of plasma sprayed Cr3C>-NiCr coating. The coating shows an inhomogeneous
microstructure characterized by metallic Ni-Cr matrix (denoted by A) having different grey contrast that
are rich in Cr and C from the Cr3Cs phase dissolved in the matrix, together with mixed carbide (dark grey
regions, denoted by B) interspersed with voids (black regions, denoted by C) carbide particles are
distributed within the coating, giving rise to an inhomogeneous microstructure. On the other hand, the
high energy level and lower particle velocity of plasma spray methods can cause decarburization of

primary Cr3C: phases into secondary phases such as Cr7Cs and Cr23Cs phases, and oxidation leading to
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formation of Cr>O3 phases [60]. Rubino ef al. [61] reported the decomposition of Cr3Cz phase into Cr7Cs
and Cr23C¢ phases. The Cr7Cs phases are formed by decarburization of Cr3Cs while Cr23Ce phases were
formed by precipitation mechanism during the cooling process of the deposited splats. However, minimal
amount of Cr203 phases were present in the coating due to spraying in inert environment. Similar study
by Marcano et al. reported the presence of Cr7Cs and Cr3O; phases in vacuum plasma spray Cr3Cz-NiCr
coating, indicating that decarburization and oxidation of primary Cr3C> phase occur [58]. It is worth
mentioning that these phases have lower mechanical properties and wear resistance compared to the
original Cr3C; phase [62]. Despite this limitation, some available studies have shown that plasma sprayed
chromium carbide-based offers improved mechanical performance. Chhabra et al. study revealed that
plasma sprayed Cr3C2-NiCr coatings exhibit higher hardness, higher bond strength, dense and defects
free [63]. Mihailo reported the improved microhardness and bond strength of plasma sprayed 75Cr3C»-
25NiCr coatings and the improved properties was ascribed to the powder feed rate and that the coatings
did not show the presence of un-melted powder particles, precipitates, and inter-lamellar pores [62]. Lin
et al. [64] reported that supersonic plasma sprayed NiCr-Cr3Cy coatings exhibited improved properties
(micro-hardness, deposition efficiency, bonding strength and elastic modulus) and lower porosity value

than HVOF coating.

?EkU rOXEZ, 8eBe. 18xm

Figure 2.10 Cross-section of vacuum plasma sprayed Cr3C>-NiCr coatings [58].

While several studies have shown that plasma sprayed carbide coatings usually undergo
decomposition, coating issues such as debonding of carbide grains due to rebounding is comparatively
lower in plasma spraying than in other thermal spraying techniques such as high velocity-based spraying

processes [65].
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2.3.1.2 Friction and wear properties

In general, there are only a few studies that examine the friction and wear performance of plasma
sprayed Cr3C2-NiCr coatings especially at elevated temperatures. Most of the available studies focus
mainly on studying the wear behavior at room temperatures. For instance Yinlong ef al. [66] reported
that plasma Cr3C>-NiCr coating exhibit poor wear performance than D-gun Cr3C2-NiCr coating. Whereas
Mishra et al. [67] investigation revealed that plasma sprayed Cr3C>-NiCr coatings exhibit lower friction
coefficient and higher wear resistance compared to uncoated samples at ambient temperature. The low
friction was ascribed to the formation of oxide layer at the sliding interface, which reduced direct contact
between surfaces, while the improved wear resistance was linked to the coating’s uniform, dense
microstructure and increased hardness. Li ef al. [68] studied the friction and wear behaviour of plasma-
sprayed Cr3Cz-NiCr against TiO coating at different sliding speeds and loads. A decrease in the friction
coefficient and increased wear rate of the as-sprayed coatings as the speeds and loads increased, were
reported. The wear mechanism identified at lower loading was fatigue wear while plastic deformation
and shear fracture dominates at higher loads. Other study by Lin et al. [64] compares the wear behavior
of NiCr-Cr3C> coatings deposited by supersonic plasma spraying and high velocity oxy-fuel processes.
The results according to Fig. 2.11 show that SPS coating friction variation for single curve is relatively

smooth compared to that of HVOF coatings.
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Figure 2.11 Variation of COF against the sliding time under different loads (a) SPS coating (b) HVOF
coating [64].

Moreover, the mass loss of SPS coatings is lower than that of HVOF coatings under same applied
load. The improved friction and wear properties of SPS coatings were attributed to high hardness and
minimal coating defects compared to HVOF coatings. The high temperature wear testing of plasma
sprayed Cr3C2-NiCr coatings by Pankaj et al. [63] revealed that Cr3C>-NiCr coatings demonstrated low

friction and improved wear resistance at 400°C due to formation of oxide layers which acted as load
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bearers. However, the increase in the temperature up to 800°C led to increased friction and wear rate due
to thermal softening and precipitation of carbides from the top layer of the coating. The results are an
indication that the hardness and wear resistance to penetrating abrasive particles of Cr3Cz-based coatings
may decrease at higher temperatures and the oxide layers formed can be removed by micro-cutting,

thereby exposing the base materials to wear damage [69].

2.3.2 Performance of HVAF sprayed chromium carbide-based coatings

2.3.2.1 Microstructure and mechanical properties

Chromium carbide-based coatings deposited by high-velocity processes offer superior wear
resistance compared to plasma-sprayed coatings, due to the enhanced coating properties achievable with
high-velocity techniques [70]. These coatings are widely used in industries for components that require
wear protection and corrosion resistance in high-temperature environments [69]. High Velocity Oxy-Fuel
(HVOF) processes are commonly employed for Cr3Cs-based coatings; however, the high temperatures
involved in the process cause some decarburization or dissolution or complete melting of Cr3C, grains
also takes place. This has led to the increased adoption of the High-Velocity Air-Fuel (HVAF) process,
which mitigates the risk of carbide degradation, making it a preferable alternative to traditional HVOF
methods [69]. Figure 2.12 presents the microstructure of Cr3C,—NiCr coating deposited by HVOF and
HVAF processes. The HVOF coating (Fig. 2.12a) undergoes consideration carbide degradation, as shown
by the white arrows, while the carbides in HVAF coating (Fig. 2.12b) undergo minimal degradation and
individual carbide maintains their original angular morphology. Additionally, the pores produced by
HVOF process (Fig. 2.12c¢) are larger when compared to the HVAF spray coating (Fig. 2.12d). The high
porosity content in HVOF process is undesirable for dry unlubricated wear applications, because it can
act as active site for crack initiation and propagation under stress, which reduces the coating's wear
resistance [71]. The hardness of thermally sprayed coatings strongly depends on the microstructural
features, phase constitution and porosity content. Although studies have shown that the fracture
toughness of HVOF Cr3C»-25Ni1Cr coating are comparable to that spray by HVAF process, but the low
porosity content in HVAF Cr3Ca-NiCr coating facilitate improved hardness than HVOF sprayed coatings
[71]. Hardness can be beneficial in minimizing formation of wear debris and reducing adhesion between
contacting surfaces under sliding wear conditions, thereby leading to low wear damages [72]. Thus, the
proper optimization of thermal spray process parameters plays a key role in ensuring high carbides
retention and defects free coatings, resulting in high hardness and perform better against wear and

corrosion.
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30 um

Figure 2.12 Microstructures of chromium carbide-based coating, (a-c) HVOF, (b-d) HVAF [71], [73].
2.3.2.2 Friction and wear properties

Several research on the sliding wear behaviour of HVOF sprayed Cr3;C»-NiCr coatings has been
studied in some detail, but a comprehensive assessment of the sliding wear behaviour of HVAF-sprayed
Cr3C2-NiCr coatings is still limited [69]. Bolelli et al. [48] examined the tribological properties of fine
and coarse Cr3C»-25Ni20Cr powders deposited by means of HVOF and HVAF processes. It was reported
that HVAF coatings exbibit the best wear performance and that fine feedstock powder provides more
resistant to wear than the coarse powder due to stronger matrix-carbide cohesion within the lamellae after
spraying. Mahade et al. [71] study reveals that HVAF Cr3C>-NiCr coatings undergo increase COF and
low wear resistance at lower load due to delamination of tribo-films, but at higher loading conditions,
HVAF coatings demonstrate superior wear performance than HVOF coatings. The same author reported
the wear resistance of high velocity air fuel (HVAF) sprayed Cr3C>-NiCr coatings by including GNP
employing hybrid approach in which Cr3C>-NiCr (powder) and graphene nano platelets GNP (suspension)
are co-axially injected [74]. It was reported that no decarburized carbide was observed in all the HVAF
sprayed coatings. Moreover, the coefficient of friction and specific wear rates were lower for GNP
incorporated coatings compared to the coating without GNP. In another study by the same author, pure
chromium carbide (Cr3C2) suspension was co-deposited with an Inconel-625 (IN-625) powder using
HVAF process to deposit improved wear and corrosion resistant coatings. The sliding wear rate results

clearly demonstrated improved wear resistance of hybrid coatings compared to the conventional IN-625
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coating. The improved wear resistance was attributed to an increased carbide retention by the HVAF
process [75]. Matikainen ef al. [ 73] studied the high temperature sliding wear behaviour of Cr3C>-25NiCr.
The results show that the HVAF Cr3;C2-25NiCr coatings demonstrate the lowest friction coefficient and
significantly improved wear resistance than the HVOF Cr3;C;-25NiCr coatings at 700 °C. The surface
state of the wear tracks following sliding test are presented in Fig. 2.13. It can be observed that HVAF
sprayed coatings maintained a dense structure without surface cracking which enabled the formation of
stable tribo-oxide layer on the wear track, as shown in Fig. 2.13a. Whereas HVOF Cr3C»-25NiCr coating
exhibited subsurface cracking caused by sinusoidal loading cycles during the wear test, as shown in Fig.
2.13b. Such subsurface cracking promotes the removal of the tribo-oxide layer subjecting the underlying
material to oxidation and wear. These studies have also demonstrated that HVAF process can be utilized
to fabricate chromium carbide-based coatings with a dense coatings structure, increased carbide retention,
and without any subsurface cracking. Moreover, HVAF process can enable the formation of thick oxide
layer on the wear track that will provide improved wear and oxidation resistance to critical components

in gas turbine engine [69].

Figure 2.13 SEM of Cr3C2-25NiCr coatings wear track deposited by (a) HVAF (b) HVOF [73].
2.3.3 Performance of thermally sprayed silicon carbide-based coatings

2.3.3.1 Microstructure and mechanical properties

Thermal spraying of silicon carbide is extremely difficult due to its tendency to decompose into
gas at elevated temperatures. Nowadays, silicon carbides are thermally sprayed as a ceramic matrix
composite (CMC) through co-deposition with oxide binders such as Al>O3 and Y203 to minimize
oxidation and improve deposition efficiency [76]. Figure 2.14a shows the cross-section of silicon carbide
coating containing 30 wt.% of nano-film YAG binder produced by high-frequency pulse detonation
(HFPD) method. The coating is characterized by small pores formed during spraying and some grinding-
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polishing artefacts were visible in the darkest spots region. The higher magnification image of the coating
in Fig. 2.14b reveals non-deformed SiC particles (dark grains) embedded in a bright region of YAG
binder. The inherent pores in the coating originated from trapped gases which also contributed to a low
hardness value of 484 + 47 HV, [77]. Acacio et al. [78] produce SiC-YAG coatings by suspension
HVOF thermal spray method. The results showed that SiC particles were protected from oxidation by
the completely melted YAG, and that the coating contains a low degree of porosity (0.6 + 0.2%) and

higher microhardness values

Polymer mounting

Figure 2.14 SEM images of SiC coating (a) Cross-section of as-sprayed silicon carbide-based coating,
and (b) Silicon carbide particles embedded in yttrium aluminium garnet (YAG) matrix [77].

Recent advances have shown that suspension route is an interesting approach, worth exploring
for the deposition of SiC coatings. However, achieving homogeneous distribution of binders in the
suspension feedstock remains a challenge [79]. Moreover, research work to fully understand the
mechanical and wear performance of suspension sprayed SiC coatings remains work in progress.
Available study by Mubarok et al. uses different methods including mechanical mixing and co-
precipitation, and crystalline-SiC method to deliver the binder into the SiC suspension feedstocks. The
results show that, while the coating obtained are characterized by defects such as voids and porosity, the
crystalline method produced the coating with the highest cohesion, thus resulting in a denser coating [79].
Thus, the study has shown that more improvements in needed to deposit high-quality SiC coatings using

suspension route.

2.3.3.2 Friction and wear properties

The tribological behavior of bulk silicon carbide materials under various experimental testing
conditions have been widely reported. Mubarok et al. investigations compared the sliding wear
performance of thermally sprayed SiC coatings under dry, 3.5 wt.% NaCl solution and polyalphaolefin

(PAO) lubricant. The results according to Fig. 2.15a-b indicate that PAO-lubricated sliding exhibits the
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lowest coefficient of friction (CoF) at a steady level of 0.10, whereas the highest CoF, obtained for SiC
coatings in a 3.5 wt.% NaCl solution, reached 1.00 and 0.86, respectively, and characterized by erratic
fluctuations. However, the dry sliding tests on the SiC coatings demonstrated a low coefficient of friction
of approximately 0.20-0.23, with slight variations, suggesting that the rubbing contact interface is
partially lubricated [77].
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Figure 2.15 Coefficient of friction of (a) thermally sprayed SiC coatings and (b) LPS—SiC bulk
materials against AISI 440C balls tested in the three different environments [77].

The wear rate results in Fig. 2.16 exhibit a similar trend as the friction results. The low COF
observed for PAO-lubrication led to the lowest wear rates in both SiC coating and the counterface. In
comparison to the LPS-SiC material, the SiC coating exhibits a higher specific wear rate. The wear rate
of the SiC in dry sliding condition is significantly lower than that of bulk LPS-SiC material. The most
significant wear rates are seen in a 3.5 wt.% NacCl solution for the SiC coating and under dry conditions
for the bulk LPS-SiC. The experiments conducted in NaCl solution consistently yield the highest wear
rate on the ball due to tribo-corrosion process affecting the stainless-steel balls, which accelerates wear
due to corrosion. Another study by Venturi et al. reported the wear performance of SiC/YAG composite
coatings produced by high velocity oxygen liquid-fuel (HVOLF) under different applied loads of 10, 20,
30 and 40 N. The results show that the coating exhibit lower coefficient of friction and improved wear
performance at low load (< 10 N). The result is an indication that SiC coating can perform better and

more suitable for low load applications, under 20 N [76].
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Figure 2.16 Specific wear rate of SiC coatings and bulk LPS—SiC against AISI 440C balls in three
different sliding environments [77].
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Chapter

3. INFLUENCE OF DEPOSITION PROCESS AND BINDER
CONTENT ON THE TRIBOLOGICAL BEHAVIOR OF
CHROMIUM CARBIDE - BASED COATINGS: A
COMPARISON BETWEEN APS AND HVAF PROCESSES

In this chapter...

The tribological studies between two different compositions of chromium carbide powders sprayed
with atmospheric plasma spray (APS) and high velocity air-fuel (HVAF) technique have been provided.
The testing, characterization and data analysis were performed to assess the friction and wear behavior

of the as-sprayed coatings at room and elevated temperature conditions.
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3.1 Abstract

Chromium carbide-based coatings have commonly been used for tribological applications due to
their hardness, improved corrosion and oxidation resistance in harsh environments. This study focuses
on the influence of deposition processes (i.e., APS and HVAF) and binder content (i.e., pure carbide vs
cemented carbide) on the coatings microstructure, mechanical, and tribological properties at room
temperature (RT) and 450 °C. Microstructural analysis revealed that both APS and HVAF coatings had
a uniform and dense structure, while the APS coatings showed higher porosity and lower Cr3C> content
due to carbide dissolution, decarburization, and oxidation. The tribological tests showed that APS
sprayed Cr3C> coating (high power condition) had the highest friction and wear volume loss, possibly
due to their high porosity and brittle nature. The HVAF sprayed Cr3C2-25NiCr coatings produced by 4L.4

nozzle showed the lowest friction and wear loss at both room temperature and 450 °C.

Keywords: Carbides, Thermal Spray, APS, HVAF, Tribology, Gas Turbine
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3.2 Introduction

Recent advances in mechanical systems in the aerospace and power generation sectors have
placed increasingly demanding operating conditions on materials at their tribological interfaces [1]. In
high temperature environments, these tribological contacts experience significant wear, which negatively
impacts the lifespan and stability of the overall system. As a result, there is a need to develop durable
coatings that can withstand these harsh conditions while maintaining optimum performance [2]-[4]. The
focus is on innovative solutions that improve wear resistance and thermal stability, ensuring the reliability
and longevity of critical components in demanding service applications [5]. For instance, thermally
sprayed coatings are effective for providing adequate protection against wear degradation for critical
components within a gas turbine. The coatings help to maintain the required performance level of the
engines by lowering the friction between two surfaces in contact and promote durability of structural
component. This has consequently driven a growing interest in the development of next-generation

carbide-based coating materials capable of withstanding extreme environmental and contact conditions
[6], [7].

Thermally sprayed Cr3C»-based coatings are widely employed as wear-resistant solutions in the
cold section of jet engines, particularly within the low and high-pressure compressor (LPC and HPC)
regions, to mitigate wear issues and extend the service life of critical components [3]. These coatings are
renowned for their enhanced wear resistance, especially under high temperature conditions [8], [9].
Cr3Co-based coatings are typically processed as composite materials by co-deposition with nickel-
chromium binder (i.e., Cr3C2-25NiCr). This combination improves toughness, ductility and facilitates
effective load distribution between the carbides and the matrix phase [10]-[18]. Moreover, cemented
chromium carbides possess good corrosion and oxidation resistance making them fit for use in harsh
environments [20], [21]. However, research has indicated that some Cr3C» phases dissolve into the NiCr
matrix during spraying, leading to the formation of amorphous or nanocrystalline phases [19]. These
phases are known to reduce the toughness of the matrix [8]. On the other hand, binder-free Cr3C: particles
pose a challenge during spraying due to their intrinsic hardness and lack of plastic deformation to allow
coating build-up. However, the possibilities of fabricating binder-free Cr;C: coatings have been
demonstrated by several other authors using different spraying techniques. Brupbacher et al. [22]
successfully deposited a thick binder-free Cr3C> coating by the reducing plasma-sprayed Cr,Oz with
methane-containing gas. The coating microstructure comprised of microporous Cr3C; surface layer and
considerable amount of Cr203 phases remains unconverted leading to insufficient carbide formation.

Investigation by Forg et al. [23] demonstrated that Cr3C, coatings can be achieved by high velocity
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suspension flame spraying (HVSFS). While partial oxidation and decarburization of Cr3C, particles
occur during spraying, the excess oxygen favors the coating’s microhardness. In terms of tribological
behavior, Umashanker et al. [24] studied the room temperature wear behavior of APS sprayed Cr,03 and
Cr3C» coatings under different loading conditions. The results show that Cr3C» coatings demonstrate the
best wear performance due to low porosity and improved microhardness. Batraev et al. [21] study
revealed that the mechanical and abrasive wear resistance of detonation sprayed Cr3Cz coatings were
inferior to those of conventional Cr3C2-NiCr sprayed coatings. The reason was ascribed to the chemical
interactions of Cr3C, powder with the active components of the detonation product during spraying which
led to formation of composite coatings as the oxygen and carbon ratio increases. The room temperature
sliding and erosion wear behavior of suspension plasma sprayed Cr3C coatings were reported by Mahade
et al. [25]. The improved tribological performance was attributed to the mechanical properties of
nanostructured feedstocks, including higher hardness, increased cohesive strength, and high toughness.
The available studies have demonstrated that binder-free Cr3C> coatings deposited by plasma spray
method exhibit improved sliding wear performance at room temperature. However, the details of the
sliding wear behavior and wear mechanisms at high temperature conditions are still lacking. Thus, further
research is needed to develop robust Cr3C, coatings that can be compared with the well-established

Cr3C2-25NiCr coatings.

Based on the preceding reviews, the aim of this present work was tailored towards assessing the
microstructure, mechanical properties, and tribological behavior of binder-free Cr3C; coatings. Plasma
spray process was employed for the deposition of Cr3C; particles due to the high melting temperature of
chromium carbide measured at 2168 K [26]. Compared to other thermal spray processes, plasma spray
methods can generate extremely high temperatures (exceeding 10,000°C), which are essential for melting
refractory materials like chromium carbide [27]. Thus, it is anticipated that the high plasma temperature
will ensure that Cr;C; particles are sufficiently melted, resulting in improved adhesion and cohesion of
the deposited coatings. The as-deposited Cr3;Cz coatings were compared with the well-established Cr3Co-
25NiCr powder deposited by APS and HVAF spray processes. The rationale for the comparison is to
provide understanding of how different spray techniques and the presence of a binder influence the
properties and performance of chromium carbide-based coatings. Moreover, HVAF process was selected
because it is widely accepted for the deposition of Cr;C2-25NiCr powder due to lower temperatures and
higher particle velocities which results in coatings with minimal oxidation and denser microstructures
[12], [16], [28], [29]. The coating microstructures, compound phases, as well as the worn surfaces after

sliding test were characterized using high resolution electron microscopy and X-ray diffraction. The wear
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mechanisms at room temperature and elevated temperature were analyzed based on ex-situ analysis.
Finally, the observations from the ex-sifu analysis were correlated to the differences in friction and wear

behavior.
3.3 Experimental method

3.3.1 Feedstock material

The powders used in the study were commercially available sintered pure carbide (Cr3C»)
powders and agglomerated and sintered cemented carbide (Cr3C2-25NiCr) supplied by Praxair Surface
Technology, USA. The nominal powder size from the supplier was -45 pum for the pure chromium carbide,
while that of cemented chromium carbide was -45 pym/+11 um. In-house analysis of the powder particle
size distribution was performed by dispersing the as-received powders in pure deionized water, using a
particle size analyzer (Spraytec, Malvern Panalytical, UK) equipped with a wet dispersion accessory.

The results are presented in (section 3.1).

3.3.2 Coating deposition

The APS spraying was performed using a Mettech Axial III plasma spray torch (Northwest
Mettech Corp. Canada). The Mettech gun has three converging plasma jets which allow the axial
injection of ceramic powder directly at the center of the plasma stream [30]. Furthermore, axial injection
offers solutions to the problems that arise when attempting to penetrate the plasma radially with fine
particles or droplets [31]. The deposition parameters used for spraying both powders are shown in Table
3.1 for APS and in Table 3.2 for HVAF. Two spray parameters designated as High power (HP), and Low
power (LP) were used for the APS spraying processes. Investigation by Rotich et al. [32] reported that
defects such as interlamellar cracks, oxide phases and porosity content decreased as the plasma power
was increased. Similarly, Chang-Jiu et al. [33] study revealed that coatings with a comparable
microstructure and properties to those deposited by conventional plasma spray can be achieved using a
low-power spray torch. Based on the initial set of trials, a different plasma gas (Ar: 45%, N2: 45%, Ha:
10%) was used for depositing APS Cr3C>-25NiCr (LP) to reduce the chances of overheating the particles
[34].

On the other hand, the deposition of Cr3C2-25NiCr powder was performed using the commercial
M3 HVAF torch (Uniquecoat Technologies LLC, USA), equipped with two types of convergent-
divergent De Laval nozzles (4L2 and 4L.4). These specific nozzle configurations have been previously

employed by Kaveh et al. [35] for the successful deposition of WC-based coatings. According to
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Matikainen et al. [36], the particle melting and subsequent carbide dissolution can be efficiently
controlled by changing the nozzle geometry from cylindrical to convergent-divergent. In this study,
similar nozzle configurations were used with the aim of optimizing the heating and melting degree of the
particles, as well as the resulting carbide dissolution and decarburization. This approach offers a practical
deposition process which is crucial for achieving the desired coating characteristics. Details of the nozzle

setups and geometries can be found in the previously published article [36].

Table 3.1 APS parameters used for depositing chromium carbide-based coatings.

Deposition parameters Spray condition

High power Low power
Total plasma gas flow (I/min) 150 150
Current (A) 230 180
Power (kW) 112 73
Ar. (%) 0 50
Na. (%) 80 20
Haz (%) 20 30
Carrier (I/min) 8 12
Feed rate (g/min) 150 150
Spray Distance (mm) 100 100
Touch transverse speed (mm/s) 1000 1000
Number of passes 5 5

Table 3.2 HVAF parameters used for depositing chromium carbide-based coating.

Deposition parameters Nozzles
412 4L4
Fuel type Propylene Propylene
Air pressure (psi) 96 96
Air Flow rate (NLPM) 7878 5584
Fuel 1 pressure (psi) 82 86
Fuel 1 flow rate (g/min) 393 359
Fuel 2 pressure (psi) 82 82
Fuel 2 flow rate (g/min) 287 266
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Powder feed rate (g/min) 105 105

Carrier gas (L/min) 45 45
Torch traverse speed (mm/s) 1000 1000
Spray Distance (mm) 300 300
Number of passes 8 8

The powders were deposited on 304L stainless-steel substrate with dimensions of
(25.4 x25.4x 4.3 mm). The steel substrate surfaces were grit-blasted using 20-grit alumina abrasive
particles to increase the surface roughness and compressed air was used to remove grit residue from the
surface. Thereafter, the substrates were preheated up to 150 °C before spraying to enhance adherence of

the coatings to the substrates [5].

3.3.3 Characterization

The microstructural features of the chromium carbide powders were determined using Scanning
Electron Microscopy (SEM) (SU8230, Hitachi, Japan) built with energy dispersive spectroscopy (EDS).
The powder and coatings were prepared according to standard metallographic preparation (ASTM EO03).
The coating thicknesses were obtained from the prepared cross-section images. A confocal laser
microscope (Olympus LEXT 4000, USA) was used to measure the coating surface roughness. Five
readings were taken at different locations and averaged to determine the roughness value. The porosity
and carbide retention were obtained with ImagelJ software by considering ten backscattered SEM images
at 2.00 k magnification (20 pm scale bar) in different locations of coating according to standard ASTM
E2109-01 practice [37].

The phase analysis of powder and coatings was characterized by using Philips X Pert Pro X-ray
diffractometer system (Malvern Panalytical, UK) with Cu-Ka radiation (step size = 0.02°, time per step
=2 sec, A = 1.5406 A, scanning range 20 of 20° and 90°) was used and operated at a power of 40 kV
and 40 mA. The obtained diffractograms were analyzed and indexed using the Rietveld analytical

software built with the XRD system.

The Vickers microhardness was measured on a polished cross-section using a Micro combi tester-
MCT? (Anton Paar, Switzerland) according to the EN ISO 4516 standard. A load of 3 N (HV(3) were
selected with a dwell time of 10 s. For each load, 15 impressions were performed at different spots to

average the microhardness of coatings.
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3.3.4 Tribology testing and post-test characterization

The APS Cr3Cy (HP), APS Cr3C2-25NiCr (LP), and HVAF Cr3C2-25NiCr (4L4) coatings were
selected for tribological assessment due to their relatively dense microstructure characterized by low
porosity and high microhardness values. The wear test matrices are presented in Table 3.3, and the sliding
wear tests were conducted with three repetitions for each coating. The coatings were subjected to wear
testing at room (25 °C) and elevated temperature (450 °C) in dry sliding conditions without polishing the
coating surface to replicate real-world conditions. A reciprocating ball-on-flat tribometer (Anton Paar
TriTec SA, Switzerland) was used for the sliding wear testing of the coatings. The average wear volume
and the standard deviation were determined by considering the area under the curve minus material pile-
up of each profile. The applied 10 N load was chosen to enhance high contact stress and repeated sliding
action (accelerated condition) on the coating surface. Furthermore, the alumina counter body was

selected because of its hardness, high-temperature stability, and chemical inertness [38].

Prior to the high temperature wear test, the coatings and alumina counterball (® 6. 35 mm) was
heated up to 450 °C. However, the measured temperature on the top side during sliding wear test was
340 °C. This is because the wear test was performed under room temperature atmosphere which resulted
in significant heat loss at the top side of the heating stage. A total of three repeat tests were performed to
average the friction value. The wear volume loss of the tested coatings was analyzed using a confocal
laser microscope (Olympus LEXT 4000, USA). Thereafter, scanning electron microscope (SEM) and
energy dispersive spectroscopy (EDS) were employed to interpret the wear surface morphologies and
identify the tribolayers formed on the worn surface of the wear tracks. Raman measurements were
performed on the worn surface using InVia spectrometer (Renishaw, UK) with radiation A = 514 nm and

Ar" laser source.

Table 3.3 The friction test parameters of the ball on flat tribometer.

Tribology testing parameters Values
Applied load, N 10

Track length, mm 10
Frequency, Hz 1

Total sliding cycle 2500

Total sliding distance, m 50
Counter body (Al203) dia. mm 6.35

Test temperatures (°C) 25 and 450
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3.4 Results

3.4.1 Feedstock and coating characteristics

The powder morphology of Cr3C; and Cr3C2-25NiCr in the as-received condition are presented
in Fig. 3.1a-b, respectively. The Cr;C, powder (Fig. 3.1a) is characterized by angular morphology with
irregular particle shapes and sizes [21]. The Cr3C2-25NiCr powder is composed of spherical morphology
with a considerable amount of intragranular porosity as shown in Fig. 3.1b. Additionally, the Cr3Cs-
25NiCr particles showed adequate bonding with the surrounding binder which is a characteristic feature

of commercial grade agglomerated and sintered powders [15].

The particle size distribution of Cr3C; and Cr3C2-25NiCr powder values is presented in Fig. 3.1c-
d. The particle size distribution of the Cr3C, powder [i.e., Dv (10), Dv (50), and Dv (90)] was measured
to be 8 um, 18 um, and 40 pum, while that of Cr3C2-25NiCr powder were 21 pm, 34 um, and 54 pm,
respectively. Comparing these results with those provided by the supplier, the Cr3;C2-25NiCr particles
appeared slightly agglomerated. Thus, it can be inferred that Cr;C2-25NiCr particle sizes are marginally
larger than those of Cr3C: particles.
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Figure 3.1 SEM morphology and particle size distribution of chromium carbide-based powder, (a-c)
Cr3C, (b-d) Cr3C2-25NiCr, [Dv: median for volume distribution].

The XRD diffraction pattern of APS coatings are presented in Fig. 3.2a. In all APS coatings,

diffraction peaks corresponding to Cr7C; and Cr3O; appeared while Cr3C; diffraction peaks were not
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detected. Also, the detected NiCr peak intensity of APS Cr3C»-25NiCr (LP) and APS Cr3C>-25NiCr (HP)
coatings was lower compared to the initial feedstock powder. Therefore, it can be inferred that phase

transformation and decomposition of Cr3C> phase occur in APS coatings.

The XRD diffraction pattern of HVAF coatings are presented in Fig. 3.2b. The phase composition
of HVAF coatings (i.e., 4L4 and 4L2 nozzles) comprise mainly of peaks corresponding to Cr3C> and
F.C.C NiCr, while phases such as (Cr7C; and Cr23C7) or chromium oxides (Cr3O2) were not identified.
This can be interpreted by the fact that HVAF process leads to less decarburization or oxidation compared
to APS, due to lower processing temperatures. However, a broad peak between 42° and 45° was identified
for both coatings. Additionally, a reduction in the F.C.C NiCr diffraction peak towards the lower 20 was
also observed and pronounced in 4L.2 than 414 spray condition. The effects occur due to the presence of
larger Cr solute atoms in the metallic phase [18].
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Figure 3.2 XRD diffraction patterns of chromium carbide-based feedstocks powder and as-sprayed
coatings (a) APS, (b) HVAF

The cross-sections and EDS elemental mapping of APS sprayed coatings with high and low
power are presented in Fig. 3.3a-d. The microstructure of all APS coating exhibits a typical lamellae
structure characterized by porosities and microcracks between intersplat regions. The thickness, surface
roughness, deposition efficiency and porosity are presented in Table 3.4. Among the Cr3C; coatings, APS
sprayed Cr3C> (LP) coating exhibit a higher porosity content compared to the APS sprayed Cr3C> (HP)
coating. Whereas among the Cr3;Cz-25NiCr coatings, the APS sprayed Cr3Cz-25NiCr (LP) coating
demonstrated the lowest porosity content (i.e. compared to the APS Cr3;C2-25NiCr (HP) coating), as well
as exhibit the highest thickness, roughness, and deposition efficiency than all the APS sprayed coatings.

While other APS coatings demonstrate complete melting of carbide phases, some considerable amount
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of carbide phases measured to be 19.3 + 1.1 vol. % were retained in APS Cr3;C;-25NiCr (LP) coating as
shown in Fig. 3.3c and tabulated in Table 3.4. It is worth mentioning that the carbide retention in other
APS coatings could not be determined due to significant melting. Also, all the APS coatings are
characterized by different contrasts. In the APS Cr3C, (LP) and APS Cr3C> (HP) coatings, the dark grey
contrast comprised of chromium, carbon, and oxygen while the light grey contrast is composed of
chromium and carbon with negligible oxygen [23]. In the APS Cr3C2-25NiCr (LP) and APS Cr3Cs-
25NiCr (HP) coatings, the darkest grey contrast, mostly found in Fig. 3.3c comprised of chromium and
carbon without nickel indicating the secondary Cr;C; phases, as found in XRD analysis (Fig. 3.2a). The
light grey contrast is composed of chromium, carbon and nickel representing dissolved carbides in
supersaturated nickel solid solutions [38], [39]. The EDS mapping results revealed the presence of
chromium, carbon, oxygen for all APS coatings, and nickel for Cr3C2-25NiCr coatings. The presence of

oxygen agrees with the formation of Cr,O3; which has also been reported in previous study [11], [23].

L e st ) PN ey T

S APSCrC, LB, R LY

(Low Power) ! B~ » W
e :

-

N

Figure 3.3 Cross-sectional SEM images and elemental map analysis of APS sprayed coatings (a) Cr3C>
(LP), (b) Cr3C2 (HP), (¢) Cr3C2-25NiCr (LP), (d) Cr3C2-25NiCr (HP).

The cross-sections and EDS elemental mapping of HVAF sprayed Cr3;C2-25NiCr coatings with
4L2 and 4L4 nozzles are presented in Fig. 3.4a-b. Both coatings exhibit a dense microstructure
characterized by hard Cr;C; phases bonded in NiCr matrix binder indicating minimal degradation of
carbide particles. Moreover, carbide cracks with uniformly distributed fine porosities were also observed
in both HVAF coatings. The coating thickness, surface roughness, deposition efficiency and porosity are
presented in Table 3.4. Both HVAF spray coatings show comparable thickness, roughness, and deposition
efficiency. However, the porosity content in HVAF Cr3C;-25NiC (4L2) spray coating is marginally higher
than the HVAF Cr3;C,-25Ni1Cr (4L4) spray coating. The dark grey contrast is composed of chromium and
carbon which represents the primary Cr3C, phases while the light grey regions are composed of
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chromium, carbon and nickel which represents solute Cr3C, in NiCr matrix [15] and correlated with the
XRD findings in Fig. 3.2b. Meanwhile, the white contrast represents the Ni-rich regions. The carbide
content for all HVAF spray coatings is presented in Table 3.4. The chromium carbide content of HVAF
Cr3C2-25NiCr (4L2) and HVAF Cr3Cz-25NiCr (4L4) coatings were measured to be 57.3 and 52.9%,
respectively. It should be reminded that the nominal volume fraction of Cr3Cs in commercial 75Cr3C»-
25NiCr powder is approximately 79% [17], [36]. Therefore, it can be inferred that 4L.2 and 4L.4 nozzle
sprayed Cr3C>-25NiCr coatings exhibit lower Cr3C» content than the initial feedstock powder. The EDS
mapping results revealed the distributions of Cr, C and Ni with negligible O content. The EDS results
are indications that HVAF method produced minimal in-flight oxidation of carbide particles compared

to APS method.
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Figure 3.4 Cross-sectional SEM images and elemental map analysis of HVAF sprayed Cr3C2-25NiCr
coatings, (a) 4L2 nozzle, (b) 4L4 nozzle.

Table 3.4 Microstructural parameters, carbide and matrix contents of all coatings (average + standard

deviation)
Sample designation Thickness Roughness DE Porosity Carbide Matrix
(um) (nm) (%) (%) (vol.%) (vol.%)
APS Cr;C; (LP) 265+ 10 9+0.3 54 11.7+£1.0 — —
APS Cr;C, (HP) 245+7 8+£0.3 57 10.3+0.8 — —
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APS Cr3Cz-25NiCr (LP) 3507 15£2 87 25+£0.2 193+1.1 782+3.0
APS Cr3C2-25NiCr (HP) 250+3 10£0.2 62 7.1+£0.5 - -

HVAF Cr;C;-25NiCr (4L2) 315+9 8+0.3 39 2.7+£0.2 573+0.2 40.0+1.0
HVAF Cr;C,-25NiCr (4L4) 320+4 7+0.3 35 1.8+0.1 529+08 453+1.0

The average microhardness values are presented in Fig. 3.5. The APS Cr3C, (LP) coating has
lower microhardness values than the APS Cr3C, (HP) coating. However, the APS Cr3Cz-25NiCr (LP)
coating has higher microhardness values than APS Cr3C»-25NiCr (HP) coating and even demonstrates
the highest average microhardness value (960 HV(.3) among the APS coatings. On the other hand, HVAF
Cr3C2-25NiCr (4L4) coating demonstrates a higher microhardness than the HVAF Cr3C2-25NiCr (4L2)
coating. The microhardness value of HVAF Cr3Cz-25NiCr (4L4) coating is lower than all the APS
sprayed coatings except APS Cr3Cz (LP) coating and even lower than those reported by other authors

with similar chemical composition [16], [18].
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Figure 3.5 Vickers microhardness of Cr3C; and Cr3C2-25NiCr coatings at room temperature
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3.4.2 Sliding wear behavior

3.4.2.1 Friction coefficient and wear volume

The friction coefficient versus the number of sliding cycles for the RT tests is presented in Fig.
3.6a. The coefficient of friction of APS Cr3;C, (HP) coating increased from 0.38 to ~ 0.78 upon initial
250 sliding cycles and dropped sharply to 0.59. Subsequently, it increased again to ~ 0.76 and stabilized
gradually at around ~ 0.68 up till the entire sliding test duration. On the other hand, both APS Cr3C»-
25NiCr (LP) and HVAF Cr3C2-25NiCr (4L4) coating show extended running-in regime within 1000
sliding cycles. The friction coefficient of APS Cr3;C2-25NiCr (LP) coating increased from ~ 0.36 to ~
0.52, while that of HVAF Cr3C»-25NiCr (4L4) coating increased from ~ 0.24 to ~ 0.48. Both coatings

attained a comparable steady state friction at around ~ 0.48.

Figure 3.6 b presents the friction coefficient versus number of cycles plot for all tested coatings
at HT. It can be observed that the steady-state regime was attained after a short sliding cycle (250 cycles)
compared to RT. The friction coefficient of APS Cr3Cz (HP) coating increased slightly from ~ 0.66 to ~
0.78 and subsequently decreased to a steady-state value of ~ 0.66 with a fluctuating profile that lasted
throughout the test duration. Similarly for APS Cr3;C2-25NiCr (LP) coating, the friction coefficient
decreased sharply from a peak of ~ 0.62 to ~ 0.42 but display increased variation around 0.44 towards
the end of the test. On the other hand, HVAF Cr3C>-25NiCr (4L4) coating have an initial friction of ~ 0.3
which increased slightly to a steady-state regime that varies between ~ 0.38 and ~ 0.4 up till the entire

sliding test.
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Figure 3.6 Variation of friction coefficient (COF) with sliding distance at load of 10 N for all as-
sprayed chromium carbide coatings at (a) room temperature (b) elevated temperature

The specific wear volume plot of all tested coatings at RT are presented in Fig. 3.7. The wear

volume loss for all tested coatings follows a descending trend. For the APS Cr3C, (HP) coating, the wear
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volume was 12.7 x 102 mm?, which is three times higher than the APS Cr3C2-25NiCr (LP) coating
(4.2 x 10 mm?®), and eight times higher than the HVAF Cr3C,-25NiCr (4L4) coating (1.5 x 10 mm?).

For the high temperature conditions, the wear volume loss was higher at 450 °C than at RT. The
APS Cr;C; (HP) coating volume was 14.0 x 102 mm?, which is 38% more than APS Cr3C2-25NiCr (LP)

coating (10.1 x 102 mm?®), and almost three times higher than that of HVAF Cr3C,-25NiCr (4L4) coating
(4.6 x 102 mm?).
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Figure 3.7 Specific wear volume of as-sprayed chromium carbide-based coatings.

3.4.3 Ex-situ analysis
3.4.3.1 Worn surface morphologies

The SEM micrographs of the worn surface for all tested coatings at room temperatures are
presented in Fig. 3.8a-c. The SEM image of the worn APS Cr3Cz (HP) coating surface showed inherent
pores, delaminated layer, and extended surface cracks, which propagated across the carbide grains.
Similarly, the worn surface of APS Cr3C>-25NiCr (LP) coating in Fig. 3.8b also revealed significant crack
regions as well as delaminated layer covered by loose and clustered debris. The HVAF Cr3Cz-25NiCr
(4L4) coating worn surface in Fig. 3.8c exhibits a homogeneous surface morphology characterized by
smeared layer, pullout, and plastically deformed carbide particles. The SEM/EDS mapping confirmed

that the dark phase on the worn-out surface of all tested coatings is rich in oxygen, indicating the
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formation of tribo-oxide layer. The worn surface of APS Cr3;C, (HP) and APS Cr;C2-25NiCr (LP)
coatings had higher oxygen content than the HVAF Cr3Cz-25NiCr (4L4).
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Figure 3.8 SEM worn surface morphologies and elemental map analysis of (a) APS Cr;Cz (HP) (b)
APS Cr3C2-25NiCr (LP) (c) HVAF Cr3C2-25NiCr (4L4) at RT.

Similarly, the SEM micrographs of the worn surface for all tested coatings at 450 °C are presented
in Figure 3.9a-c. It can be observed that APS Cr;C; (HP) and APS Cr3C2-25NiCr (LP) coatings (Fig.
3.9a-b) undergo significant wear damage than at RT. Both surfaces are comprised of delaminated layer,
extended surface cracking and high volume of fragmented wear debris covering the entire worn surface.
Whereas the HVAF Cr3;C2-25NiCr (4L4) coating worn-out surface in Fig. 3.9¢ exhibit features of
embedded debris (adhesion) and plastically deformed carbides. Furthermore, visible wear pit containing
debris particles possibly formed by continuous carbide pull-out were also observed. The SEM/EDS
mapping presented showed homogeneous distribution of elements on the worn coating surface having
high amount of oxygen content. The higher oxygen content observed for all tested coatings is an indicator

that significant oxidation occurs at elevated temperature compared to room temperature.
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Figure 3.9 SEM worn surface morphologies and elemental map analysis of (a) APS Cr;Cz (HP) (b)
APS Cr3C2-25NiCr (LP) (c) HVAF Cr3C2-25NiCr (4L4) at HT.

3.4.3.2 Raman analysis

Raman spectroscopy following the sliding tests at RT and 450 °C are shown in Fig. 3.10a-b. As
observed, the characteristic peaks on the worn surface at 303 cm™!, 348 cm™!, and 548 cm™! correspond to
Cr203, while the peak at 691 cm™! corresponds to amorphous CrO> [40]. The intensity of the oxide peaks
for both APS coatings is higher compared to the oxide peak intensity for HVAF coating. Furthermore,
characteristic broad bands of graphite peaks were also observed in all coatings around 1350 cm™ and
1580 cm™ at RT and 450 °C [18]. The Raman results also confirmed that a mixed composite of chromium

oxide tribo-films was formed on the worn surface which supports the counterball EDS point analysis

observations in Table 3.5.
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Figure 3.10 Raman spectrum of worn coatings at (a) 25 °C, and (b) 450 °C.

3.4.3.3 Cross-section of worn surfaces

Figure 3.11 presents the cross-section SEM micrographs of the worn coatings at RT and 450 °C.
At RT, non-uniform tribo-film were formed on the surface of APS Cr;C, (HP) and APS Cr3C>-25NiCr
(LP) coatings (Fig. 3.11a and 3.11c). Furthermore, defects such as subsurface cracking were evident on
the cross-section surface of both APS coatings. Whereas a uniform tribo-film of 3 +0.7 um thick can be
observed for HVAF Cr3C2-25NiCr (4L4) coating in Fig. 3.11e. At 450 °C, a small amount of tribo-film
with significant subsurface cracking can be observed for APS Cr;C, (HP) coating in Fig. 3.11b. APS
Cr3C2-25NiCr (LP) coating shows no evidence of tribo-film formation (Fig. 3.11d). However, a slightly
unform tribo-film of 1 + 0.2 um thick was formed on the sliding interface of HVAF Cr3C2-25NiCr (4L4)

coating in Fig. 3.11f.
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Figure 3.11 SEM wear track cross-sections of chromium carbide-based coatings at RT and 450 °C
conditions (a and b) APS Cr3C; (HP), (c and d) APS Cr3C2-25NiCr (LP), and (e and f) HVAF Cr3C»-
25NiCr (4L4).

3.4.3.4 Sliding counterface

The SEM micrographs of the alumina counterball following sliding contact against the tested
coatings at RT and 450 °C are presented in Fig. 3.12a-f. At RT, high material transfer to the alumina
counterparts was observed for the APS Cr3C, (HP) coating. Whereas low material transfer was observed
on the APS Cr3C2-25NiCr (LP) coating counterball, while the HVAF Cr;C2-25NiCr (4L4) coating
counterparts exhibit the lowest material transfer and lowest contact area. At 450 °C, a considerable
amount of transferred materials was evident on the counterball of all tested coatings. The transferred
materials are relatively smooth with less rupture morphology compared to those observed at RT. Overall,
the APS Cr;Cz (HP) coating had the highest material transfer to the counterface with a relatively larger
concentric contact area followed by APS Cr3C2-25NiCr (LP) counterball. On the other hand, HVAF

Cr3C2-25NiCr (4L4) counterball displayed the lowest transfer layer with lowest concentric contact area.
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Figure 3.12 SEM images of the alumina counter balls sliding against chromium carbide-based coatings
at RT and 450 °C conditions, (a and b) APS Cr;C, (HP), (c and d) APS Cr3;C2-25NiCr (LP), and (e and
f) HVAF Cr;C2-25NiCr (4L4).

Table 3.5 presents the chemical compositions (wt.%) at two different locations on the alumina
counterball. Elements found on the counterball of all tested coatings are predominantly C, O, Al, Cr, as
well as Ni for Cr3C>-25NiCr coatings. As the Cr content increases, the Al content decreases for all tested
coatings except HVAF Cr3C>-25NiCr coatings, when temperature increases from 25 °C to 450 °C. This
observation can be interpreted by the fact that considerable amount of chromium oxide was formed at

elevated temperatures than at room temperature.

Table 3.5 Chemical composition (average) of selected positions in Fig. 3.12 determined by EDS.

Elements APS Cr3Cz (HP) APS Cr3C2-25NiCr (LP) HVAF Cr;C;-25NiCr (4L4)
RT HT RT HT RT HT

C 5.0 4.0 35 37 12 27

O 50 40 35 28 46 24

Al 20 5 6 4 11 7

Cr 25 51 18 24 21 22

Ni - - 6 7 10 20

3.5 Discussions

3.5.1 Microstructure, Characterization, and Microhardness

The higher porosity content of the APS sprayed Cr;C: coatings (Fig. 3.3a and 3.3b) when

compared to the APS sprayed Cr3C2-25NiCr coatings (Fig. 3.3¢ and 3.3d) is ascribed to the significant
55



amount of unmolten particles within the APS sprayed Cr3;C; coatings. Those unmolten particles form
weak bonds with the surrounding molten particles, resulting in numerous intersplat zones characterized
by oxide layers, microcracks and high porosity [42]. Oxide layers within intersplat zones also contribute
to the increased oxidation of the APS sprayed Cr3Ca coatings. Moreover, previous research have shown
Cr3Cs particles are sensitive to air and readily reacts with oxygen at 488 °C to form CrO3 than cemented
carbide [43]. Whereas APS sprayed Cr3C»-25NiCr coatings (Fig. 3.3¢ and 3.3d) are mainly dominated
by molten and flattened splats with fewer pore regions due to the presence of soft metallic (NiCr) phase.
The metallic phases typically melt at (1,690 K) to form molten NiCr [44]. The resulting molten NiCr wet
and increase cohesion with the carbides phase, thereby filling the micro-voids created by the hard carbide
particles, while reducing the overall porosity content [11]. The presence of Cr;Cs and Cr3;O; phases
observed for all APS coatings (Fig. 3.2a) is an indication that the APS method leads to decarburization
and oxidation of Cr3C; phase due to high processing temperature, which has been previously reported
[11], [39]. On the other hand, both HVAF spray coatings (Fig. 3.4a-b) comprise of higher content of
partially deformed/undeformed Cr3C; particles when compared to the coatings produced by APS process.
This implies that HVAF spraying of Cr3Cz-25NiCr mainly undergoes plastic deformation with minimal
degradation. The minimal carbide degradation can be attributed to the higher particle velocity and lower
particle temperature in HVAF processes, which reduces the chances of carbide exposure to the
combustion flame [15], [17], [44]. The XRD results in Fig. 3.2b also confirmed that the phase
composition of HVAF sprayed Cr3Cz-25NiCr coatings (4L2 and 4L4) were similar and comprised of
minimal oxidation/decarburization. The broad peaks observed between 42° and 45° in the XRD patterns
indicate the formation of amorphous or nanocrystalline phases resulting from rapid solidification during
processing. Similar results have been reported by several authors [15], [17]. The porosity contents in both
HVAF coatings seamlessly reveal the effects of pre-existing intergranular pores and carbide cracks in Fig.
3.1b, Fig. 3.4a and 3.4b, respectively. Carbide cracking are typical characteristics of agglomerated and
sintered Cr3C2-25NiCr powder formed when particles impinges the substrate at high speeds, causing the
fragmentation of carbides upon impact [36]. The general loss of carbide contents as shown in Table 4
largely depends on the rebounding of poorly adhered particles, selective deposition of particles, and

carbide dissolution within the metallic phase [18], [36].

The microhardness measurements in Fig. 3.5 indicated that the APS sprayed Cr3C2-25NiCr (LP)
coating was the hardest of the APS coatings. This higher hardness is attributed to the microstructural
features of the coating. Firstly, the optimized parameters (refer to section 3.3.2) used for the deposition
of the APS Cr3;Cz-25NiCr (LP) coating resulted in good interlamellar cohesion and low porosity
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compared to other APS coatings. In contrast, other APS spray coatings had high amount of porosity and
decohesion which reduces coating density, lowers the elastic modulus, and hinders the uniform
distribution of loads [11]. Besides the porosity effect, the effects of Cr7Cz phase are another key factor
that determine APS hardness. Among the APS coatings, APS Cr3C>-25NiCr (LP) coating display
retention of Cr7Cs phase as confirmed by the XRD analysis in Fig. 3.2a. These secondary phases provide
solid solution strengthening of the soft NiCr phase [46]. It is likely that the indentation marks were made
in areas of the matrix strengthened by Cr;Cs phases leading to increased hardness [8], [47]. HVAF Cr3C»-
25NiCr (4L4) coating also demonstrates improved hardness compared to the 4L.2 coating due to its lower
porosity content. However, its hardness is lower when compared to the APS Cr3;C;-25NiCr (LP) coating.
The microhardness behavior in this context is largely influenced by the amount of oxides present, such

that the higher the oxide content, the higher the microhardness [23].

3.5.2 Friction and Wear Behavior

At RT, all the tested coatings exhibit a low COF (Fig. 3.6a) during the initial running-in stage,
possibly due to a low amount of adhesion and interaction between the surface asperities and the
counterface [48]. However, the COF increases as the sliding test progresses, and that APS Cr;C, (HP)
coating demonstrates a higher COF than the other tested samples. The sudden increase in the COF may
be attributed to higher adhesion resulting from interactions between surface asperities and the counterface
[49], as well as ploughing formation due to the breakdown of cold weld zone [18]. Similar behavior was
reported for HVOF sprayed WC-12Co coating [50], where increase in the amount of ploughing resulted
in higher COF. Moreover, the high surface roughness for example APS Cr3C2-25NiCr (LP) coating, likely
contributes to the high and unstable COF observed, particularly during the running-in stage of the sliding
test. The roughness increases the real contact area between the mating surface resulting in high COF as
the asperities interact [51]. The studies by Feng et al. [52] and Siu et al. [53] also revealed that friction
coefficient tends to increase with increase in surface roughness. Following this initial increase, there was
a sharp decrease in the COF observed for all tested coatings. The decease in COF was more pronounced
for APS coatings and less pronounced for HVAF coating. The decreased COF could indicate the reduction
of adhesion in the contact interfaces due to the formation of protective layers (i.e., oxide layers from the
previously generated wear debris). However, when the oxide layer thickness reached a critical value and
strain became too high, the oxide layers breakdown [54], [55]. This phenomenon led to an increase in
the COF for all the tested coatings as the test proceeded and eventually reached the steady state conditions.
At 450 °C, the friction behavior follows a similar trend to the RT with a lower starting friction value (Fig.

3.6b). However, all the tested coatings attained the steady-state regime faster due to oxides formation in
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the contact interfaces [50]. The sliding test proceeds with an increased COF for all the samples tested.
While a sharp decrease in COF and subsequent steady-state regime was observed for all coatings, the
lowest COF was observed for HVAF. This low COF could be due to the low adhesion between the
interacting surfaces during sliding because of the formation of smeared smooth layer on the wear tracks

[56].

Based on the ex-situ analysis, the proposed wear mechanism of thermally sprayed Cr;C, and
Cr3Co-NiCr coatings are illustrated in Fig. 3.13. At RT, the APS Cr3C (HP) coating exhibits the highest
wear rate, likely due to its high porosity, low density and poorly bonded particles. Additionally, low
hardness and brittle behavior of the coating could contribute to high wear. Researchers found that high
porosity and high brittleness are assumed to promote crack propagation during repeated loading,
promoting removal of carbide particles and delamination of the tribo-oxide film (Fig. 3.8a), leading to
increased wear [50], [57]. Also, the significant transfer of materials to the counterface (Fig. 3.12a),
correlated well with the reduced hardness and high wear of APS Cr3C, (HP) coating. On the other hand,
the APS Cr3C2-25NiCr (LP) coating exhibited a much lower wear rate (i.e., ~ 67% lower) compared to
the APS Cr3Cz (HP) coating. The improved wear resistance is ascribed to its low porosity (Table 4) and
high hardness (Fig. 3.5). While the worn surface is characterized by surface cracks and delaminated tribo-
oxide layer (Fig. 3.8b), the counterface contain low transferred material compared to the APS Cr3C, (HP)
coating (Fig. 3.12¢), which could be due to its high hardness [56]. The low wear due to high hardness
was observed by Sikorski et al. [56] where they showed that the harder materials exhibit a low adhesion
between the tribo-contacts. Moreover, the high temperatures deposition process (i.e., APS) facilitates
carbide-matrix cohesion within the lamellae in Cr3C2-25NiCr (LP) coating and hence, improved the wear
resistance [54]. Whereas the high velocity deposition processes (i.e., HVAF) Cr3C2-25NiCr (4L4) coating
allowed the production of denser coatings with strong cohesion between the successive splats, eventually
leading to low porosity. These characteristics of the coatings produce negligible wear and the lowest
material transfer to the counter ball during sliding [15], [16]. Additionally, the presence of smooth
smeared surface caused the lowest wear volume among three coatings [58]. The uniform lubricious tribo-
film formation on the sliding surface of HVAF Cr3C>-25NiCr (4L4) coating (Fig. 3.11e) resulted in lowest
wear volume when compared to the other two APS coatings by preventing direct contact between the
coating and the counterface [59]. On the other hand, the higher amount of dispersed Cr3C, phases
facilitated by HVAF processes together with matrix toughness contributes to improved wear resistance
by providing a barrier against material removal during sliding. This observation is in agreement with
previously published results by Houdkova ef al. [8].
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At 450 °C, the wear volume loss of all tested coatings is significantly higher (Fig. 3.7), than the
room temperature conditions. Additionally, the material transferred to the counterfaces of all tested
coatings seems higher at higher temperature when compared to the counterfaces at RT (Fig. 3.12b, 3.12d,
and 3.12f). The wear volume of APS Cr;C, (HP) coating increased slightly due to the oxidation and
formation of abrasive and non-lubricious oxides (i.e., CrO2 and Cr203) during sliding as shown in Fig.
3.10b. Borisov et al. reported that the high wear rate of binder-free chromium carbide coating was due
to the formation of brittle Cr,O3 phases [60]. Moreover, lack of binder could have contributed to the
coating's high brittleness and low fracture toughness, making it more susceptible to delamination and
spallation [61]. Similarly, the reduced wear performance of APS Cr3C>-25NiCr (LP) coating at elevated
temperatures may be attributed to oxidation of the metallic binder at elevated temperature. Similar results
were reported by other author [62]. The oxidation of the NiCr binder leads to the formation of a brittle
oxide layer characterized by low fracture toughness. The brittle oxide layer cracks and delaminates
during sliding wear, leading to increased wear. Furthermore, binder oxidation reduces the splat bonding,
resulting in carbide pull-out during sliding and exacerbating wear through increased debris generation
and surface roughening [63]. On the other hand, the high wear volume of HVAF coating compared to RT
is linked to the dissolution of hard carbide phases in the matrix, which adversely impacts the coating's
toughness and reduces its wear resistance. These effects possibly weaken the carbide network, causing
dislodging of cracked carbide grains during sliding (Fig. 3.9¢) and significant transfer of materials to the
counterpart at high temperature (Fig. 3.12f) than RT [8]. However, at high temperature, the APS Cr3Cs-
25NiCr (LP) coating still showed higher wear resistance than APS Cr3;C; (HP) due to the presence of
binder. The HVAF Cr3;C2-25NiCr (4L4) coating demonstrates the lowest wear volume loss among the
tested coatings, attributed to the formation of stable and lubricious oxide layer, as illustrated in Fig. 3.11f.
Additionally, the lowest wear volume of the HVAF Cr3C>-25NiCr (4L4) coating is associated with the
low oxidation of coating produced by the HVAF processes. The low porosity and greater cohesion
between the splats due to the presence of binder enhanced the overall wear performance both at room

and elevated temperatures [12].
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Figure 3.13 Schematic of wear mechanisms for chromium carbide-based APS and HVAF coatings at
RT and 450 °C.

3.6 Conclusion

This study evaluated the tribological performance of pure chromium carbide (Cr3Cz) and
cemented chromium carbide (Cr3Cz-25NiCr) deposited via APS and HVAF techniques at room and
elevated temperatures. While both methods produced dense coatings, APS coatings (except APS Cr3C»-
25NiCr LP) had higher porosity than HVAF coatings. The Cr3C; content was lower in all as-sprayed
coatings due to carbide dissolution and oxidation in APS, and carbide rebounding in HVAF. APS Cr3C
(HP) coatings had higher friction and wear at room temperature and 450 °C, whereas HVAF Cr;C»-
25NiCr (4L4) demonstrated the lowest friction. The APS coating also showed higher wear at both
ambient and elevated temperatures due to its brittle nature and high oxidation during sliding. On the other
hand, the HVAF sprayed coating outperformed the other two coatings in terms of wear resistance due to
the presence or formation of a smeared, smooth and lubricious oxide layer. Future research should focus
on optimizing HVAF deposited Cr3C2-25NiCr coatings by varying the binder composition in the coatings
and improving wear resistance over a range of temperatures. In addition, investigating different feedstock
compositions and testing performance under more severe conditions will help assess their long-term

durability.
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Chapter

4. SUSPENSION PLASMA SPRAYING OF PURE SILICON
CARBIDE COATINGS

In this chapter...

The microstructural study of pure silicon carbide (SiC) powders sprayed with suspension plasma spray

(SPS) technique have been provided. The testing, characterization and data analysis was performed to

understand the coating structure
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4.1 Abstract

Silicon carbide-based (SiC) coatings have become potential candidates for high-temperature
tribological applications due to their high chemical and structural stability. Researchers believed that SiC
coatings cannot be deposited by thermal spray process due to its decomposing nature at high temperatures.
However, this study achieved the deposition of pure SiC coatings by low power (LP) and high power
(HP) suspension plasma spray (SPS) process. Microstructural observations showed that the LP coating
exhibited a dense dome-shape columnar structure characterized by low porosity, while the HP coating
exhibited a feathery columnar structure characterized by intra-columnar pores and inter-columnar gaps.
Although the EDS analysis revealed that SiC particles undergo some oxidation, the LP spray process was
effective in producing SiC coatings with minimal oxidation compared to the HP spray process. It is

expected that this preliminary study will open a pathway for future research and optimization in this area.

Keywords: Silicon carbides, Suspension plasma spray, Thermal spray process, Gas turbine engine
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4.2 Introduction

Silicon carbide (SiC) is a ceramic material that possesses unique physical properties such as high
thermal and chemical stability, high strength, high thermal conductivity, and low coefficient of linear
expansion [1]. Due to these excellent properties, SiC is widely finding applications as protective coating
in numerous industries including and not limited to the aerospace, nuclear and offshore sectors [2]—[6].
Moreover, SiC materials are recommended for applications where low density and high temperature

capabilities are required [4].

Despite the attractive properties, the main drawback of SiC material lies in its decomposing nature
as it tends to sublimates at 2500-2600 °C under atmospheric spraying condition, making deposition
challenging [7], [8]. Moreover, the oxidation kinetics of SiC materials are usually influenced by several
factors such as nature of the substrate, moisture in the environment, particle size, and the sintering
additives used [1]. Recent approach to prevent SiC particles from decomposition during spraying usually
involve the co-depositon with a metallic or ceramic binders to facilitate the bonding of SiC particles,
allowing SiC composite coating to be deposited [9]. For instance, Kang et al. [10] sucessfully fabricated
a functionally graded SiC/Cu metal matrix composite (MMC) by plasma spray methods. However, the
results shows that decomposition of the SiC and thermal expansion mismatch between SiC and Cu during
rapid solidification occur. Arrabal ef al. [11] investigation reported a high porosity content with poor
contact between the splats of aluminium and SiC particles deposited by flame spray process. Mubarok et
al. [9] study reveals that the fabrication of SiC composites coatings using yttrium aluminum garnet (YAG)
as sintering aids did not result in an homogeneous distribution of oxide binder between the SiC particles.
As a results, the coating obtained were characterized by poor mechanical performance due to low
cohesive strength, high porosity, and powdery structure making the coatings vulnerable to grain pull-out.
Mubarok and Espallargas [8] also reported the successful deposition of silicon carbide coatings using
thermal spray detonation technique. However, the coating shows lack of sintering and characterized by
fine pores formed during spraying and metallographic processing. Tului ef al. [ 7] reported the deposition
of compact and homogeneous coating with a low porosity content containing up to 66 vol.% of silicon
carbide deposited by plasma spray process. While different grades of successful deposition of SiC
coatings were reported in all the methods stated above, the available findings are below the desired

expectations for SiC ceramic materials.

Recognizing the above research gaps, the present research explores the possibility of developing

pure SiC coatings. To the authors knowledge, no research has been done to produce pure silicon carbide
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coatings. Suspension plasma spray (SPS) process was employed for the deposition of SiC nanoparticles.
Plasma spraying process offer advantages such as high deposition rate, better cohesion and bonding of
the coating with the substrate, high temperature and energy density, making this process unique for
producing dense coatings [12]. Notably, suspension plasma spraying (SPS) is an advancement in air
plasma spray (APS) process that enables the spraying of fine feedstock (100 nm - 5 pm diameter) [13].
Moreover, the SPS process can achieve fine and dense coating microstructures of few tenths to a few
hundreds of micrometres thick coatings [9], [14]. The axial injection of nano or microns size particles
into the core of the high-temperature plasma jet will ensure that particles are well melted and accelerated

towards the substrates to form a coating [15], [16].

In the present study, deposition of pure SiC coatings were achieved using low power (LP) and
high power (HP) spray mode. Thereafter, the microstructural analysis were performed using the high-
resolution electron microscopy and X-ray diffraction. This preliminary study will open a pathway for

future research and optimization in this area.

4.3. Experimental method

4.3.1 Feedstock material

The coating feedstock powder used in this research was sub-micron size silicon carbide (SiC)
powder, supplied by Shanghai Luju Polymer Technology, China. The nominal powder size from the
supplier was 500 nm. In-house analysis of the powder particle size distribution was performed by
dispersing the as-received powder in ethanol using a particle size analyzer (Spraytec, Malvern Panalytical,

UK) equipped with a wet dispersion accessory. The results are presented in section 4.4.

4.3.2 Suspension preparation

The present work utilized ethanol as the liquid carrier for the submicrometric feedstock into the
plasma jet. The decision to use ethanol as a solvent is driven by the fact that a lower amount of heat is
required to vaporize ethanol than that of other common solvents like water [17]. Moreover, the break-
ups of suspension droplets are achieved faster when ethanol is used as a solvent [18]. The composition
of the SiC loading in the suspension was 20 wt.%. This composition promotes good viscosity [19],
production of smaller suspension droplets [14], and improves the flowability [20] of the suspension. A
poly (acrylic acid sodium salt) dispersant with an average molecular weight ~ 360,000 (Sigma Aldrich,
UK) was used and added in the range of 0 to 6 wt.% of the solid to achieve a stable slurry and dispersion

of particles by electrostatic, steric or electro-steric repulsions [21]. The colloidal stability was monitored,
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and the sedimentation rate was measured after 48 h. Finally, the suspension with 4 wt.% of PVP and
sedimentation lower than 1 mm after 1 h was selected as the optimal stable suspension. After establishing
the colloidal stability, suspensions with the optimized dispersant (4 wt.%) were prepared in ethanol and
the carbide powder was gradually dispersed in the solution. The mixture was stirred simultaneously by
magnetic stirrer (ThermoFisher Scientific, USA) and sonication (Qsonica, USA) at 50 kW for 30 min
before spraying. Thereafter, the prepared suspension was fed into the plasma pressurized container with
a mechanically powered propeller for the continuous stirring of the suspension during spraying to avoid

sedimentation or agglomeration of the solid particles.

4.3.3 Coating deposition

The suspension spraying was performed using Mettech Axial III plasma spray torch (Northwest
Mettech Corp. Canada). The Mettech gun has three converging plasma jets which allow the axial
injection of ceramic powder directly at the center of the plasma stream [22]. Furthermore, the axial
injection offers solutions to the difficulties that arise when attempting to feed the plasma radially with
fine particles or droplets [23]. The deposition parameters used for spraying both powders are tabulated
in Table 4.1. Two spraying conditions designated as low power (LP) and high power (HP) were employed
for the deposition of submicron SiC feedstock powder. Available studies have shown that low plasma
power causes moderate melting of suspension droplets, resulting in low stress evolution [24]. Moreover,
high plasma power mode increases plasma enthalpy, which enhances the proper melting and particle
adhesion with the substrate [25]. Therefore, by utilizing different spraying conditions, we aim to gain a
better understanding of how different spraying conditions influence the microstructural properties and to
identify the optimal conditions for depositing pure SiC coatings. The silicon carbide powder was
deposited on 304 L stainless-steel substrate of dimensions (25.4 x 25.4 x 4.3 mm). The steel substrate
surfaces were grit-blasted using 20-grit alumina abrasive particles to increase the surface roughness and
compressed air was used to remove grit residue from the substrate surface. Thereafter, the substrates were

preheated up to 150 °C before spraying to enhance adherence of the coatings to the substrates [26].
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Table 4.1 SPS parameters used for depositing silicon carbide coating.

Deposition parameters Spray mode

Low power High power
Total plasma gas flow (I/min) 245 210
Solid loading (wt.%) 20 20
Solvent Ethanol Ethanol
Power (kW) 92.3 111.3
Enthalpy (kJ/1) 8 13.5
Ar (%) 75 45
N2 (%) 10 45
Hz (%) 15 10
Suspension feed rate (ml/min) 45 45
Spray distance (mm) 75 75
Number of passes 70 35

4.3.4 Characterization

The microstructural features of SiC powder was determined by scanning electron microscopy
(SEM) (SU8230, Hitachi, Japan) built with energy dispersive spectroscopy (EDS). The powder and
coatings were prepared (mounted, sectioned, and polished) according to standard metallographic
preparation (ASTM EO03). The average coating thickness was determined and reported from the prepared
cross-section images. The phase analysis of powder and coatings were determined using Philips X’ Pert
Pro X-ray diffractometer system (Malvern Panalytical, Malvern, UK) with Cu-Ka radiation (step size =
0.02°, time per step = 2 sec, A = 1.5406 A, scanning range 20 of 20° and 90°) was used and operated at
a power of 40 kV and 40 mA. The obtained diffractograms were analyzed and indexed using the Rietveld
analytical software built with the XRD system. Raman spectra measurements were performed using an
InVia spectrometer (Renishaw, UK). An optical microscope with a 50 x lens was used to focus the

excitation radiation A = 514.5 nm from an Ar + ion laser source.
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4.4 Results
4.4.1 Feedstock powder and coating

The powder morphology and particle size distribution of SiC powder in the as-received condition
are presented in Fig. 4.1a-b. The SiC powder morphology in Fig. 4.1a comprised of agglomerated
particles of random shapes (round, oblong, individual and coalesced particles sizes ranging between few
tens of nanometers to a few micrometers). The particle size distribution (Fig. 4.1b), i.e., Dv (10), Dv (50),
and Dv (90) was measured to be 0.63 pm, 1.06 um, and 1.92 um, respectively. Comparing these results
with those provided by the supplier in section 4.3.1, it appears that the sub-micron size SiC particles form

agglomerates of a few microns in size.
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Figure 4.1 SEM image of SiC powder morphology (a), and particle size distribution (PSD) of SiC
powder (b).

The SEM cross-sections and EDS mapping of SiC coatings with low power (LP) and high power
(HP) are presented in Fig. 4.2a-b. The LP coating cross-section (Fig. 4.2a) exhibit a dense dome-shaped
or bumpy microstructure which is similar to the those described in other investigations [26], [27].
Whereas the HP coating in Fig. 4.2b exhibit a feathery columnar structure characterized by inter-
columnar gaps and intra-columnar pores, which were also reported by other authors [28]. Moreover, it
can be observed that both LP and HP coatings were built on the crests of the undulated substrate surface,
indicating that the coatings morphology strongly rely on the grit blasting effect of the substrate [29]. The
average thickness value for coatings produced LP and HP spraying conditions were measured to be 46 +
20 pm and 33 £ 22 um, respectively. This difference in coating thickness can be attributed to the higher
number of passes used in the LP process, which is twice that of the HP coating (Table 4.1). The EDS
mapping analysis of the coatings confirms the presence of silicon, carbon, and oxygen content. Notably,

the distribution of oxygen is marginally lower for LP spray coating and higher for HP spray coatings.
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Figure 4.2 SEM/EDS images of the cross-section microstructure of SPS sprayed silicon carbide coating
(a) low power, and (b) high power.

The XRD patterns of the pure SiC powder and the as-sprayed coatings are presented in Fig. 4.3a-
b. The SiC powder phases (Fig. 4.3a) are mainly B-type (3C) structure observed around 35.6° (111), 41.4°
(200), 60.0° (220), and 72.0° (311) [30]. Whereas in the as-sprayed coatings (Fig. 4.3b), a reduction in
the SiC peaks were observed, and it appears that only a single phase is detected by the XRD for both
coatings. Moreover, diffraction peaks corresponding to Fe - austenite were observed in both coatings
around 43.5°, 50.5° and 74.3° [31], which is associated with the low thickness and/or non-uniformity of
both coatings. No evidence of decomposition or oxidation into silica (SiO2) was found within the

detectable range of the XRD.
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Figure 4.3 XRD data (a) SiC powder, and (b) As-sprayed low and high power coatings.

Raman spectroscopy in Fig. 4.4a-b presents the surface state of LP and HP coatings in the as-
sprayed condition. Raman analysis of both coatings also confirmed the presence SiC peaks around ~794
cm ! which consists mainly of a cubic polytype structure [32]. It also appears that the SiC peak intensity
observed for LP coating in Fig. 4.4a is higher than the those observed in HP coating (Fig. 4.4b). The
presence of amorphous and crystalline peaks at ~523 cm™! corresponding to Si phases were detected in
both coatings. Moreover, at Raman shift of 1600 °C, a broad peak corresponding to carbon was detected
for both coatings, and that LP coating demonstrated the highest carbon signal. Similar findings was also
reported by other authors that utilized suspension plasma fluidized bed CVD techniques for deposition
of SiC coatings [33]. Therefore, the Raman spectra results correlate with the XRD observation in Fig.

4.3, which also shows no evidence of silica (Si0O»).
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Figure 4.4 Raman spectrum of (a) low power (b) high power sprayed silicon carbide (SiC) coatings.
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4.5 Discussions

Based on the microstructural analysis of the as-sprayed coatings represented in Fig. 4.2a-b, it was
evident that low power (LP) and high power (HP) spray mode produced a columnar coating structure.
Columnar microstructure in suspension plasma processes are associated with the stacking defects that
occur due to larger surface asperities in relation to the average diameter of the particles impinging the
surface [34]. Moreover, the columnar behavior has been correlated to the shadowing effect, which occur
due to the interaction between surface asperities and the angular directions of impinging particles [35].
VanEvery et al. [36] reported the fundamental mechanisms which are responsible for the formation of
columnar structures in SPS processes. The mechanisms were correlated with the numerical modeling
work of Berghaus ef al. [37], as shown in Fig. 4.5. When the suspension droplet size is less than 1 pm
(submicron), plasma drag forces dominate over the particle inertia and redirect particle velocities from
normal to parallel towards the surface, leading to significant shadowing effect and formation of columnar
microstructure. Whereas when the suspension droplets size ranges between 1 pm and 5 pm, it may lead
to the formation of feathery columnar structure having porosity bands within the columns given that the
particles size range are still influenced by plasma drag forces. On the other hand, suspension droplets
larger than 5 pm generally form a lamellar structure, as these larger particles directly impact the substrate
with minimal influence from plasma drag forces. The present study employed submicron sized SiC
particles (see section 4.3). It is hypothesized that the plasma drag force influenced the suspension droplets,
making particles impact on the column asperities. The growing columns steadily shadow the surrounding
area, thereby making incoming particles to impact the surface of the growing column, hence hindering

the formation of a uniform coating microstructure [26].
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Figure 4.5 Effect of plasma flow on a trajectory of the droplets before the final impact as a function of
droplet momentum [37].
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The particle size behavior can be better understood by considering the Stokes number (S7), given
by the below equation:

_ Ppdgvp
St = 27 (1)

Where the indices p,, is the density of the particle, d,, is the diameter of the particle, v, is the velocity of

the particle, p, is the dynamic viscosity of the gas, lg, thickness of the flow boundary layer.

Submicron particles, measuring less than 1 um usually exhibit low Stokes numbers and inertia,
indicating that they will likely follow the plasma flow trajectory. Consequently, these particles may either
generate defects by impacting the surface protrusions or get carried away by the gas, thereby failing to
contribute to coating deposition [19], [34]. Thus, it can be inferred that the microstructural characteristics
of LP and HP sprayed coatings are significantly influenced by the size of the suspension droplets and the

resulting plasma drag forces.

A comparative analysis of the microstructure revealed that the LP spray mode produced a
relatively dense microstructure with minimal porosity (Fig. 4.2a), while HP spray mode produce less
dense microstructure due to the presence of inter-columnar pores and gaps (Fig. 4.2b). The enhanced
microstructure of the LP sprayed coating is attributed to the influence of gas flow ratio, as illustrated in
Table 4.1. Argon, as an inert gas, stabilizes the plasma arc and creates a non-reactive environment,
thereby decreasing the risk of oxidation during spraying. On the other hand, hydrogen improves heat
transfer and facilitates particle melting [38]. The mixture of Ar-H plasma gas is commonly used in
plasma spray processes to provide more enthalpy due to the diatomic structure of hydrogen [12].
Consequently, it can be deduced that the high Ar—H> gas flow ratio in LP conditions produced more
energetic plasma jet, resulting in better particle melting and improved coating density with minimal
porosity [39]. These findings contradict the results reported by other authors indicating that low plasma
power leads to the formation of a porous microstructure characterized by larger and partially melted
suspension droplets [25]. The detection of silicon and carbon by the EDS mapping (Fig. 4.2) agrees with
the formation of SiC coating. Notably, the formation of SiC coating is more evident in LP spray mode
compared to HP spray mode. This finding correlates with the XRD analysis (Fig. 4.3) and Raman
characterization (Fig. 4.4), which indicate a greater SiC peak intensity for LP spray mode compared to
the HP spray mode. At the same time, peaks associated with silica (Si02) were not detected by the XRD
and Raman spectra, possibly because it is present in amorphous form with a weak signal that is easily
overshadowed by the predominant XRD patterns. The underlying mechanism for SiC decomposition
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remains unclear. However, investigation by Darut et al. suggested that oxidation may occur due to
reduced surrounding atmosphere and the rarefaction effect associated with small particle size [40]. In the
present study, SiC decomposition is hypothesized to involve in-flight oxidation of SiC particles due to
higher particle temperatures in plasma spray processes, longer dwell times (due to low particle velocity),
and oxygen entrainment within the core of plasma spray system, where oxygen is completely transformed
into highly reactive atomic oxygen [41]. Moreover, the higher oxide content in HP spray mode (Fig. 4.2b)
showcases the influence of extremely high temperatures in the plasma jet, which can accelerate the
oxidation of particles during spraying. Recent study by Niu et al. also confirmed that an increase in
plasma power leads to an increase in heat flux and total enthalpy generated by the plasma, which in turn
facilitates the complete melting of suspension droplets, and as well increase the chance of decomposition
or oxidization of particles during spraying. On the other hand, the low thermal energy in LP spray mode
ensures that particles are sufficiently melted without significant oxidation or decomposition [42]. Thus,

it can be concluded that the oxides content in LP spray mode is relatively lower than the HP spray mode.

4.6 Conclusion

In this study, silicon carbide (SiC) coatings were produced using the suspension plasma spray
(SPS) methods without the addition of matrix binder. An optimized suspension feedstock was achieved
by regulating dispersant content, and the resulting suspension was deposited by low and high plasma
power spray processes. The LP spray coating exhibits a dense dome-shape columnar structure containing
minimal porosity while the HP spray coating exhibits a feathery columnar structure characterized by
intra-columnar pores and inter-columnar gaps. Furthermore, the study finding also emphasizes that while
both LP and HP spray processes result in oxidation of SiC particles, the LP spray mode was effective in
producing SiC coatings with minimal oxidation compared to HP spray mode. The present study has
shown that it is possible to deposit pure SiC coating by suspension plasma spray (SPS) process and open
a pathway for the development of ceramic materials which are prone to decomposition. Future research
should focus on optimizing SPS parameters to achieve a uniform and dense pure SiC coatings with
minimal decomposition. Moreover, more detailed microstructural studies are needed to assess the actual

composition and crystalline/amorphous characteristics of the SiC-O deposited layers.
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Chapter

5. CONCLUSIONS & 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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5.1 Conclusions

Thermal spray coatings are cutting-edge surface engineering methods designed to improve the

durability and performance of aerospace components. Several studies have explored the impact of

various deposition techniques, such as plasma and combustion spraying, on the wear resistance of

carbide-based coatings, particularly in elevated temperature applications. This thesis successfully

demonstrates the deposition of chromium carbide (pure carbide and cemented carbide) and silicon

carbide coatings. Moreover, the tribological properties of chromium carbide coatings were evaluated at

room and elevated temperatures. The findings from each investigation are presented in detail in their

respective chapters, with the overall conclusions summarized in this final chapter.

Among the APS coatings, cemented chromium carbide (Cr3C2-25NiCr) coatings deposited by
low plasma power demonstrated the lowest porosity content, highest thickness, highest deposition
efficiency, and overall improved hardness properties. While HVAF Cr;C2-25NiCr coating
deposited 414 nozzle is fully dense with low level of oxygen and porosity content.

Although, the friction and wear volume loss of HVAF Cr3C2-25NiCr (4L4) coating increased
when exposed to high temperatures (i.e. 450°C), it exhibits the lowest CoF and wear volume loss
at room and elevated temperatures compared to other tested coatings. The formation of stable and
uniform tribofilm-layer at the sliding interface helps in reducing the coefficient of friction and
protecting the surface from significant wear damage.

The worn surface of the HVAF Cr;C;-25NiCr (4L4) coating at room temperature exhibited
features such as plastically deformed carbides, a smeared layer, and wear pits containing loose
debris, indicating that abrasive wear was the dominant mechanism. Whereas at 450°C, the worn
surface revealed adhered materials and wear debris, suggesting that oxidative wear, with
contributions from both adhesive and abrasive wear, governed the wear mechanism at elevated
temperatures.

Silicon carbide coatings deposited with low power exhibit a bumpy microstructure, whereas the
high power sprayed SiC coating show a feathery columnar structure. The microstructural features
of both coatings are strongly affected by the size of the suspension droplets and the plasma drag
forces acting on them during deposition.

The low power spray SiC coating demonstrated high coating thickness, low oxide content, and
minimal porosity than the high plasma power coating. The low oxide content in low power SiC
coating is associated with the lower thermal energy in low plasma power system, ensuring that
particles are adequately melted without undergoing significant oxidation or decomposition.
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5.2 Future work

1.

While the present study has shown that APS can produce chromium carbide (Cr3C>-25NiCr)
coatings with lower porosity and higher hardness, further research should explore a broader range
of deposition parameters. Specifically, varying the plasma power, feedstock particle size, and
nozzle design to optimize coating properties for tribological applications at elevated operating
conditions.

The friction and wear behavior of HVAF Cr3C2-25NiCr (4L4) coatings at elevated temperatures
(450°C) suggests that while these coatings perform well at room temperature, they are susceptible
to wear at higher temperatures. Future work should focus on improving the high-temperature
wear resistance by modifying the HVAF parameters to further enhance oxidation and thermal
stability.

The microstructural features observed in the SiC coatings-bumpy microstructure in low-power
coating and feathery columnar structure in high-power coating, suggest that further research is
desirable. Therefore, future work should focus on optimizing SPS parameters such as adjusting
the plasma power, suspension feed rate, and varying the feedstock particle sizes to achieve a
uniform and dense pure SiC coatings with minimal decomposition. Moreover, more detailed
microstructural studies are needed to assess the actual composition and crystalline/amorphous
characteristics of the SiC-O deposited layers.

Also, advanced ex-sifu methods such as transmission electron microscopy (TEM) or X-ray
photoelectron spectroscopy (XPS) should be utilized for the worn surfaces analysis to understand

the surface state wear mechanisms.
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