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Abstract

Friction and Wear Behavior of Thermally Sprayed Oxide Coatings

Amit Roy, PhD
Concordia University, 2023

Conventional alloys and composites are widely used as coating materials in various
contacting interfaces within gas turbine engines. These alloys form in-situ lubricious oxides
during sliding at high temperatures, which help to reduce friction and wear. However, the
formation of an oxide film on the contact zones requires time and depends on the chemical
nature of the materials as well as the contact conditions and environment. In most cases, the
running-in period for traditional alloys or composites is relatively long, which ultimately causes
an overall increase in wear. Since the lubricious oxide is responsible for low wear and steady-
state friction coefficient at high temperatures, it could be beneficial to replace the conventional
alloys/composites and use such oxides instead. Based on prior work, ionic potential, and
interaction parameters, which emphasis the lubricity at high temperatures, examples of such

oxides include CuO, Ta20s, CoO, NiO, Co-Ni-O.

In this dissertation, CuO, Ta20s, CoO, NiO, Co-Ni-O oxides were sprayed to produce
thick coatings with dense, homogeneous microstructures using Suspension Plasma Spray (SPS)
and High Velocity Oxygen Fuel (HVOF). The effects of spray parameters on the composition
and microstructure of the coatings were investigated. The CuO and NiO coatings produced by
SPS partially reduced to Cu20, Cu and Ni, respectively. On the other hand, CoO, Ta20s, and

Co-Ni-O coatings remained single phase.

The thermally sprayed coatings were tested on a ball vs flat tribometer with dry sliding
reciprocating condition at various temperatures (i.e., 25°C, and 450°C) against an alumina
counterface. CuO and CoO were found to have low coefficients of friction at high temperatures
compared to other oxides (i.e., Ta20s, NiO, Co-Ni-O). On the other hand, CoO and

Co0.75N10.250 were found to be superior in terms of wear resistance at high temperatures.

Scanning electron microscopy (SEM), electron channeling contrast imaging (ECCI),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Raman analysis, and
focused ion beam (FIB) were used to characterize the coatings and the corresponding wear

tracks to determine the dominant wear mechanisms. In general, brittle fracture, cracking, and
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tribofilm delamination were found to be the main wear mechanisms leading to high wear of
the oxides at room temperature. In contrast, the formation of a relatively ductile, smeared
tribofilm, grain refinement, and amorphous layer closer to the wear track surface contributed

to friction and wear reduction at high temperatures.

In addition, a low interaction parameter of the oxides, regardless of the microstructure
of the oxide coatings, led to the low friction. Such a correlation was not observed with the high
interaction parameter and ionic potential. Furthermore, the high sintering ability or diffusion

coefficient of the oxides could play a role in reducing friction and wear at high temperature.
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Résumé

Les alliages et composites conventionnels sont largement utilisés comme matériaux de
revétement dans diverses interfaces de contact dans les moteurs a turbine a gaz. Ces alliages
forment des oxydes lubrifiants in situ lors du glissement a haute température, ce qui contribue
a réduire le frottement et 1'usure. Cependant, la formation d'un film d'oxyde sur les zones de
contact nécessite un certain temps qui dépend du comportement chimique des matériaux ainsi
que des conditions de contact et de I'environnement. Dans la plupart des cas, les alliages ou
composites traditionnels entrainent une longue période de rodage, ce qui engendre finalement
une augmentation progressive des frottements et de I'usure. Etant donné que I'oxyde lubrifiant
est responsable d'une faible usure et d’un faible coefficient de frottement en régime permanent
a des températures €levées, il est propos¢ de remplacer les alliages/composites conventionnels
par de tels oxydes. Sur la base des travaux antérieurs, du potentiel ionique et des parameétres
d'interaction qui mettent l'accent sur le pouvoir lubrifiant a haute température, des exemples de

tels oxydes comprennent CuO, Ta20s, CoO, NiO, Co-Ni-O.

Dans cette these, les oxydes de CuO, Ta20s, CoO, NiO, Co-Ni-O ont été projetés pour
produire des revétements épais, denses et homogenes en utilisant le procédés projection par
plasma de suspension (Suspension Plasma Spray, SPS) et High Velocity Oxygen Fuel (HVOF).
Les effets des parametres de projection sur la composition et la microstructure des revétements
ont été étudiés. Les revétements CuO et NiO produits par SPS ont été réduits partiellement
respectivement en Cu20, Cu et Ni. En revanche, les revétements de CoO, Ta20s et Co-Ni-O

sont restés monophasés.

Les revétements préparés ont été testés avec une bille 8 mouvement alternatif glissant
a sec sur un tribomeétre plat a différentes températures (c'est-a-dire 25°C et 450°C) contre une
contre-face en alumine. Les revétements de CuO et CoO se sont avérés avoir de faibles
coefficients de frottement a haute température par rapport a d'autres oxydes (c'est-a-dire Ta2Os,
NiO, Co-Ni-O). D'autre part, CoO et Coo0.75Ni0.250 se sont avérés supérieurs en termes de

résistance a l'usure a haute température.

La microscopie électronique a balayage (SEM), I'imagerie de contraste par canalisation
d'¢lectrons (ECCI), la spectroscopie photoélectronique a rayons X (XPS), la diffraction des
rayons X (XRD), l'analyse Raman et le faisceau d'ions focalis¢ (FIB) ont été utilisés pour
caractériser les revétements et les traces d'usure correspondantes pour déterminer les

mécanismes d'usure dominants. En général, la rupture fragile, la fissuration et le délaminage



du tribofilm se sont avérés étre les principaux mécanismes d'usure produisant une usure élevée
des oxydes a température ambiante. En revanche, la formation de tribofilm relativement ductile
et déforme, le raffinement de grain et la couche amorphe plus proche de la surface de la piste

d'usure ont contribué au frottement et a la réduction de I'usure a des températures €levées.

De plus, un faible parametre d'interaction des oxydes, quelle que soit la microstructure
des oxydes, conduit a un faible frottement contrainement au parametre d'interaction élevé et au
potentiel ionique. La grande capacité de frittage ou coefficient de diffusion ¢levé des oxydes

pourrait jouer un role dans la réduction du frottement et de I'usure a haute température.
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Chapter 1

1.1 Introduction

Surface engineering has been an essential technology in enhancing the life cycle and
efficiency of various contact interfaces such as power generation, transportation, materials
processing, and aircraft engines. This can be achieved by minimizing the friction and
improvement of wear resistance behavior of the components [1]. The science and technology
of friction and wear behavior of the interacting surfaces is known as tribology. The word
tribology derived from the Greek word, “tribo” meaning rubbing and “/ogos” meaning study
[2]. In 1966, Peter Jost in the UK first coined the word tribology [3]. Friction is the force
resisting the relative motion of two solid surfaces in contact. When any of these surfaces slide
or move as compared to other the surfaces convert the kinetic energy into thermal or heat
energy [4]. Generally, the friction coefficient (n) is used to describe the friction.
Mathematically, the coefficient of friction is the ratio of the frictional force arriving from the
surfaces to the applied normal load.

Fricti fficient _ Friction force (Fg) 11
riction coefficien (u)—Applied force (Fry) (1.1)

On the other hand, wear is the removal of the material or progressive damage of the
surfaces in contact due to rolling, sliding or impact [5]. Surfaces are generally not perfectly
smooth and microscopically all the smooth surfaces have some roughness (i.e., asperities).
Whenever the two surfaces are in relative motion, the asperities can be displaced from the
interacting surfaces. The displacement of the materials can transfer to the counter surfaces or
may break as wear debris. The generation of the wear debris could be the reason for mechanical
or chemical means and normally induced through frictional heating. However, based on
different conditions the wear can be classified in different ways such as abrasive, adhesive,
fatigue, erosion, corrosion and many more [6]. Therefore, proper knowledge of tribology in
various fields can save an estimated 1.3% to 1.6% of a developed nation’s gross domestic
product (GDP) [7].

The wear resistance of the contacting interfaces can be improved by applying coatings.
For instance, conventional alloys and composites are widely used as coating materials in
various contact interfaces in the gas turbine engine and aerospace industries [8—10]. These
alloys form in-situ lubricious oxides during sliding at high temperatures, which help to reduce

friction and wear [11-13]. However, the formation of an oxide-based film on the contact zones



takes a long time and can vary depending on the chemical behavior of the materials as well as
the contact conditions and environment. In most cases, the traditional alloys or composites lead
to a long running-in period, which ultimately causes a gradual increase in friction and wear.
Since the lubricious oxide is responsible for low wear and steady state friction coefficient at
high temperatures, one idea is to replace the conventional alloys/composites and use such
oxides instead. Based on the prior work, Peterson’s data [14,15], ionic potential [16,17], and
interaction parameters [18,19], which emphasis the lubricity at high temperatures (more details
can be found in Chapter 2), examples of such oxides include CuO, Ta20s, CoO, NiO, Co-Ni-
0.

In order to produce or mimic the in-situ oxides or lubricious oxides as a coating material
on the components or substrates, thermal spray technique offers promising advantages such as
lower cost, lower complexity, atmospheric deposition condition, ease of application to large
surfaces, and high deposition efficiency in comparison to conventional thin film coating
deposition processes. These advantages make it easier to deposit the coating on a large and

wide surface of any machinery components [1,20].
1.2 Thermal Spray Process

In general, in thermal spray process, a heat source, which can be a combustion or a non-
combustion source such as an electric arc or a plasma, is used to fully or partially melt the
feedstock materials that are pushed at high velocities toward a substrate by a stream of gas or
an atomization liquid jet. A variety of materials, (i.e., metals, ceramics, ceramics, cermet,
polymers, and a mixture of them), can be deposited by propelling the molten materials on the
substrate. The feedstock can be in the form of powders, wires, cored wires, ceramic cords or
rods, suspensions, or solution precursors. Upon impact, the molten or semi-molten droplets
form splats that rapidly cool down and solidify. Thus, a layer of coating is formed by the
collection of these splats on the surface of the substrate [21]. Various processes can be used in
thermal spraying that can differ significantly, most notably in how thermal and kinetic energy
are produced [20].

By 2025, the global thermal spray market is expected to grow to 14.99 B$ at a rate of
6.7 %. The main focused areas are aerospace (32.3 % in 2017), industrial gas turbines, and
wear and corrosion-resistant coatings for the oil and gas industry [22]. Thermal spraying in
North America is mainly concentrated on pulp and paper, aero-engine repair, process industry
(valves), power generation, and mechanical engineering. Of these, the aerospace industry,

especially engine components, is one of the most critical areas, where hard metal and ceramic
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coatings are used along with metallic bond coats mainly for wear, corrosion, and thermal
protection. The surface morphology, microstructure, and characteristics of the coatings can be
governed by controlling the spray parameters. Various thermal spray techniques were used,
such as high-velocity oxygen fuel (HVOF), high-velocity air fuel (HVAF), atmospheric plasma
spray (APS), and suspension plasma spray (SPS).

In this dissertation, two approaches are used to prepare CuO, Ta20s, CoO, NiO, Co-Ni-
O coatings. CuO, Ta20s, and NiO coatings were deposited by SPS, on the other hand, CoO,
and Co-Ni-O coatings were developed by using HVOF.

1.2.1 Suspension Plasma Spray (SPS)

The SPS process was invented in the mid-1990s and has shown its ability to deposit
submicron size materials especially ceramics or oxides [23]. These submicron size powders are
usually challenging to deposit with other conventional processes such as HVOF, HVAF, APS
due to the difficulties associated with injection and low flowability. This situation raises the
need for a relatively new technique such as suspension plasma spray (SPS) to overcome these
problems [24]. In plasma spraying, the plasma plume is generated by an electric arc between
an anode and a cathode. The plasma gas injected in the torch is heated by the arc and exits the

nozzle as a plasma jet with high temperature and high velocity.
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Figure 1. 1: The schematic of a suspension plasma spray (SPS) process, (a) radial injection
[25,26], (b) axial injection [27]

In the SPS process, the feedstock powders are dispersed in a liquid (typically ethanol
or water) with a dispersing agent (i.e., help to stabilize the suspension) to form a suspension
slurry and are injected into the plasma jet to be deposited [25,26]. The injection of liquid
suspension in the plasma jet can be either radial or axial. The schematic of SPS process with
radial and axial injection is shown in Figure 1. 1. Upon exposure to the high temperature and
speed of the plasma jet, the suspension breaks up into micro-droplets, the liquid evaporates in
flight while the solid particles agglomerate, melt, and impact on the substrate to build up a

coating [28,29]. The coating formation stages in the SPS process are schematically presented



in Figure 1. 2. In the SPS process, the spray parameters such as, nozzle size, gas composition,
plasma powder, spray distance, preheating substrate temperatures, and solid loading in the
suspension play an important role for varying the coating microstructures. The unique
microstructures resulting from SPS deposition from the accumulation of thin splats on the

substrate can be beneficial to the wear resistance of the coating [30].
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Figure 1. 2: Schematic of various stages leading to coating formation in SPS [31]

An important feature of SPS is its unique columnar microstructure. The formation of
columnar structures in SPS coatings can be explained by the shadowing effect that affects the
deposition of individual particles or droplets on the surface. When the plasma jet hits the
substrate surface, the molten particles or droplets follow different trajectories depending on
their size, and momentum, as shown in the Figure 1. 3 [32]. The smaller and lighter particles
with low momentum are entrained by the plasma stream, follow trajectories almost parallel to
the substrate surface, and attach to the surface asperities at a shallow angle rather than
impacting them normally. In contrast to these small particles, the larger particles with higher
momentum continue along their initial trajectory and impinge on the substrate.

Furthermore, the columnar type of microstructure can be understood by considering the
Stokes number (St) [33] as per equation (1.2).
_ pd?V
uly

where p is the density of the particle, d is its diameter, v is its velocity, x is plasma

St (1.2)

viscosity, and lg; is the boundary layer thickness. Alternatively, the Stokes number is the ratio
of the time taken for momentum transfer from fluid to particles to the time of the direction
change of the flow [34]. The micron-size particle momentum is relatively low; hence, they are

heavily influenced by the drag force of the plasma stream in the boundary layer close to the



substrate. Thus, when St < 1, the porosity and cauliflower shape microstructure is more

prominent as most of the particles impact the substrate at a shallow angle.
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Figure 1. 3: The schematic of a typical impinging gas-jet system [32]

1.2.2 High-Velocity Oxygen Fuel (HVOF)

In the early 1980s, high velocity oxy-fuel technology was commercially introduced. In
this process, the fuel gas or liquid (i.e., hydrogen, kerosene, propylene, ethylene, acetylene,
etc.), and pure oxygen are introduced into the combustion chamber and then ignited and
combusted [35,36]. The exhaust gas is accelerated in a converging-diverging nozzle connected
to the chamber, where supersonic gas velocity can be achieved. As the high velocity flow (500-
1200 m/s) exits the nozzle, shock diamonds are formed due to the pressure difference between
the high velocity flow and the ambient atmosphere. The coating material in the form of powder
(nominal size range 10-45 pum) can be injected radially or axially into the gas with nitrogen or
argon as the carrier gas. The powder feedstock melts or partially melts in the flame and is
deposited on the substrate. This process is typically used to produce not only metal and cermet
coatings, which have relatively low melting points, but also ceramic coatings such as alumina

[37]. A schematic diagram of a typical HVOF system is shown in Figure 1. 4.
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Figure 1. 4: Schematic diagram of the high-velocity oxygen fuel (HVOF) spraying process
[37]

Because the process temperature in HVOF is much lower than in plasma spraying, the
particles may not be completely melted during HVOF deposition. Nevertheless, the high
particle velocity results in the formation of a dense stack of flattened particles on the substrate,
resulting in smooth and uniform coatings with good adhesion to the substrate. In the HVOF
process, the shorter residence time of the powder in the flame and the lower flame temperature
compared to plasma spraying methods result in a reduced possibility of reduction, oxidation or

decomposition of the powder particles during spraying [1].



1.3 Objectives

The main objective of this work is to develop thermally sprayed coatings that will mimic
lubricous glaze layers (i.e., CuO, Ta20s, and CoO-based) and consequently will improve the
tribological performance in demanding conditions. The following sub-objectives have been
identified.

e Identify the effect of spray parameters on the coating microstructure of different

oxides.

e (ritically evaluate the friction and wear resistance behavior of oxides at different

temperatures.

e Identify the interfacial processes leading to low friction and wear of oxide-based

coatings in various environments.

e Provide recommendations to the research community regarding coating deposition

processes, innovative lubrication strategies, and critical parameters affecting the

endurance life of oxide-based coatings.



1.4 Organization of dissertation

This dissertation comprises eight chapters and an appendix. Figure 1. 5 shows the overall
organization of the thesis and the motivation between each chapter. Each chapter is also

described in detail below.
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Chapter 1 contains the description of surface engineering, its importance, and the brief
introduction of tribology. In addition, Chapter 1 includes a brief explanation of the thermal
spray techniques used in this dissertation (i.e., SPS and HVOF). Finally, the objectives and

organization of the dissertation are presented.

Chapter 2 is basically a review article that comprehensively focuses on the tribology of
binary and ternary oxides at different temperatures. This chapter also prioritizes the importance
of high temperature tribology, materials, and advantages of oxides or oxide coatings compared
to the traditionally used various alloys. Furthermore, a generalized and tentative wear reduction
mechanism of oxides at different temperatures has been highlighted. In addition, the future

perspective of various oxides in the field of tribology has been incorporated.

Chapter 3 includes the investigation of suspension plasma sprayed copper oxide
coatings and their chemical reduction mechanisms to Cu20 and pure metallic Cu. The effect of
solid loading in suspension and spraying parameters i.e., nozzle size, spraying distance were
also included in this study. Furthermore, the friction and wear resistance mechanisms of the
copper oxide at atmospheric and elevated temperature were discussed using SEM worn surface

morphology, counterface analysis, and XPS technique.

Chapter 4 discusses the tribology of the tantalum oxide coating developed by the SPS
process. A dense microstructure of the coating was developed by trial or varying the spraying
parameters. A tiny amount of sub-oxide (i.e., tantalum oxide) was found on the powder and
coating. It was confirmed by XRD and ECCI techniques. The grain size and crystallite size of
the coatings were also determined using ECCI and Scherrer equation, respectively. The friction
and wear of this coating was critically evaluated. It was concluded that brittle and ductile wear

behaviors are the dominant wear mechanisms at room and elevated temperatures, respectively.

Chapter S covers the coating of cobalt and nickel oxides using SPS and HVOF,
respectively. The reduction of pure metallic Ni during NiO spraying is briefly discussed. In
addition, the formation of amorphous phase of CoO near the wear track during high
temperature sliding is discussed. The reasons for the wear of the nickel oxide coating after 500
cycles at elevated temperatures were also discussed. The superior wear resistance mechanism
of CoO over NiO was highlighted using Focused lon Beam (FIB) and Electron Channeling
Contrast Imaging (ECCI). Based on the ex-situ or experimental, the proposed wear resistance

mechanisms of CoO and NiO were discussed.



Chapter 6 incorporates the Co-Ni-O coatings produced by the HVOF process. The
varying amount of CoO and NiO content in Co-Ni-O ternary solid solution was discussed in
terms of coating microstructure and tribology. It was shown that the Co-Ni-O solid solution
becomes brittle with increasing NiO content. In addition, the tribological behavior of the Co-
Ni-O coatings decreases with increasing NiO content at high temperatures. However, the

opposite trend was observed in room or atmospheric conditions.

Chapter 7 compares the friction and specific wear rate of the oxides (i.e., CuO, Ta20s,
Co0, NiO, Co-Ni-O). Furthermore, the friction and wear values or more specifically the
lubricity of the oxides were discussed with the sintering ability, ionic potential, interaction

parameter, hardness, thermal conductivity, and lattice parameter.

Chapter 8 summarizes the main messages, conclusions and contributions of this research

work and provides the recommendation for the future work.
Appendix A includes the supplementary data for review article (i.e., Chapter 2).

Appendix B includes the supplementary data for chapter 7.
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Chapter 2

Binary and Ternary Lubricious Oxides for High Temperature
Tribological Applications: A Review'

Abstract

Oxides and oxide-based coatings have been widely used as solid lubricants in demanding
operating conditions to achieve low friction and wear due to their higher thermal and chemical
stability. However, their tribological performance is highly dependent on the test temperatures
and the surrounding environment. This article provides a comprehensive review of low-friction
oxides and oxide-based coatings in relation to the influence of operating temperature on their
tribological performance and their potential use as solid lubricants. Special emphasis is placed
on the tribological behavior of binary and ternary oxides developed over the last few decades.
Furthermore, this review summarizes the high temperature tribology, mechanisms and
interfacial processes of the oxides leading to low friction coefficient and wear in high

temperature applications.

Keywords: Binary oxides, ternary oxides, solid lubricants, high-temperature, tribology

! This chapter has been published as a review article in the Results in Surfaces and Interfaces. A. Roy,
P. Patel, N. Sharifi, R. R. Chromik, P. Stoyanov, C. Moreau. "Binary and Ternary Lubricious Oxides for
High-Temperature Tribological applications: A Review." Results in Surfaces and Interfaces (2023):
100117.
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2.1 Introduction

Liquid and solid lubricants have traditionally been used to reduce friction as well as wear
on mating or sliding surfaces. However, many of these lubricants are not suitable for
applications in extreme environments (e.g., high-temperature, vacuum or high pressure as they
evaporate quickly under these conditions) [1]. Failure to lubricate the sliding components
results in poor tribological performance, high maintenance, and material replacement cost, and
interruption of the operating cycle. The challenges of handling bulk liquid lubricants and their
environmental concerns are other reasons that limit their use. However, the complexity of the
sliding interface and the high temperature requirements inhibit the use of liquid lubricants,
making a protective coating highly desirable. Coatings have to withstand very high
temperatures due to the higher frictional stress in the sliding contacts. The reduction of this
temperature (i.e., frictional heating) and the improvement of the wear resistance of the sliding
parts in dry conditions could be achieved by using coatings based on solid lubricants. Some
solid lubricants, such as graphite and MoSa, provide excellent lubricity at low to moderate
temperatures of 300°C due to their so-called layer structure and transfer film formation.
However, the tribological performance of graphite is limited by the working environment
because moisture or condensable vapor is needed to activate its lubricity [2]. On the other hand,
MoS: exhibit a low coefficient of friction in dry atmosphere and vacuum conditions, whereas,
MoS: oxidizes rapidly under normal atmospheric/humidity conditions and increases the
coefficient of friction (COF) by more than two orders of magnitude [2,3]. Soft materials such
as Ag, Au, etc. are reliable metal lubricants in air and vacuum but at high temperatures they
undergo excessive plastic deformation and are extruded from the contact zone, thus limiting
their improved tribological performance [4,5].

Oxidation is the inevitable phenomenon of metal or alloy when subjected to extreme
working conditions in the presence of air. Oxidation continually thins the material object and
leads to the possibility of failure [6]. Oxides or oxide-based coatings (i.e., made, or deposited
in the form of oxides) could be the possible solution to prevent oxidation of the components in
high-temperature applications due to their chemical and structural stability. However, such
oxides have strong covalent bonds in the plane, which favors the difficulty of shearing the
surfaces [7]. As a result, many oxide ceramics can exhibit high coefficients of friction (greater
than 0.8), high contact stresses, and produce surface cracks and wear debris. However, these
disadvantages of the materials can be turned into advantages if it is possible to produce in-situ

lubricious oxide by tribo-oxidation [8]. For instance, two types of low friction oxides can be
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formed either directly or during sliding at high temperatures; (i) Magnéli phases or
substoichiometric oxides (MenO2n-1, MenO3n-1, MenOsn-2) [9—12], and (ii) inherently lubricious
oxides. The purpose of this article is to provide an overview of up-to-date research on low
friction oxides and oxide-based binary and ternary coatings, and their operating principles
under harsh working conditions. It should be noted that the comparison of the tribological
performance that has been reported here has been taken as a generalized value since the friction
and wear are not the intrinsic properties of the materials, but the system response [13]. The
author believes that this review of the oxides will help to identify the research gap as well as

the selection of suitable oxides according to their applications.
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Figure 2. 1: Friction coefficient of high ionic potential binary oxides. The values are
obtained from [14,15].

This review article is divided into four main categories: (i) high temperature tribology, its
applications, materials, and interfacial processes (section 2.2), (ii) friction coefficient and
interfacial mechanisms of binary oxides with high ionic potential as shown in Figure 2. 1 with
the dotted rectangle (section 2.3). It should be noted that lubricious binary oxides with low
ionic potential (¢ = 2.4) such as CuO are also discussed in this section. However, despite their
high ionic potential, Re2O7 and B207 based oxides are not discussed in this paper due to the
limited research and quite different frictional behavior as compared to other oxides at different
temperatures [16]. Section 2.4 focuses on (ii1) the friction and wear mechanisms of the ternary
oxides. These oxides can be further classified into Ag/non-Ag based and other ternary oxides
such as sulfates, carbonates, and chromates based on the wear mechanisms at elevated
temperatures. Finally, in section 2.5 it has been proposed a (iv) interfacial and wear

mechanisms of oxides over a wide temperature range.
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2.2 High temperature tribology and its application

2.2.1 What is high temperature tribology?

Tribology is the science and technology of interacting surfaces in relative motion. It
comprises of the principles and applications of friction, wear, and lubrication [17]. The term
“high temperature tribology” is sometimes ambiguous, and the definition can change
depending on the materials in the tribosystem. The temperature that is considered high for the
polymer will not be high for metals or ceramics. When working with traditional lubricants such
as oils and greases, “high temperature” indicates the temperatures at which these systems start
to break down and exhibit high friction and wear [18]. The focus of this article is on oxides and
oxide-based coatings, so tribological testing at anywhere between 500°C and 1000°C falls into
the category of high temperature tribology. This temperature range is closely associated with
the use of oxide-based lubricants, which can maintain desired lubricating properties up to their
melting temperatures. In particular, high temperature tribology has recently gained significant
interest in severe operating environments, sometimes exceeding 900°C. The increased demand
for the development of durable and efficient technologies in various applications also

emphasizes the interest in high temperature tribology [19].

2.2.2 High temperature tribology applications

With the advancement of science and technology, extreme tribology or high temperature
tribology has gained significant interest in the last few decades in various fields, such as
aerospace (airfoil bearings, rolling element bearings, hot and cold sections of the engine,
satellite components), automotive (engine bearings, pistons, traction drive), metal forming,

power generation industries [19-21].

turbine wheel compressor wheel

Air foil thrust bearing: Air foil journal bearing:
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Figure 2. 2: Air foil bearing systems in turbomachine [22]
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Air foil bearings are an example of components used at elevated temperatures without the
need for liquid lubrication (Figure 2. 2). The system consists of a top and a bump foil that
support the rotating shaft as shown in Figure 2. 2. The foil is in contact with the shaft at rest
and at higher speeds, a thin film/gap is created between the top foil and the journal due to
hydrodynamic pressure [23]. Thus, at low speeds i.e., during acceleration at startup (room
temperature) and deceleration at shutdown (high temperature), the bearing makes contact with
the raceway. The variation in these operating conditions presents a challenge because the
materials must provide lubricity over a wide range of temperatures for an extended period of
time. Similar to the air foil bearing, the rolling element bearing of the gas turbine engine, the
bearing of an automotive diesel engine and it’s piston also operate under high temperature
conditions [24]. Therefore, maintaining solid lubrication to minimize the friction and wear
during startup and shutdown periods is a challenging demand.

The next-generation gas turbine engines are required to reduce fuel consumption by a
significant amount, which requires a step-change in the design and operating environment of
the mechanical systems (e.g., higher temperature, higher speeds and contact pressures) [25,26].
Figure 2. 3 shows the complete cross-section of a jet engine and the contacting interfaces which
are further divided into two categories: (i) clearance control and (ii) tribological interfaces.
Engine performance is dependent on the tied clearances. Just a 1% reduction in engine bleed
results in a 0.4% reduction in specific fuel consumption [27]. Furthermore, the tribological
materials used in jet engines are classified into three groups: (1) hard coatings, (ii) soft coatings,
and (iii) solid lubricants. It can be seen that under high temperature conditions oxide-based

materials are recommended to reduce friction and wear.
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Figure 2. 3: Example of contact locations and materials used in jet engine [25,26].
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Metal forming or metal working processes can involve temperatures of greater than 800°C
[28]. Such a high temperature can cause degradation of the workpiece, resulting in premature
failure. Therefore, friction (i.e., frictional heating) between metal and forming tools has a great
influence on process performance and finished products [29]. The use of solid lubricants as a
coating on the tool surface could provide low friction and wear, as well as help minimize
frictional heat. However, the high temperature working conditions and lubricant residues could
be problematic in the production line [30]. On the other hand, high temperature is also an
important factor for the high-speed machine tool. The tool speed, the feed rate and the interface
temperature between the cutting tool and the workpiece determine the production of the final
products. The solid lubricating materials or oxide-forming metals at high temperature are
preferred as cutting tools to create wear-resistant and minimize the excessive frictional heat

[31,32].

2.2.3 Materials in high temperature tribological applications

A series of plasma sprayed (PS) solid lubricant coatings, PS100, PS200, PS300, and PS400,
have been developed by NASA over the past 40 years to provide lubricity in various aerospace
systems from low temperature to high temperature [33—36]. All PS series contain Ag and
fluoride solid lubricants along with various binders and hardeners. The soft Ag provides low
temperature lubrication while the fluoride provides medium to high temperature lubrication. In
addition, at high temperatures different binders and hardeners of PS100 (NiCr+Glass), PS200
(NiCo+Cr3Cz), PS300 (NiCr+Cr302) and PS400 (NiMoAl+Cr30z2) form the respective oxide
phase and provide strong lubrication. However, PS400 overcomes the problems of PS300 that
lead to dimensional swelling at high temperature and poor initial surface finish [37—43].
Although this PS series coating is applied to high temperature lubrication such as air foil
bearing, there is no doubt that further research is still necessary to explore the high temperature
oxidation resistance, mechanical properties along with tribological behavior.

Tribaloy T400 and T800 are well known high temperature wear-resistant alloys. Their
wear-resistant behavior can be attributed to the formation of Co-based oxide layers as well as
Laves intermetallic phases [35,44,45]. These Tribaloy are widely used for gas exchange valves
and seat rings in gas turbine engines where they are subjected to severe operating conditions
[46,47]. Tribaloy T800 offers superior performance in terms of wear and oxidation resistance
[48], while Tribaloy T400 is more susceptible to oxidation due to its relatively low Cr content
(8.5wt%) [Table 2. 1] and high amount of Mo and Co [49]. Further investigation is desirable

to correlate their specific friction and wear behavior under defined loads and temperatures [47].
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Table 2. 1: Chemical compositions of Tribaloy T400 and T800 [46]

Tribaloy  Co (Wt.%) Cr (wt.%) Mo (Wt.%) Si(Wt.%) C (wt.%) Others
T400 Bal. 8.5 285 2.6 <0.1  Nji,Fe
T800 Bal. 17.5 28.5 3.5 <0.1  Ni,Fe

2.2.4 Mechanisms and interfacial processes at elevated temperature

Materials or coatings operating in sliding contacts at elevated temperatures generally form
oxide films at the interface due to tribochemical reactions. However, it is important to note that
that not all in-sifu formed layers beneficial [50,51]. As shown in Figure 2. 4, the formed oxide
layers in the beginning (i.e., stage 1 & 2) can be hard and brittle, which could detach from the
surface during further sliding and lead to increased friction and wear. On the other hand, the
layers can be soft-ductile and lubricious, thus avoiding direct contact with the substrate and
ultimately reducing friction (i.e., stage 3 & 4). However, the oxide formation in the contact
pairs depends on various parameters such as chemical composition of the testing materials,
applied load, counterpart materials, sliding velocity, surrounding environment [52]. Apart from
the lubricious oxide formation in the contact interfaces, there are several principles and
mechanisms responsible for low friction and enhanced wear resistance at elevated

temperatures.

Initial “5 nm” oxide film — Migration of debris —
and contaminants along surface

Oxide debris
g Thick 5;1'Jde filmy i

Severe wear; loss of initial film forming on some individual asperities
N/

1 Condition at start 2 Partial recovery from severe wear

~

Thick oxide film (glaze) [ ———

spreadj_ng over asperities

Thin anti-adhesion oxide film, 1 — 5 nm thick
\H"\

Detail of thick oxide film (glaze) 3 Total recovery: mild wear

Figure 2. 4: Oxidative wear mechanisms at low sliding speeds [53]
At elevated temperatures, a glaze layer that promotes low friction and wear [54-56] is
formed in the contact zone from mixed, ground, and sintered debris that reacts with the
surrounding oxygen and air. Viat et al [57] observed a 20 um thick glaze layer in the contact

between HS25 and silicate ceramics at 700°C under fretting test conditions. In HS25, Co is the
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main driving element for the formation of the glaze layer and also the oxidation rate is higher
than that of Cr or Ni due to the diffusion of cobalt in Co3O4 [58]. A considerable amount of
research has been conducted by various researchers and found the evidence of the formation of
lubricious oxide glaze layer of cobalt, chromium, nickel at elevated temperatures [59—61].
Other than the glaze layer, there is a term widely used in tribology called "tribofilm" and it
indirectly indicates the formation of oxide or glaze layer or lubricious film in the contact
interfaces at elevated temperatures [Figure 2. 4]. This film avoids direct contact between
asperity to asperity, ultimately contributing to reduced friction and improved wear resistance
properties of the tribo-pairs [62,63]. However, three different tribofilm such as mechanically
mixed, chemically generated and thermally activated have different roles in friction and wear
properties depending on the tribological system [64—66].

When materials are heated to a temperature of about 40% to 70% of their absolute melting
point (in degrees kelvin, °K), they undergo plastic deformation as well as softening,
accommodating interacting surfaces and, hence reducing the friction and wear [67,68]. Viat et
al. showed the brittle and ductile behavior of oxide or glaze layer formed between ceramic vs
cobalt-based alloy at below 200°C and above 450°C respectively [69]. This mechanism
corresponds to the brittle to ductile transition of the oxides and contributes to the reduction of
friction and wear. Viat et al. [69] also suggested that the presence of ductile behavior is not
important for the stability of the glaze layer at elevated temperature, but rather the absence of
brittleness. Moreover, the soft metals i.e. Au, Ag enhanced lubricity at high temperature was
due to the increased ductility and low shear strength [70-72]. However, excessive softening at
elevated temperature may cause the soft metal present in the oxides to be extruded from the

contact zone [5].
e i Figure 2. 5: Relation of friction force
;]"—“‘r*{ ; (F =A,7t) to substrate material
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Hard metal
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As described by Bowden and Tabor [73], the friction can be correlated to the hardness of
the materials. For example, as shown in Figure 2. 5, hard materials sliding on hard surfaces
have high shear strength and thus, high friction values. Similarly, a hard material sliding against
a soft one. Since most of the oxide glaze layers formed at high temperature exhibit softening
and low shear strength at high temperatures, a hard on soft combination follows to improve
the friction and wear performance of the tribological materials [73]. In addition, the
combination pattern of the mating surface and the nature of the coating determine the wear
mechanisms at elevated temperatures [74].

Aside from the hardness of the tribo-couples, the thermal conductivity also plays an
important role in the tribological performance. Higher thermal conductivity means the greater
dissipation of frictional heat to the surrounding regions, maintaining a constant temperature at
the contact surface [75,76]. This phenomenon minimizes the chances of overheating the contact
zone and consequently protects the coating from excessive wear. Most ceramics or oxides have
low thermal conductivity compared to metals, and therefore create large thermal stresses in the
real contact area. The incorporation of high thermal conductivity materials such as Ag, Cu into
the ceramics can overcome this problem and help to improve the tribological performance [76].
Furthermore, these highly conductive pure nanometallic solid lubricants can be generated by
the decomposition of the oxides during sliding wear [77].

Ali Erdemir [14,15] postulated a crystal-chemical approach to understand the frictional
behavior of the oxides and it is based on the ionic potential of the binary oxides, ¢ = Z/r,
where Z is the cationic charge and r is the radius of the cation. According to this model, the
higher ionic potential of the oxides correlates with a reduction in the friction coefficient at high
temperature, as shown in Figure 2. 6. More specifically, at the high ionic potential, the cation
is effectively surrounded by the anion, and thus, the chemical interactions of the cation with
other cations are greatly hindered, as shown in Figure 2. 7. Their bonding is mainly with the
surrounding oxygen anions, resulting in low interfacial shear strength at elevated temperatures
and subsequent in low friction. On the other hand, the low ionic potential difference compound
has an opposite mechanism (i.e., it forms a strong ionic or covalent bond with a nearby cation,
which is difficult to shear at high temperature). However, the degree of screening by oxygen
anions may vary depending on the cationic radius as well as the coordination number of the

oxides in their crystal structure.
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Figure 2. 6: Relationship between ionic potentials and averaged friction coefficients of

various oxides [15].
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Figure 2. 7: Ionic potential of two oxides having same cationic charge but different radius
(Reprinted from [15]).
According to Erdemir [15], this crystal-chemical model can also be applied to the ternary
compound to predict the lubricity. The absolute differences in ionic potential of the system
must be taken into account. As the difference in ionic potential increases, the ability of these
oxides to form a low-melting or low-shear compound improves; therefore, they exhibit less
hardness than their components and can be easily sheared at high temperatures. However,
Dimitrov et al. [78] and Prakash et al. [16] identified some limitations with the ionic potential
as it measures the friction value by considering the oxides above the melting point to below the
melting point. In addition, the ionic potential does not provide a clear interaction between
cation and anion in oxides. Thus, they recommended the interaction parameter, which
ultimately depends on the polarizing power, as the appropriate term to explain the friction
characteristics of the oxides, as shown in Figure 2. 8. The interaction parameter decreases as
the polarizing power of anions increases (i.e., the electron density in the oxide orbital increases

and ultimately the bond strength between the cation and anion decreases, which helps to reduce
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the friction coefficient). Varying the wt% of the oxides in the mixture also affects the interaction
parameter, A, which is given by Dimitrov et al. [78].
A =X A, + X,4A, (2.1)

Where, X; and A; are the wt% or mol% of the individual oxides and the interaction
parameters of the respective oxides, respectively. This interaction parameter also depends on
the polarizing power of the cation and anion in the oxides. This crystal-chemical approach is
widely used despite its limitations for oxide selection and friction coefficient prediction.
Recently, Wang et al. [79] and Yao et al. [80] selected the double oxides TiO2/Bi203 and
MoOQOs/CuO respectively, for high-temperature application based on the crystal-chemical
approach and interaction parameters. They found that the combination of TiO2/Bi203 and

MoOs3/CuO has the lowest friction coefficient values (i.e., 0.07 and 0.16 respectively) at 800°C,

which correlates with the cation polarizability.
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Figure 2. 8: Variation of the coefficient of friction of simple oxides and binary/mixed oxides

with the interaction parameter at T/Tm in the range of (a) 0.3-1, (b) 0.7-0.8 respectively [16].

2.2.5 Limitations at elevated temperature and motivation to binary and ternary oxides

As discussed in the Introduction section, traditional solid lubricants such as MoS2,
hexagonal BN, and graphite are widely used in different industrial applications to achieve low
friction and wear and to increase machine performance [81,82]. Although these solid lubricants
can improve tribological performance due to their so-called lamellar structure, their
performance is limited by test environments and conditions. In addition, most of these
lubricants can thermally degrade at elevated temperatures and show an increase in friction and
wear. In particular, oxidation of these lubricants at high temperature conditions reduces the
wear performance abruptly [83,84].

In modern industrial applications such as advanced metal cutting machines, gas turbine

engines, hot forming, the contact interface is commonly exposed to atmospheric air and
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experiences a temperature of more than 500°C [85]. The degradation of metallic coatings in
those applications due to oxidation and thermal softening at high temperatures is an issue of
increasing concern. In such a case, there is a necessary for novel lubrication systems, since
most materials will oxidize at such high temperatures which can increase friction and wear
suddenly causing premature failure of the system [86].

Therefore, oxide materials with low shear strength at high temperature could be an
alternative and new concept of solid lubrication to improve the tribological performance in
modern machinery. In fact, higher oxidation stability and low adhesion tendency make it
possible to use oxides under high temperature conditions [87].

Based on the mechanism and principle described in section 2.2, the authors will review
low friction and wear oxides formed in-situ or as added binary and ternary oxides (i.e., section
2.3 and 2.4, respectively). In addition, the authors also will critically review their role in

improving tribological performance under extreme contact conditions.

2.3 Binary Oxides

Binary oxides are two element’s compounds with one or more oxygen atoms combined
with other elements. In this paper, the emphasis is placed on the oxides with high ionic potential
as shown in Figure 2. 1. The binary oxides are classified into two categories: - (i) Magnéli
phases or sub-stoichiometric oxides whose tribological performance is predominantly
characterized by their reduced binding strength (i.e., crystallographic shear planes); and (ii)
Solid oxide lubricants (i.e., CuO), which usually do not form Magnéli phases but exhibit

increased wear resistance due to their lubricious behavior at elevated temperature.
2.3.1 Titanium-based oxide phase
2.3.1.1 Industrial relevance

Titanium dioxide is an important oxide material for applications in various advanced fields
such as solar cells [88], photocatalysts [89], sensors [90], and protective coatings [91]. Apart
from these applications, the non-toxicity and biocompatibility behavior make TiO: attractive
for tribological applications. Also, the stoichiometric and substoichiometric behavior of titania
at elevated temperatures provides promising tribological performance that can be exploited for

numerous practical applications [92,93].
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2.3.1.2 Friction and wear behavior

Titanium undergoes thermal oxidation above 600°C, forming a thick protective oxide layer on
the surface during sliding and improving the poor tribological properties [94,95]. These oxides
basically appeared as Magnéli phases in the form of TinO2n-1 (y-Ti30s, TisO9, and Ti9sO17) at
elevated temperatures, which is beneficial for reducing friction and wear [8]. Also, Gardos et
al. [96,97] reported the low friction coefficient of oxygen-deficient titania, which is around
0.08 for x = 1.98 due to the low shear strength. The friction coefficients of rutile polymorph of
titania were in the range of 0.15 to 1.5 with wear rates between 107 to 10* mm?*/Nm depending
on the ambient conditions (air or nitrogen). This result was attributed to its anion vacancy
concentration at low to high temperature and decreased shear strength from 21 MPa to 8§ MPa
[12]. On the contrary, this Magnéli phase is unstable at high temperature due to its increased
vacancy formation, as well as structural and stoichiometric changes. Moreover, TiO2 formed
in-situ during the oxidation of TiN coatings produced by unbalanced magnetron sputtering has
no effect on solid lubrication at high temperatures [87]. However, Wong et al. [98] optimized
the deposition temperature of reactive magnetron sputtering (i.e. 500°C) to obtain TiOx films
with high mechanical properties. They found that the hardness of the ceramic TiOx is ordered
according to the different oxide phases (i.e., TiO > Ti203 > Magnéli phase). This low hardness
of the Magnéli phase can be correlated with the low shear strength at high temperatures, which
helps to reduce friction, as shown in Figure 2. 9 [99]. A thorough review of titanium nitride-
based coatings by various techniques (i.e. PVD, CVD, thermal spraying) can be found

elsewhere [100].
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Figure 2. 9: Comparison of the shear strength and Vickers hardness of Magnéli type titania

versus their oxygen/titanium ratio [99]
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2.3.2 Vanadium-based oxide phase
2.3.2.1 Industrial relevance

Machine tool material failure due to thermal degradation is the most common problem in
dry cutting operations [1]. Therefore, such cutting operations require a protective coating that
can withstand high temperatures with low material degradation. Vanadium-based self-
lubricating coating materials provide lubricating oxide for such application and can help

improve the wear resistance of the tool [1,101].
2.3.2.1 Friction and wear behavior

Friction reduction for the vanadium-based oxides has been previously observed and
correlated with the formation of VaOazn-1 and VnOsn-1 Magnéli series. At temperatures above the
melting point (i.e., 685°C) of V20s, the low friction is attributed to liquid lubrication at the
interface. During prolonged exposure at elevated temperatures, V205 transforms to VO2, which
does not increase friction because both the V20s and VO2 phases exhibit the Magnéli properties
[102]. Ouyang et al. [103] used a cathodic arc ion-plating process to deposit (V,Ti)N coatings.
The authors observed two types of protective oxides (i.e., V20s and TiO2 phases) in the contact
interface at 500°C. The oxides can plastically deform and consequently, reduce the friction and
wear at these temperatures. Similarly, Fateh et al. [104] observed the reduction in friction of V
and VN-based coatings at high temperatures due to the formation of similar oxides. A possible
decrease in the friction coefficient at high temperatures was observed by the formation of a low
shear strength V20s tribolayer as shown in Figure 2. 10. However, a further increase in the
temperature to 700°C resulted in partial coating damage due to surface melting and eventually
increased the wear rate [103]. More information on the vanadium-based oxide coatings can be
found in the review article published by Franz et al. [1]. However, the behavior of the
tribological results of the vanadium-based coating is shown in Figure 2. 10 and the summarized

friction and wear values are included in Table S1 [87,102—108].
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Figure 2. 10: The layered structure of V205 [109] (a) and tribological behavior of vanadium-based
oxides (b)
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2.3.3 Molybdenum-based oxides phase
2.3.3.1 Industrial relevance

Molybdenum based oxides are commonly used to improve wear resistance, mainly due to
their high wear resistance [110]. The low wear is generally attributed to the formation of
lubricious MoOx oxide and thus, it is employed in different areas such as automotive,
aerospace, pulp and paper industries [111]. Apart from this, Mo thin films have been
traditionally used in nuclear energy, missile and aircraft parts application [112]. In addition,
MoOs3 can also be added to diamond-like carbon (DLC) coatings, which further improves the
tribological performance, mechanical properties and thermal stability for automotive industries

(i.e., tappet valve) [113].
2.3.3.2 Friction and wear behavior

MoOx Magnéli phase formation on MoN2 and MoN coatings at high temperature has been
investigated by Suszko et al. [114], and Gassner et al. [31]. At 250°C, it was shown that
molybdenum trioxide was formed due to the tribo-oxidation, resulting in oxide softening. This
oxide formation continued up to 500°C, thereby reducing friction [31,114]. However, the
application of Mo-N and MoN: coatings at high temperatures is limited to 500°C because the
formation of the Magnéli phase MoOs is volatile, and its evaporation starts above 550°C. The
volatility behavior of MoO3 damages the coating and results in an increased wear rate [31,115].
Therefore, low friction coefficients of these MoN2 and MoN coatings were observed when they
were tested near their threshold temperature. Wang et al. [116] varied the molybdenum and
vanadium atomic ratios in Mo-V-N films and optimized that the Mo0s2V22N26 film has a low
friction coefficient around 0.27 due to lubricious glaze layers mainly composed of V20s and
MoOs3 on the wear track at 700°C. Mo has also been previously been added to Al2O3 in order
to reduce the friction at high temperatures due to its Magnéli phase formation [117-119]. The
addition of Mo to other materials such as Mo-V-Cu-N [120], Mo-SN [121,122], Mo-
CrMoN/MoS: [123], Ni-B-Mo [124], and Ni-based self-lubricating composites has been
extensively studied in terms of the MoOx formation and contribution to friction reduction at
high temperature [125]. A summary of the tribological results of the in-situ produced MoOx
phase conducted by various researchers including [126,127], is shown in Figure 2. 11 and

Table S2.
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Figure 2. 11: Tribological behavior of molybdenum-based oxides
2.3.4 Tungsten-based oxides phase
2.3.4.1 Industrial relevance

The abrasion, tribo-oxidation and surface fatigue limit the tool life of the machining
processes such as high-speed or dry cutting. Therefore, reducing the contact temperatures and
providing low friction and wear can optimize the production process, which is in-line with the
industrial needs [128]. Tungsten-based coatings have the property of forming an oxide film in
tribological contacts at elevated temperatures, ultimately increasing tool life by reducing
friction and wear of the materials. In addition, this oxide film acts as a solid lubricant, avoiding

the challenges of handling liquid oils in advanced machining processes [129].
2.3.4.2 Friction and wear behavior

Similar to other oxides, Magnéli phase formation for W-based oxides is also the main
reason for lubricity at elevated temperatures [31,130,131]. Gassner et al. [31] prepared W-N
coatings on AISI 611 steel by unbalanced DC magnetron sputtering method and tested their
tribological performance from RT to 700°C in combination with steel and alumina ball. With
increasing temperature (i.e., from RT to 500°C), the friction initially increased (i.e., u = 0.3 to
0.5), but with further increase in temperature (i.e., to 700°C), the friction decreased (n = 0.45)
due to the formation of low shear strength Magnéli phase. The authors showed that the friction
coefficient of W-N at elevated temperatures is slightly higher than that of Mo-N, since the WO3
could function up to 700°C. Unlike with MoOx, the WOx did not show any signs of volatility
at high temperatures, which helps to enhance the endurance life of WOx in more extreme

environments.
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Figure 2. 12: Tribological behavior of tungsten-based oxides

However, the addition of W to various conventional hard coatings (i.e. nitride and carbide)
produces lubricious oxides and improves load carrying capacity at high operating temperatures
[132—135]. More details on the effect of tungsten oxides on friction coefficient and wear at
high temperature can be found in the research article published by Javdosnak et al. [136].
Figure 2. 12 and Table S3 show the trend of friction and tribological results of W and W-N

coatings, respectively, including the references [31,137-140].
2.3.5 Copper-based oxides phase
2.3.5.1 Industrial relevance

CuO is a lubricious oxide that has been shown to reduce friction and wear as a thin coating
and in different oxide ceramic composites [141-143]. These high temperature stable oxides
can be used in advanced power generation systems, (i.e. turbomachinery, gas turbines, and hot
adiabatic diesel engines) as alternatives to existing solid lubricants [ 144]. However, pure oxides
may not meet all requirements in certain high temperature sliding applications. Therefore, soft
CuO is usually combined with hard phases, referred to as self-lubricating composites [145].
The hard phase supports the applied normal load and the soft lubricating interfacial film

provides easy shear and thus, reduced friction and wear in high temperature applications [146].

2.3.5.2 Friction and wear behavior

CuO is a widely used lubricious oxide solid lubricant [36], and many researchers have
incorporated this oxide with other elements into 3Y-TZP to study its high-temperature
lubricating behavior [145—149]. This addition of CuO to TZP leads to a 35%—50% reduction
in COF at high-temperature tribo-testing. This addition of CuO to TZP results in a 35-50%

reduction in COF in high temperature tribological tests. In addition, CuO reduces the fracture
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toughness of 3Y-TZP-CuO composites compared to pure 3Y-TZP due to the formation of a
Cu-rich grain boundary phase at elevated temperatures. This also contributes to the increased

wear resistance of the composites [147].
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Figure 2. 13: Schematic representation of the wear mechanism in different sliding cycles (a)
start contacting, (b) formation of wear debris, (c) plastic deformation of debris and

deformation of patchy layer, and (d) formation of transfer layer on ball [147].

Additional mechanisms for increasing the wear resistance of the 3Y-TZP-CuO composite
coating included the presence of a CuO (Tm = 1300°C) and Y2Cu205 (Tm = 1110°C). The CuO
(Tm = 1300°C) and Y2Cu20s soften at 450°C-800°C and 520°C-920°C, respectively. During
sliding, the copper-rich phase is squeezed into the surface due to the plastic deformation at
elevated temperatures. Consequently, a smooth patchy layer is accumulated on the counter
body, sheared, and restored in the interfaces during further sliding, which decreases the COF
as shown in Figure 2. 13. Furthermore, the combined effect of the lubricous patchy layer of
CuO and MoOs drastically reduced the friction in 3Y-TZP-Mo-CuO composites at high
temperatures [148]. The same patchy layer formation has been observed in other CuO
integrated materials such as NiAl [149-151], 3Y-TZP [152], FeCr [153]. A summary of the
friction and wear value of CuO in different materials is depicted in Figure 2. 14 and a Table

S4 is included for the friction wear value.
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Figure 2. 14: Tribological behavior of copper oxide in various composites

2.3.6 Summary and Challenges of Binary Oxides

The formation of binary oxides at elevated temperatures generally correlates well with the
reduction of friction and wear. Due to the tribochemical reaction under harsh contact
conditions, the in-situ formation of the Magnéli series (TiOx, VxOy, M0oOx, WOx) works as a
solid lubricant to improve tribological performance. Also, CuO in different materials worked
as a lubricating oxide. However, limited research has been conducted in a vacuum and varying
(N2) media. Some of the challenges with binary oxides are described are detailed below:

e Titania-based oxides showed improved tribological properties at high temperature, but the
re-oxidization at 380°C resulted in an unstable friction coefficient [154].

e Vanadium Magnéli phases have been reported to have great potential for reducing friction
at high temperature by shearing the crystallographic planes as well as melting the V20s
phase at 685°C providing liquid-like lubrication. However, the transformation of V20s to
VO:2 occurs during prolonged exposure under severe conditions, which is detrimental to the
coating.

e Volatilization of the MoO3 phase limits use in high-temperature environments. WO3 has
better thermal stability than MoO3 and is therefore more appropriate for harsh tribological
applications. These W and Mo based oxides produce various sub-stoichiometric oxygen-
deficient oxides at high temperature, which dominate the lubrication mechanisms and
improve the tribological performance during sliding.

e Oxides other than Magnéli phases (e.g., CuO) form a smooth, patchy lubricating film at
elevated temperatures in the contact interfaces, which enhances the wear resistance of the

composites.
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e Figure 2. 15 shows the maximum tested temperatures of the binary oxides based on the
literature review and the results presented in this article. While the friction and wear
mechanisms vary depending on the deposition methods and test conditions, Figure 2. 15
provides an overview of the temperature limits of the various binary oxides. Moreover, the
oxides shown in Figure 2. 15 are either generated in situ in the wear track during testing or

are added to various compounds as oxides or metallic elements.
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Binary Oxides

1\/100Z [119]

V205; WO 31, 100, 103-105, 107-109, 139]
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Figure 2. 15: Maximum tested temperature of binary oxides in tribological testing

¢ Binary oxides have mostly been produced by powder metallurgy and PVD techniques while
very few have been produced by thermal spraying and laser cladding. Therefore, there is a
strong desire to explore thermal spraying and laser cladding process to directly produce

binary oxides and explore their tribological behavior at different temperatures.

2.4 Ternary Oxides

Similar to binary oxides the ternary oxide phase (i.e., three-element compound) can be
formed either in-situ by tribo-oxidation or directly produced. Such oxide phase can certainly
play an effective role in improving wear resistance at elevated temperatures. The ternary oxides
can be classified into Ag-based, non-Ag based and other ternary oxides such as sulfates,
carbonates, and chromates. The silver (or other soft metals) in the composite coatings provides
the lubricity from low to medium temperature ranges and helps to form ternary phases of

layered crystal structure and improve the tribological properties at high temperatures.
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2.4.1 Vanadate Ternary Oxide Phase

2.4.1.1 Industrial relevance

Novel wear-resistant materials that provide effective lubrication under harsh operating
conditions are in constant demand in the aerospace industry [155]. For example, such high-
temperature (T>500°C) lubricants are commonly used in propulsion bearings, fasteners, and
moving parts within hypersonic aircraft and missiles [156]. Ternary oxides such as vanadate
can be used to replace conventional solid lubricants and binary oxide in such applications due

to their high temperature lubricity.

2.4.1.2 Friction and wear behavior

Vanadate phase formation by tribo-oxidation at high temperature in the air plays a vital role
in reducing friction and wear of the oxide coatings, as observed by Gulbinski et al. [157]. The
authors doped Ag with V20s by reaction magnetron sputtering and formed the -Ago.33V20s
oxide phase. Tribological testing of this system showed increased friction at a lower
temperature compared to pure V205 coatings. However, when tested at 600°C, the friction was
lower (< 0.25) with the Ag doped coatings. Similarly, Singh et al. [158] observed that the
ternary oxide phase AgVOs3 provided good lubricity at 700°C. This oxide changed to Ag>V4Or1
and Ag with an increase in temperature from RT to 700°C, resulting in a friction coefficient of
0.2-0.3. In addition, Bondarev et al. [159] deposited Ag-VCN coating by PVD technique and
studied the in-situ formation and presence of Magnéli and ternary vanadate phases during
sliding at elevated temperatures. Figure 2. 16 shows the decrease in friction to values as low
as 0.18 at 700°C. At low temperatures up to 200°C, the COF is nearly equivalent for VCN and
VCN-Ag coatings, indicating that the addition of Ag to the VCN did not have a significant
effect on the tribofilm formation. Above 200°C, the COF decreases due to the self-oxidation
initiated by Ag in the VCN-Ag coating and the formation of the lubricious Magnéli VaO2n+1
phase. A further increase in temperature causes a tribochemical reaction that forms AgVOs in
the presence of Ag, leading to low COF of the VCN-Ag coating. The formation of the Ag-

based ternary oxide phase is shown in Figure 2. 17.
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Figure 2. 16: Temperature dependence of COF for VCN-(Ag) coatings [159].

Figure 2. 17: SEM micrographs of VCN-Ag coating taken from areas outside (a) and inside (b,c)

wear track after dynamic temperature ramp tribological tests terminated at 700 °C. Silver EDS map

obtained from the wear track (d). SEM (e) and TEM (f) images of wear products on the surface of

counterpart material with EDS mapping of Ag vanadate particle (insets in (e)) and SAED pattern and

high-resolution TEM image (insets in (f)) [159].

Figure 2. 17 shows the presence of needle-like Ago.4V20s crystal on the surface as well as

dendritic crystal on the wear track (b) [159]. This dendritic crystal has different concentrations

of elongated Ag (point 1-11 at. % and point 2-17 at. %) vanadates as shown in (c¢). In addition,

Ag enrichment in the wear track of the VCN-Ag coating was confirmed by EDS mapping of

the wear track after tribotesting at 700°C, which ensured the presence of Ag vanadate crystals

of different stoichiometries (Figure 2. 17 (d)). A relatively thick layer of VCN-Ag was

transferred to the Al2Os counter ball (Figure 2. 17 (e)), suggesting the formation of a tribo-

film in the sliding contact. These components of the tribo-film were also confirmed by TEM

analysis (Figure 2. 17 (f)) (i.e., silver vanadate rods and nano-sized metallic Ag). Thus, the

results showed that the formation of Ag vanadate by tribochemical reaction provides low

coefficient of friction and good lubrication between the sliding surfaces at high temperature.
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In different studies, a wide range of Ag, and AgV30s were added in VN or VN-VN y PVD
techniques [160-165]. Xin et al. [166] observed the friction reduction of NiCrAlY/Cr:C2
(NiCr)/V20s/Ag20 composite by laser cladding process at high temperature due to ternary
vanadate phase. Moreover, the lubricating effect of silver vanadate has also been investigated
in the nickel-based intermetallic matrix or hard matrix such as NiCrAlY [166], NiAI[167,168],
NiCr [169], NiCoCrAlY [170] under severe working conditions. In almost all the cases, the
tribological performance was improved by the presence of self-lubricating ternaries, i.e.,
AgVOs and Ag3zVOs4 as well as binary vanadium oxides and pure metallic elements on the worn
surface. The friction and wear values of these ternary vanadates are incorporated in Table S§
and shown in Figure 2. 18. To the best of the author's knowledge, there is currently insufficient
information in the literature regarding the formation of copper vanadate ternary oxide at
elevated temperatures. Therefore, there is a strong desire to study its in-situ formation by tribo-

oxidation, mechanisms and tribological behavior at high temperatures.
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Figure 2. 18: Tribological behavior of vanadate-based oxides including [171,172].

2.4.2 Molybdate Ternary Oxide Phase
2.4.2.1 Industrial relevance

The in-situ formation of molybdate ternary oxides in chameleon coatings (YSZ-Ag-Mo-
MoS2) provided lubrication from medium to high temperatures. This adaptive nanocomposite
coating automatically adapts the surface structure and composition to reduce friction in
different environments (i.e., low, medium and high temperatures, vacuum and atmospheric)
[173]. This type of coating is highly demanded in hypersonic flight and advanced aerospace
applications, especially during takeoff and landing [173,174].
2.4.2.2 Friction and wear behavior

The ternary Ag molybdate was produced by heating (0°C to 650°C) of M0oO3-Ag20 and by

varying the amount of silver oxide (20 mol% to 50 mol%), which also changed the
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stoichiometry of the Ag molybdates [175]. Turutoglu et al. [176] deposited Mo2N-Ag coating
on HSS by PVD techniques and predicted the lubricity at elevated temperatures. In a more
recent study, Gulbinski et al [177,178] observed the formation of lubricious ternary silver
molybdates Ag2Mo04O13, Ag2M0207 and Ag2MoO4by Ag and MoOs at high temperatures.
These ternary molybdates significantly reduced friction and wear in high temperature sliding
conditions.

The friction and wear of in-situ produced ternary molybdates during friction tests of
NiCrAlY-Ag-Mo by powder metallurgy has been shown to be comparatively lower than the
coating produced by atmospheric plasma spraying [179,180]. This may be due to the relatively
dense and homogeneous distribution of the materials in the microstructure of the composites
obtained by powder metallurgy. Mo oxidizes to form MoO3 and subsequently reacts with Ag
& Oz to form AgaMo4O13 during sliding at 600°C. This is shown in Figure 2. 19 where the
peak corresponds to AgzMo4013 in the Raman spectrum. While AgO and MoO3 spectra were
observed at a comparatively lower temperature, these oxides transformed to Ag2Mo4013 during
sliding at higher temperatures (600°C-800°C). A further increase in temperature showed
multiple molybdate peaks. The effective formation of the glaze layer (i.e. composed of silver
molybdates and molybdenum oxide) at the sliding interface reduced friction and wear at high

temperatures [180].
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Figure 2. 19: Raman spectra of worn surfaces of NiCrAlY-Ag-Mo composite coating: (a) As-
sprayed coating, (b) 20°C, (c¢) 200°C, (d) 400°C, (e) 600°C, and (f) 800°C [180].

The direct incorporation of the ternary molybdates into Ni-based materials provides
lubricity over a wide temperature range as shown by Liu et al. [181][182]. The combination of
Ag, Mo [183], and MoS: as a lubricant in the Ag-Mo-YSZ [184][185] produces molybdates at
high temperatures and maintains low friction of the composites. The Ag and Mo provided

lubricity at low temperatures and the formation of oxides (i.e., the binary and ternary) detected
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at elevated temperatures that create the adaptive or chameleon coating surfaces [174][186]. On
the other hand, copper and molybdenum as a metallic element have also been previously used
for the formation of lubricious oxides. It has been shown that the Cu-Mo coating deposited by
ion beam deposition on alumina substrate can be converted to CuMoO4 and MoOs3 by exposure
at temperature = 530°C which reduces the friction from 0.5 to 0.2 [67]. Varying the wt% of Cu
in Mo2N films changes the stoichiometry of the oxides as well as the friction and wear [187].
Similar formation of CuMo0O4 in tribotesting at 600°C and 800°C has been observed by Yao et
al. [80] in thermally sprayed NiAl/MoOs3/CuO composite coating. Additionally, a group of
researchers conducted research on the tribological performance of Ca [188], Ba [189] and Sr
[190] based ternary molybdates at elevated temperatures. It was shown that these metal-based
molybdates have lubricating properties like Ag/Cu molybdates at high temperatures. More
specifically, the high wear resistance of the molybdates (i.e., Ag/Cu based or others) at high
temperature is due to the combined effect of ternary, binary compounds as well as their
decomposed pure metallic elements. A summary of the tribological performance of the

molybdate ternary oxide phase is shown in Figure 2. 20 and Table S6.
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Figure 2. 20: Tribological behavior of molybdate-based oxides [173,191,200,201,192—199]
2.4.3 Tantalate Ternary Oxide Phase
2.4.3.1 Industrial relevance

Tantalate ternary oxide can provide high temperature lubricity and wear-resistance. These
oxides have been found to be a very promising alternative to the Magnéli phase [156].
Therefore, tantalate based ternary oxides have shown promise for components in modern
aviation, aerospace, nuclear power and other high-tech industries that operate in extreme
environments (i.e., high temperature, high speed and high load) with the purpose of

minimizing the friction and wear in the contacting interfaces [202].
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2.4.3.2 Friction and wear behavior

Tantalate ternary oxide is a perovskite-type crystal with a layered structure, which has
shown promising lubricating behavior at high temperatures as observed by Stone et al.
[203,204]. It can be mentioned that the lubricity of individual silver and tantalum oxide at
elevated temperatures has been found by the researchers [205,206]. Therefore, Stone et al.
[203,204], prepared silver tantalate oxides powder from AgxO and Ta:0s by solid-state
synthesis and deposited it on a substrate by burnishing, and produced tantalates (AgTaOs3,
AgrTasO11) by magnetron sputtering. In this study, the authors suggested that the
reconstruction of AgTaOs into a mechanically mixed layer (MML) of AgTaOs3, Ta2Os, and Ag
at elevated temperature 750°C during tribotesting resulted in low friction (i.e. in the range of
0.04-0.06) [203,204,207,208]. Moreover, at low-temperature, the friction is influenced by the
chemical nature (i.e., adhesion and relaxation energy of the oxides) of the surface, whereas at
high temperature, the aggregation of metallic silver on the contact surface plays a significant
role in improving the tribological performance of the coatings [209,210]. Similar to silver-
based tantalate, copper-based tantalate could be a promising solid lubricant for applications in
harsh working conditions due to its low cost, which has been investigated by Gao et al. [211].
While the CuTaxOc¢ based thin films exhibited high friction at low temperature, they showed
remarkably higher wear resistance than AgTaO3 at 750°C. Ex-situ analysis by means of SEM
and elemental mapping of the wear track is shown in Figure 2. 21. The Cu content decreased
dramatically on the worn surface, while the Ta content increased at the edge of the wear track.
This was attributed to the formation of Cu or copper oxide clusters as a result of the dissociation
of CuTa206. This is less pronounced than AgTaOs due to the higher energy required to
dissociate CuTaxOs as the Cu-O bonds are stronger than the Ag-O bonds [209]. Figure 2. 21
also shows that after a certain period of time, Ag cluster formation is twice that of Cu. Cu is
less likely to segregate and form clusters than Ag under the same sliding conditions. Therefore,
the low mobility of Cu resulted in high friction but low wear volume in CuTa206¢ compared to
AgTaO3 [203,211]. The in-situ formation of lubricious ternary oxides AgTaO3 and Ag2Ta4O11
at 750°C was observed in NiCrAlY/Ag20O/Ta20s laser cladded coatings by by Zhu et al. [202].

A limited amount of research work has been carried out on the tribological behavior of
tantalate based ternary oxide as a solid lubricant for high-temperature applications. Other than
burnishing, PVD, and laser cladding process, there is limited work performed on other
deposition methods i.e., thermal spraying. Therefore, there is room for further exploration of
the working mechanism as well as their deposition techniques. A summary of the tribological

performance of tantalate based ternary oxides is shown in Table S7 and in Figure 2. 22.
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Figure 2. 21: Characterization of a selected area of the wear track and elemental mapping after
tribotesting at 750°C (Left). Number of Ag/Cu clusters in at the sliding interface from MD simulations
of AgTaOs; and CuTaOs3 at 750°C as a function time (Right) [211].
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Figure 2. 22: Tribological behavior of tantalate-based oxides
2.4.4 Niobate Ternary Oxide Phase
2.4.4.1 Industrial relevance

Similar to other ternary oxides, the niobate ternary oxides have also been investigated in
high temperature applications where it shows promising tribological performance. The niobate
ternary phase has been observed in chameleon/adaptive coatings that can be used over a wide
temperature range [212][213]. In addition, the ionic potential of the Nb2Os is similar to that of
Ta20s (@ = 6.41) and thus, in terms of industrial relevance, the tantalate ternary phase could

be replaced by niobate.
2.4.4.2 Friction and wear behavior

The combination of binary metal oxides along with noble or transition metals may be an
effective strategy to reduce friction at moderate and high temperatures. Such an experimental
work has been carried out by Stone et al. [212]. The authors observed the in-situ formation of

silver niobates (AgNbO3) on the worn surface at elevated temperatures. While this ternary
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oxide provided a low friction coefficient at high temperature, it became abrasive at RT because
of its high COF of around 0.40-0.55 depending on the Ag content [213]. In-situ Raman
measurements at high temperatures provided valuable information on the formation of binary
and ternary oxide phases during wear testing (Figure 2. 23). At RT, the as-deposited coating
elements were NbN, while the formation of AgNbO3 was detected mainly at 500°C and 600°C.
The presence of Nb20Os together with AgNbOs at 700°C ensured the decomposition of the
ternary phase to the binary phase, thus increasing the wear. However, the Nb2Os oxides
disappeared after 2000 cycles. The results of this article provide a clear distinction between the
formation of chemical phases during rubbing at elevated temperatures, which are responsible

for improving the tribological performance of coatings.
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Figure 2. 23: In-situ Raman spectrum of NbN/Ag at different temperatures while heating ((a)
25°C, (b) 500°C, (c) 600°C, (d) 750°C) and during wear testing ((e) after 500 cycles, and (f)
after 10,000 cycles) [212].

Shirani et al. [214] investigated the surface reconstruction mechanisms of Nb2Os and Ag>O
systems (Nb,0s + Ag,0 — 2AgNbO5) during sliding at elevated temperatures. The results
showed the formation of lubricious ternary niobates [215] and acted as self-healing [216]
providing high wear resistance. In a different context, Feng et al. [217,218] incorporated
AgNDbOs into NiAl intermetallic matrix by means of powder metallurgy. The authors concluded
that the following chemical reactions occurred in the friction process at 600°C and 800°C.

4Ag + 0, —» 2Ag,0
4NbC + 50, — 2Nb,05 + 4C
Ag,0 + 2Nb,05 - Ag,Nb,04,
Ag,0 + Nb,05 — 2AgNbO;
Ag,Nb,0;; —» AgNbO; + AgNb;0q4
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The formation of ternary phase along with binary compounds has also been observed in
NbN-Cu [219], NbCN-Ag [220] coatings at high temperatures. Figure 2. 24 shows the friction
and wear results of in-situ niobate ternary oxide solid lubricants and powder forms that were

added to intermetallic compounds.
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Figure 2. 24: Tribological behavior of niobate-based oxides
2.4.5 Tungstates Ternary Oxide Phase
2.4.5.1 Industrial relevance

Tungstates are considered high temperature lubricious ternary oxides due to their low shear
strength at elevated temperatures. Examples of such tungstates including ZnWO4 [221,222],
CaWOs4 [223], BaWOs4 [223] and PbWOs4 [224,225], have shown their contribution in
improving the wear resistance property of the materials mentioned in section 2.4.5.2. This

property makes the tungstates suitable for use in extreme environments application.
2.4.5.2 Friction and wear behavior

Tungsten disulfide (WS2) is thermally more stable than MoS: and served to increase the
operating temperature by about 100°C [226]. Thus, the addition of nanocrystalline ZnO to this
WS: can provide adaptive lubrication in various applications as shown by Walck et al. [221]
and Prasad et al. [222]. They observed that ZnO enhanced the tribochemical reaction rate and
provided a denser coating by filling the voids of tungsten disulfide, leading to the formation of
durable transfer films on the counterface [221,222]. Likewise, the in-situ formation of ZnWOQO4
during tribo-oxidation at elevated temperatures ensured the adaptive lubricant phenomena in
the WS2-ZnO nanocomposite coating. The low shear strength BaWO4, CaWOQO4 formed on the
worn surface by a tribochemical reaction at 800°C and reduced the friction and wear in NizAl-
Ag- BaF2/CaF2-W composites. However, the formation of the protective film was disrupted by

the formation of BaCOa4 at 600°C, thereby increasing the wear rate [223]. Furthermore, the
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direct addition of ternary AgoW207 in Mn+1AXn (i.e. Ti3SiCz2) by spark plasma sintering,
showed improved wear resistance in high temperature sliding [173,227]. The result revealed
that the decomposition of AgaW207 into metallic Ag and CrWO4 and the formation of oxide
layer during elevated temperature tribotesting enhanced the tribological performance of the
composites. In addition, the synergistic effect of NiO, MoO3, Cr203, WO3, along with NiWO4
oxides was observed in Ni-Cr-W-Al-Ti-MoS: sintered disk, which avoided direct contact
between contact pairs and hence reduced friction at high temperature [228]. Similar to other
ternary tungstates, the CuWOs4 also showed lubricating phenomena in high temperature
(900°C) sliding in W-Cu alloy [229]. Figure 2. 25 and Table S9 show the summary of the
tribological behavior of the tungstate oxides. It should be noted that the use of tungstates as
solid lubricants for high temperature tribological applications is limited. Therefore, further

study needs to be carried out to explore its wear mechanism.
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Figure 2. 25: Tribological behavior of tungstate-based oxides

2.4.6 Other Ternary Oxide Phase

2.4.6.1 Industrial relevance

Ceramic materials are extensively used in hot section components in gas turbine engines
and advanced engines due to their high temperature resistance. However, their high friction
and high wear at elevated temperatures make the system undesirable and unstable [230,231].
Thus, various sulfates such as CaSOas, SrSO4, BaSO4 have been added to the metal or ceramic
matrix to improve their high temperature lubricity. These ternary sulfates form a lubricating
film in the contact interfaces and reduce the friction and wear over a wide temperature range,

which could be beneficial in extreme environment applications.
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2.4.6.2 Friction and wear behavior

A series of ternary sulfates CaSQO4, SrSO4, BaSO4, which have the orthorhombic crystal
structure of barite and melting point of all three around 1500°C, have been studied as solid
lubricants for high-temperature tribological applications [232,233]. While the mechanism for
the improved tribological performance of sulfates at elevated temperatures is not well
understood yet, however it has been suggested that the formation of a layered structure of
carbonates (CaCO3, SrCO3, and BaCOs3) at high temperatures improves the lubricity. Also, the
addition of these carbonates such as SrCO3 to NiCr-30 wt% Al2O3 resulted in the formation of
SrAli2019 and other oxide tribofilm at 800°C, which enhanced the tribological performance of
the composites [234]. However, these ternary sulfates do not possess easy to shear plane
phenomena and their high-temperature lubricity mechanism is still unclear, but Al2O3—
50BaS04+-20Ag, Al203-50BaS04—10Si102, Al203—50SrSO4, Al203—50PbS0O4—-5S102, Al2O3—
50BaS0s and Al203-50BaCrO4 composites still showed decreased friction with increasing
temperature [235-238]. Another ternary sulfate known as barite structure BaxSr1xSO4 (x =
0.25, 0.5, 0.75) which is hard and brittle at atmosphere, but its lubricity becomes active at above
500°C, maintaining a COF of 0.19-0.29, wear rate of 10° mm*/Nm at 600-800°C in FesAl
based composite [239]. The composites become soft and ductile at high temperatures, and form
a barite lubricating film at the contact interfaces, contributing to improved tribological
performance [240]. A wide range of research has been conducted to find the lubricity of CaSOs4,

SrSO4, BaSO4 in composites at high temperature [241-247].
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Figure 2. 26: Schematic diagram showing the high-temperature self-lubricating mechanism

of NiCr—BaCr204 composite [248].

Unlike sulfates, BaCr204 has high friction and wear at low temperatures due to the brittle
fracture wear mechanism. However, at elevated temperatures, it undergoes oxidation and
produces a soft lubricating film of BaCrO4, which improves the wear resistance properties of
the coatings [249]. Ouyang et al. [248] tested the wear resistance characteristics of NiCr-
BaCr204 composites at 600°C and recommended that the addition of BaCr204 promoted the
densification of the oxide layer in the tribo-pair. Subsequently to the wear test at 600°C, the
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worn surface of the NiCr-BaCr204 composites consisted of three layers (Figure 2. 26)-(1)
undeformed NiCr matrix, (ii) a hard (5.1 + 0.6GPa) oxide glaze layer on top of the NiCr matrix,
which reduced the contact-stress, and finally, (iii) a soft BaCrOs-based lubricating film with
low shear strength, which reduced the friction and wear of the composites. However, severe
oxidation of the composites at 800°C reduced the relative density and increased the wear. The
same BaCrOa lubricating film has been produced in NizAl composites at high temperatures
[250,251]. The low shear strength or lamellar crystal structure is necessary to achieve a low
friction coefficient in ternary compounds at elevated temperatures. However, it has been
observed that the while sulfates/chromates do not possess an intrinsic weakness in the crystal
lattice for achieving low friction, their barite structure sulfates become softer or more ductile
at a high temperature, which reduces the adhesion at the interface. As a result, the coefficient
of friction and wear of the coating at elevated temperatures is reduced. Further work can be
done to explore the lubrication mechanism of sulfates, carbonates and chromates under severe

sliding conditions.
2.4.7 Summary and Challenges of Ternary Oxides

Ternary oxides such as vanadates, molybdates, tantalates, niobates, and tungstates are
excellent solid lubricants for enhancing the tribological performance of the composites at high
temperature contact interfaces. On the other hand, the wear reduction mechanism of the directly
deposited ternary sulfates in the composite coatings is still not clear and needs further
investigation. Based on the above discussion, the summary and major challenges of ternary
oxides are mentioned in below:

e Silver vanadates have consistently improved tribological performance, varying the
coefficient of friction from 0.35 at 25°C to 0.15-0.2 in the temperature range of 700°C to
1000°C in VN/Ag nanocomposite coatings [ 160]. However, there is not enough information
on the formation of copper vanadate ternary oxide at elevated temperatures. Therefore, there
might be an opportunity to explore the in-situ formation of Cu vanadate due to tribo-
oxidation mechanisms and investigate its tribological behavior at high temperatures.

e It has been shown that the molybdates have lubricity like Ag vanadates at elevated
temperatures. The high wear resistance of the molybdate at high temperatures was due to
the collective effect of ternary and binary compounds as well as their decomposed pure
metallic elements formation, whether it is Ag/Cu based.

e Tantalate oxides have shown promising wear resistance behavior at severe tribo-contacts

and its structure and tribological performance was similar to niobates. However, only a
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limited amount of research has been carried out on Ag/Cu tantalate in harsh tribological
applications and has been limited to a maximum test temperature of 750°C [203]. Therefore,
more work needs to be done to better understand their high temperature stability. In addition,
other deposition methods, such as thermal spraying, could be explored to understand the
high temperature wear mechanisms of the tantalates.

Tungstates as solid lubricants improved the frictional resistance due to the higher thermal
stability compared to molybdenum oxide [226]. In addition, other than Ba/Ca/Pb tungstate's
pure Ag, Cu, Au can be included in the tungstate and could be observed their lubricating
performance at elevated temperatures.

In NiCr-BaCr204 composite, a thin soft BaCrOas lubricating film with low shear strength
was observed just above a hard glaze layer (Figure 2. 26), which improved the wear
resistance of the composite [248]. This type of investigation could be performed on other
types of oxide composites to explore their friction and wear reduction mechanisms at

elevated temperatures.
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Figure 2. 27: Maximum tested temperature of Ternary oxides in tribological testing
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e A summary of the ternary oxides with maximum testing temperature is plotted in Figure 2.
27 based on the literature mentioned here. However, these ternary oxides are mostly in-situ
generated that has been produced at high temperature tribotesting and could be different if
deposited directly as ternary compounds by plasma spraying or laser cladding processes.

e Like binary oxides, powder metallurgy and PVD are preferred techniques for the formation
of ternary oxides composites. Few ternary oxides are also deposited by thermal spray and
laser cladding processes, which require additional studies to understand their tribological

behavior at high temperatures.

2.5 Interfacial Processes and Wear Mechanism of Oxides

The friction and wear characteristics of any interacting surfaces in dry conditions at high
temperatures are highly dependent on the properties of the tribo pairs (discussed in section 2.2)
as the mating parts undergo chemical, mechanical, and microstructural changes at elevated
temperatures. More specifically, the oxidation of the interrelating surfaces is predominant in
high atmospheric temperatures. In this review, the in-situ formation of binary and ternary oxide
lubricants on the worn surfaces due to tribochemical reaction at elevated temperatures has been
demonstrated, resulting in reduced friction and increased wear resistance. A generalized wear
mechanism of various binary and ternary oxides at low, medium, and high temperatures is
shown in Figure 2. 28 based on a literature survey.
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Figure 2. 28: Schematic diagram of generalized tentative wear mechanisms of binary and
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e At low temperatures, the pure metallic elements (i.e., Ag, Cu) dominate the wear behavior
in the lubricious coating due to their soft, ductile, and high thermal conductivity properties.
The source of the pure elements could be either the addition of metallic components to the
composite coating, the decomposition of the compounds into pure elements during thermal
spraying, or during frictional heating.

e At medium to high temperatures, the metallic elements produce lubricious oxides through
tribochemical reaction. In addition, the binary oxides added to the matrix remain unchanged
or sometimes decompose into pure metallic elements along with the formation of the glaze
layer. In general, the binary oxides transformed to Magnéli or sub-stoichiometric oxide
phase at elevated temperatures and contributed to the reduction of friction and wear due to
their layered crystal structure. However, the conversion of the oxides to the magnesia phase
depends on their chemical nature and melting point.

e At relatively high temperatures, a lubricious layer of ternary oxides adheres to the mating
surface, known as the transfer film, and the glaze layer of ternary oxides is formed on the
wear track. The lubricious ternary oxides with their low shear strength structure mainly
reduce friction and improve the wear resistance of materials at high temperatures.
Nevertheless, the high temperature tribo-oxidation produces metallic elements, binary and
ternary compounds. Ultimately, the synergistic effects of pure elements, substoichiometric
oxides and ternary oxides improve tribological performance at relatively high temperatures.

e Figure 2. 29 shows a graphical approximation of the coefficient of friction (COF) for
various binary and ternary oxides over an effective temperature range. It should be noted
that the comparison of the coefficient of friction reported here has been taken as a
generalized value, since friction and wear are not intrinsic properties of the materials, but
the response of the system [13]. In general, binary oxides contributed more to friction
reduction at elevated temperatures, while ternary oxides and synergistic effect contributed
greatly at high temperatures. There is a need for more detailed study of various binary and

ternary oxides over a wide temperature range.
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Figure 2. 29: An approximate range of COF for binary and ternary oxides over the effective

temperature range.

2.6 Summary
This paper reviews the most common high ionic potential (TiO2, V205, WO3, MoOs3) and

low ionic potential (CuO) binary oxides as well as ternary based oxides in high temperature

environments. The importance of oxides in extreme conditions is highly appreciated by
researchers due to their greater thermal stability and inertness. This property of oxide ceramics
is applicable in areas where the performance of conventional solid lubricants and materials is
limited by the working conditions. In general, oxides are abrasive at low temperatures but
become lubricious at high temperatures due to their softness and lamellar structure. However,
further research on binary and ternary oxides is needed to better understand the actual

mechanisms for the variation of friction and wear at elevated temperatures. The following is a

summary of the main findings in the literature on binary and ternary oxides:

e High temperature tribology has become a significant research area over the last couple of
years in advanced machine tools, gas turbine engines, metal forming and automobile
industries. In particular, oxide/glaze layer and tribofilm formation, materials softening,
ductile to brittle transition as well as thermal conductivity are the main interfacial
mechanisms for the improved tribological performance in high temperature tribology
system. However, enhanced wear resistance of the materials will also depend on the
tribosystem, as friction and wear are system dependent.

e The binary oxides enhanced the wear performance at high temperatures in two ways: (i)

formation of Magnéli phases or sub-stoichiometric oxides (MenO2n-1, MenO3n-1, MenO3n-2),
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which have crystallographic shear planes with reduced bond strength due to the planar
lattice defects resulting in crystallographic shear planes with reduced bond strength. Oxides
with high ionic potential (i.e., TiO2, V20s, WO3, MoOs3) followed this mechanism to reduce
friction and wear at high temperatures, and (ii) on the other hand, oxides with low ionic
potential, i.e., CuO, form a soft uniform patchy layer in the contact interfaces. Also, with
the incorporation of hard phase, this soft CuO provides easy shear and thus, enhanced
friction reduction in high temperature applications.

In ternary oxides, a lamellar crystal structure at high temperature helps minimize friction
and wear. However, the synergistic effect of the pure metallic elements, both binary and
ternary oxides, enhances the wear resistance of the tribosystem. All the in-situ or directly
added ternary phases i.e., vanadates, molybdates, tantalates, niobates, tungstates in the
composites exhibit lubricity and show similar types of friction reduction mechanisms at
elevated temperatures. In addition, the barite structure such as CaSO4, SrSO4, BaSO4 do
not process layered structure but still reduce friction and therefore further investigation is
needed.

CuO is the material with the highest tested temperature among the binary oxides studied
here, showing predominant lubricity up to 1000°C. On the other hand, a group of in-situ
formed ternary oxide phases such as molybdates, vanadates and niobates in the contact
interfaces withstood extreme temperature lubrication.

An interfacial wear mechanism of the oxides over a wide temperature range (i.e., RT to
high temperatures) has been proposed. Pure metallic elements, binary oxides, and ternary
oxides were considered to play a predominant role in reducing friction in the composites at
low temperature, low to medium high temperature, and relatively high temperature,

respectively.

2.7 Future Perspective

A great deal of research has been done on the in-sifu oxides formed during sliding of

conventional metals, alloys, and composites. These oxides have helped to reduce friction and

wear, but tribological research on directly formed oxides is quite limited.

Powder metallurgy and PVD techniques have been widely used to prepare samples or
coatings; however, plasma spraying, and laser cladding have been greatly underestimated

despite their advantages such as lower cost, lower complexity, atmospheric deposition
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conditions, ease of application to large surfaces, and high deposition efficiency compared
to conventional thin film deposition processes.

The mechanisms for improving the tribology of different oxides at high temperatures are
different. The most common are high ionic potential, low shear strength and ductile
behavior, etc. In addition, low interaction parameters, sintering effect, and activation
energy or diffusion coefficient played a significant role in reducing oxide friction under
extreme conditions. The authors believe that much research is needed to find out the main
driving mechanisms for improving the friction and wear resistance of oxides.

Currently, more efforts are directed towards in-situ generated oxides for their improved
friction and wear resistance. However, very little information is available on the research
of various binary and ternary oxides. Figure 2. 30 shows the possible future trend of
tribological research on different oxides. In the era of high entropy, the authors believe that
the high entropy oxides (HEOs) could be an important topic for the investigation of wear

resistance behavior due to their unique mechanical and thermal properties.

High entropy oxides
(i.e., (MgNiCuCoZn),,0)

Ternary oxides
(i.e., AgTa0,, CuTa,O, Co-Ni-0)

Binary oxides
(i.e., Cu0O, Co0, Ta,0,)

In-situ oxides

Figure 2. 30: A possible research trend for different types of oxides in the near future
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Chapter 3

Microstructural Evolution and Tribological Behavior of
Suspension Plasma Sprayed CuO as High-Temperature Lubricious
Coatings?

Abstract

Suspension plasma spraying (SPS) was used to produce three different CuO coatings by
varying spray distance and solid loading within the suspension. The low spray distance (30
mm) and high solid loading (20 wt%) in the suspension resulted in the deposition of dense
coatings as compared to other spray conditions (i.e., a distance of 40 mm and solid loading of
10 wt%). The tribological performance of the dense coating was investigated at 25°C and
300°C under dry sliding conditions. Scanning electron microscopy (SEM), X-ray diffraction
(XRD), and Raman analysis were used to characterize the coating, and corresponding wear
tracks to determine the wear mechanisms. The results showed that the friction coefficient of
the CuO coating decreased from 0.7 at 25°C to 0.46 at 300°C. Similarly, the wear rate at 300°C
decreased by 50% compared to the wear rate at 25°C. Ex-situ analysis showed an increased
oxygen content on the worn surfaces at 300°C and the formation of a smooth uniform tribofilm.
At 25°C, a thicker transfer film was observed on the counterface, which leads to a different

velocity accommodation mode and, thus, relatively high friction.

Keywords: Suspension plasma spraying, CuO coatings, microstructures, solid lubricant,

tribology

2 This chapter has been published as a research article in the Wear. A. Roy, N. Sharifi, V.N.V.
Munagala, SA. Alidokht, P. Patel, M. Makowiec, R. R. Chromik, C. Moreau, P. Stoyanov.
"Microstructural evolution and tribological behavior of suspension plasma sprayed CuO as high-
temperature lubricious coatings." Wear (2023): 204874.
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3.1 Introduction

With the recent advancements in mechanical systems within the aerospace and energy
generation sectors, the conditions in which materials are expected to operate in their
tribological interfaces is becoming more demanding [1-6]. For instance, in high-temperature
conditions, the tribological contacts usually suffer severe wear, which affects the service life
and stability of the system [7-9]. Thus, there is a strong desire to find suitable materials or
coatings which can operate effectively in such harsh conditions. It has been previously
proposed that materials with favorable mechanical properties, such as high hardness and
fracture toughness, results in improved tribological performance in these applications [10—12].
Among various materials, oxide ceramics are potential candidates for solid lubricants to reduce
friction and wear in such severe sliding interfaces due to their outstanding chemical and thermal
stability above 1000°C [13]. Out of numerous oxides, copper oxides, in particular, have
recently become potential candidates due to their excellent lubricity behavior at elevated
temperatures [14—16]. More specifically, copper oxide is a comparatively softer oxide with
reduced shear strength at elevated temperatures [17,18]. Peterson et al. [19] investigated the
tribological behavior of CuO at high temperatures and showed favorable lubricating
characteristics with relatively low friction values (< 0.5). In addition, Masahiro Goto et al.
[20,21] deposited CuO coatings by magnetron sputtering on a stainless steel substrate. They
studied the tribological behavior in atmospheric pressure and ultrahigh vacuum for different
crystallographic orientations. The authors found that the friction coefficient increases with an
increase in surface energy which was controlled by the CuO crystal orientation. J S Lehmann
et al. [14] investigated the tribological behavior of pure copper and its oxides. The authors
reported that high-purity copper exhibits high friction, even with the formation of an oxide
layer during sliding, compared to copper oxides. The reasons for having low friction of copper
oxides were attributed to an increase in hardness and a change in the interfacial shear strength.
Furthermore, CuO incorporated in numerous intermetallic and ceramic composites, such as
NiAl [22,23], 3Y-TZP [24-26], and Al2O3 [27], showed lower friction and wear compared to
unreinforced coatings. This improvement in friction and wear was due to the formation of a
soft patchy lubricating film in the contacting interfaces, mainly in the form of CuO. While this
research has shown that CuO could be a potential candidate as a solid lubricant in high
temperature applications, the tribological behavior of such coatings alone under extreme

conditions has received little attention. In addition, to the best of authors knowledge, there have
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been no studies reported on the tribological behavior of CuO coatings deposited by thermal
spray processes.

With the recent advancements in thermal spray, these technologies have become attractive
for high-temperature wear-resistant materials. In particular, suspension plasma spraying (SPS)
is a novel process compared to other thermal spray techniques, capable of spraying ultrafine or
nanosized particles from 100 nm to several microns in diameter. Such sub-micron particles
typically can not be sprayed with other thermal spraying techniques such as Atmospheric
Plasma Spray (APS), High Velocity Oxygen Fuel (HVOF), and High Velocity Air Fuel
(HVAF), etc. In SPS, these sub-micron size powder particles are usually dispersed in a solvent
(typically water/alcohol or sometimes both) to produce suspension [28]. The suspension is
injected in plasma through the suspension feed or injector. Subsequently, the suspension is
fragmented into a droplet before the vaporization of the solvent. However, the solvent and
dispersant consequently undergo evaporation in contact with the plasma jet while the solid
particles aggregate, accelerate, melt and subsequently form coating upon impacting the
substrate [29]. In this process, a thin splat is formed on the substrate, which benefits the wear
resistance properties [30]. However, the microstructures and properties of these coatings
mainly depend on the spray parameters in correlation with the materials used and suspension
characteristics. The SPS process used to produce TiC and Cr3C2 coatings by S. Mahade et al.
[31], showed the splat was an order of magnitude lower than that of typical APS, demonstrating
improved wear resistance properties. Also, it was revealed that the shorter spray distance of
suspension plasma sprayed ZrO:z + 8wt% Y203 (YSZ) coatings has greater cohesion, higher
adhesion to the substrate, and high hardness and wear resistance [32]. Moreover, the near-
nanometric structures of Al2O3-TiO2 coatings were obtained by SPS, directly associated with
the reduction of grain size and microstructure defects [33]. While the SPS process seems
promising for the deposition of ceramic coatings, to the best of the author’s knowledge, no
studies have been carried out on the deposition, and tribological behavior of the suspension
plasma sprayed CuO coatings from room to high temperatures.

In the present study, CuO coatings were developed by the SPS process as potential solid
lubricants for elevated temperatures applications. CuO coating’s microstructural morphology
and tribological characteristics from room to high temperatures were investigated. In addition,
the underlying wear and lubrication mechanisms at atmospheric and elevated temperatures

were analyzed based on worn surface morphologies.
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3.2 Experimental Details

3.2.1 Materials and Methodology

Commercially available CuO powder (PI-KEM, UK) with a nominal average particle size
of about 0.7 um was used as a feedstock for the coating deposition. A Spraytec (Malvern
Instruments, UK) unit equipped with a wet dispersion accessory was used for the measurement
of the particle size distribution (PSD) of the CuO powder.

The CuO powder was dispersed in ethanol in order to prepare the suspension for spraying.
Ethanol was used as a solvent due to its low toxicity, availability as well as low energy required
for vaporization (1.01 MJ/kg) as compared to water (2.63 MJ/kg) [34]. As a dispersing agent,
Polyvinylpyrrolidone (PVP) (Sigma-Aldrich, Canada) was used in the ethanol to minimize the
aggregation of the submicron-sized particles. The dispersant molecules were adsorbed on the
surface of the powder particles and provided efficient particle dispersion by producing long
polymeric chains [35]. The solid content of the suspensions was 10 wt.% and 20 wt.%, while
the dispersing agent was 5 wt.% of the solid content. Initially, the PVP was dissolved in ethanol.
Then, the CuO was added gradually to the solution while mechanically stirring and sonicating
at 50 W power. The suspension was stirred for an additional 15 minutes to ensure the proper
dispersion of the particles. Furthermore, the suspension was kept in soft ball milling overnight
to break the nanoparticle agglomeration before feeding into the SPS system.

The prepared suspension was sprayed onto 304L stainless steel substrates (25mmx 25mmx
5 mm) using SPS process. Before spraying, the substrates were grit blasted with 80 grit alumina
particles and cleaned by blowing compressed air to remove any grit residue on the substrate
surface. Subsequently, the substrates were ultrasonically cleaned with ethanol and acetone to
remove dust, dirt, or oil. The plasma torch preheated the substrate to approximately 300°C
before spraying. Also, the maximum substrate temperature was maintained at around 450°C-
500°C during coating deposition by pausing with the gun off the substrate in between passes.
The temperature of the substrate and the deposited coating was monitored continuously by an
A320 ThermoVision infrared camera (FLIR Systems, MA). Additionally, the inflight particle’s
velocity and temperatures were measured by accuraspray (tecnar, Canada). The detailed
working principle of the radial injection SPS process was discussed in the previously published
article [36].

A 3 MB plasma gun (Oerlikon Metco, Switzerland) was used for the SPS process. The in-
house built pressure-based feeding system was used to inject the suspension feedstock radially

into the plasma, as shown in Figure 3. 1. The internal diameter of the suspension injector was
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150 um and was made out of stainless steel. This injector was positioned at an approximately
15° angle with respect to the perpendicular axis. The injector axis was focused in such a way
that the suspension jet entered the plasma only at the exit of the nozzle. Also, the injector tip
was precisely aligned with the plasma torch orifice approximately 25 mm from the torch axis

by a micro-positioning system installed next to the injector container [Figure 3. 1].
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Figure 3. 1: A schematic of the radial injection suspension plasma spray (SPS) process

Moreover, a magnetic stirrer was continuously running in the suspension container to avoid
the sedimentation of the solid particles during spraying. Three different spray conditions were
used to deposit the coatings, e.g.,1% spray [10 wt% solid with spray distance (SD) 40 mm], 2"
spray [20 wt% solid with SD 40 mm], and 3™ spray [20 wt% solid with SD 30 mm] by keeping
plasma power 20 kW constant. The spraying parameters used for depositing CuO coating by
SPS process are shown in Table 3. 1. The selected parameters [Table 3. 1] were chosen based
on some initial sets of trial depositions and by considering the following hypotheses to obtain
the dense microstructures: (i) the smaller nozzle size (i.e., 5 mm instead of 8 mm) increases the
particle velocity and decreases the particle's in-flight residence time, which can densify the
coatings [37], (ii) the shorter standoff distance utilizes the high speed or the momentum of the
in-flight particles onto the substrate and can contribute to improving coating structures [38],
(ii1) the solid loading in the suspensions, feed rate, and optimal plasma power also affect the

microstructures of the coatings [36].
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Table 3. 1: SPS spray parameters used for depositing CuO coatings

Values
Deposition Parameters 1" Spray 2" Spray 3" Spray
(10 wt% solid; (20 wt% solid; (20 wt% solid;
SD 40 mm) SD 40 mm) SD 30 mm)

Plasma nozzle diameter (mm) 5 5 5
Solid content (wt%) 10 20 20
Current (A) 500 500 500
Voltage (V) 40 40 40
Power (kW) 20 20 20
Gun transverse speed (m/s) 1 1 1

Ar gas flow rate (1/min) 50 50 50

H: gas flow rate (1/min) 1 1 1
Spray distance (SD) (mm) 40 40 30
Suspension feed rate (ml/min) 35 35 35
Number of Passes 30 40 40

3.2.2 Characterization

The morphology and composition of the CuO powder were determined using Scanning
Electron Microscopy (SEM) (S-3400N, Hitachi High Technologies America, Inc., Japan). The
phase analysis of powder and coatings was characterized by using X-ray diffraction (XRD)
(Bruker, Germany) with Co-Ka radiation (A= 1.78 A, 20 range of 10°~115°) and operated at a
power of 40 kV and 40 mA. The obtained data were analyzed with the International Centre for
Diffraction Data (ICDD) database using diffrac.eva software provided with the XRD system.

The as-sprayed samples were cross-sectioned using a high-speed abrasive cutting machine
(Struers, Canada) and then cold-mounted using epoxy resin and hardener (ANAMET, Canada).
The samples were polished using SiC abrasive paper of 240 to 800 grit, subsequently by 9 um,
5 um, and 1 um water-based diamond suspensions in an automatic grinding-polishing machine
(Struers, Canada). Colloidal silica of 0.4 pm suspension was used as a final step in the polishing
machine. Finally, the samples were rinsed in soapy water and sonicated in acetone to remove
any residual colloidal silica and dried in hot air.

Scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy
(EDS) was used for metallographic observations of the deposited coatings. In addition, X-ray

photoelectron spectroscopy (XPS) was performed with a VG ESCALAB 250 Xi (Thermo VG
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Scientific, Canada) Mg Ka X-ray source set to 15 kV and 300 W on the unworn and worn

surfaces of the coatings deposited using the 3™ spraying conditions.

3.2.3 Sliding testing and post-test characterization

A ball-on-disc tribometer (Anton Paar TriTec SA, Switzerland) was used to measure
tribological behavior in a reciprocating motion against an alumina counterball. Alumina was
chosen as counterbody for wear testing to minimize chemical reactions (i.e., it is considered
chemically inert) at atmospheric and elevated temperature conditions. It was also used because
of its comparatively high hardness [39]. The testing parameters are listed in Table 3. 2. The
parameters were chosen based on the complicated contacting and moving assemblies in

aerospace engines in high-temperature conditions [36,40].

Table 3. 2: The friction test parameters of the pin on disc tribometer

Friction Testing Parameters Values
Applied load (N) 5
Sliding velocity (cm/s) 3.14

Test frequency (Hz) 1

Track length (mm) 10

Total sliding cycles 2500
Counter body ALO3
Counter body diameter (mm) 6.35

Test temperatures (°C) 25°C and 300°C

For the elevated temperature wear tests, the furnace was initially heated to 450°C at a
heating rate of 10-12°C/min. The samples were placed in the furnace, and the surface of the
coating was measured to be at around 300°C (i.e., using a thermocouple). This temperature of
300°C was reported as the testing temperature. The computer connected to the tribometer arm
and pin through a strain gauge and recorded the friction coefficient by considering the applied
load & friction force during sliding. A total of three repeats were performed for each condition.
A 3D non-contact optical surface profiler (Zygo corporation, USA) was used to measure the
surface roughness of the coatings. Similarly, the same profiler measured the depths of the wear
tracks and wear of the counterballs. A total of 30 cross-sectional profiles were taken and
averaged to calculate the wear volume. The wear volume is used to calculate the specific wear

rate (k) (mm>®/N.m.) as per the equation below [41].
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where, V = volume loss (mm?), S is the total sliding distance (m), obtained by multiplying the
frequency f (s), stroke length L (mm); and number of cycles (N); and W is the applied load
(N).

Additionally, the worn surfaces after wear testing and counterball were investigated by
using this SEM. Raman measurements were performed using an InVia spectrometer (Renishaw,
UK). An optical microscope with a 50X objective was used to focus the excitation radiation
A =514.5 nm from an Ar" ion laser source. The scattering was performed at different locations
of unworn and worn coatings subjected to wear tests. The spectra were matched with the

corresponding wave numbers from the literature to identify the present phases.
3.3 Results

3.3.1 Feedstock powder and coating

SEM image of the CuO powder (shown in Figure 3. 2 (a)) revealed an irregular aggregated
morphology. Figure 3. 2 (b) shows CuO powder’s particle size distribution (PSD). The Dv
(10), Dv (50), and Dv (90) values are 0.90 pm, 1.73 um, and 3.50 um, respectively.
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Figure 3. 2: (a) SEM image of CuO powder morphology and (b) particle size distribution (PSD) of CuO powder

The XRD pattern of the CuO powder is shown in Figure 3. 3. The major diffraction peaks
identified at 37.96°, 41.5°, 45.29°, 57.26°, 62.98°, 68.9°, 72.9°, 78.81°, 81.17°, 86.65°, and
90.31° were associated with the (110), (-111), (111), (-202), (020), (202), (-113), (-311), (220),
(311), and (-222) planes respectively of the monoclinic CuO crystal structure. This phase
matched with the ICDD card: 00-041-0254.

The coatings were deposited using three different conditions, as shown in Table 3. 2, and
XRD analysis of these as-sprayed coatings is shown in Figure 3. 3. A reduction of the CuO
phase to cubic Cu20 and into pure metallic cubic Cu phases has been observed in all three

spray conditions. The main diffraction peaks of Cu20 appear at 34.49°, 42.56°, 49.56°, 61.77°,
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72.70°, 88.06°, and 93.09°, which corresponds to (110), (111), (200), (211), (220), (311), and
(222) respectively (i.e., aligned to ICDD 04-007-9767). The diffraction peaks at 50.73°, 59.31°,
88.84°, and 110.30° are assigned to cubic Cu and matched with ICDD 00-004-0836.
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Figure 3. 3: XRD pattern of the CuO feedstock powder and as-sprayed coatings

In addition to the XRD characterization, XPS analysis was performed on the 3™ spray
conditions, as shown in Figure 3. 4. Figure 3. 4 (a) shows the survey spectrum of the deposited
coatings, where Cu 3p, 2p, 3s, 2s, and O 1s peaks were found. The high-resolution core spectra
of Cu 2p and O 1s are represented in Figure 3. 4 (b) and Figure 3. 4 (¢). The core spectra of
Cu 2p, shown in Figure 3. 4 (b), contain peaks attributed to Cu 2p3/2 and Cu 2p1/2 caused by
the spin-orbit coupling of the 2p level. The deconvolution of these peaks revealed the presence
of two peaks within it; however, the Cu20 peak was expected at the same Cu2p photoelectron
binding energy (B.E.) as the Cu metal (Cu metal and Cu (I) oxide expected B.E. ~ 932.6 eV,
CuO ~ BE 933.1-934.0 eV). The findings suggested that the coating contained a mix of pure
metallic Cu, Cu20, and CuO, which correlated well with the XRD findings [Figure 3. 3]. In
addition to the primary peaks, two satellite peaks were found in higher binding energy regions
at 941.11 and 943.6 eV. The shakeup satellite peaks are a characteristic of Cu ion species due

to the presence of d’ configuration [42]. The interaction between the emitted photoelectron and
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the valence electron caused these electrons to get excited to higher energy levels, which
resulted in the reduction of the kinetic energy (i.e., an increase in binding energy), giving a
shakeup peak towards the higher binding energy region of the core peak [43]. Figure 3. 4 (¢)
shows the deconvoluted core spectrum of O 1s. Two peaks relating to different chemical states
were observed. The major peak at 529.51 eV was allocated to the normal O%, which cooperates
with Cu?" to form a Cu-O bond. In addition, the minor peak at 531.18 eV was ascribed to Cu?O.
The observed XPS results correlated well with the previously published findings on copper
oxide-based systems [42].
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Figure 3. 4: XPS analysis of 3™ spray condition (a) Survey spectra; core spectra for (b) Cu
2p and (¢) O 1s subshells.
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3.3.2 Sliding wear behavior

3.3.2.1 Friction coefficient and specific wear rate
The friction coefficient versus number of cycles for the CuO coatings tested at 25°C and
300°C is shown in Figure 3. 5. Upon initial sliding, the friction coefficient for the tests
performed at 25°C increased rapidly up to 120 cycles and subsequently increased at a slower
rate throughout the remainder of the test and reached a maximum of 0.73. For the test
performed at 300°C, on the other hand, a steady-state friction behavior was obtained just after
100 cycles and maintained at 0.46 over the sliding distance of 2500 cycles (50 m).
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Figure 3. 5: Friction coefficient of CuO coating at 25°C and 300°C

The specific wear rate of CuO coatings at 25°C and 300°C is shown in Figure 3. 6. The
analysis revealed that the wear rate at 300°C after 2500 cycles was 32 x107> mm?/N.m., which
was more than 50% lower than the wear rate at 25°C (i.e., 68 10 mm?/N.m.). It should also
be noted that the standard deviation was lower with the tests performed at elevated

temperatures due to a smoother wear track.
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Figure 3. 6: Specific wear rate of CuO coatings at 25°C and 300°C

3.3.2.2 Worn surface morphologies

SEM images of the worn surfaces produced at 25°C and 300°C are shown in Figure 3. 7.
The width of the wear track at 25°C was significantly higher than the width of the wear track
at 300°C. The worn surface of the CuO coatings at 25°C showed the presence of grooves
parallel to the sliding direction [Figure 3. 7 (a-c)]. These grooves were generated due to the
entrapment of the wear debris produced by breaking/ploughing the asperities during sliding
[44]. The high-magnification SEM images showed indications of splat delamination, formation
of pits, and ruptured film throughout the worn surface. Moreover, at 25°C, the asperity plowing,
asperity polishing, and adhesive wear were apparent on the worn surface. In contrast, when
testing at 300°C, the wear track area was mainly covered with uniform smooth regions [Figure
3.7 (e-f)]. This smooth film or lubricating layer on the worn surface at 300°C could be created
by the deformation of the wear debris in the contact interfaces [45]. However, a microcrack
was visible in the smooth layer along with the wear debris on the wear track. At 15 kV and 60
Pa variable pressure, the SEM/EDS point and area analysis performed on randomly different
locations of the unworn and worn coatings tested at 25°C and 300°C is shown in Table 3. 3. In
these conditions, the EDS spot usually covers 1 um or less in the surrounding area and can go

up to ~ 4 um in depth.
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Figure 3. 7: SEM images of the worn surfaces of CuO coatings at 25°C (a—c) and 300°C (d-

f).
Table 3. 3: EDS analysis of the unworn and worn coatings at 25°C and 300°C
25°C 300°C
Elements
unworn worn unworn worn

Cu (at%) 50.05+0.23 53.56+1.35 50.64 £0.32 45.02 +0.80
O (at%) 4995+0.23 46.44+135 49.36 +£0.32 54.30 £ 0.66
Al (at%) -—- --- - 0.67+£0.15

Additionally, both samples (25°C and 300°C) were inserted into the SEM chamber
simultaneously to avoid discrepancies in the results. The copper percentage increased, and the

oxygen content decreased (Cu ~ 54 at% and O ~ 46 at%) in the worn coatings after the dry
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sliding wear test at 25°C as compared to unworn coatings (Cu ~ 50 at% and O ~ 50 at%). At
300°C, the Cu and O were no significant changes in the unworn region. However, the worn
coatings observed substantial copper and oxygen changes after the sliding test at 300°C. The
oxygen concentration increased to ~ 54 at%, and the copper amount reduced to ~ 45 at%
compared to unworn coatings. In addition, a small fraction of aluminum < 1 at% was found on
worn coatings after sliding at 300°C [Table 3. 3], possibly coming from alumina counterball
during sliding. In addition, XPS analysis was performed on the worn surfaces and sub-surfaces
(i.e., 25°C and 300°C after wear testing) up to approximately 100 nm in order to elucidate the
elemental changes leading to the difference in the friction and wear behavior (see Figure 3. 8).
The oxide content on worn surfaces for the samples tested at 300°C was higher than the ones

tested at 25°C, which correlates well with the EDS analysis [Table 3. 3].
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Figure 3. 8: XPS depth analysis of CuO coatings at (a) 25°C and (b) 300°C.
3.3.2.3 Raman analysis

A Raman analysis was performed on the deposited coatings and worn surfaces after sliding
at 25°C and 300°C. Raman analysis [Figure 3. 9] on the unworn coatings confirmed the
presence of cupric and cuprous oxide, as observed with the XRD analysis [Figure 3. 3].
However, pure metallic copper was not detected in the Raman spectrum as it is not Raman
active.

The characteristic peaks at Raman shift 143 cm™ and 213 ¢cm™ in the unworn coatings
[Figure 3. 9 (a), Figure 3. 9 (b)] correspond to the Cu2O phase [46,47]. The peaks at Raman
shift 293 cm™!, 340 cm™!, 626 cm™ and 1118 cm™! correspond to the CuO phase [48-50]. Both
at 25°C and 300°C, the unworn coatings showed CuO and Cu20, while the worn coatings

demonstrated the CuO phase, as shown in Figure 3. 9 (a) and Figure 3. 9 (b).
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Figure 3. 9: Raman spectrum of unworn and worn coatings at (a) 25°C and (b) 300°C

3.3.2.4 Counterface analysis

SEM micrographs of the Al2O3 counterballs after the wear testing against the CuO coatings
at 25°C and 300°C are shown in Figure 3. 10. At 25°C [Figure 3. 10 (a)], the counterface
showed no visible wear but transferred material of ~ 3 pm thick on its surface. SEM/EDS
analysis of these adhered layers confirmed the presence of Cu and O. Similar transfer of the
Cu and O materials were also observed on the aluminum oxide counterface after sliding at
300°C [Figure 3. 10 (b)]; however, the layer of material was relatively thin (~ 0.5 um) on the
contact periphery of the ball. Furthermore, the EDS analysis [Figure 3. 10 (b)] confirmed the
lower copper concentration (at%) in the counterball tested at 300°C compared to the
counterball from the 25°C test. In addition, minor ball wear of ~ 1.5 um depth was observed in
the center of the alumina countersurface after wear testing against CuO coating at 300°C. This
could be attributed to the ploughing of the asperities of the coatings during the break-in period

as well as to the increased oxygen content on the worn surface [41,51].
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Figure 3. 10: SEM images of the counterball and corresponding EDS element analysis of the
counterpart Al2O3 ball after sliding at 25°C and 300°C. (+ indicates the EDS point)

3.4 Discussion

3.4.1 Coating characteristics

It is worth mentioning that the decomposition and boiling temperatures of CuO and Cu20
are 1100-1200°C, 2000°C [52] and 1232°C, 1800°C [53], respectively. On the other hand, the
in-flight particle temperatures in the suspension plasma spraying (SPS) system reached more
than 2500°C; therefore, the particles were fully melted during spraying. The oxide vaporization
occurred with a significant chemical reduction in-flight into Cu20 and Cu (melting point
1083°C, boiling point 2562°C). Similar behavior has been observed by B. Subhasree et al. [54],
where authors deposited CuO by atmospheric plasma spraying (APS). It was assumed that the
substantial chemical reduction of the CuO particles occurred in-flight during spraying. The
CuO was reduced to metallic Cu in the plasma, which was further oxidized in comparatively
colder downstream zones and formed cuprous and cupric oxides. Furthermore, some of the
metallic copper could be deposited on the substrate surface before oxidation in the solid state.
In addition, according to the CuO Ellingham diagram [55], the hydrogen molecule and
hydrogen atom act as a reducing agents for CuO. Therefore, during spraying, CuO with
hydrogen undergoes chemical reduction. The reduction mechanisms proposed by B. Subhasree
et al. [54] for the plasma spraying process are shown below-

Cu0 - L(Cu,0) Melting

L(Cu,0) + H, - L(Cu, 0,_4) + H,0 In-flight reduction

L(Cu, 0;_y) — Cu,0 + Cu Rapid solidification: Ar — H, plasma with significant reduction
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Similarly, the presence of mixed phases of CuO and Cu20 was observed by Toshiro Maruyama
[56] when copper oxide films were deposited on a preheated substrate (300°C) by a chemical
vapor deposition process. Moreover, Akgul et al. [57] and Raship et al. [58] observed the Cu20
phase with increased crystallinity of the coatings when the annealing temperatures of the CuO
deposited coatings were above 300°C. However, the CuO phases were dominant as compared
to the Cu20 phase. In this study, the CuO was deposited on preheated (300°C) substrate, and
the maximum temperatures of the substrate and coatings were> 450°C during spraying.
Therefore, as per the literature, the substrate temperature (300°C to > 450°C) could also play a
significant role in having the cupric and cuprous oxides while depositing CuO suspension by

suspension plasma spraying process.

20 m
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Figure 3. 11: Cross-sectional SEM micrographs of coatings prepared at different conditions:
(a-b) 1% spray [10 wt% solid with spray distance (SD) 40 mm]; (c-d) 2™ spray [20 wt% solid
with SD 40 mm]; (e-f) 3" spray [20 wt% solid with SD 30 mm]

Figure 3. 11 shows the cross-sectional SEM images of the coatings at different conditions:
(a-b) 10 wt%, SD 40 mm; (c-d) 20 wt%, SD 40 mm; (e-f) 20 wt%, SD 30 mm. All the coatings
showed a similar pattern consisting of dark, grey, and bright regimes throughout the coating.
As per a previously published article [54], these regions could be associated with CuO, Cu:0,
and pure metallic Cu, respectively. However, other than three spray conditions [Figure 3. 11],
a 10 wt% solid with SD 50 mm at 20 kW and 25 kW power with nozzle diameter § mm were
sprayed (not shown here) to understand the effect of spray parameters of CuO coatings. These
coatings showed heavily porous microstructures with cauliflower shapes. It was assumed that
the 8 mm nozzle diameter provided a comparatively low impact velocity of the particles on the
substrate while spraying. In addition, high spray distance (SD 50 mm) with 20 kW and 25 kW
power prolonged the residence time of the particles in flight [37,59]. These characteristics fully
melted the particles with increasing plasma power. They evaporated most of the CuO particles
before impacting and solidifying onto the substrate due to their low melting and low
evaporation point [as explained above]. While the evaporation of particles with a power of 20
kW was low compared to 25 kW, the large spray distance of 50 mm provided almost the same
effect (i.e., increasing evaporation during spraying). By considering these factors, the nozzle
diameter was changed to 5 mm from 8 mm, and the spray distances were reduced to 40 mm &
30 mm while keeping the power constant at 20 kW for three conditions [Table 3. 1]. The
thickness of the as-sprayed coatings of 1% spray, 2" spray, and 3™ spray was 31 = 6 pm, 81 +
12 pm, and 73 £ 10 um respectively, and produced around 1 pm to 2 um coating per pass as
shown in Figure 3. 11. The reasons of having low coating build up rate per pass could possibly
be explained by the vaporization of the oxides particles during spraying [52]. It should be noted
that the deposition efficiency of these three conditions were approximately 41%, 72%, and 68%
respectively. There was no peeling of the coatings from the substrate in all three conditions
could indicate sufficient adhesion of the coatings with the substrate.

Figure 3. 11 (a-b) coating microstructure corresponds to the 10 wt% solid in the suspension
with a spray distance of 40 mm. It produced 1 um coating per pass and a significant number of
cauliflowers throughout the whole coating. The typical cauliflower shape microstructure which
appeared throughout the coating is shown in Figure 3. 11 (a) inset. This type of microstructure

can be explained by Stokes number (St) [60] as per equation (3.2).
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where p is the density of the particle, d is the diameter of the particle, v is the velocity of

St

(3.2)

the particle, u plasma viscosity, and lp; is the boundary layer thickness. Alternatively, the
stokes number is the ratio of the time taken for momentum transfer from liquid to particles to
the time of the direction change of the flow [61]. The micron-size particle momentum is
relatively low; hence, they are heavily influenced by the drag force of the plasma stream in the
boundary layer close to the substrate. Thus, when St < 1, the porosity and cauliflower shape
microstructure is more prominent. Therefore, a 40 mm spray distance could be high enough to
lose the sufficient velocity of these 10 wt% solid particles as the increased spray distance
further reduced the Stokes number [61]. Also, the secondary gas Hz is responsible for the arc
voltage fluctuations, leading to the gas velocity variation [62]. The variation of the voltage
fluctuation could easily affect the 10 wt% solids flowability, which considerably affects the
coating microstructures.

When the solid loading was changed to 20 wt% from 10 wt% by keeping all the parameters
the same [Table 3. 1], the cauliflower shape microstructure was significantly reduced and
increased the coating thickness [Figure 3. 11 (c-d)]. However, coating porosity increased
considerably. Again, this could be due to the spray distance of 40 mm, which reduced the
particle’s momentum in-flight (i.e., the particle’s velocity was 384 m/s) and increased the
residence time. This ultimately caused the deviation of the particles from the plasma plume.
Some of the particles may have vaporized and potentially increased the porosity of the coating
microstructures.

For the 3" spray condition, the inflight particle velocity increased from 384 m/s to 427 m/s;
the spray distance changed from 40 to 30 mm while maintaining the solid content at 20wt%
and the power at 20 kW [Table 3. 1]. The high velocity of the particles reduced the inflight
residence time, prevented excessive evaporation, and produced comparatively dense coatings
[Figure 3. 11 (e-f)]. While the coating thickness was decreased slightly from the 2™ spray
condition, it eliminated the cauliflower shape microstructure and reduced the porosity of the
coatings. Furthermore, the lamellar-type microstructures appeared in all three conditions;
however, the uniform distribution of these lamellae was more visible in the 3™ spray conditions.

The surface roughness (Sa) (not shown) of the as-sprayed coatings of 1% spray, 2" spray,
and 3" spray conditions were 8 = 0.45 pm, 20 = 3.0 pm, and 11 = 1.5 pm, respectively. The
reduction of surface roughness from the 2" condition to the 3™ condition was due to the

increased coating density. Also, low surface roughness in the first spray condition may be
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attributed mainly to the cauliflower morphology [Figure 3. 11 (a) inset]. Generally, the coating
microstructures of suspension plasma sprayed coatings largely depend on the suspension
characteristics, variation of plasma gas compositions, torch speed, and power [63]. Based on
the findings in this study, it is evident that the microstructure of the copper oxide coatings was
influenced by the solid (wt%) in the suspensions and the spray distance (SD) at 20 kW power.

The challenges highlighted in this study can be minimized or improve the coating quality
by varying plasma power, changing the secondary gas (Hz), and using He instead. Also, HVOF
could be a viable option to avoid reducing CuO particles in-flight or on the substrate, as it uses
bigger particles and low flame temperatures than the SPS process. Also, the further
characterization needs to be studied to investigate the mechanical performance (i.e., hardness,

elastic modulus, fracture toughness) of these coatings.

3.4.2 Friction and wear mechanisms

The tribology (friction, wear & lubrication) is a complex process that affects many factors
during sliding, such as materials, environment, contact type, etc. [64]. Therefore, friction and
wear are not the material’s intrinsic properties but a system response. However, the variation
of friction and wear of thermally sprayed ceramic oxides coatings is considerably associated
with the chemical composition of the ceramic and their physical and microstructural
characteristics (i.e., porosity, lamellar microstructure, bonding between splats, or numerous
discontinuities) [65]. The most common wear mechanisms in ceramic vs. ceramic contact are
abrasion, adhesion, delamination, and micro-fractures [33]. In this study, since the 3™ spray
condition (i.e., 20 wt% solid with SD 30 mm) gave comparatively dense microstructure with
low porosity and cauliflowers, this coating was further utilized for the wear testing at 25°C and

300°C under dry sliding without further polishing the surface of the coatings.
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Figure 3. 12: Schematic friction and wear mechanisms of suspension plasma sprayed CuO

coatings during dry sliding at (a) 25°C and (b) 300°C. & indicates sliding direction.

Based on the ex-situ analysis (3.3.2), the friction and wear mechanisms phenomenon for
the different testing conditions of the CuO coatings is shown in Figure 3. 12. Upon initial
sliding at room temperature; there could be some adhesion between counterball alumina and
the CuO coating. However, upon further sliding and at the end of the test, various pits, voids,
cavities, and broken films appeared on the wear tracks [Figure 3. 7 (a-c)], which could be
linked to the adhesive wear mechanisms [66]. These observations correlated well with the high
friction and wear values of the CuO coatings at 25°C [Figure 3. 5 & Figure 3. 6]. The high
friction for the test at room temperature can be explained with the following equations (3.3)
and (3.4) [67].

F= F,+F4 (3.3)

L= Ha+ Hg (3.4)
where in equation (3.3), F is the friction force, Fa is the adhesion force between two surfaces,
and Fq is the deformation force due to the deformation of the surfaces. Moreover, equation (3.4)
is linked to the friction coefficient of equation (3.3). When sliding at room temperature, the
adhesive component could dominate the friction coefficient, which resulted in higher values.
In addition, the thicker transfer film formation due to the greater adhesion led to an additional

velocity accommodation mode (i.e., shearing off the transfer film) [68] [Figure 3. 10 (a);
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Figure 3. 12 (a)]. This eventually increased friction at the atmospheric condition, as shown in
Figure 3. 5.

In terms of wear, the high wear rate for the testing performed at room temperature
correlated well with the reduction in the oxygen content [ Table 3. 3] on the worn surfaces when
compared to the unworn coating as well as with the transferred materials on the counterface
[Figure 3. 10 (a)]. The low oxygen content could reduce hardness [56] and, consequently, a
higher amount of adhesion to the counterball caused by high wear during sliding. The
relationship between hardness and adhesion has been previously reported by Sikorski et al.
[69].

At 300°C, the friction and wear were overall lower compared to the one at room
temperature. This can be connected with the observations from the ex-sifu analysis, which
indicated the formation of a smooth uniform tribofilm [Figure 3. 12 (b) and Figure 3. 7 (d-
f)]. In addition, evident abrasive marks parallel to the sliding direction were visible on the wear
track, which indicated that the wear was dominated by abrasion during steady state [Figure 3.
7 (d-f)]. More specifically, upon initial sliding at elevated temperature (i.e., during the running-
in phase), it was likely that the main wear mechanism was adhesion, which led to the removal
of materials from the coatings and, subsequently, the formation of the tribofilm [Figure 3. 7
(f)]. As shown in Table 3. 3, the tribofilm generated at the elevated temperature showed an
increased oxygen content, which increased the hardness [70] and consequently reduced the
amount of adhesion [69]. Compared to the test performed at room temperature, the abrasion
component at elevated temperature dominated the overall friction and wear, resulting in a lower
friction coefficient [Figure 3. 5 & Figure 3. 6]. More specifically, considering equation (4),
the deformation component dominated the coefficient of friction, and due to the minimal
adhesive contribution, the friction was relatively low. It can be noted that the adhesion force
played a role in the running-in state due to the asperity-to-asperity contact and their detachment
during sliding, which correlated well with the high friction during the initial sliding cycles.
During a steady state at 300°C, a thin tribofilm and a transfer film were formed [Figure 3. 10
(b) & Figure 3. 12 (b)], which reduced the adhesion and, thus, decreased the shear strength.
The reduced shear strength and contact area led to a decrease in the overall friction coefficient.
The reduction in adhesion during a steady state could be explained by the higher oxygen
content observed within the tribo- and transfer film [Figure 3. 10 (b) & Figure 3. 12 (b)],
which increased the hardness and decreased the adhesion.

To elaborate on the oxidation phenomena, based on Raman analysis [Figure 3. 9], the

unworn coatings at 25°C and 300°C have both CuO and Cu20 phases. Similarly, the EDS
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analysis confirmed that there was no change in the compositions of copper and oxygen before
and after heating the unworn surfaces [Table 3. 3]. However, prior work on similar copper
oxide systems showed that Cu underwent oxidation during sliding [14]. Compared to native
oxidation, the tribological loading accelerated greater oxidation [15]. Likewise, it can be noted
that CuO is thermally more stable than Cu20 because of the high oxidation number [58].
Therefore, the applied load and frictional heating in the contact point between tribopairs could
be the reason for having CuO phase only after wear testing both at 25°C and 300°C [Figure 3.
9 (a) and Figure 3. 9 (b)]. However, at elevated temperatures (i.e., 300°C), sliding could cause
more oxides formation in the contact interfaces by transferring Cu into Cu20 and eventually
transforming to CuO [71]. This was observed in this study through the ex-sifu analysis, which

showed high oxides content compared to the tests at atmospheric conditions [Table 3. 3].

3.5 Conclusions

CuO coatings were produced by SPS process with varying solid loading (10 wt% and 20
wt%) in the suspension and spray distance (40 mm and 30 mm) at constant power (i.e., 20 kW).
During spraying, the CuO was chemically reduced to Cu20 and pure metallic Cu in all spray
conditions. The 20 wt% solid in the suspension with a spray distance of 30 mm showed a
comparatively dense microstructure due to the high particle speed and low residence time in
flight. Subsequently, the relatively dense microstructures of CuO coatings obtained by SPS
(20wt% solid, SD 30 mm) were used for sliding wear testing at 25°C and 300°C. The friction
and wear of the coatings at 25°C were higher than the tests performed at 300°C. The high
friction and wear were attributed to the adhesion and shearing of thick transfer film. The
reduced content of oxides on the wear track explained the adhesive wear causing large materials
to transfer to the counterface. At 300°C, on the other hand, a smooth film on the wear surface
and a thin transfer film on the counterface were observed, which resulted in lower friction and

wear than at 25°C.
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Chapter 4

Friction and Wear Behavior of Suspension Plasma Sprayed
Tantalum Oxide Coatings at Elevated Temperatures?

Abstract

Tantalum oxide-based coatings have recently become potential candidates for high-temperature
tribological applications due to their high thermal stability and ionic potential. This study
focuses on developing suspension plasma sprayed (SPS) tantalum oxide coatings and
evaluating their tribological behavior at elevated temperatures. The coating morphology, oxide
phases, and mechanical properties were characterized using Scanning electron microscopy
(SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and microhardness.
Microstructural observations showed uniform and dense nanostructure coatings with no phase
transformation after deposition. The tribological results illustrated that the friction coefticient
of the tantalum oxide coating slightly decreased from 0.9 at 25°C to 0.8 at 300°C. On the other
hand, the wear rate at 300°C decreased by more than 50% compared to 25°C. Ex-situ analysis
indicated the brittle-fracture behavior of the coating during sliding at 25°C, which resulted in
higher friction and wear. However, the friction and wear decreased at 300°C, which was
attributed to the formation of a smeared or continuous smooth layer on the wear tracks with a

stable transfer film on the counterface.

Keywords: Suspension plasma spray, Tantalum oxide, tribology, elevated temperature,

Transfer film

3 This chapter has been published as a research article in the Surface and Coating Technology. A.Roy,
V.N.V. Munagala, P. Patel, N. Sharifi, SA. Alidokht, M. Makowiec, R. R. Chromik, C. Moreau, P.
Stoyanov. "Friction and wear behavior of suspension plasma sprayed tantalum oxide coatings at
elevated temperatures." Surface and Coatings Technology 452 (2023): 129097.

87



4.1 Introduction

With the recent advancement in mechanical systems for aerospace applications, the
operating conditions in which materials are required to operate under severe conditions have
become more demanding. The lubricity of the traditional solid lubricants such as graphite and
MoS: is limited by the working environments [1]. Thus, there is a strong desire to develop
next-generation materials capable of operating effectively in such harsh conditions [1-5].
Consequently, oxide-based systems are being extensively investigated as potential solutions
for high-temperature solid lubrication owing to their high thermal and chemical stability [6,7].
The lubricating behavior of various oxide film for high temperature conditions were initially
studied by Peterson and co-researchers [8—11]. The authors showed that while some oxides are
abrasive at lower temperatures due to their strong ionic bond [12,13], at elevated temperatures,
they exhibit low interfacial shear strength and ultimately can reduce friction coefficient. With
the purpose of explaining the low friction behavior of oxides at high temperatures, Erdemir
[14,15] proposed a crystal-chemical approach that relates the ionic potential of solid oxides
with tribological characteristics, where the ionic potential (¢) is the ratio between the cationic
charge and the radius of the cation of the oxides. It was suggested that [14,15] oxides with
higher ionic potential exhibit low friction coefficient at high temperatures, which is mainly
attributed to the greater screening of cations by surrounding anions. The surrounding anions
make it difficult to interact with other cations and consequently, this result in low shear strength
at high temperatures. Similarly, Dimitrov et al. [16] co-related the lubricating behavior of the
solid oxides with polarizability or interaction parameters at elevated temperatures. With a low
interaction parameter of the oxides, the bond energy between cation and anion weaken, which
eventually decreases the friction and effectively improves the lubricity [16,17]. This low
interaction parameter indicates excellent lubricity compared to the ionic potential/crystal
chemical model proposed by Erdemir [14]. Hence, the ionic potential and interaction parameter
provide a tentative guideline for the selection of lubricious oxides. A summary of this frictional
behavior in regards to the ionic potential and interaction parameter is explained elsewhere
[14,18,19]. In relation to this, the ionic potential and interaction parameter of tantalum oxide
are 6.4 and 0.08 [16], respectively. Therefore, according to the ionic potential and interaction
parameter value, tantalum oxide could provide good lubrication at elevated temperatures.
Additionally, the melting temperature of tantalum oxide is 1800°C, and thus, it has good

thermal and chemical stability in high-temperature environments against water vapor [20,21].
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Aside from the low friction behavior at elevated temperatures, tantalum pentoxide has low
toxicity, biocompatibility, high corrosion resistance [22,23], and high wear-resistant due to its
relatively high hardness [24]. It has been previously reported that the reinforcement of hard
Ta20s in Ta enhanced the corrosion and wear resistance [25]. Similarly, Wen Qin et al. [26]
described that Ta-Cu films deposited on steel substrate by magnetron sputtering provided
excellent wear resistance due to the formation of tantalum oxide (Ta20s) on the worn surface
by the tribochemical reaction. The tantalum oxide as reinforcement in NiCrAlY/Ag20/Ta20s
composite coatings on Inconel 625 deposited by laser cladding process, helped to form ternary
phase AgTaOs, Ag2TasO11 and reduced the friction and wear [27]. This ternary phase has also
been observed by D. S. Stone et al. [28] due to the mechanical mixing of Ta2Os and Ag on the
wear track during sliding. Furthermore, the tantalum oxide increased the load carrying capacity
in the composite coatings and contributed to improve the tribological properties. A thick Ta20s
coating deposited by air plasma spraying on stainless steel with MCoAlY bond coat provided
good ablation resistance which was observed by Jiayi Zheng et al. [29]. Additionally, the
potentiality of the tantalum oxide in friction tailored and oxidation resistant applications has
been previously predicted by Peterson et al. [9]. Nevertheless, the wear-resistant characteristics
of the suspension plasma sprayed tantalum oxide coating alone in dry sliding conditions at
elevated temperatures have not been previously reported.

Suspension plasma spraying (SPS) offers promising advantages such as lower cost, lower
complexity, atmospheric deposition condition, ease of application to large surfaces and high
deposition efficiency in comparison to conventional thin film coating deposition processes.
These advantages make it easier to deposit the coating on a large and wide surface of any
machinery components. Additionally, SPS allows using fine-grained, nano and submicron-
sized feedstock powders, which is impossible in other plasma spraying techniques such as APS,
HVOF and HVAF, resulting in a variety of coating microstructures. The feedstock powders are
dispersed in a liquid (typically ethanol or water) to form a suspension slurry and are injected
into the plasma jet to be deposited. Upon exposure to the high temperature in the plasma jet,
the suspension breaks-up into microdroplets, the liquid evaporates in flight while the solid
particles agglomerate, melt, and impact on the substrate to build up a coating [30,31]. The
unique microstructures resulting from SPS deposition from the accumulation of thin splats on
the substrate can be beneficial to the wear resistance of the coating [32].

The main purpose of this study was to critically evaluate the tribological behavior of
tantalum oxide coatings as a potential high temperature lubricating oxide. The tantalum oxide

coatings were prepared by radial injection SPS process and their tribological performance was
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investigated up to 300°C. The phases and microstructures of the coatings, as well as worn
surfaces after dry sliding at elevated temperatures, were characterized using high resolution

electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy.
4.2 Experimental details

4.2.1 Feedstock material

As feedstock for the suspension plasma spraying (SPS) process, the sub-micrometer size
tantalum oxide powder (PI-KEM, UK) with a nominal particle size of about 0.7 um were
acquired. A Spraytec (Malvern, UK) instrument was used to measure the particle size
distribution (PSD) via diffraction of a He-Ne laser with a wavelength 632.8 nm. The powder
particles were dispersed in the ethanol, and measurements were carried out in a wet dispersion

accessory.
4.2.2 Suspension preparation

A suspension of tantalum oxide in ethanol was used as the feedstock. The total solid content
of the suspension was selected to be 10 wt.% to avoid increasing the viscosity of the suspension
to problematic levels which may reduce the flowability or cause clogging during spraying [33].
The Polyvinylpyrrolidone (PVP) (Mm: 360,000 g/mol) (Sigma-Aldrich, Canada) was used as
a dispersing agent in the preparation of the feedstock suspension. The stability of the
suspensions in ethanol with various amounts of PVP (ranging from 0 to 10 wt.% of the total
solid) was studied and the sedimentation rate was measured after 48 hours. To achieve a particle
sedimentation lower than 1 mm per hour, typically considered suitable for spraying [34], the 5
wt% of PVP was selected as the optimal amount for a stable suspension. For preparing
suspension, initially, the PVP was dissolved in ethanol and then, the tantalum oxide was
gradually dispersed in the solution by simultaneous magnetic stirring (ThermoFisher Scientific,
USA) and sonicating (Qsonica, USA) at 50 kW power for 30 minutes. The prepared suspension
was kept in soft ball milling overnight to break the agglomeration of the particles before feeding

into the SPS system.
4.2.3 Coating deposition

A radial injection 3-MB plasma gun (Oerlikon Metco, USA) with 5 mm nozzle diameter
was used for the SPS process. The schematic of the SPS process is shown in Figure 4. 1. The
suspension from the pressurized container was fed into the plasma jet radially by suspension

feed. The 304L stainless-steel substrates with dimensions of 25mmx25mmx5 mm were used,

90



and grit blasted with 80 grit Al2O3 before spraying. The substrates were cleaned with

compressed air to remove any embedded grit residue from the surface and de-greased using

acetone.
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Figure 4. 1: A schematic of the radial injection suspension plasma spray (SPS) process

Prior to coating deposition, the substrate was preheated to 150°C while the maximum
temperature of the substrates surface was maintained approximately at 400°C during spraying.
An A320 ThermoVision infrared camera (FLIR System, USA) was used to monitor the
substrate temperature. The in-flight particle velocity (550 m/s) and temperatures (>4000°C)
were measured by Accuraspray (Tecnar, Canada). However, it is important to note that the
Accuraspray particle temperature measurements for SPS process are not typically accurate
since the point of measurement (spray distance) falls within the plasma jet, which is a
significant source of optical noise [35]. The spraying parameters used for SPS process are
summarized in Table 4. 1.

Table 4. 1: SPS parameters used for depositing tantalum oxide coating

Deposition parameters Values
Plasma nozzle diameter (mm) 5

Solid loading (wt.%) 10
Current (A) 600
Voltage (V) 40
Power (kW) 24
Ar gas flow rate (I/min) 50
He gas flow rate (I/min) 10
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Plasma gun transverse speed (m/s) 1

Suspension feed rate (ml/min) 33
Spray distance (mm) 30
Number of passes 85

The spray parameters in Table 4. 1 were selected in order to achieve a dense microstructure in
the coatings. There are several parameters, other than suspension characteristics, affecting the
final microstructure of the coatings, including nozzle size, standoff distance, plasma gas
composition, power, etc. [36]. The selected parameters [ Table 4. 1] were chosen based on some
initial sets of trial depositions and by considering the following hypotheses: (i) A relatively
smaller nozzle diameter (5 mm rather than the 8 mm alternative) increases the particle jet
velocity and decreases the particle's in-flight residence time. This creates a denser deposited
layer and reduces the chance of overheating the particles (melting point of tantalum oxide, i.e.,
about 1800°C) [37]. (i1) During suspension plasma spraying, the heating and cooling rates of
the sub-micron size particles are high, and consequently, the thermal and kinetic inertia of the
hot particles are low [38]. This phenomenon requires a shorter standoff distance, which utilizes
the high speed or the momentum of the in-flight particles onto the substrate. A relatively low
spray distance of 30 mm allowed the plasma jet to impose a very strong heat flux on the
coating/substrate during deposition, and eventually densified the coating and reduced the
porosity [39]. (iii) The high viscosity of the He (up to about 14000 K) as the secondary plasma
gas (compared to Hz as the alternative) contributed to form a stable plasma jet and prevented
the mixing of the surrounding air with in-flight particles [40]. (iv) The plasma power of 24 kW

provided sufficient heat to melt the oxide particles well to produce a dense coating.
4.2.4 Characterization

The morphology of the tantalum oxide powders was determined using a Scanning Electron
Microscopy (SEM) (S-3400N, Hitachi High Technologies America, Inc., Japan). The as-
sprayed coatings were mounted and polished according to ASTM E-3 standard practice. The
top surface and cross-section of the suspension plasma sprayed coatings were analysed using
SEM. A 3D optical surface profiler (Zygo Corporation, USA) was used for the measurement
of the as-sprayed coatings surface roughness. Electron channeling contrast imaging (ECCI)
was performed on the cross-sections of the coatings to reveal the grain size and grain
orientation. ECCI on the cross sections was performed using a cold field emission SEM

(SU8230, Hitachi, Japan) fitted with a photodiode BSE detector. An X-ray diffraction (XRD)
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system (Bruker, Germany) with Co-Ka radiation (step size = 0.02°, frame rate = 200 per
second, L = 1.78 A, 20 range of 10°-120°) was used and operated at a power of 40 kV and 40
mA for the phase analysis of powders and coatings. The obtained diffractograms were analysed
with the ICDD database using the software diffrac.eva provided with the XRD system.

An X-ray photoelectron spectroscopy (XPS) was performed on as-sprayed coatings and
wear tracks after sliding tests with a VG ESCALAB 250 Xi (Thermo VG Scientific, Canada)
Al Ko X-ray source set to 14 kV and 218 W. The atomic concentration and chemical states of
the coatings were evaluated with this XPS analysis. In addition, XPS analysis was performed
on the worn surface and sub-surface using a sputtering rate of 0.18 nm/s in order to elucidate
the elemental changes leading to the difference in the friction and wear behavior. The Vickers
microhardness of the coatings was measured on the top polished surface under a load of 2 N
(HVo.2), using a Micro combi tester-MCT?> (Anton Paar, Switzerland) according to the EN ISO
4516 standard [41]. For each condition (25°C & 300°C), a total of 9 readings were considered
the average value was presented. For measuring the microhardness at 300°C, the sample was
placed in the furnace (temperature was set at 450°C) and then heated for around 25 to 30
minutes before performing microhardness testing. The same testing approach was used to
perform the high-temperature tribology tests. The value of the maximum indentation depth was
6-10 pm during the microhardness testing, which was within the range of 10-20% of the coating
thickness. Thus, there is no influence of the substrate on the hardness values. Indentation was
performed such that the distance between any two indents was at least five times greater than
the length of the diagonal of the previous indent. The porosity measurement was carried out
with ImageJ software, open source, by considering more than ten backscattered SEM images
at 2.00 k magnification (20 um scale bar) in different locations of coating according to standard
ASTM E2109-01 [42]. The average values, as well as standard deviations, were considered for

presentable data.
4.2.5 Tribology testing and post-test characterization

A reciprocating ball-on-disc tribometer (Anton Paar TriTec SA, Switzerland) was used for
wear testing of the tantalum oxide coatings. The testing parameters are given in Table 4. 2,
which were adopted from previous studies done in the same research group [43]. For the
elevated temperature wear tests, the furnace was initially heated to 450°C. The samples were
placed in the furnace, and the surface of the coating was measured to be at around 300°C (i.e.,
using a thermocouple). The test parameters [Table 4. 2] were selected based on the practical

application of moving mechanical assemblies [43].
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Table 4. 2: The friction test parameters of the pin on disc tribometer

Tribology Testing Parameters

Applied load (N) 5
Sliding velocity (cm/s) 3.14
Track length (mm) 10
Frequency (Hz) 1
Total sliding cycle 2500
Total sliding distance (m) 50
Counter body Al03
Counter body dia. (mm) 6.35
Test temperatures (°C) 25 and 300

A total of three repeats were performed, and the average value was presented in the figures.
The depth of wear tracks and wear volume of counterball alumina were measured using a 3D
optical surface profiler (Zygo Corporation, USA). The wear area (mm?) was calculated by
integrating the wear track profiles, and the wear area was multiplied by track length (mm) to
determine the wear volume (mm?*). The material pile-up was subtracted from the total volume
during the wear rate calculation. Finally, the wear volume was normalized by dividing with
applied load (N) and total sliding distance (m) to obtain the wear rate (mm?/N.m.).

The wear tracks and counterballs after testing were analyzed using a SEM and the chemical
composition was determined by energy-dispersive X-ray spectroscopy (EDS). The samples
were mounted and cut in the perpendicular direction to the wear track length. Subsequently,
the polished cross-sections were analyzed under the SEM to reveal the changes within the sub-

surface.
4.3 Results

4.3.1 Feedstock and coating analysis

SEM morphology and cross-section of the tantalum oxide powder in the as-received
condition are shown in Figure 4. 2 (a) and Figure 4. 2 (a) (inset), respectively. The tantalum
oxide powder is mostly spherical and agglomerated [Figure 4. 2 (a)]. The spherical
agglomerated morphology in the cross-section showed large, irregularly shaped pores [Figure
4. 2 (a) (inset)]. Figure 4. 2 (b) shows the particle size distribution of tantalum oxide powder
with a maximum frequency of 4 pum. The values of Dv (10), Dv (50), and Dv (90) were 1.28
um, 2.72 um, and 5.32 um respectively [Dv: Median for Volume Distribution], which are
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typical sizes for the suspension plasma spraying process. The narrow particle size in the SPS
process helps to produce a dense microstructure of the coatings due to a homogeneous thermal
treatment among the particles [44]. However, the particle size distribution Dv (50) ~ 2.72 pm

was not correlating with the average size (0.7 um) [Figure 4. 2 (a) (inset)] due to the

agglomeration of the particles [Figure 4. 2 (a)].
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Figure 4. 2: a) SEM morphology of tantalum oxide powder [inset: cross-section of powder],

b) Ethanol-based particle size distribution of tantalum oxide powder

Figure 4. 3 shows the XRD results of the feedstock powder and the as-sprayed coating. X-
ray diffractograms showed no phase transformation of the powder particles before and after
spraying. The diffraction peaks associated with 26.66° (001); 33.20° (141); 36.24° (0 14 0);
38.29° (270); 41.08° (290); 42.85° (1 11 1); 53.07° (350); 54.79° (002); 59.34° (152); 65.43°
(111 2); 69.16° (2 22 0); 75.50° (2 22 1); 85.32° (4 16 0) can be indexed to B-orthorhombic
(B- Ta20s), PDF 00-025-0922 with lattice parameters a = 6.1980 A, b = 40.2900 A, ¢ = 3.8880
A, a/b=0.15383, ¢/b=0.0965, and o = = y = 90° for the space group Pmm?2. Similar results
have been previously reported by Israel Perez, et al. [45]. A trace amount of tantalum suboxide
was found on the powders and the coatings, which is also associated with an orthorhombic
structure (PDF 05-001-0683). According to Debye-Scherrer, the peaks at 26 =26.75°, 33.23°,
and 43.01° corresponding to f = 0.31°, 0.61°, and 0.58° indicated that the crystallite size is D

=30 nm, 16 nm, and 17 nm, respectively.
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Figure 4. 3: XRD data of tantalum oxide powders and as-deposited coating

Figure 4. 4 (a) shows Ta4f spectra collected from the surface of the tantalum oxide
coatings. The Ta 4f core level is a spin-orbit doublet corresponding to the levels Ta 4f7/2 and
Ta 4f5/2 at the binding energies of 26.3 eV and 28.1 eV, respectively. These binding energy
positions correspond to the +5 oxidation state of Ta, which corresponds to TaxOs [46,47].
Moreover, peaks in the lower binding energies (around 24.8 eV and 26.8 eV) can also be
observed, which corresponds to sub-oxides [46]. [Figure 4. 4 (a)]. In addition, two main Ols
peaks are found at binding energies (BE) of around 530.0 eV and 531.0 eV. The peak observed
at BE=530.0 eV is identified as O1, which is present in metal oxides, and the one found at
BE=531.0-531.5 eV is identified as O2, which is generally present in deficient metal oxide [48]
[Figure 4. 4 (b)]. The XPS surface analysis of the coatings corresponds to the XRD results, as

shown in Figure 4. 3.
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Figure 4. 4: (a) Ta4f and (b) Ols spectra of tantalum oxide coating

The ethanol-based tantalum oxide suspension was deposited on the 304L stainless steel
substrates resulting in an 84 + 4 um thick dense coating [Figure 4. 5 (a)]. Figure 4. 5 (b) shows
the high magnification SEM image of the cross-section with visible pores (i.e., porosity was 8
+ 0.6%). Additionally, the top surface of the as-sprayed tantalum oxide coating is shown in
Figure 4. 5 (¢). From this micrograph, the coatings appear to mainly consist of fully spread
splats, while some of the splats have broken up and some are present as semi-molted
agglomerated particles. Consequently, the surface roughness of the as-deposited coatings was
Sa = 5£1 um [Figure 4. 5 (d)]. The porosity (8 = 0.6%) and surface roughness (Sa = 5+1 pm)
of tantalum oxide coatings were comparable to literature on SPS deposited ceramic coatings
[49-51]. It should be noted that the roughness and porosity of the coatings can be significantly
influenced by the degree of melting of the feedstock particles and spraying parameters [29,52].
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Figure 4. 5: (a) low magnification SEM cross-section of tantalum oxide coating; and (b) high
magnification cross-section of tantalum oxide coating (c) SEM top surface of tantalum oxide

coating and corresponding (d) surface roughness

High magnification secondary SEM [Figure 4. 6 (a)] and corresponding ECCI [Figure 4.
6 (b)] imaging has been performed on the cross-section of the tantalum oxide coatings to
determine the grain size. The grains are more visible in ECCI imaging [Figure 4. 6 (b)]. The
grain size of the coating varied from 150 nm to 340 nm (not to be confused with the crystallite

size above).

Figure 4. 6: (a) Secondary SEM image of the cross-section of tantalum oxide coating and (b)

corresponding ECCI showing the grains
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Interestingly, some of black spots have been observed within the grains [Figure 4. 6 (b)]. EDS
analysis (not shown here) on these black spots did not show significant difference in the atomic
(at%) concentration of Ta and O. These black spots could be due to the presence of another
oxide phase of Ta, most probably the hexagonal (8) phase of Ta2Os or a suboxide (TaOx) as
previously reported in [45,53]. This correlates well with the observations of the XRD [Figure
4. 3] and XPS [Figure 4. 4] results.

The microhardness at 25°C & 300°C as well as the characteristics of the tantalum oxide
coatings are shown in Table 4. 3. The hardness value of the tantalum oxide coating was 595 +
41 HVo2at 25°C and 513 +£48 HVo. at 300°C. No cracks were observed on the coatings during
the microhardness experiment. The hardness of the coatings at 300°C was decreased by ~15%

compared to 25°C.

Table 4. 3: Characteristics of the tantalum oxide coatings

Coating Thickness Porosity Roughness (S.) Microhardness
Tantalum 595 £41 HVo0.2(25°C)
. 84 + 4 pm 8+£0.5% 541 um
oxide 513 £48 HV0.2(300°C)

4.3.2 Sliding wear behavior
4.3.2.1 Friction and wear

Figure 4. 7 shows the coefficient of friction versus number of cycles for the tantalum oxide
coatings at 25°C and 300°C. The Figure 4. 7 (inset) shows the friction behavior of the coatings
during the break-in phase. The friction coefficient increased rapidly from 0.1 to 0. 9 in the first
few cycles (running-in phase) at 25°C and henceforth remained constant throughout the test
cycles (steady state) until the end of the test. On the other hand, the friction value was ~0.6 at
300°C in the beginning and then gradually increased up 0.8 at around 100 cycles, where it
remained for the rest of the test (steady state). The fluctuations of the friction curve at 300°C
was high compared to 25°C. However, at both temperatures, a stable coefficient of friction was

reached after 100 cycles.
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Figure 4. 7: Coefficient of friction of tantalum oxide coating at 25°C and 300°C

The wear depths and wear rates of tantalum oxide coatings (at 25°C and 300°C) are shown
in Figure 4. 8 (a) and Figure 4. 8 (b) respectively. The wear depth of the worn coatings after
testing at 25°C was 40 pm and 18 pum at 300°C [Figure 4. 8 (a)]. The high wear led to the
generation of high amount of wear debris at 25°C, which was accumulated on the edge of wear
track, and appeared as high peaks on the sides of the wear track [Figure 4. 8 (a)]. Similarly,
the low pile up at the edge of the wear track at 300°C corresponded to low generation of wear
debris during sliding [Figure 4. 8 (a)]. Additionally, the wear track at 300°C (1.4 mm) was
comparatively or slightly wider than that at 25°C (1.2 mm). The corresponding wear rates of
the tantalum oxide coatings are shown in Figure 4. 8 (b). The specific wear rate of the coating

at 300°C (54107 mm?/Nm) was less than 50% compared to that at 25°C (123x10”° mm?*/Nm).
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Figure 4. 8: (a) Depth vs. lateral distance and (b) corresponding wear rate of tantalum oxide

coatings at 25°C and 300°C

4.3.2.2 Worn surface morphologies

The SEM images of the wear tracks after sliding at 25°C and 300°C are shown in Figure
4. 9. Apparently, the figures showed that the width of the wear tracks at 300°C was slightly
higher than at room temperatures. Also, the worn surfaces at elevated temperatures were quite
smoother than in atmospheric conditions [Figure 4. 9]. At 25°C, the presence of fragments,
cracks and potentially embedded debris particles appeared throughout the worn surfaces, which
is generally an indication of a lack of tribofilm formation [54] [Figure 4. 9 (b)]. EDS point
(i.e., shown in ‘+’) and area (not shown) analysis were performed on the wear tracks at room
temperatures [Figure 4. 9 (b)]. The average atomic percentage (Ta = 28+1.49 at% and O =
72+1.49 at%) of tantalum oxide is shown with EDS in Figure 4. 9 (c).
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Figure 4. 9: The SEM wear tracks of tantalum oxide coatings and the corresponding EDS
analysis at (a-c) 25°C and (d-e) 300°C. (+ indicates the EDS point)

At 300°C, smearing, pits, and some loose wear debris were observed on the worn surfaces
[Figure 4. 9 (e)]. Furthermore, a continuous smeared smooth layer with some grooves (i.e.,
due to plowing) was apparent on the worn surface. Similarly, to the wear track developed at
25°C, the EDS point [shown in ‘+’ orange] and area (not shown) analysis were also performed
on the wear tracks at 300°C. This analysis showed a significant amount of aluminium on the
worn surfaces. In order to see the distribution of the aluminium, an EDS line scan was
performed on the middle of the wear track perpendicular to the sliding direction [Figure 4. 9
(f)]. The distribution of Ta (26+0.48 at%) and O (70+0.53 at%) was uniform but the presence

of Al was higher in the middle of the wear track and significantly reduces towards the edges of
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the wear track [Figure 4. 9 (f)]. The aluminium concentration was present due to wear of the

AL20Os3 counterface during sliding.

XPS depth profiles on the unworn and worn surfaces after sliding at 25°C and 300°C were
performed to provide more information on the elemental variations, as shown in Figure 4. 10.
It was shown that the number of different suboxides of tantalum oxides increased with
increasing the sputtering time. This could be due to the depletion of O atoms and the temporary
generation of O vacancies. It should be pointed out that this may also be due to the Ar"
bombardment on the surface of tantalum oxide coating [53]. After a sputtering time of 140
seconds, six doublets can be observed corresponding to the Ta’, Ta'*, Ta?*, Ta’", Ta*', and Ta>"
states with binding energies 20.6 eV, 21.4 eV, 23.9 eV, 25.5 eV, 25.2 eV and 26.1 eV,
respectively. Additionally, the XPS analysis showed the behavior of oxygen (O1) and deficient
oxygen (O2) as a function of the sputtering time. The atomic concentration was nearly identical
for the unworn and worn surface at elevated temperatures. However, a variation of the oxygen
states associated with tantalum oxides or suboxides was observed on the worn surface at 25°C
when compared to the unworn surface at 25°C. In addition, the presence of an aluminium peak

(associated with alumina) was detected on the surface and near-surface regions due to the

counterface's wear (Al203).
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Figure 4. 10: XPS depth profiles of unworn and worn surfaces of tantalum oxide coatings at

25°C and 300°C
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4.3.2.3 Subsurface microstructure

SEM imaging of the wear track cross-section after the wear tests at 25°C and 300°C is
shown in Figure 4. 11. The cross-sections were performed in the middle of the wear tracks
perpendicular to the sliding directions. At 25°C, the cross-section of the wear tracks appeared
with cracks, brittle fractures, detachments of the top layers of coatings after the sliding tests
[Figure 4. 11 (a, b)]. The brittle fractures and the detachment of the coatings as a large debris
could show as the large, embedded debris particles that appeared throughout the SEM worn
surfaces [Figure 4. 9 (a, b)]. On the other hand, no evident cracks were observed on the cross-
section of the wear tracks after wear tests at 300°C [Figure 4. 11 (¢, d)], which could be due
to the more ductile behavior of the oxide [55]. This smooth wear track cross-sections can be
corelated with the smooth and continuous smeared layer of the wear track surfaces [Figure 4.

9 (a, b)].

Figure 4. 11: The SEM wear tracks cross-section of tantalum oxide coatings after sliding

tests at (a-b) 25°C and (c-d) 300°C. ®-indicates sliding direction.
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4.3.2.4 Sliding counterface

SEM images of alumina counterball after sliding at 25°C and 300°C are shown in Figure
4. 12. The transfer of the tantalum oxide appeared in a more restricted area at 25°C [Figure 4.
12 (a)]. On the other hand, Al2O3 counterball for the high-temperature tests appeared to have a
higher amount of wear with a large contact area [Figure 4. 12 (b)]. The average values of EDS
point analysis at different locations on the transfer film indicated the elements Ta (~ 18 at%)
and O (~ 72 at%) of the tantalum oxide coatings as well as Al (~ 10 at%), which was from
Al203 ball. Interestingly, there were no differences in the compositional elements observed at

25°C and 300°C [Figure 4. 12 (c, d)].

O (at%) 72 +0.28 O (at%) 72 +£1.03
Al (at%) 10 +0.84 Al (at%) 10 +1.17
Ta (at%) 18 = 0.66 Ta (at%) 18 +1.92

o Jo %

ull Scale 4658 cts Cursor: 0.000 keV] Full Scale 3929 cts Cursor: 0.000 keV|

Figure 4. 12: The SEM images of counterball Al203 and corresponding EDS results at (a, c)
25°C and (b, d) 300°C. The star points indicate the EDS analysis.

The wear of the alumina counterball is shown in Table 4. 4. The calculated wear rate of the
worn Al2O3 counterball was 1010 mm*/Nm at 25°C and 36 x10°® mm*/Nm at 300°C. The
high concentric contact area at 300°C that appeared in Figure 4. 12 (b) corresponded to the
comparatively wider wear depth in Figure 4. 8 (a) and Figure 4. 9 (d). It is possible that the
ball wears out at the beginning of the sliding and subsequently builds up the transfer film
[Figure 4. 12 (a, b)]. Similar behavior of the Al203 counterface wear has been observed against
atmospheric plasma sprayed ZrO2-5Ca0O and TiO2-45Cr203 coatings [56,57]. The high local
contact temperature during sliding could be the reasons of high wear of the alumina counterball

at 300°C.
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Table 4. 4: Wear rate of counterface Al2O3 against tantalum oxide coatings at 25°C and 300°C
after dry sliding wear testing.

Testing Temperature Counterface Wear Ratex10-% (mm?3/Nm)
25°C 10 £7.33
300°C 36 +4.30

4.4 Discussions

4.4.1 Coating characteristics

A dense microstructure of tantalum oxide coating was produced by means of the radial
injection SPS process [Figure 4. 5 (a, b)]. The smaller nozzle size (5 mm) and the optimization
of the spraying parameters such as the spray distance (30 mm), plasma gas (Ar/He), and power
(24 kW), all played a significant role in producing a dense microstructure [36,58].
Consequently, the final coatings comprised of fully dispersed, broken up, and semi-molten
agglomerated particles [Figure 4. 5 (¢)]. Throughout spraying, the particles were in a molten
state and impacted onto the substrate at a relatively high velocity (i.e., 550m/sec), resulting in
fully dispersed particles (i.e., splat). The broken-up splats may have resulted from evaporation
during spraying due to the relatively low evaporation temperature of tantalum oxide. A similar
behavior has also been previously reported for the SPS process [59].

The ECCI images of the tantalum oxide coating revealed grain sizes ranging from 150 nm
to 340 nm [Figure 4. 6]. This indicates the nanocrystalline microstructure of the coatings,
which is typical for SPS-deposited coatings. This microstructure can be explained by the
formation of thin splats on the substrate or on already deposited material [32].

The microhardness of the tantalum oxide coating was 595 + 41 HVo:2 in atmospheric
temperatures, which is comparable to previously published literature on tantalum oxides
[60,61]. However, the microhardness of the SPS coatings at 300°C (513 + 48 HVo.2) was
approximately 15% lower compared to that at 25°C (595 + 41 HVo.2) [Table 4. 3]. The
decrement of hardness at high temperatures has also been previously observed with other

oxides and can possibly be explained by the softening effect [62].
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4.4.2 Friction and wear mechanisms

The friction coefficient of the tantalum oxide coatings developed in this study was 0.9 at
25°C [Figure 4. 7]. This was consistent with the study performed by Stone, D. S., et al. [1],
who showed that the friction value of tantalum oxide coatings produced by PVD was ~ 0.9
when tested at room temperature. In our study, however, the friction coefficient at room
temperature was initially lower (i.e., within the first few cycles) and then increased upon further
sliding. The low friction during the early stages of the testing can possibly be attributed to the
presence of surface contaminants and, consequently decreased amount of adhesion [63]. Upon
further sliding, the contamination layers and elements were removed from the surface, which
could increase the amount of adhesion and consequently increase the friction coefficient [43].
In addition, more debris particles were generated and consequently, entrapped particles can
further increase the friction. This friction coefficient behavior was consistent with the ones
observed with other oxides in literature (i.e., Al2O03 [50], TiO2 [64], Cr203 [65], and ZrO:-
3Y203 [66]).

At elevated temperatures, the friction coefficient of the tantalum oxide coatings was slightly
lower. This is consistent with the behavior observed for tantalum oxide coatings deposited by
PVD when tested at elevated temperatures (i.e., 350°C) [1]. The reduction of the friction
coefficient can be explained by the softening of the coatings (i.e., low shear strength) [1,14,15],
which correlates well with the hardness reduction (i.e., from 595+ 41 HVo.2to 513 £48 HVo.2)
at 300°C [Table 4. 3]. Furthermore, a smeared or continuous smooth layer [Figure 4. 9 (e)]
was formed on the worn surface at elevated temperatures, which could have experienced
ductile deformation and consequently reduced friction [55]. It should be noted that the testing
temperature (i.e., 300°C) was relatively low however, taking into consideration the high
frictional heating, in part due to the low thermal conductivity of tantalum oxide (i.e., thermal
conductivity of tantalum oxide is 5 W/m.K. [67]) at high testing temperatures [46], the local
contact temperature during sliding was significantly higher. Thus, the combination of high
contact temperature and low shear strength promoted the easier formation of a continuous
smooth layer resulting in steady-state conditions (i.e., lower friction compared to room
temperature testing). In some cases, the presence of Magnéli's phases or substoichiometric
oxides can reduce the friction coefficient [68], which also correlates well with the XPS analysis
of the worn surface at elevated temperature, where a thin layer of suboxides was observed

[Figure 4. 10].
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Figure 4. 13: Schematic of wear mechanisms of tantalum oxide coatings at (a) 25°C and (b)

300°C

Based on the ex-situ analysis, a schematic of wear mechanisms of tantalum oxide coatings
at 25°C and 300°C was drawn and shown in Figure 4. 13. The higher wear rate at 25°C [Figure
4. 8] can be attributed to the lack of a tribofilm formation and the presence of higher amount
of debris particles as well as brittle fracture [see Figure 4. 13 (a)], which could have contributed
to two or three body abrasion. This is consistent with the XPS analysis on the worn surface at
room temperature revealing the presence of a thicker suboxide layer, which could be brittle
under these conditions. Crack formation and brittle behavior of ceramics at room temperature
have been previously reported to accelerate the detachment of wear fragments during sliding
and generate high wear debris [69]. A similar behavior has also been previously observed for
plasma-sprayed alumina coatings [50,70,71], where brittle fracture and abrasive grooving were
the main wear mechanisms in their findings. In addition, brittle cracks and debris detachment
for tribologically induced CoO glaze layer of Haynes 25 at a room to 200°C has been
previously observed by Viat et al. [72], which resulted in relatively high wear rates.

At elevated temperatures, due to potentially increased cohesion and more ductile behavior
of the ceramic coating, the asperity contacts cause plastic flow and displacement of material

rather than fracture, resulting in a smeared layer on the worn surfaces [Figure 4. 13 (b)] and

108



consequently lower wear rates [43]. Low wear rates of other oxides (i.e., CoO and mixed CoO
& Cr203 ) have also been previously observed and were attributed to their more ductile
behavior at elevated temperatures (400°C and above) [72,73]. However, further
characterization needs to be performed to fully understand the brittle to ductile behavior of this
tantalum oxide coating. Interestingly, the wear on the Al2O3 counterface was higher for the tests
performed at elevated temperatures [Figure 4. 12 (b)]. This can be explained by the relatively
high contacting temperatures under these conditions. It should be noted that the presence of
alumina on the surface of the wear tracks at elevated temperatures [Figure 4. 9 (d-f); Figure

4. 10 (Worn (300°C)] could have also assisted in reducing the wear during sliding [14].
4.5 Conclusions

A radial injection SPS process was utilized to produce dense tantalum oxide coatings by
optimizing the spray parameters such as nozzle size, spray distance, plasma gas compositions,
and plasma power. It was observed that the friction coefficient of tantalum oxide slightly
decreased with increasing temperature (i.e., 0.9 at 25°C and 0.8 at 300°C). Similarly, the
tantalum oxide coating showed significantly lower wear rates at 300°C (54x10° mm?/Nm)
when compared to 25°C (123x10° mm?/Nm). This can be attributed to the more ductile
behavior of the ceramic coating at elevated temperatures resulting in a displacement of material
rather than its removal. The higher frictional heating led to the formation of a smeared or
continuous smooth layer on the wear tracks with a stable transfer film on the counterface and
consequently decreased wear at 300°C. Thus, based on the results obtained in this study, the
nanocrystalline tantalum oxide coatings could be a salient solution in improving wear
resistance in demanding conditions. However, the influence of spraying parameters on the
coating microstructure and tribological characteristics need to be further investigated under

various testing conditions.
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Chapter 5

Enhanced Wear Resistance of Cobalt Oxide Over Nickel Oxide*

Abstract

Oxide-based coatings are being extensively investigated as potential solutions for high-
temperature solid lubrication owing to their high thermal and chemical stability. Therefore, this
study aimed to investigate the tribological behavior of the thermally sprayed CoO and NiO
coatings. The dry sliding wear tests were conducted against the alumina counterface at room
and high temperatures using a ball-on-disc tribometer. The results revealed that the friction and
wear of CoO coatings decreased with increasing temperatures, while the NiO coatings showed
opposite behaviors. Ex-situ (SEM/FIB, XPS) analysis revealed that the formation of thin
amorphous nanocrystalline tribofilm decreased friction and wear at high temperatures. On the
other hand, NiO high friction and wear at high temperatures were caused by the worn-out
coatings, while at room temperatures, it showed the existence of brittle, cracked, and detached

tribofilm on the wear track.

Keywords: CoO, NiO, thermal spray, glaze layer, tribology

* This chapter has been published as a research article in the Tribology Letters. A.Roy, V. Jalilvand,
S. Mohammadkhani, P. Patel, A. Dolatabadi, L. Roue, D. Guay, R. R. Chromik, C. Moreau, P.
Stoyanov. "Enhanced wear resistance of cobalt oxide over nickel oxide." Tribology Letters 71.3 (2023):
99.
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5.1 Introduction

The performance of mechanical systems or machineries operating in demanding
environments (e.g., power generation, transportation, materials processing, and aircraft
engines) is often limited by the tribological behavior of employed materials and coatings [1—
5]. Co and Ni-based superalloys are widely used in high-temperature tribological applications
due to their excellent strength, creep, and fatigue resistance at high temperatures [6—10].
Additionally, these alloys generate wear debris during sliding, which oxidize, and
sinter/consolidate within the contacting interfaces forming the so-called “glaze” layer and
consequently reducing the wear [3,11,12]. However, this glaze/oxide formation is affected by
various factors, including temperatures, sliding speed, applied load, the chemical nature of
surfaces, etc. [13—15]. Dellacorte et al. [16] showed that a substantial reduction in friction
appeared due to the formation of lubricious oxide layers when Co-based superalloy (i.e.,
Haynes 188) was sliding against Pt-coated MoRe at ~500°C. A similar observation was
observed by Coskun et al. [17], who found that Co-based superalloys (i.e., Haynes 25, Haynes
188, Haynes 214) form Co oxides protective layer along with Ni, Cr, and W oxides against
Hastelloy X at 540°C in sliding process. The process of glaze layer formation, spallation, and
reformation by the load-bearing oxides during the sliding of Stellite 6 at 600°C was analyzed
by Wood et al. [12]. The authors identified six stages of wear: (i) mixed oxide glaze formation,
(i1) Co and Cr diffusion to the glaze layer and hence forming Co and Cr dominated oxide layers,
(ii1) oxygen diffusion to the glaze, (iv) spallation of the glaze, (v) reformation of the glaze, and
(vi) elemental diffusion within the glaze. Similarly, Inman et al. [7,8] demonstrated the effect
of sliding on glaze layer formation at 750°C for Nimonic 80A against Stellite 6. It was shown
that low speed sliding (i.e., 0.314 m/s) resulted in the rapid development of a wear-resistant
nano-structured Co/Cr/Ni oxide layer. In contrast, high speed sliding (i.e., 0.905 m/s) caused
the formation of abrasive NiO and Cr203 debris. Furthermore, the authors concluded that lack
of retention of a high amount of oxides led to loose abrasive wear debris and an increase in
wear rate. In addition, Viat et al. [18] and Korashy et al. [19] showed cracks and a brittle nature
of tribologically induced cobalt oxides glaze layer on Haynes 25 up to 200°C, which increased
the friction and wear coefficient. A similar behavior has been recently observed by Munagala
et al. [20] for their HVOF-sprayed Diamalloy 3001 coatings up to 350°C. They authors noticed
the formation of cavity/cracks on the oxides tribolayer, and eventually, detachments of that
layer led to an increment of wear rate at high temperatures. While the formation of mixed

oxides on the wear tracks during sliding has shown to reduce the friction and wear for Co-
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based alloys, researchers claimed that a significant contribution comes from the cobalt oxides
glaze layer [21-24]. In addition, more detailed analysis has previously revealed that this cobalt
oxide glaze layer is nanocrystalline [11,13,25] and some studies emphasized the presence of
amorphous zones near the surface [13,26]. Similar results were also reported by Alixe et al.
[27]. The authors showed that a thin 20 nm amorphous layer was present above the cobalt oxide
glaze layer closer to the contacting interfaces, which improved the tribology of the Co-based
alloy.

Similarly to Co-based alloys, Stott et al. [3] showed that the friction coefficient of nickel-
based superalloys (i.e., Nimonic 75, Nimonic C263, Nimonic 108, and Incoloy 601) is reduced
at high temperature (i.e., from 200°C to 800°C). This friction reduction could be due to the
sintering of debris particles and formation of protective oxide (i.e., NiO, CoO, FeO, Cr20s3,
NiCr204) layers on the wear track. In a similar study on nickel-based alloys, Laskowski et al.
[28] observed the oxidation of the alloys at high temperatures (i.e., 500°C and 800°C). It was
shown that the Inconel X-750 vs Rene 41 had the lowest friction coefficient (0.27) at 800°C.
In contrast, the Inconel X-750 vs Inconel 909 showed the lowest pin wear (i.e., 2.84x10°
mm?>/N-m) at 500°C due to the formation of tenacious and lubricious oxide (i.e., Ni-Cr oxide)
film on the wear tracks.

Thus, the formation of oxides in the contacting interfaces of the cobalt and nickel-based
superalloys has been shown to reduce friction and wear, with the main constituent oxides being
cobalt oxide and nickel oxide. These oxides play a significant role on the tribological properties
at different temperatures, as first predicted by Peterson [29]. The authors studied the frictional
behavior of sintered cobalt and nickel oxides at different temperatures and showed that the
cobalt oxide has improved lubricity compared to nickel oxide, even though they have similar
rock salt crystal structure and ionic potential. However, it still remains unclear on what the
driving mechanism is behind the difference in frictional behavior between the cobalt oxide and
nickel oxide.

The main purpose of this study is to critically evaluate the friction and wear behavior of
thermally sprayed CoO and NiO coatings at room temperature and high temperature. Emphasis
is placed on providing a better understanding on the mechanisms behind the lubricating
behavior. To the best of the author's knowledge, there is no data available on the tribological

behavior of pure CoO and NiO coatings produced by such a thermal spraying process.
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5.2 Experimental

CoO and NiO coatings were produced using HVOF and SPS, respectively. The HVOF
process permits depositing the particles at a higher velocity and low inflight temperatures,
which allows for forming a dense coating with limited porosity [30]. NiO coatings were
produced using SPS (Mettech, Canada) due to the lack of availability of larger particle sizes
necessary for producing coatings using HVOF. However, the SPS process also allows the
formation of coatings with thin splats on the substrate, which can be beneficial for wear-
resistance applications [31]. The substrate preparation for spraying, powder morphology and
particle size details can be found in previously published articles [32,33]. Moreover, the details
of the working principle of the HVOF and SPS process can be found in previously published
literature by the authors and co-authors [30,34,35]. The spraying parameters of CoO and NiO
coatings are explained in Table 5. 1.

Table 5. 1: Thermal spraying parameters used for depositing CoO and NiO coating

Deposition parameters (HVOF) Values (SPS) Values

Oxygen flow 217 lpm --
Propylene flow 70 Ipm --

Air flow 167 lpm --

Total gas flow - 180 Ipm
Nz carrier gas flow 15 Ipm --

Ar gas flow rate -- 45 %

N2 gas flow rate -- 45 %

H:> gas flow rate -- 10 %
Current -- 180 amps
Power - 78 kW
Feed rate 10 gm/min 45 ml/min
Spray distance 180 mm 50 mm
Number of passes 55 80

According to standard metallographic guidelines, the as-sprayed coatings were cold-
mounted and polished to a final surface finish of 0.4 um. The top surface and cross-section of
the HVOF and SPS sprayed CoO and NiO coatings were analyzed using scanning electron
microscopy (SEM). Likewise, the chemical composition was determined by energy-dispersive

X-ray spectroscopy (EDS).
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Dry sliding wear tests on the coatings were performed using a reciprocating ball-on-disc
tribometer (Anton Paar TriTec SA, Switzerland). The details of the friction testing parameters
(i.e., applied load of 5N, sliding speed of 3.14 cm/s, track length of 10 mm, and total sliding
cycles of 5000) were adopted from the previously published article [30]. The friction testing
parameters were selected based on the conditions of moving mechanical assemblies [30]. An
alumina (McMaster-Carr, USA) ball with a diameter of 6.35 mm was used as the counterface.
The wear testing was performed on the as-sprayed coatings (i.e., without further polishing the
top surfaces of the coatings) at two different temperatures: room or atmospheric temperature
(RT), and high temperature (HT). For the high-temperature (HT) testing, the samples
(substrate/coating) were placed in the furnace, where they were heated to 450°C. The
temperature recorded on the surface of the coating was around 300°C (i.e., using a
thermocouple). In this study, the atmospheric and high temperatures friction testing conditions
were denoted as RT and HT, respectively. Here, it can be mentioned that friction testing was
also performed on the polished coatings (not shown here), but no significant changes in the
friction results were noticed. Thus, further characterization was carried out on the as-sprayed
coating wear tracks. The main motive behind choosing as-sprayed conditions was to make it
applicable in practical applications without performing additional surface finishing processes,
which will reduce the lead time and cost of the overall component. The consistency of the wear
tests was checked by performing three repeats. The depth of wear tracks and wear volume of
counterface alumina was measured using a 3D optical surface profiler (Zygo Corporation,
USA). The wear area (mm?) was calculated by integrating the wear track profiles, and the wear
area was multiplied by track length (mm) to determine the wear volume (mm?). The wear
volume was normalized by dividing with applied load (N) and total sliding distance (m) to

obtain the specific wear rate, kK (mm?/N.m.), as per the equation above [36].

—V 5.1
=T (5.1)

where, V = volume loss (mm?), d is the total sliding distance (m), and w is the applied load

(N).

To characterize the phases after tribological testing, Raman analysis was performed using

k

an InVia spectrometer (Renishaw, UK) on the unworn and worn coatings with an Ar" ion (A =
514.5 nm) laser source. The obtained Raman shift was matched with published literature data.

In order to reveal wear mechanisms, Focus Ion Beam Scanning (FIB) (FEI Helios 600
NanoLab 660, Thermo Fisher Scientific, USA) was also used to cut the specific position of the

worn surface of CoO wear tracks. A Ga/Pt thin layer was deposited on the wear tracks to protect
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the surface. An electron channeling contrast imaging (ECCI) was performed on this FIB cut to
see the grain refinement and structure. ECCI on the wear tracks cross-sections was performed
using a cold field emission SEM (SU8230, Hitachi, Japan) fitted with a photodiode BSE
detector. Moreover, worn surfaces and manual cross-sections of wear tracks of NiO coatings
were examined using an SEM equipped with energy-dispersive X-ray spectroscopy (EDS).
An X-ray photoelectron spectroscopy (XPS) was performed on as-sprayed CoO coatings
and wear tracks after sliding tests at RT and HT with a VG ESCALAB 250 Xi (Thermo VG
Scientific) Al Kq X-ray source set to 14 kV and 218 W. The coating's atomic concentration and

chemical/oxidates states were evaluated with this XPS analysis.
5.3 Results

5.3.1 Coating characteristics

The XRD graph of CoO and NiO coatings is shown in Figure 5. 1. The diffraction peaks
associated with 49.77° (200), 73.03° (220), 88.49° (311), 93.57° (222), and 114.6° (400) can
be indexed to Powder Diffraction File (PDF) 04-004-8987 for CoO [Figure 5. 1 (a)]. The NiO
powder was partially reduced into metallic Ni for NiO coating [Figure 5. 1 (b)]. The
diffractions peaks (i.e., 43.54° (101), 50.72° (012), 74.53° (110), 90.50° (113), 95.90° (006))
for NiO and Ni (i.e., 52.18° (111), 61.02° (200), 91.76° (220), 114.69° (311) matched with PDF
00-044-1159, and PDF 00-004-0850, respectively. The reduction of the NiO into pure Ni could
be due to the presence of hydrogen gas during spraying, which can be explained using the
Ellingham diagram [37,38]. The different conditions/reasons for reducing NiO into metallic Ni

have been previously described by co-authors elsewhere [33,39].
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Figure S. 1: XRD pattern of coatings prepared from (a) CoO and (b) NiO powder
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SEM cross-sections of the CoO and NiO coatings are shown in Figure 5. 2 (a), and Figure

5. 2 (b), respectively. The CoO coating revealed a denser microstructure which can possibly

attributed to the high velocity of the in-flight particles of the HVOF process [30] [Figure 5. 2
(@)].

CoO Coating

On the other hand, an irregular surface with cauliflowers (not shown here) has been observed
on the surface of the NiO coatings. The presence of pores (red circle) and metallic Ni (yellow
arrows) in the NiO coatings is shown in [Figure 5. 2 (b)]. These results were further confirmed
by the line scans on the coatings shown in Figure 5. 3. The high intensity on white zones
indicated Ni, whereas the grey contrast showed the homogenous distribution of Ni and O,

proving the NiO phase [Figure 5. 3]. The details of the coating's surface morphology and

microstructures of CoO and NiO were described elsewhere [32,33].

Al Elements

At

Figure 5. 3: Cross-sectional SEM line scan of NiO coating, showing the distribution of NiO

and metallic Ni
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5.3.2 Sliding wear behavior
5.3.2.1 Coefficient of friction and specific wear rate

The coefficient of friction vs number of cycles of CoO and NiO coatings is shown in Figure
5. 4. The coefficient of friction of the CoO and NiO coatings behaved quite differently at both,
room temperature (RT) and high temperature (HT). At RT, the friction coefficient of the CoO
and NiO was 0.63 and 0.45, respectively. On the other hand, at HT, the friction value of the
CoO decreased to 0.5, whereas NiO friction coefficient increased (i.e., 0.7) up to 500 cycles
and then dropped to 0.5. The sudden reduction of the friction coefficient of NiO at HT was due
to the wear out of the coatings. In order to confirmed that further sliding wear testing was
performed on NiO coating up to 500 and 1000 cycles at HT. It was found that the coatings worn
out after 500 cycles which was verified by finding substrate elements (i.e., Fe, Cr, Mn, Si)
using the SEM/EDS mapping on the worn surfaces [Figure 5. 5]. Furthermore, a small fraction
of Al was found on the wear tracks which was from counterball Al2O3 [Figure 5. 5]. However,
the friction coefficient of CoO and NiO at RT and CoO at HT maintained a steady state in all
conditions except in the first few cycles, which could be due to the asperity polishing during

sliding [40].
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Figure 5. 4: Friction coefficient vs no. of cycle of CoO and NiO coatings at room (RT) and

high temperature (HT)
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Figure 5. 5: SEM-EDS mapping of wear track after sliding 500 cycles at high temperature
(HT) on the NiO coating

The specific wear rate of CoO and NiO coatings at RT and HT is shown in Figure 5. 6. The
wear rate of the CoO at RT and HT was 22 + 2.4 x10°® mm’/Nm and 12 + 2.0 x10* mm?/Nm,
respectively. On the other hand, the NiO wear rate (42 = 6.04 x10°® mm?/Nm) was more than
45% higher than CoO at RT. The NiO coating has also worn out at high temperatures after the
sliding test. Therefore, the wear rate at this temperature was relatively high and not depicted in

Figure 5. 6 but mentioned as 'coating worn out'.
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Figure 5. 6: Specific wear rate of CoO and NiO coatings at room (RT) and high temperature
(HT)
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5.3.2.2 Worn surface morphologies

Figure 5. 7 shows the SEM wear tracks of the CoO and NiO coatings after the dry sliding
tests at RT and HT. Figure 5. 7 (a) shows the deep abrasive mark along the sliding direction
with some grooves or grain pull out on the wear tracks. The grain pull-outs were mainly found
in the ceramics where the boundaries of the surface grains were weaker and hence removed as
the wear debris during sliding [41]. It should be noted that most of the wear debris are likely
generated at the beginning of the testing due to the removal of the asperities. At HT. a

comparatively smooth smeared surface with some shallow abrasive marks was observed on the

worn surfaces [Figure 5. 7 (b)].

Figure 5. 7: SEM micrograph of the wear tracks after dry sliding test of (a) CoO at RT, (b)
CoO at HT; (¢) NiO at RT and (d) NiO at HT. { indicate sliding directions

Abrasive lines/grooves parallel to the sliding direction for the NiO coatings was observed
at RT [Figure 5. 7 (c¢)]. Additionally, fracture, and/or cracks propagated on the wear tracks
perpendicular to the sliding direction or at a slight angle. On the contrary, the NiO coatings
wore out after sliding at 5000 cycles at HT. The size of the debris particles varied between a

few micrometers and the composition is a mixture between the substrate (i.e., steel) elements
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and the coating (not shown here). This behavior indicated the low load-carrying capacity or

poor wear resistance properties of NiO coatings at HT.
5.3.2.3 Raman analysis

Raman analysis was performed on the deposited coatings and worn surfaces (i.e., CoO and
NiO) after sliding at RT and HT (except wear track of NiO at HT as it worn out) as shown in
Figure 5. 8. The micro-Raman analysis on the CoO and NiO coatings correlated well with the
XRD analysis [Figure 5. 1]. However, pure metallic Ni in the NiO coating [Figure 5. 1 (b)]

was not detected with the Raman spectrum [Figure 5. 8 (b)] as it is not Raman active.
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Figure 5. 8: Raman spectrum of unworn and worn coatings at (a) room temperature (RT) and

(b) high temperature (HT)

The characteristic peaks at Raman shift 190 cm™ ,477 cm™, 516 cm™ and 680 cm! in the
unworn, worn coatings at RT and HT corresponding to the CoO phase [Figure 5. 8 (a)] [42,43].
The peaks at Raman shift 545 cm™ and 1080 cm™! corresponds to NiO phase [Figure 5. 8 (b)]
[42,44].

5.3.2.4 Counterface analysis

Counterface against CoO coating: SEM images of the Al2O3 counterball running against
CoO are shown in Figure 5. 9 after sliding testing at RT and HT. The RT counterball shows
material transfer on the center and periphery of the contact [Figure 5. 9 (a)]. In addition, the
SEM image [Figure S. 9 (a, b)] depicted severe abrasive marks in the sliding direction with
materials island covering parts of the grooves. This severe abrasive behavior of the counterball
is similar to that observed on the wear tracks at RT [Figure 5. 7 (a)]. A similar behavior was
also observed on the for the HT counterball [Figure 5. 9 (c-d)]. However, the abrasive grooves

were less evident, which correlates well with the wear tracks at HT Figure S. 7 (b). The wear
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of the counterballs Al2O3 was observed after dry sliding at RT (i.e., 0.65 £ 0.02x10 mm?/Nm)

and HT (i.e., 0.67 £ 0.002x10°° mm>/Nm) was almost the same as illustrated in Table 5. 2.
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Figure 5. 9: SEM microstructures of Al2O3 counterfaces sliding against CoO coatings at (a-b)

room temperature (RT), and (c-d) high temperature (HT)

Table 5. 2: Wear rate of Al203 counterface against CoO and NiO coatings at RT and HT after

dry sliding wear testing.

Coating Testing Condition Counterface Wear Ratex10° (mm3/Nm)

RT 0.65+0.02
CoO

HT 0.67 £0.002

RT 1.20 £ 0.02
NiO

HT 15.32+0.6

Counterface against NiO coating: The Al203 counterfaces sliding against the NiO coatings at

RT and HT are shown in Figure 5. 10. Severe abrasive grooves with transferred material in

the centre of the contact can be observed at RT counterfaces [Figure 5. 10 (a-b)]. The abrasive

behavior could possibly be due to the abrasive nature of the NiO debris particles that formed

on the wear tracks at RT [Figure 5. 7 (¢)]. On the other hand, a vast and thick transfer film

mixed with NiO and steel elements (not shown here) in the center and edges of the contact has
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been observed at HT counterfaces [Figure 5. 10 (c-d)]. This thick transfer is likely due to the
worn-out of the NiO coatings after the sliding test at HT [Figure 5. 7 (d)]. On the other hand,

the wear on the alumina counterface at RT (i.e., 1.2 = 0.02x10® mm?*/Nm) was low than HT

Figure 5. 10: SEM microstructures of Al2O3 counterfaces sliding against NiO coatings at (a-

b) room temperature (RT), and (c-d) high temperature (HT)

5.3.2.5 Subsurface microstructure

CoO subsurface analysis: The material's properties and microstructures in the subsurface
(i.e., underneath the wear track) is generally modified during sliding in demanding conditions
due to stress transfer or contact conditions during sliding, influencing the friction and wear
mechanisms [20,45]. Thus, FIB/SEM analysis was performed on the wear tracks (preferably
on the smoother zones) developed at RT and HT to characterize the subsurface microstructures.
Figure 5. 11 (a & d) shows the Focused Ion Beam (FIB)-SEM images in low magnification at
RT and HT, respectively. The high-magnification ECCI images at RT are shown in Figure 5.
11 (b & c), which clearly reveal submicrometric grains throughout the micrographs. No
apparent tribofilm or grain refinement was observed near the contact interfaces. In addition,
crack propagation and /or fractures appeared below the worn surface (i.e., closer to contact

interfaces). Interestingly, three (I, II & III) distinct zones along with sintered or compacted
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grains can be seen in the ECCI cross-section of the wear track at HT [Figure 5. 11 (e-f)]. Zone
I is associated with the nanocrystalline/amorphous layer on the surface. Zone II is the
nanocrystalline zone underneath and Zone I1I is the sub-micrometric zone.

EDS mapping and line analysis were performed on the CoO wear tracks to distinguish the
variation of Co and O [Figure 5. 12]. Co and O were distributed homogeneously on the sub-
surface without any variation. This was an initial indication that the only structural
modifications (i.e., grain refinement) of the coatings in the sub-surface occurred during sliding

at HT [Figure 5. 11 (e-f)].

o

(2) PR Rt
Pt/Ga layer Pt/Ga layer

........
------
........
---------------------

Figure 5. 11: SEM/FIB image of CoO coatings at (a) room temperature (RT) and (d) high
temperature (HT). ECCI micrograph of this FIB cut of CoO wear track at (b-c) RT and (e-f)
HT; Zone I: nanocrystalline/amorphous layer, Zone II: nanocrystalline zone, and Zone II1:

sub-micrometric zone.
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Figure 5. 12: EDS mapping and line analysis (i.e., top to bottom) of CoO at room
temperature (RT) and high temperature (HT)
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Figure 5. 13: XPS depth profiles of CoO (a) coating, (b) wear track at room temperature

(RT), and (c) wear track at high temperature (HT)
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The x-ray photoelectron spectroscopy (XPS) showed no significant variation of Co and O
elements in the coatings and the wear tracks at RT [Figure 5. 13 (a-b)]. However, HT wear
tracks showed a variation of Co and O on the surface and remained similar as a function of
depth [Figure 5. 13 (¢)]. The Co and O elements on the HT wear track could be associated with
Co030a.

NiO subsurface analysis: The cross-section of the NiO coating after wear testing at RT is
shown in Figure 5. 14. It should be noted that the cross-section of the NiO wear track at HT is

not shown here since it was completely worn out after friction testing.

Figure 5. 14: SEM-cross-section of wear tracks of NiO coatings after tribotesting at room
temperature (RT). Blue arrows and yellow circles showed spallation and cracks in the

tribolayer. @ indicate sliding direction.

A dense layer (i.e. tribofilm) at RT was formed on the wear tracks, as shown in Figure 5. 14
(a), which can be associated with cracks, brittle fractures, and spallation from the coating
[Figure 5. 14 (b-c)]. The cracks (i.e., yellow circles) within the tribolayer are consistent with
the cracks observed on the surface of the wear tracks Figure 5. 7 (¢). These characteristics can

be related to the hard and brittle behavior of the tribolayer [46—48].

5.4 Discussion

5.4.1 Friction and wear mechanisms of CoO coatings

In order to provide a better understanding on the friction and wear mechanisms of CoO

coatings sliding at RT and HT, a schematic is shown in Figure 5. 15 based on the ex-situ
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analysis performed in this study. At room temperature, the governing wear mechanism is
abrasion (i.e., possibly 2 or 3 body abrasions) with significant plastic flow of the asperities,
which is indicated through the grooves in the parallel direction to the sliding, [Figure 5. 7 (a)]
[49]. In addition, it is likely that localized shear deformation occurred due to the cyclic
exposure of the wear track. The cyclic loading and frictional heating in the contact zone at RT
were not sufficient to change any sub-surface grain refinement and thus, sub-micrometric
grains were observed throughout the sub-surface [Figure 5. 15 (a)]. However, this cyclic
loading led to the development of sub-surface cracks [Figure 5. 11 (b-c¢) and Figure 5. 15 (a)],
detachment of materials from the worn surface, and formation of wear debris that accelerated
severe abrasion, resulting in high friction and wear rates [Figure 5. 4 and Figure 5. 6]. Crack
formation and brittle behavior of ceramics at room temperature could accelerate detachment of
wear fragments during sliding, generate high wear debris, and cause increased friction and wear
[40]. A similar formation of brittle cracks on the wear tracks has been observed on the
tribologically induced cobalt oxides for Co-based alloys, which were previously reported by
Viat et al. [18], Korashy et al. [19] and Munagala et al. [20]. Also, Viat et al. [18] proved by
micropillar compression testing that this oxides layer behaved as brittle behavior from room to

200°C, which resulted in relatively high friction and wear rates at room temperatures.

(a) Room Temperature (RT) (b) High Temperature (HT)

Cracks Zone I (Amorphous) Zone II (Nanocrystalline)

Sub-micrometric Zone 111 (Sub-micrometric)

Figure 5. 15: Friction and wear mechanisms of CoO coatings after dry sliding at (a) room

temperature (RT) and (b) high temperature (HT). & indicate sliding direction.

At high temperature, a comparatively smooth smeared surface with some shallow abrasive
marks was observed on the wear tracks [Figure 5. 7 (b)]. The more ductile behavior in
combination with the high frictional heating and reduced thermal conductivity (i.e., 9 W/m.K.
at ~25°C) at high-temperature environment could promote the formation of such a smeared
smooth surface on the wear tracks [50]. Consequently, this smeared tribofilm on the wear tracks
will results in a low and stable friction coefficient and high wear resistance characteristics at

HT compared to RT [Figure 5. 4 and Figure 5. 6]. A similar observation of continuous smeared
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tribofilm was observed by Roy et al. [35] for their plasma-sprayed tantalum oxide coatings at
elevated temperatures, which reduced friction and wear. Additionally, Viat et al. [18] showed
that the tribologically induced cobalt oxides undergo the brittle to ductile transition at above
300°C, which decreased friction and wear. This behavior could be responsible for changing the
severe abrasive wear (RT) to mild abrasive wear at HT [Figure 5. 7 (b)].

Three distinctive zones (i.e., nanocrystalline amorphous, nanocrystalline, and sub-
micrometric) were identified in the sub-surface of HT wear tracks, as explained in section
5.3.2.5. This is consistent with previous studies highlighting that the glaze layers closer to the
interface were nanocrystalline with increased hardness for Co-based alloys, which ultimately
decreased friction and wear [13,15,26,51]. This behavior has also been observed in other
metallic alloys, forming lubricious oxide glazes on the wear tracks at high temperatures
[20,52,53]. Some studies have even shown the presence of amorphous zones along with
nanocrystalline grains in these cobalt oxide tribolayers [13,26,54]. In addition, Tang et al. [55]
showed that the formation of CoO or Co304 oxides layer on the wear track at high temperatures
can be explained by the greater diffusion of Co than Cr, which reduced the overall friction and
wear for cobalt-based superalloys. The frictional heating at high temperatures could play a
significant role for the formation of Co3O4 or remain CoO as per equation (5.1) [55]. However,
further advanced characterization needs to be performed to fully understand the type or nature

of the tribofilm closer to the contact interfaces.

Oxidized Decomposed

CoO 200-600°C COS 04 850-1000°C (air) CoO (5 1 )

5.4.2 Friction and wear mechanisms of NiO coatings

Similar to CoO, a schematic (Figure 5. 15) of the friction and wear mechanisms for the
NiO coatings at RT and HT is shown based on the ex-situ analysis. The friction coefficient of
NiO coatings was lower than the CoO coatings at RT [Figure 5. 4]. The low friction could be
due to the high hardness of the NiO as compared to CoO coatings [56]. The effect of hardness
on friction coefficient is described by the Archard [57]. Indeed, the high-hardness coatings can
significantly reduce friction, as observed by researchers in their previously published literature
[58—61]. However, due to the brittleness of the NiO, cracks were propagated on the wear track
while two or three body abrasive wear mechanisms was dominant [Figure 5. 7 (¢) and Figure
5. 16 (a)]. Evans et al. previously showed NiO is hard and brittle in atmospheric conditions
[62]. Consequently, the formation of cracks and brittle natures of ceramics accelerated the

removal of wear fragments during sliding, generating high wear debris, and consequently high
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wear [40]. Goel et al. [45] and Mahade et al. [46] have observed a similar behavior in their

plasma-sprayed alumina coatings at atmospheric sliding conditions.

(a) Room Temperature (RT) (b) High Temperature (HT)

Tribo film Cracks

Coating worn out after 500 cycles sliding

: ®lll

Substrate Substrate

Figure 5. 16: Friction and wear mechanisms of NiO coatings after dry sliding at (a) room

temperature (RT) and (b) high temperature (HT). & indicate sliding direction.

At high temperature, the friction coefficient of NiO coating was relatively high (~0.7) up
to 500 cycles, which could possibly be due to the generation of hard particles (i.e., NiO) in the
sliding process. A similar explanation for the high friction of NiAl coatings at high temperatures
was made by Yao et al. [44]. Similarly to the friction coefficient, the wear rate of NiO coatings
was relatively high and the coating was completely removed at the end of the test [Figure 5.
6; Figure 5. 7 (d); Figure 5. 16 (b)]. Evans et al. showed that NiO employs is brittle in nature
up to 500°C [62]. Therefore, in our study, it is likely that the NiO coating failed prematurely
due to brittle fracture within the worn area.

In general, the lubricity of the CoO and NiO at high temperatures can be related to the
polarizability approach or interaction parameter [63,64]. The interaction parameter of CoO and
NiO are 0.059 and 0.083, respectively. Prakash et al. [64] found that with decreasing the
interaction parameter the friction coefficient of the oxides decreased at high temperatures due
to the weaker bond energy between anion and cation. In addition, the interaction parameter can
be related to the activation energy for the improved lubricity. More specifically, the formation
of vacancies and hopping of ions at the surface of an oxides becomes easier with lower the
activation energy, and thus, increases the degree of freedom and mobility of ions. This
increased mobility of ions at their surface is assumed to be at the basis of the low coefficient

of friction of such oxides in sliding contacts [64].
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5.5 Conclusions

The main purpose of this study was to critically evaluate the friction and wear behavior of
the thermally sprayed CoO and NiO coatings at room temperature (RT) and high temperature
(HT). In terms of wear characteristics, the CoO coatings outperform NiO in both states. The
friction coefficient and specific wear rate of the CoO coatings decreased with increasing
temperatures. Ex-situ analysis of the wear tracks after sliding at high temperatures revealed the
formation of a thin, nanocrystalline amorphous tribofilm. At room temperature, brittle
fractures, and sub-surface micro-cracks of CoO coating caused high friction and wear. At room
temperature, NiO coating provided low friction and wear, which can possibly be attributed to
the high hardness. At high temperature, on the other hand, the coating was utterly worn out and

resulted in increased friction and wear due to its brittle nature [62].
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Chapter 6

Microstructural and Tribological Characteristics of Thermally
Sprayed Co-Ni-O Ternary Oxide Coatings®

Abstract

Due to their high thermal and chemical stability, ternary oxide coatings have been extensively
investigated as potential solutions for high-temperature solid lubrication. In this study, the
tribological behavior of the thermally sprayed Coo.7sN10.250 and Coo.sNio.sO oxide coatings was
investigated. The dry sliding reciprocating friction tests were performed against an Al2O3
counterface at room and elevated temperatures using a ball-on-flat tribometer. The results
indicated that the friction and wear of Co0.7sNi0.250 oxide coatings did not change significantly
at atmospheric and elevated temperature conditions, whereas the friction and wear of the
Coo.5NiosO increased at elevated temperatures. The correlations between the worn surface
morphologies, the subsurface microstructure induced by wear, and the wear behavior of the
coatings were discussed based on the characterizations, (i.e., microhardness, scanning electron

microscopy (SEM), and electron channeling contrast imaging (ECCI)).

Keywords: Coo.75Nio.250, Coo.5Nio.sO, ternary oxides, HVOF, tribology, elevated temperatures
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6.1 Introduction

Co and Ni-based superalloys are widely used in high-temperature applications due to their
excellent strength, creep, and fatigue resistance at high temperatures [1,2]. In some instances,
these alloys are also employed in contacting surfaces, where two surfaces continuously slide
or rub against each other. This includes aerospace, bearings, gas turbines, high-speed machine
tools, etc. [3—5]. At elevated temperature, the wear resistance of Co and Ni-based superalloys
can be attributed to the formation of oxide or glaze layer on the worn surfaces. More
specifically, the layer is generated on the wear track due to the sintering or consolidation of the
wear debris or fractured particles produced during sliding in harsh conditions [6—8]. However,
it is important to note that the formation of the oxide layer is influenced by various factors such
as temperature, sliding speed, applied load, surrounding environment, and the chemical nature
of the surfaces, and thus can lead to variations in the friction and wear [9—11]. Coskun et al.
[12], showed that Co-based superalloys (i.e., Haynes 25, Haynes 188, Haynes 214) form
ternary oxides (i.e., Co oxide layer together with Ni, Cr, and W oxides) against Hastelloy X at
540°C in the sliding process. In addition, Inman et al. [7,8] found the formation of wear
resistant nano-structured Co/Cr/Ni oxide layer in the contact interfaces for Nimonic 80A
against Stellite 6 at 750°C and low sliding speed (i.e., 0.314 m/s). Similar to the Co-based
alloys, for the nickel-based superalloys (i.e., Nimonic 75, Nimonic C263, Nimonic 108, and
Incoloy 601), the binary and ternary oxides (i.e., NiO, CoO, FeO, Cr203, NiCr204) were formed
on the wear track due to the sintering effect from 200°C to 800°C, which ultimately contributed
to the friction reduction [6]. Laskowski et al. [13] showed the lowest pin wear (i.e., 2.84x10°
mm?>/N-m) at 500°C due to the formation of a lubricious oxide (i.e., Ni-Cr oxide) film on the
wear tracks for the Inconel X-750 vs Inconel 909. Thus, the formation of binary and ternary
oxides in the contact interfaces of the cobalt and nickel-based superalloys has been shown to
reduce friction and wear at elevated temperatures with the ternary oxide being dominant in
reducing friction compared to the binary oxide at high temperatures [14—-16]. However, the
formation of lubricious ternary oxides (i.e., causing steady state friction coefficient) in the
contact interfaces requires a long breaking period with high friction and wear [17]. Indeed,
several studies have shown that long breaking periods prior to the formation of lubricious
oxides (i.e., mainly ternary oxides) or steady state conditions are largely responsible for high
friction and wear [18-21]. Thus, in order to reduce the break-in period, and consequently the
overall wear rate, the authors developed nickel oxide and cobalt oxide coatings in a prior study

and investigated their friction and wear behavior [22]. The nickel oxide was shown to have low
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friction compared to cobalt oxide under atmospheric conditions. Therefore, a coating composed
of cobalt and nickel oxide in their ternary solid solution may be capable of maintain low friction
and wear at room and elevated temperature.

Thermal spraying techniques are coating deposition processes in which the heated or
molten materials are accelerated at high velocity onto the substrate and form a coating [23].
The feedstock or powder materials are heated by electrical (i.e., plasma or arc) or chemical
means, i.e., combustion flame [24]. Additionally, this process offers advantages such as lower
cost, lower complexity, atmospheric deposition conditions, ease of application to large
surfaces, and high deposition efficiency compared to the thin film process [25]. These
advantages make it easier to apply coatings to large and wide surfaces on any machine
component using the thermal spray process. The primary classification of the thermal spray
processes is atmospheric plasma spraying (APS), high-velocity oxy-fuel (HVOF), high-
velocity air-fuel (HVOF), flame spraying, detonation gun spraying, arc spraying, and
suspension plasma spraying (SPS) [26]. In particular, high-velocity oxy-fuel (HVOF) has
recently received more attention for the production of ceramic/oxide coatings [26-28].
Compared to APS and other thermal spray processes, the HVOF method can deposit particles
at a higher velocity and at a lower process temperature, allowing for the formation of a dense
coating with limited porosity [29]. The dense, low-porosity microstructures produced by the
HVOF process are best suited for producing high-quality wear-resistant coatings [27,28].

In this article, ternary solid solution Co-Ni-O powders (i.e., C00.75Ni0.250 and Co00.5Nio.50)
were used to deposit coatings by the HVOF process, and their tribological characteristics were
evaluated under atmospheric and elevated temperature conditions. The ternary solid solution
powders Co-Ni-O (Co0.75Ni0.2s0 and Coo.sNio.sO) were prepared using solid state synthesis
technique with different concentrations of NiO and CoO [26,30].

To the best of the author's knowledge, no data were available on the friction and wear
behavior of Co-Ni-O coatings produced by the HVOF process. After dry sliding at ambient and
elevated temperatures, the ex-situ analysis was performed on the wear tracks and counterballs

to better understand the interfacial process.

6.2 Experimental

Co-Ni-O (i.e., Co0.75Ni0.2s0 and Coo.5NiosO) solid solution powders were prepared by
solid-state synthesis technique. The details of the powder synthesis, morphology, particle size,
and substrate preparation for depositing coatings were described in the previously published

articles [26,30]. A Diamond Jet™ 2700 High-Velocity Oxy-Fuel (HVOF) spray gun (Sulzer
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Metco, USA) with a convergent-divergent nozzle was used to deposit the coatings. The
powders were injected axially and carried by a nitrogen carrier gas, while propylene was used
as the fuel gas for combustion. The in-flight particle temperature and velocity were measured
by Accuraspray 4.0 (Tecnar, Canada). The details of the working principle of the HVOF can be
found in the published literature by the co-authors [26,29,31]. The spraying parameters of
C00.75N10.250 and Coo.5Nio.sO coatings are described in Table 6. 1. The X-ray diffraction of the
starting powders and as-sprayed coatings was determined by X-ray diffraction (XRD) using a
Bruker D8 diffractometer equipped with Cu Ka radiation [26,30].

Table 6. 1: HVOF spraying parameters used for depositing Co0.75Nio250 and Coo.5Nio.sO
coatings

Deposition parameters C00.75Ni0.250 C00.5Nio.50
Oxygen flow 217 Ipm 217 lpm
Propylene flow 70 Ipm 70 lpm
Air flow 167 Ipm 167 Ipm
N2 carrier gas flow 15 lpm 15 Ipm
Feed rate 10 g/min 10 g/min
Spray distance 180 mm 180 mm
Substrate temperature ~450°C ~450°C
Number of passes 45 55
In-flight particle temperature ~ 1840°C ~1920°C
In-flight particle velocity ~ 563 m/s ~ 575 m/s

To characterize the microstructure, the as-sprayed coatings were cold-mounted and
polished to a final surface finish of 0.4 um according to standard metallographic guidelines.
The top surface and polished cross-section of the HVOF sprayed Coo.75sNi0.250, and Coo.5Nio.sO
coatings were analyzed using a field emission scanning electron microscope (FESEM;
SU8010, Hitachi, Japan; equipped with an energy dispersive spectrometer). Likewise, the
chemical elements mapping was determined by energy-dispersive X-ray spectroscopy (EDS).
Moreover, to characterize the microstructure at much finer scales (i.e., grain, grain deformation
and grain refinement etc.,) of the as sprayed coatings and after heating the coatings at 450°C
in air (i.e., similar to elevated temperature tribotesting testing) were evaluated using Electron
channeling contrast imaging (ECCI) (SU8230, Hitachi, Japan) using a photodiode
backscattered electron (PDBSE) detector. The grains closer to the coating cross-section surface

wear checked for better understanding its behavior before and after heating and ultimately
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checked them with wear track samples. It should be mentioned that the samples which were
tested for tribology testing was further observed their unworn surfaces under ECCI. The surface
roughness and porosity of the coatings were analysed using optical profilometer (Zygo
Corporation, USA) and ImagelJ software (open source), respectively [32].

The Vickers micro-hardness of the coatings was performed on the top surface a load of 2
N (HVo.2) at different temperatures using a Micro-Combi Tester (Anton Paar, Austra) according
to the EN ISO 4516 standard [33]. For measuring the microhardness at elevated temperatures
(HT), the sample was placed in the furnace at 450°C and then heated for around 25 to 30
minutes before microhardness testing. A similar approach was followed for performing an
elevated temperature tribology test. The details of the Vickers hardness testing procedure were
explained in a previously published article [32].

To evaluate the tribology of the deposited coatings, dry sliding reciprocating friction tests
were performed on as sprayed coatings using a reciprocating ball-on-flat tribometer (Anton
Paar, Austria). The wear testing parameters (i.e., load 5 N, track length 10 mm, and total sliding
distance 100 m) were adopted based on the conditions of moving mechanical assemblies
[22,29,31]. An Al2O3 (McMaster-Carr, USA) ball (@ ~ 6.35 mm) was used as the counterface.
The tribology testing procedure at different temperatures (i.e., room temperature (RT), and
elevated temperature (HT)), and specific wear rate calculation using a non-contact optical
profilometer (Zygo Corporation, USA) were explained in the previously published article
[22,32]. It can be mentioned that for the elevated temperature (HT) wear tests, the furnace
temperature was set at 450°C and the specimens were placed in the furnace. The surface of the
coating was measured at around 300°C (i.e., using a thermocouple).

To characterize the phases after tribological testing, Raman analysis was performed using
an InVia spectrometer (Renishaw, UK) on the unworn and worn coatings with an Ar" ion (A =
514.5 nm) laser source. It can be mentioned that the Raman data of these Co0.75Nio.2sO and
Co0.5sNio.sO oxides are not available in the literature. Therefore, the deposited as-sprayed
coatings were considered the baseline for the Raman shift to identify the phases of the wear

tracks at RT and HT.

To understand the friction and wear mechanisms of the coatings at different temperatures,
the wear tracks, and counter surfaces were observed under an SEM equipped with an EDS
detector. Also, the sub-surface microstructure of the wear tracks was examined by cross
sectioning the wear track perpendicular to the sliding direction. The samples with wear tracks

were cold mounted first and then cut and polished to avoid the wear track's damage. Finally,
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the sub-surface microstructures were observed under the SEM. Also, Electron Channeling
Contrast Imaging (ECCI) (SU8230, Hitachi, Japan) was performed on the cross-sections of the

coatings to reveal the sub-surface wear mechanisms.
6.3 Results

6.3.1 Coating analysis

Figure 6. 1 shows the XRD pattern of Coo.75N10.250 and Coo.sNi0.50 powders and coatings. For
the powders and coatings, only one set of peaks was observed, which was assigned to an fcc
CoxNiixO solid solution. This coating phase was similar to the powder phase, as highlighted
in Figure 6. 1 (a, b). Similar results with no phase change in HVOF-sprayed CoxNiixO
coatings were previously reported by Mohammadkhani et al. [26,30].
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Figure 6. 1 : XRD pattern of (a) Co0.75Ni0.250, and (b) Coo.5N10.50 coatings prepared from
the respective powders.

Low magnification BSE images of the Co00.75Nio2s0 and Coo.sNiosO coatings with
thicknesses of ~77 um and ~165 um, respectively, are shown in Figure 6. 2. The high
magnification surface morphology and cross-section of the Coo.75Ni0.250 coating are shown in
Figure 6. 3. The EDS mapping of the corresponding surface and cross-section showed the
homogeneous distribution of Co, Ni, and O elements [Figure 6. 3 (a, b)]. However, the
distribution of the oxygen on the top surface was interrupted by the asperities (i.e., peaks and

valleys). A similar observation was made for the Coo.sNio.sO coating [Figure 6. 3 (a, b)]. The
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homogeneous distribution of Co, Ni, and O indicated the solid solution phase of Co00.75Ni0.250
and Coo0.5Nio.sO coatings, which correlated well with the XRD results [Figure 6. 1 (a, b)]. The

topography of both coatings was almost the same, i.e., fully molten, flattened splats with some

angular particles on top. The detailed characteristics of the CoxNiixO coatings (i.e.,

Co00.75N10.250 and Coo.5Nio.sO) are shown in Table 6. 2.
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Figure 6. 2: SEM cross-section of (a) Co0.75Ni0.250 and (b) C00.5sNio.sO
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Figure 6. 3: SEM EDS color map of Coo.75sNi0.250 coating (a) top surface, (b) cross-section
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Figure 6. 4: SEM EDS color map of Coo.5sNio.sO coating (a) top surface, (b) cross-section

Table 6. 2: Characteristics of HVOF sprayed Co-Ni-O coatings

Thickness Surface Porosity
Coating Microhardness (HV.2)
(nm) roughness (Sa) (%)
) ~ 685 (RT)
Co00.75N10.250 ~ 80 ~2.5 um <2.0
~ 594 (HT)
~ 764 (RT)
Co0.5Ni0.50 ~ 165 ~2.5 um <4.0
~ 535 (HT)

To determine the grain size and grain orientation of the as-sprayed coatings and after

exposure at 450°C, ECCI was performed on the Co0.75N10.250 coating cross-sections near to the

surface [Figure 6. 5 (a-b); (c-d)]. In general, all the particles were completely melted and there

were no residues of unmelted particles, indicating sufficient velocity and temperatures of the

in-flight particles. Also, some of the cracks were seen between the splat, indicating the poor

cohesion between the grains. The authors believed that the grain sizes and distribution of the

grains in the coatings were the same before and after heating at 450°C. However, some of the

changes of the grains could be seen in two different conditions, however; this could be due to

the variation of the selected area closer to the coating surfaces.
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Figure 6. 5: Electron Channeling Contrast Imaging (ECCI) of the cross-section of
Co00.75Ni0.250 at RT (a-b) and after heating at 450°C (c-d)

The grain size and orientation of the Coo.5sNio.sO coatings before and after heating at 450°C
are shown in Figure 6. 6. It can be seen that the grains were vertically oriented and had a
lamellar structure with limited interfacial bonding. The authors believed that the grain size and
orientation of the Coo.5Nio.sO coating after exposure to 450°C were the same as at RT [Figure
6. 6 (a-b), and Figure 6. 6 (c-d)]. A wide distribution of microcracks, pores and limited
compacted grains were visible on the coatings. The vertically oriented grains were not clearly
visible due to the presence of lamellar porous structures. Also, some of white areas or spots
were found on the grains or in the coating as a lamellar structure [Figure 6. 6 (a-b), and Figure
6. 6 (c-d)]. An EDS mapping of these spots or zones showed the presence of Si, which came
from the colloidal silica suspension (i.e., 0.4 um) during polishing. The silica flowed or was
trapped in the pores of the coatings due to the comparatively high porosity of C0o.5sNio.sO than
Co00.75Ni0.250 [Table 6. 2].
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Figure 6. 6: Electron Channeling Contrast Imaging (ECCI) of the cross-section of
Co0.5Nio.s0 at RT (a-b) and after heating at 450°C (c-d)
The micro-hardness of the coatings performed at RT and HT is shown in Figure 6. 7. The
hardness value of the Co0.75N10.250 and Coo.5Ni0.50 coating at RT and HT were 685 HVo.2, ~594
HVo.2, and ~764 HVo2, ~535 HVoa, respectively. No visible cracks were observed on the

coatings during the microhardness experiment.
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Figure 6. 7: Microhardness of Coo.75N10.250 and Coo.5Nio.sO coatings at different

temperatures
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6.3.2 Sliding wear behavior

6.3.2.1 Coefficient of friction and specific wear rate

The friction coefficient vs number of cycles of Co-Ni-O coatings is shown in Figure 6. 8.
At RT, the friction coefficient of Coo.75Ni0.250 coating was above 0.4 upon initial sliding and
then increased to approximately 0.61. On the other hand, at HT, Coo.75Ni0.2s0 showed a stable
friction coefficient from the beginning of the test and maintained the constant value of 0.6
throughout the end of the test. The trend of the Coo.5Nio.50 friction behavior was similar to that
of Co00.75N10.250 coating at RT but showed a shorter running-in period and maintained low and
stable friction coefficient of 0.49 until the end of sliding. Meanwhile, Coo.sNio.sO coating
exhibited higher friction coefficient (i.e., 0.68) with large fluctuations at HT.
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Figure 6. 8: Friction coefficient vs no. of cycles of Co-Ni-O coatings at different

temperatures

The specific wear rate of C00.75Ni0.250 and Coo.5Ni0.50 coatings at RT and HT is shown in
Figure 6. 9. The wear rate of the Co0.75Ni0.250 at RT and HT was ~ 26 + 4.00 x10® mm?/Nm
and ~ 24 £ 3.30 x10°® mm?/Nm, respectively. On the other hand, the wear rate of Coo.sNio.sO
was 8.3 £ 3.3 x10 mm*/Nm and 888 + 10.6 x10® mm>/Nm at RT and HT, respectively. The
wear rate of the CoosNiosO coating was much higher at HT than at RT. Similarly, the

Co0.5Nio.s0 coating at HT, showed significantly lower wear resistance than Coo.7sNi0.250 (i.e.,
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RT and HT). The friction coefficient and wear rate of the C00.75Ni0.250 and Coo.5Ni0.50 coatings
at RT and HT summarized in Table 6. 3.
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Figure 6. 9: Specific wear rate of Co-Ni-O coatings at RT and HT

Table 6. 3: Average coefficient of friction and specific wear rate

Testing Friction Specific wear rate
Coating
condition coefficient (10"°* mm3/Nm)

RT 0.61 £0.02 25.97 £4.00
Co00.75Ni0.250

HT 0.60 £ 0.01 23.68 +3.60

RT 0.49 £0.01 8.30 +3.30
Co0.5Ni0.50

HT 0.68 £ 0.02 888 + 10.66
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6.3.2.2 Worn surface morphologies

Figure 6. 10 shows the SEM wear tracks of the Coo.75Nio.250 after dry sliding tests at RT
and HT. Figure 6. 10 (a-b) shows the deep abrasive mark along the sliding direction with some
grooves or grain pull out on the wear tracks. The grain pulls out were mainly found in the
ceramics where the boundaries of the surface grains were weaker and hence removed as the
wear debris during sliding [34]. Furthermore, this wear debris can also be produced at the
beginning of the test cycles due to the removal of the asperities. A comparatively smooth
smeared surface with some shallow abrasive marks was observed on the wear tracks of HT
[Figure 6. 10 (c-d)]. An EDS elemental mapping showed the homogeneous distribution of Co,
Ni and O on the wear tracks at both RT and HT.

Similarly, the SEM wear surface morphologies of the Coo.5Nio.sO coating at RT and HT are
shown in Figure 6. 11. The abrasive grooves in the sliding direction were observed on the wear
track at RT [Figure 6. 11 (a)]. Interestingly, the wear track width of this coating was much
smaller at RT than at HT and even much smaller than the wear tracks of Coo.75Nio.250 (i.e., RT,
and HT). The high magnification BSE image showed the smeared smooth surfaces, and its
EDS elemental mapping revealed the homogeneous distribution of Co, Ni and O [Figure 6. 11
(b)]. On the other hand, the significant smeared zones were observed on the worn surfaces at
HT [Figure 6. 11 (¢)]. Moreover, the presence of smeared surface as well as larger number of
small debris with brittle fractures was witnessed on the high magnification BSE image [Figure
6. 11 (d)]. Despite the change in wear mechanisms at HT, the same phase and homogeneous

distribution of Co, Ni and O elements were still present.
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Figure 6. 10: (a-c) Secondary SEM, (b-d) BSE images and their corresponding EDS mapping
of C00.75Ni0250 at RT and HT.  indicate sliding directions
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Figure 6. 11: (a-c) Secondary SEM, (b-d) BSE images and their corresponding EDS
mapping of Coo.sNio.sO at RT and HT. ] indicate sliding directions.
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6.3.2.3 Subsurface analysis

Co00.75Nio.250 subsurface: The subsurface microstructures provide the information about
the friction and wear behavior of the materials. The change in material properties and
microstructure in the subsurface (i.e., underneath the wear track) could be altered or modified
by the stress transfer or contact conditions during sliding, thus influencing the friction and wear
mechanisms [31,35]. The ECCI of the cross-section of the wear tracks perpendicular to the
sliding direction is shown in Figure 6. 12 (a-d). The figure shows the delamination of the
coating closer to the surface. Subsurface crack wear also propagated [Figure 6. 12 (a-b)]. The
sub-micron elongated grain can be observed closer to the surface. These features were observed
throughout the subsurface wear track. In addition, the mixed grains, (i.e., small, large, and
deformed), were observed in the subsurface wear track. No significant variation of the grains
was observed in the sub-surface. The EDS mapping of Figure 6. 12 (a). showed no variation
in the distribution of Co, Ni and O on the sub-surface wear tracks [Figure 6. 12 (e)]. On the
other hand, the ECCI subsurface microstructures of the wear track after sliding at HT are shown
in Figure 6. 13 (a-d). The more refined grains were observed closer to the wear tracks at HT
as compared to RT. All of the grains were in the ultra-nano or nano size range. However, the
larger grains (i.e., nano, or sub-micron grains) were observed below the ultra-nano size grains
[Figure 6. 13 (d-e)]. In general, the different color or contrast of the grains indicated the same
phases but the different orientations in the lattice position. Additionally, the cracks were
propagated horizontally below the compacted or sintered refined grains which was similar to
the RT wear tracks subsurface [Figure 6. 12 (a-b)]. The EDS mapping of Figure 6. 13 (a)
showed the homogeneous distribution of Co, Ni and O Figure 6. 13 (e). However, the thin
uniform distribution of Co and O was observed closer to the wear track surface which could
related to the CoO phase as identified by the Raman analysis [Figure 6. 16 (a)]. Moreover, the
cracking, debris formation and detachment of the coating from the worn surface at HT [Figure

6. 13 (a), and (e)], was less than that at RT [Figure 6. 12 (a), and (e)].

151



Detachment ——_, « .-

r?! 4

5 um

Fpm E LT O 53 1 S
WAG: T000% iV 10hY WO 43 8 mr TR ST SR ) MAG: FO00A PRV IND: 4 3.8 i : : T P T P MAAG: 2006 * WV 10KV D=3 B i

Figure 6. 12: ECCI image of Co0.75Ni0.250 (a-d) worn subsurfaces and corresponding ()
SEM/EDS mapping of (a) at RT. @ indicate sliding directions.
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Figure 6. 13: ECCI image of Co0.75Ni0.250 (a-d) worn subsurface and corresponding (e)
SEM/EDS mapping of (a) at HT. @ indicate sliding directions.

Co00.5Nio.50 subsurface: The subsurface wear track cross-section of the Co0o.sNio.sO coating
at RT is shown in Figure 6. 14 (a-b). A lamellar porous microstructure with similar grain sizes
and orientations was noticed throughout the subsurface. The grains were clearly visible within
the dense and compacted regions, indicating good sintering as compared to the porous zones
Figure 6. 14 (c-d). Some of the cracks were also observed between the grain boundaries. Based
on the grain distribution and cohesion between the grains, it can be said that the wear
mechanisms could be brittle fracture [36]. Additionally, the lamellar white dotted lines were
observed in the subsurface wear tracks. Closer inspection or high magnification of these white

zones showed the presence of Si (not shown here) as explained previously. Similarly, the EDS
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mapping of Figure 6. 14 (a) showed the homogeneous distribution of Co, Ni, and O with no

variation in at% for Coo.5Nio.s0.
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Figure 6. 14: ECCI image of Co0.5Nio.s0 (a-d) worn subsurface and corresponding (e)
SEM/EDS mapping of (a) at RT. & indicate sliding directions.

The wear track sub-surface of the Coo.sNio.sO coating after 5000 cycles of dry sliding at HT
is shown in Figure 6. 15 (a-d). The detachment of the coatings closer to the wear tracks and a
significant number of debris formation were observed on the coating cross-section.
Additionally, the sintering or compaction of the grains was not homogeneously distributed
closer to the wear tracks. Furthermore, the presence of the elongated pores with lamellar porous
microstructures was observed in the subsurface. The high magnification ECCI images of the
compacted zones closer to the wear tracks showed the larger grains with cracks within the grain

boundaries [Figure 6. 15 (¢)]. Nearly identical grain sizes with large pore distributions were

154



observed much deeper from the wear marks. No changes in the Coo.5sNio.sO solid solution were

observed in the subsurface wear tracks [Figure 6. 15 (e)].
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Figure 6. 15: ECCI image of Coo.5Nio.50O (a-d) worn subsurface and corresponding (e)
SEM/EDS mapping of (a) at HT. @ indicate sliding directions.

6.3.2.4 Raman analysis

A Raman analysis was performed on the deposited coatings and the worn surfaces (i.e.,
Co00.75Ni0.250 and Coo.5Nio.sO) after the RT and HT wear test, as shown in Figure 6. 16. The
Raman analysis of the Co0.75Ni0.250 and Coo.5sNio.sO coatings correlated well with the XRD
analysis [Figure 6. 1]. It should be noted that the wavenumber or Raman shift for these

C00.75Ni0.250 and Co0.5Nio.sO oxides is not available in the literature. Therefore, the Raman
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shift (cm™) obtained from the deposited coatings was considered as the baseline since they did
undergo any phase transformation from the powder particles [Figure 6. 1]. The characteristic
peaks (Raman shifts) for the deposited Co0.75Nio.250 coatings were 530 cm™!, 681 cm™, and
1080 cm™! [Figure 6. 16 (a)]. Moreover, the characteristic peaks at Raman shift 180 cm™' ,477
cm!, 516 cm!, 680 cm™!, and 1080 cm™! the worn coatings at HT corresponding to the CoO
and NiO phase, respectively [Figure 6. 16 (a)] [14,37,38]. The presence of frequent Raman
shifts of CoO at HT wear track could be related to the presence of thin CoO layer on the sub-
surface wear track [Figure 6. 13 (e)]. The peak at Raman shifts 534 cm™ and 1056 cm™
correspond to the CoosNiosO phase obtained on the coatings and after sliding at RT. An
additional peak at Raman shift 545 cm™ at HT could corresponds to NiO phase [Figure 6. 16
(b)]. It should be noted that more detailed analysis needs to be performed in order to fully

understand the different phases presents.
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Figure 6. 16: Raman spectrum of unworn and worn coatings at (a) 25°C and (b) 300°C

6.3.2.5 Counterface analysis

Co00.75Nio.250 Counterface: SEM images of the A12O3 counterballs at the end of 100 m dry
sliding distance mated against the Coo.75Ni0.250 coating at RT and HT are shown in Figure 6.
17. At RT, the shape of the counterface contact was elliptical and severe abrasive grooves were
observed in the sliding direction. These grooves were mainly due to the abrasion and three-
body wear caused by the entrapped wear debris during reciprocating sliding. Additionally, the
transfer film was not homogeneous within the contact zone and few grooves were covered by
the coating materials. Overall, the RT counterface was governed by abrasive wear mechanisms

similar to worn surface mechanisms [Figure 6. 10 (a-b)]. The high magnification EDS layered
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structure, and mapping showed the distribution of coating elements (i.e., Co, Ni, O) on the
AL0Os3 counterface contacts [Figure 6. 17 (b)]. It showed that the some of the abrasive grooves
were filled with Co, Ni, and O (i.e., predominantly with Co and Ni oxides). In contrast, the HT
counterface was circular in shape rather than elliptical as shown in [Figure 6. 17 (¢)]. An
adhesive transfer film along with abrasive grooves were observed on the contact surfaces.
However, the counter surface was covered mainly with Co and O (i.e., cobalt oxides) [Figure
6. 17 (d)].

Co0.5NiosO Counterface: The counterface of the Coo.sNiosO coating at RT showed the
abrasive behavior in the sliding direction as shown in Figure 6. 18 (a). The EDS layer and
elemental mapping showed the discrete distribution of the transferfilm [Figure 6. 18 (b)]. The
uneven presence of the transferfilm elements (i.e., Co, Ni and O) caused the high wear of the
counterballs at RT compared to the counterballs of Coo.75sN10250 at RT and HT [Table 6. 4].
However, the contact area of the HT countersurface was comparatively larger than that of the
RT counterface [Figure 6. 18 (¢) and inset]. It was assumed that the counterballs were first
worn-down during sliding and then filled with the coating materials. Mapping showed the thick
coverage of the Ni, Co, and O on the counterball surface RT [Figure 6. 18 (d)]. Therefore, the
wear rate of this counterball at HT was much higher than that at RT, as well as that of the
Co00.75N10.250 counterball [Table 6. 4].

Table 6. 4: Wear rate of counterface Al203 against C0o.75Ni0.250 and Coo.5Nios0O coatings at

RT and HT after dry sliding wear testing.

Coating Testing Condition Counterface Wear Ratex10-% (mm?3/Nm)

RT 1.88+0.12
Co00.75N10.250
HT 1.56 £0.21
RT 6.35+0.25
Co0.5Nio.s0
HT 21.2+0.27
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Figure 6. 17: (a-c) SEM image, and high magnification (b-d) EDS layered structures and
corresponding elemental map distribution of alumina countersurfaces against C00.75Ni0.250

coating at RT and HT, respectively. { indicate sliding directions.
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Figure 6. 18: (a-c) SEM image, and high magnification (b-d) EDS layered structures and
corresponding elemental map distribution of alumina countersurfaces against Coo.5sNio.sO

coating at RT and HT, respectively. { indicate sliding directions.
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6.4 Discussion

6.4.1 Coating characteristics

The presence of the fully molten, flattened splats with a continuous smooth top surface of
the as-sprayed coatings and dense microstructure with limited porosity could be due to the high
velocity and temperatures of the inflight particles [Table 6. 2] [26,29,30]. The visible pores
[Figure 6. 3 (b), Figure 6. 4 (b)] on the coating cross-section could be caused by material
shrinkage on cooling from the liquid state, shadowing effect, and poor wetting onto the adjacent
surface of the droplets [39]. However, the porosity of the as-sprayed coatings was strongly
influenced by the deformability, the wetting properties of the deposited particles, and flame
chemistry [40]. Additionally, the surface roughness of the sprayed oxides was comparatively
lower than that of other plasma sprayed processes due to the good spreading behavior of the
particles in the HVOF process [28,41]. It should be noted that the roughness and porosity of
the coatings can be significantly influenced by the degree of melting of the feedstock particles,
spray parameters, substrate surface chemistry, and the nature of molten droplets on the substrate
[36,42,43].

From the ECCI [Figure 6. 5], it can be seen that the micron-sized grains closer to the
surface were oriented vertically inclined, which could be due to the impact of the particles
perpendicular to the substrates during spraying [26,29,44]. A similar orientation and
deformation of the grains was observed for Coo.sNio.sO coatings in Figure 6. 6. However, the
large pores and cracks made it difficult to clearly see the grain orientation and sizes. The large
pores and cracks between splats or grains could be due to the sufficiently deposited molten
particles. The researchers previously observed that the thermally sprayed ceramic coating
usually has a lamellar porous structure, especially when the coating was mainly deposited by
sufficiently molten spray particles [36]. This is true for HVOF sprayed coatings because the
powder particles were ejected at an in-flight particle temperature of > 1900°C [Table 6. 2].
Moreover, three different types of pores (i.e., global pores, microcracks in individual splats,
and unbonded splat interfaces) were observed by the researchers for a thermally sprayed oxide
coating. Global pores were formed by shadowing effects and insufficient filling of voids on the
splat during the propagation of the molten droplet, while microcracks were formed by
quenching stress (i.e., rapid cooling after splat solidification) [36]. The unbonded intersplat
interfaces was considered to be a special two-dimensional pores with an opening of about 100

nm [45]. All three pores and corresponding cracks were observed in the Coo.5Nio.sO coating;
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thus, disrupting grain sizes and orientations. The low deformability and sintering may also be
other reasons for the low cohesion between splats and grains for Coo.sNio.sO coating.

The microhardness value of the Coo.5Nio.50 coating (~764 HVo.2) was 10% higher than that
of Co00.75N10.250 (~685 HVo2) at RT [Figure 6. 7]. This may be due to the higher amount of
NiO (50 mol%) in Coo.5Nio.sO than in Coo.75Nio.2s0 (i.e., 25 mol% NiO), as NiO was harder
than CoO and ultimately contributed to increasing hardness [46]. At elevated temperatures, the
hardness of both coatings decreased; Coo.75N10.250 and Coo.5Ni10.50 decreased by approximately
13% and 30%, respectively. The decrease in hardness of other oxides at high temperatures has
also been observed previously, which may be due to the softening effect [32,47]. Additionally,
the decrease in hardness of the CoosNiosO coating compared to Coo.7sNio250O was higher,
possibly due to the coating’s high porosity, low sintering ability or low cohesion between the

splats, as discussed in the previous paragraph [48].
6.4.2 Friction and Wear Mechanisms

The friction and wear resistance properties of the oxides are highly dependent on their
chemical composition, hardness, ductility, adherence to the substrate, and substrate support
[6,8,9]. In this study, HVOF sprayed Co-Ni-O (i.e., C00.75Ni0.250 and Coo.5Nio.s0) coatings
were investigated at room and elevated temperature conditions; their microstructural changes
in the wear tracks subsurface and stability closer to the interfaces were also observed.

At room temperature (RT), the friction coefficient of the Coo0.75Nio.2s0 (i.e., 0.61) was
higher than that of Co0.5sNio.sO (i.e., 0.49) coatings at the end of the sliding distance. For both
coatings at RT, the trend of the friction coefficient curve was almost the same except for the
running-in period at the beginning of the test. The running-in period of Co0.75Nio250 (i.e., ~
2000 cycles) was longer than that of CoosNiosO (i.e., ~ 1500 cycles). In general, the low
friction of Coo.75N10.250 and Coo.5Nio.50O coatings at the beginning of the test may be due to the
presence of surface contaminants and low amount of adhesion [49]. As a result, this layer was
removed during further sliding and adhesion phenomenon increased, eventually reaching a
stable and increased friction coefficient. A similar frictional behavior of plasma sprayed
tantalum oxide and copper oxide coatings was observed in the author's previous work [32,50].
In general, the low friction coefficient of Coo.5sNio.sO could be due to its high hardness (i.e.,
~764 HVo.2) as compared to Coo.75Nio2s0 (i.e., ~685 HVo.2) at RT [Figure 6. 7]. The high
hardness resulted low friction of various thermally sprayed oxides which has been observed by
many researchers i.e., LaxO3 [51], Al2O3 [52], Cr203 [53]. In addition, the small contact width
of the wear tracks [Figure 6. 11 (a)] and counterface [Figure 6. 18 (a)] due to its high hardness
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could be another reason for the lower friction of Coo.5Nio.sO coating than C00.75Ni0250 at RT
[Figure 6. 8 and Figure 6. 9].

At elevated temperature, the friction coefficient of the Co0.75Nio250 coating remained
stable and constant from the beginning of the sliding test and reached a lower value at the end
of the test. This comparatively low and stable friction coefficient (i.e., as compared to
Co00.5Ni0.50) could be attributed to the softening of the coating (i.e., from ~685 HVo. to ~594
HVo.2) [Figure 6. 7] as well as the presence of a relatively smooth smeared surface with some
shallow abrasive marks on the wear tracks [Figure 6. 10 (c-d)] and the counterball [Figure 6.
17 (¢)]. On the other hand, at elevated temperatures, the high friction coefficient of Coo.sNio.sO
coating caused by brittle fractures, grooves, and excessive generation of loose debris on the
wear tracks [Figure 6. 11 (c-d)].

Based on the ex-situ analysis, a schematic of wear mechanisms of Co0.75Nio.2sO and
Coo.5NiosO coatings after sliding at different temperatures is shown in Figure 6. 19. For the
Co00.75Ni0250 coating, during sliding at RT, the significant plastic flow of the asperities
occurred, and evidence of grooves, as well as abrasive wear mechanisms (i.e., possibly 2 or 3
body abrasions) were observed on the wear track [Figure 6. 10 (a-b)] and counterface [Figure
6. 17 (a-b)] [54]. Furthermore, the cyclic loading caused the localized shear deformation on
the wear track subsurface. This cyclic loading and frictional heating in the contact zone at RT
caused the subsurface grain deformation, which was orientated vertically [Figure 6. 12 (a-d)].
The repeated sliding and loading also resulted in the development of subsurface cracks,
delamination of the oxide layer from the worn surface [Figure 6. 12 (a), Figure 6. 1 (a)], and
formation of wear debris that accelerated severe abrasion resulting in increased wear rates at
the end of the test [Figure 6. 8 and Figure 6. 9]. The wear debris ultimately transferred to the
countersurface and formed a predominant NiO transfer film which acted as an abrasive media
and further generated more debris, resulting in high wear [Figure 6. 17]. The generation of
wear debris and subsurface crack formation during sliding and eventual generation of high
wear has been previously observed for ceramics [55,56].Moreover, similar subsurface crack
formation with brittle behavior on the wear tracks was observed on the tribologically induced
cobalt oxides for Co-based alloys, which were previously reported by Viat et al. [57], Korashy
et al. [58] and Munagala et al. [31]. Under atmospheric conditions, the dominant abrasive wear

mechanisms have also been observed in plasma-sprayed alumina coatings [59,60].
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different temperatures.

Similar Co00.75Ni0.250, the Co00.5sNio.sO coating at room temperatures showed also brittle
behavior due to its high hardness [Figure 6. 7]. The high hardness contributed to enhanced
wear resistant properties as compared to Coo.75N10.250 coating. This low wear rate caused by
the dominated abrasive wear mechanisms on the wear track over the adhesive or smeared
smooth surface [Figure 6. 11 (a-b)]. Additionally, lamellar microcracks, or brittle fractures
were propagated in the subsurface of the wear track due to the coating high hardness [Figure
6. 14 (a-d); Figure 6. 19 (c)] [36,55,57]. Furthermore, this high hardness led to the discrete
distribution of transfer film on the counterface [Figure 6. 18].

At elevated temperatures Coo.7sNi0.250 coating showed comparatively low wear than at RT
which could be associated with the smeared smooth surface [Figure 6. 10 (c-d)] and softening
of the coating (i.e., from ~685 HVo.2 to ~594 HVo.2) [Figure 6. 7]. This feature of the wear
track may be related to the ductile behavior of the coatings as observed by the previous
researchers [32,61,62]. At the elevated temperature test, high frictional heating and cyclic
contact stress in the contact interfaces helped to promote two different zones in wear track
subsurface i.e., Zone I: nanocrystalline or ultrafine grains (~ 3 um thickness) along with thin
uniform cobalt oxide layer closer to the wear track surface, and Zone II: sub-micrometric grain
[Figure 6. 19 (b)] and reduce wear rate. In addition, a predominant cobalt oxide transfer film
also developed on the countersurface. The cobalt oxide vs cobalt oxide combination
contributed to reduce wear of the coatings. Furthermore, Jiang et al. [63] and Kato et al. [64]
showed that the formation of the ultrafine grain closer to the wear track was enhanced at

elevated temperatures due to the greater sintering or compacting ability of the oxide particles.
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The subsurface grain refinement closer to the wear track was also observed by Stoyanov et al.
[65] in their metal-ceramic sample, which ultimately helped to reduce wear. According to Viat
et al. [10], the oxides with the highest auto-diffusion coefficient helped to promote the ultrafine
grain or nanocrystalline grain at elevated temperatures. However, more research is needed to
know the driving mechanisms for the grain refinement of the oxides closer to the wear track
subsurface.

The specific wear rate of Coo.sNiosO coating after dry sliding for 100 m at elevated
temperature was high compared to RT and much higher than Coo0.75Ni0.250 coating (both RT
and HT) [Figure 6. 8 and Figure 6. 9]. It was believed that the coating, due to its brittle
behavior, produced a lot of wear debris during sliding, which led to the abrasive wear behavior
at HT. The high debris generation created gouges and brittle fractures on the wear tracks
[Figure 6. 11 (c-d)] and also caused the nickel oxide transfer film on the counterface, and
ultimately increased wear [66]. Additionally, this third body or presence of high amount of
abrasive nickel oxide caused the high wear on the counterfaces during sliding [Figure 6. 18
(c), inset; Table 6. 4]. The high atomic percentage of NiO (50 at%) in the Co-Ni-O coating
made it brittle and its brittleness could be up to more than 500°C, similar to NiO [67].
Furthermore, the low sintering ability and high porosity of the coatings caused detachment of
the tribolayers from the worn surface and continued to produce high wear debris [Figure 6. 15
(a, b); Figure 6. 19 (d)]. Also, crack formation and the brittle nature of the ceramics accelerated
the removal of wear fragments during sliding, generated high wear debris, and caused high
wear [55]. The similar wear behavior was observed by Goel et al. [45] and Mahade et al. [46]
in their plasma-sprayed alumina coatings. It can be noted that the grain refinement or
orientation was hindered due to the presence of pores and the brittle nature of the coatings at
HT [Figure 6. 15 (a-d)]. Therefore, the authors believe that further research is needed to better

understand the oxide diffusion and sintering mechanisms at different temperatures.
6.5 Conclusions

The solid-state synthesized ternary solid solution Co-Ni-O (i.e., Co0.75Nio250 and
Co00.5Ni0.50) powder was deposited using the HVOF process. A dense coating with limited
porosity and low surface roughness was obtained due to the impact of the impinging particles
on the substrate at high velocity and sufficient temperature [26,29,30]. The hardness of the
Co0.5Ni0.50 coating increased due to the higher concentration of NiO compared to Coo.75Ni0.250

[46]. In addition, the tribological behavior of these Coo.7sNi0.250 and Co0.5sNio.sO coatings was
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investigated by performing reciprocating sliding wear tests at room temperature (RT) and

elevated temperature (HT).

The frictional behavior of the Coo.7sNi0.250 coating did not change significantly at RT and
HT, but the wear rate was comparatively lower at HT than at RT. This low wear may be
due to the grain refinement or greater sintering ability of the oxides in the wear track
subsurface. On the other hand, the high wear rate at RT was due to high debris generation,
tribolayer delamination, abrasive wear behavior, and brittle fracture behavior of the
coating. In addition, the predominant presence of cobalt oxide transfer film at HT over
nickel oxide transfer film at RT on the mating surfaces caused the low wear at HT.

The significantly lower friction and wear behavior was observed for Coo.5Nio.sO coating
during sliding at RT compared to Coo.75Ni0.2sO at RT and HT. The high hardness of the
coating contributed to reducing the low friction and wear. On the other hand, the highest
friction and wear were observed for this CoosNiosO coating at HT. The low tribological
performance was due to the greater generation of wear debris, brittleness, crack propagation
in the wear track subsurface and, most importantly, the low sintering or compaction of the

oxides at HT.
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Chapter 7

Influencing Factors on the Lubricity of Oxide Coatings®

Abstract

This article provides an insight into the factors that influence the lubricity of oxides or oxide
coatings. Therefore, the dry sliding tests of thermally sprayed CuO, Ta20s, CoO, NiO,
C00.75Ni0.250, and Co0.5Nio.s0O coatings were performed at room and high temperatures. It was
found that a low interaction parameter of the oxides, regardless of the microstructure of the
oxide coatings, led to the low friction. No such correlation was observed with the high
interaction parameter and ionic potential. Furthermore, the high sintering ability or diffusion

coefficient of the oxides played a role in reducing friction and wear at high temperatures.

Improved sinterability — Increased wear resistance

% This chapter is prepared as a communication article in order to submit to the MRS Communication.
A. Roy, R. R. Chromik, C. Moreau, P. Stoyanov "Influencing factors on the lubricity of the oxide
coatings." Manuscript is ready to submit “MRS Communication”.
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7.1 Introduction

Oxides or oxide coatings as a solid lubricant could be a potential solution for high
temperature applications due to their chemical and thermal stability. In addition, oxides are
obvious candidates for consideration where oxidation resistant compounds are required [1,2].
Also, such oxides could be potential replacements for traditional solid lubricants such as MoS2,
WS:, graphite, etc., which rapidly oxidize or thermally degrade at elevated temperatures [3].
However, oxides possess strong covalent bonds in the plane, which contributes to the difficulty
of shearing the surfaces [4]. As a result, many oxide ceramics can exhibit high coefficients of
friction (i.e., greater than 0.8), high contact stresses, and produce surface cracks and wear
debris under atmospheric conditions. Though, similar oxides have shown improved tribological
properties at high temperatures due to the ductile behavior or low shear strength on the wear
tracks [5—7]. Therefore, different researchers have correlated different factors or parameters to

define the friction and wear mechanisms of oxides under different conditions.

Erdemir [8,9] proposed the crystal-chemical approach or ionic potential theory to indicate
the oxides friction or lubricity at high temperatures. The ionic potential (¢) is the ratio between
the cationic charge and the radius of the cation of the oxides. It was suggested that oxides with
higher ionic potential exhibit low friction coefficient at high temperatures, which is mainly
attributed to the greater screening of cations by surrounding anions. The surrounding anions
make it difficult to interact with other cations and consequently, this results in low shear
strength at high temperatures. Similarly, Dimitrov et al. [ 10] co-related the lubricating behavior
of the solid oxides with polarizability or interaction parameters at elevated temperatures. With
a low interaction parameter of the oxides, the bond energy between cation and anion weaken,
which eventually decreases the friction and effectively improves the lubricity [10,11].
However, the wear characteristics of the oxides have not been correlated with this ionic

potential or interaction parameters.

Hardness or Archard’s wear equation could be another factor to define the oxide lubricity
at room temperature, which helps to reduce wear but leads to high friction [12—14]. Though,
the hardness or Archard's wear equation is sometimes not correlated especially at high
temperatures due to the existence of different wear mechanisms other than abrasive at room

temperature [14].

Deano et al. [15], and Viat et al. [16], showed that the formation of lubricious cobalt oxides

close to the wear track during sliding at high-temperature in Co-based alloys, due to its greater

171



sintering or diffusion coefficient, resulted in reduced friction and wear. Additionally, a layered
structure of lubricious oxides was formed on the wear track based on the diffusion behavior of

oxides in Co-based alloys during high temperature sliding [17-19].

Bowden and Tabor [20] also formulated different combinations, such as hard counterface
vs soft substrate, similar hardness of counterface vs substrate, and similar hardness of
counterface & substrate separated by a soft layer deposited on the substrate surface, which
showed different friction behavior. These combinations could be applicable to define the

friction and wear behavior of oxides or oxide coatings at different temperatures.

It has been seen that different researchers have correlated different parameters such as ionic
potential, interaction parameters, hardness, Bowden-Tabor theory, sintering or diffusion etc.
There is no single parameter or factor that can indicate the lubricity of the oxide friction and
wear under different conditions. Therefore, the authors tried to compare and correlate the
different parameters to find the dominant one either for the friction and wear characteristics of
the oxide coatings (i.e., CuO, Ta20s, CoO, NiO, Co0.75Ni0.250, and Co0.5Nio.s0) studied here at

room and elevated temperatures.

7.2 Materials and methods

The different oxide coatings such as CuO, Ta20s, CoO, NiO, Co0.75N10.250, and Coo.5Ni0.50
were prepared by thermal spray process. The main difference was that the deposited coatings
were obtained in two different thermal spray processes, (i.e., suspension plasma spray (SPS)
and high velocity oxygen fuel (HVOF)). The details of the thermal spray process, coating
deposition parameters, morphology and microstructure of the coatings can be found in

previously published articles [5,6,21,22].

The Vickers micro-hardness of the coatings was performed on the top surface at a load of
2 N (HVo.) using a Micro-Combi Tester (Anton Paar, Austria) according to the EN ISO 4516
standard [23]. The details of the Vickers hardness testing procedure were explained in a

previously published article [6,22].

Dry sliding wear tests were performed using a reciprocating ball on flat tribometer (Anton
Paar TriTec SA, Switzerland) at room and elevated temperatures. The wear tests were
performed on the as-sprayed coatings at two different temperatures: room or atmospheric
temperature (RT), and high temperature (HT). For the high-temperature (HT) test, the samples

(substrate/coating) were placed in the furnace, where they were heated to 450°C. The
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temperature recorded at the surface of the coating was around 300°C (i.e., using a
thermocouple). In this study, the atmospheric and high temperatures friction test conditions
were referred to as RT and HT, respectively. The test conditions can be found elsewhere

[5,6,21,22]. The steady state friction coefficient was taken into consideration for comparison.

The depth of the wear tracks after sliding tests was measured using a 3D optical surface
profiler (Zygo Corporation, USA). The wear area (mm?) was calculated by integrating the wear
track profiles, and the wear area was multiplied by the track length (mm) to determine the wear
volume (mm?). The wear volume was normalized by dividing by the applied load (N) and the

total sliding distance (m) to obtain the specific wear rate, k£ (mm>*/N.m.) [24].

The sintering of the CuO, CoO, Ta20s, and NiO oxides powder were performed at 600°C
and 1000°C for 1 hours 30 minutes in atmospheric conditions. The heating rate was 10°C/min
and cooled down in the furnace. The average particles size of the powders was from 500 nm to
700 nm and a 1 gm of powders were put in Quartz crucible for sintering in a furnace (Thermo

Scientific, Canada).

The morphology of the oxide powders and the sintered powders morphology were analyzed

using a field emission scanning electron microscope (FESEM) (SU8010, Hitachi, Japan).
7.3 Results and discussion

The dry sliding tests of all the oxide coatings (i.e., CuO, Ta20s, CoO, NiO, Co0.75N10.250,
and Coo.sNio.50), studied here were performed using the same testing conditions. The lowest
friction coefficient at room temperature was 0.45 for the NiO coating, while the lowest friction
coefficient at elevated temperature (i.e., 450°C) was seen with the CuO (i.e., 0.46). In terms of
the wear behavior, the Coo.sNiosO has the lowest wear rate of 0.83x10° mm?/Nm at room
temperature and CoO has the lowest wear rate of 1.2x10° mm?/Nm at high temperature. In
general, the CoO showed the best combination of friction and wear at high temperature

compared to all the oxides (details are in Table SS 1)

As previously explained (Introduction section), a comparison of the ionic potential and
interaction parameters was shown with the friction coefficient and specific wear rate of the
oxide coatings at high temperatures was shown in Figure 7. 1. The ionic potential and
interaction parameters are highlighted in the supplementary section (Table SS 2). As the ionic
potential of the oxides increases, the friction coefficient also increases at high temperatures
[Figure 7. 1 (a)]. Thus, the friction coefficient is not directly correlated with the proposed
crystal chemical approach or the ionic potential theory [8,9]. Instead, the authors found the
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opposite behavior. Similar suggestions have been made by Prakash et al. [10,11] and have
highlighted some limitations of the ionic potential theory such as it does not consider the nature
of interactions between anions and cations in oxides as well as oxides with ionic potential of
1-3. On the other hand, the friction coefficient of the oxide coatings increases with increasing
interaction parameters. In other words, at low interaction parameters, the oxides have low
coefficient of friction at high temperatures [Figure 7. 1 (b)]. In general, oxides with a low
interaction parameter have a high density of free electrons. These electrons do not contribute
to bonding and therefore an increase in the surface free energy is expected. An increase in the
surface free energy could lead to a decrease in the activation energy for the formation of
vacancies and for the hopping of ions causing surface diffusion, which can play a prominent

role in reducing the coefficient of friction in sliding contacts [10,11].
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Figure 7. 1: High temperature friction coefficient and wear rate of different oxide coatings as
a function of (a-c) ionic potential, and (b-d) interaction parameter. * NiO coating worn out

after 500 cycles.
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In addition, the mechanism of friction of oxides at different temperatures can be explained by

considering the number of vacancies, N, at equilibrium given by

N = cel#@) (7.1)

Where, Q the activation energy (J), T the temperature (°K), k the Boltzmann constant
(m?kgs? K), and C a constant. Finally, the low interaction parameter can be correlated with

the low activation energy, high vacancy formation, high diffusion, and greater sintering ability.

In the case of oxides with a high interaction parameter, the mobility of the ions decreases
due to a lower number of vacancies available, and this may be the origin of a higher sensitivity
to cracking [10,11]. This could be the reasons for the high friction and the delamination,
cracking, lack of tribofilm on the wear tracks for NiO, Ta20Os, and Coo.sNio.sO oxide coatings
during sliding wear tests at high temperatures [Table SS 3]. However, it is believed that there
is a lack of data for many oxides on the activation energy for anion vacancy, hence; a strong
correlation between activation energy and interaction parameter is not noticeable. Therefore,
additional research is needed to find the activation energy, diffusion coefficient of different

oxides in order to correlate them with the friction behavior at high temperatures.

Similar to the friction coefficient, the specific wear rate of CuO, Ta20s5, CoO, NiO,
Co0.75N10.250, and Coo.5Nio.sO oxide coatings with ionic potential, and interaction parameter
after dry sliding at high temperatures is shown in Figure 7. 1 (¢) and (d), respectively. The
wear rate fluctuated with the increased of ionic potential [Figure 7. 1 (c¢)]. On the other hand,
the wear rate of CuO, CoO, and Coo.75Ni0.250 decreased with increasing interaction parameter.
However, as the interaction parameter was further increased, the wear rate for Coo.sNio.sO, and
NiO increased. The wear rate for Ta2Os decreased with increasing interaction parameter. Thus,
the wear rate of the oxides fluctuates with the variation or increase of the interaction parameters
[Figure 7. 1 (d)]. Therefore, neither the ionic potential nor the interaction parameters satisfy
the wear resistance characteristics of oxide coatings. The wear resistance of the oxides could
be influenced by coating microstructures as well as different test parameters such as varying
frequency, load, contact conditions, applied load, temperatures etc., as tribology is not a
materials property but system response. Deano et al. [15] extensively studied the influence of
temperature, sliding cycles on the formation of glaze layer for cobalt-based superalloy, which

ultimately contributed to the reduction of wear. In addition, Viat et al. [16] showed that the
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tribologically induced cobalt oxides from cobalt-based alloy undergo the brittle to ductile
transition above 300°C, which reduced friction and wear. In addition, the formation of transfer
film and tribofilm on the mating surface and wear track, respectively, contributed to the
reduction of wear. In addition, the layered structure on the wear track, greater sintering ability
or grain refinement during sliding also improves the wear resistance properties of the oxides at

high temperatures [17,18].

Overall, at room temperature, the brittle fractures dominate, which could be due to the low
frictional heating in the contact interfaces as well as the high hardness of the oxides, which
ultimately produced a lot of debris and contributed to have high wear rate. This high hardness

is sometimes helpful to reduce wear according to Archard's wear equation [12] [Equation 7.2].

WL

Q is the total volume of wear debris produced

K is a dimensionless constant

W is the total normal load

L is the sliding distance

H is the hardness of the softest contacting surfaces

However, in most of the cases it could be opposite (i.e., increases the wear) as it increases
the material brittleness (i.e., lack of ductility for increasing wear resistance). To elucidate this,
the graph between the microhardness vs specific wear rate at room temperature is shown in
Figure 7. 2 (a). It is shown that with high hardness, Coo.5Nio.sO coating has low wear rate and
extending this trend for Coo.75Nio.2s0 and CoO coatings. Also, the lowest hardness Ta2Os
coating led to the highest wear. However, it could be different for NiO coatings [Figure 7. 2
(a)]. On the other hand, the high temperature wear rate does not correlate with the coatings’

microhardness [Figure 7. 2 (b)].
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Figure 7. 2. The specific wear rate of oxide coatings as a function of microhardness at (a)

Room and (b) high temperature

Therefore, it could be said that the wear rate for the oxides studied (i.e., Ta20s, CoO,
Co00.75N10.250, and Coo.5Nio.sO), correlated to some extent with the Archard equation or
hardness value at room temperature, but not at high temperatures. The main reasons could be
due to the abrasive nature of the coatings during sliding at atmospheric conditions. Whereas,
at the high temperature sliding, the coatings phenomenon changed to smearing, ductility,

adhesion, grain refinement, etc.

In addition, the thermal conductivity and melting point of the oxides did not correlate to the
friction and wear behavior of the coatings [Table SS 2]. In short, it can be said that the wear
behavior at high temperature can be influenced by other properties, such as the transition from
brittle to ductile behavior, the formation of smeared smooth layer on the wear track, the smaller
grain refinement, greater sintering ability of the oxides (i.e., leading to the formation of the

glaze layer at the interface) or the oxide coatings studied here.

Thus, in order to elucidate the driving mechanisms behind the wear resistance at elevated
temperatures, a sintering study at 600°C and 1000°C for 1 hour 30 minutes at the heating rate
of 10°C/minutes in atmospheric conditions was conducted on CoO, CuO, Ta20s, and NiO
powders [Figure 7. 3]. It should be mentioned that NiO powders were initially more aggregated

than other powders possibly due to high moisture absorption.

177



I4CP 150K 8 4mn

v JeMopasoey ogmmads ok poasEED) M Sdopm'

Figure 7. 3 a) Powder morphology of CoO, CuO, Ta20s, and NiO; (b) The sintering behavior
of CoO, CuO, Ta20s, and NiO powders at different temperatures.

Interestingly, at 600°C, no possible/visible changes of the powders were observed, whereas
at 1000°C, the sintering was noticeable [Figure 7. 3]. However, for CuO, the powders
aggregated and agglomerated. Similarly, more aggregation and agglomeration were observed
for CoO than CuO. The neck connection or diffusion was observed for CoO and CuO at
1000°C. No evident aggregation of powders was noticed for NiO. The powder moved easily in
the crucible when it was shaken after removing from the furnace. On the other hand, Ta20s
powders agglomerated little but more than NiO. The results indicated that CoO coating has
lowest wear rate after dry sliding at high temperatures. Moreover, this trend followed like high
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to low wear rate (i.e., NiO—-Ta205s—CuO—Co0O) and correspondingly their rate of
agglomeration increased. Therefore, sintering at 1000°C can be correlated with the sintering
ability of different oxides during sliding at comparatively high temperatures, and consequently

a comparable standard between sintering and friction and wear value can be obtained.

In addition to the sintering ability (i.e., formation of the glaze layer), the variation of friction
and wear at high temperature could be explained by Bowden and Tabor theory [20]: (a) Hard
counterface metal in contact with soft substrate metal (large contact area, 4 and small shear
strength, s), (b) Similar hardness of counterface metal and substrate metal in contact with each
other (small 4 and large s), (c) Similar hardness of counterface metal and substrate metal
separated by a thin film of soft metal deposited on the substrate surface (both 4 and s are small)
[Figure SS 1]. CuO, CoO, Ta20s, and Co0.75N10.250 exhibit relatively ductile behavior or low
shear strength at high temperature than at room temperatures. Moreover, the CoO coatings
formed soft amorphous layer closer to the wear track at elevated temperature [5,6,21,22].
Therefore, the decreased friction and wear rate at high temperatures of these oxides (i.e., CuO,
Co0, Ta20s, and Co0.75Ni0.250) can be correlated with the soft on hard combination [Figure
SS 1 (¢)]. Similarly, for room temperature sliding conditions, CuO, CoO, Ta20s, and
Co0.75N10.250 were comparatively hard or lack of ductility. This behavior can be correlated well
with hard-on-hard combination where the coatings have high shear strength, leading more
debris formation, and hence high friction and wear [Figure SS 1 (b)]. On the other hand, at
room temperature, this hard-on-hard correlation did not work for NiO and Coo.5Nio.50 coatings
still though they were hard and brittle in nature. In contrast, the NiO and Coo.5Nio.sO coatings
remained in brittle phase during dry sliding at high temperature and correlated well with hard-
on-hard combination where the coatings showed high friction and wear. So, the combination
pattern of the mating surface and chemical behavior of the materials or coatings can vary the
nature of the oxides layer in the contacting surface at high temperatures [25].

Finally, the lattice constant could be another parameter for governing the friction and wear
behavior of the oxides at room and elevated temperatures. As lattice represents the distance
between atoms in the crystal; thus, in general, a decrease in the lattice constant means that the
electrons are more tightly bound to the atom and therefore require more energy to remove [26].
The details of the crystal structure of different oxides and their corresponding lattice constants
can be found in Table SS 4.

Figure 7. 4 shows the room temperature friction coefficient of different oxide coatings as

a function of lattice parameter. At atmospheric conditions, there seems to be a correlation,
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where the friction coefficient decreased with decreasing the lattice parameter. The lower the
lattice constant could imply the stronger bonding of the atoms in the oxides and hence, high
hardness. The stronger bonding of the atoms normally difficult to shear which could lead to
high friction [1,27]. However, the observed study for CoO, Co00.75Ni0.250, Co0.5Nio.50, and NiO

coatings decreased friction coefficient with decreasing the lattice parameter.
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Figure 7. 4. Room and elevated temperatures (a) friction coefficient, and (b) specific wear
rate of different oxide coatings as a function of lattice parameter.

Like friction value of different oxide coatings, the wear rate at room and elevated
temperatures is shown in Figure 7. 4 (b). At high temperature, the increase in lattice parameter
decreased the specific wear rate of the oxides. This can be correlated with the low shear strength
or relative ductile behavior of the coatings during sliding at high temperatures, which
contributed to the decrease in wear rate. It is believed that during dry sliding at high
temperatures for CoO coatings or cobalt-based alloys formed amorphous or soft Co3zO4 layer
(i.e., high lattice constant decreased bond strength between atoms), which caused to decrease
friction and wear [16-18]. Therefore, CoO has comparatively lower wear rate than
C00.75N10.250, Co0.5Nio.s0, and NiO. On the contrary, at room temperature, the specific wear
rate also decreased with increasing lattice constants except for Coo.sNio.sO.

However, the friction coefficients of the oxides with different crystal structures may not be
generalized. Thus, it could be valid or comparable within the same crystal structures, such as
rock salt (i.e., C0304, CoO, Co00.75Ni0.250, C00.5Ni0.50, and NiO) of different oxides. Therefore,
additional research is needed to study the crystal behavior during sliding at room and elevated
temperatures at the nanoscale to confirm or determine the importance of lattice constants on

the friction and wear value of different oxides.
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7.4 Conclusions

The dry sliding wear tests of thermally sprayed CuO, Ta20s, CoO, NiO, Co0.75Ni0.250, and
Co0.5Ni0s0 coatings were carried out and their lubricity phenomenon was correlated with
various factors such as ionic potential, interaction parameter, hardness, sintering behavior, and
lattice constants. It was found that a low interaction parameter and high sintering behavior of
the oxide coatings, regardless of the microstructure of the oxide coatings, led to the low friction

and wear, respectively, at high temperatures.
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Chapter 8

Conclusions and Recommendation

8.1 Summary and Conclusions

The main objective of this dissertation was to mimic the oxides or glaze layer normally

formed during sliding of alloys or composites. The formation of these oxides on the wear tracks

during sliding helped to improve the tribological behavior of the coatings. Consequently, the

idea was to deposit these lubricious oxides instead of alloys or composites and to perform the

dry sliding tests at different temperatures. In addition, the goal was to minimize the initial high

run-in period and reduce friction and wear at high temperatures. Therefore, CuO, Ta20s, CoO,

NiO, Co0.75N10.250, and Co0.5N10.50 coatings were developed by using suspension plasma spray

(SPS) and high velocity oxy-fuel (HVOF) processes.

1.

The CuO coatings were developed by SPS using ethanol-based suspensions as
feedstocks. The effects of spraying parameters such as nozzle size, spraying distance,
plasma gas compositions and solid loading in the suspensions on the coating
microstructures were investigated. The low melting (~1300°C), boiling (~2000°C) and
decomposition (~1200°C) temperatures were identified for the porous microstructures
of the CuO coatings. In addition, the high in-flight particle temperatures, and the plasma
gas hydrogen (Hz) were considered as the influencing parameters for the reduction of
CuO to Cu20 and pure metallic Cu. The high solid loading (20 wt%) and short spraying
distance (i.e., 30 mm) helped to densify the coating microstructures. Further sliding
tests of the CuO coatings showed low friction and wear at high temperatures compared
to atmospheric conditions. The presence of metallic Cu and Cu20 in the coatings was
converted to CuO on the wear tracks during sliding at room and elevated temperatures,
as demonstrated by Raman analysis.

The SPS process was used to produce dense Ta2xOs coatings by optimizing the spray
parameters such as nozzle size, spray distance, plasma gas compositions, and plasma
power. The low friction and wear of the Ta2Os at elevated temperature can be attributed
to the ductile behavior of the coating. The relatively ductile behavior of the coating
could be attributed to the higher frictional heating leading to the formation of a smeared

or continuous smooth layer on the wear tracks with a stable transfer film on the
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counterface. On the other hand, the opposite trend was observed at atmospheric
temperature.

Dry sliding tests on the thermally sprayed CoO and NiO showed that the CoO coatings
outperformed NiO at room and elevated temperature. Ex-situ analysis of CoO wear
tracks after high temperature sliding showed that the formation of a thin nanocrystalline
amorphous tribofilm resulted in low friction and wear. Whereas, at room temperature,
subsurface microcracking of the CoO coating led to high friction and wear compared to
elevated temperature. The nickel oxide coating, at room temperature, provided low
friction, possibly due to its high hardness. At high temperature, however, the NiO
coating was completely worn out and resulted in increased friction and wear due to its
brittle nature.

Solid-state synthesized ternary Co-Ni-O (i.e., C00.75Ni0250 and Coo.5Nio.sO) powder
was deposited using the HVOF process. A dense coating with limited porosity and low
surface roughness was obtained due to the impact of the impinging particles on the
substrate at high velocity and sufficient temperature. The hardness of the Coo.5Nio.sO
coating increased due to the higher concentration of NiO compared to Co0.75Nio.250.
The Coo.5Ni0.50 coating showed poor tribological performance at high temperatures due
to the higher concentration of NiO, which made the coating more brittle. However, at
high temperatures, the low wear for the Coo.75Ni0.250 coating is attributed to the grain
refinement or greater sintering ability of the oxides in the wear track subsurface.

The oxides with low interaction parameter showed low friction at high temperature. As
the interaction parameter decreased, the friction coefficient of the oxides at high
temperature decreased due to the weaker binding energy between anion and cation. In
addition, the interaction parameter can be related to the activation energy for the
improved lubricity. More specifically, the formation of vacancies and hopping of ions
at the surface of an oxide becomes easier with lower activation energy, thus increasing
the degree of freedom and mobility of the ions. This increased mobility of ions at their
surface is believed to be the basis for the low coefficient of friction of such oxides in
sliding contacts.

The sintering of the oxides powder (i.e., CoO, CuO, Ta20s, and NiO) at 1000°C for 1
hour 30 minutes in atmospheric conditions showed that the CoO aggregated and
agglomerated more than any other oxides (i.e., CuO, Tax0s, and NiO). Moreover, this
trend followed a high to low wear rate (i.e., NiO—Ta20s—CuO—CoQO) and

correspondingly their rate of agglomeration increased. Therefore, this agglomeration
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ability of the powders at 1000°C can be correlated with the sintering ability of different
oxides during sliding at comparatively high temperatures and hence, their friction and

wear value.

8.2 Contributions to Original Knowledge

The main contributions of this dissertation can be summarized as follows:

1.

For the first time, CuO, Ta20s, CoO, NiO, C00.75Ni0.250, and Coo.5Nio.50 oxide coatings
were developed by thermal spray process (i.e., SPS and HVOF) to mimic the in-situ
oxides or lubricious glaze layer.

The influence of spray parameters on the coating microstructures of different oxides
was investigated. Additionally, it was shown that the in-flight temperatures and the
plasma gas composition play a significant role in the chemical reduction of CuO to
Cu20 and pure metallic Cu. Similar observations were made for NiO coatings.

For the first time, the sliding wear behavior of CuO, Ta20s, CoO, NiO, Co00.75Ni0.250,
and Coo.5Ni0.50 oxide coatings was studied at different temperatures.

It was found that the main wear mechanisms for having high friction or wear at room
and low friction or wear at elevated temperature of different oxides were due to the

brittle and ductile behavior of the coatings, respectively.

. A potential tentative main parameter (i.e., sintering ability or interaction parameter or

diffusion coefficient) for reducing the friction coefficient and specific wear rate of

different oxides at high temperatures was recognized.

8.3 Suggestion for Future Work

1.

The oxides such as CuO, Ta20s, CoO, NiO, Co0.75Ni0.250, and Co0.5Nio.sO coatings
studied here were deposited by two different processes (i.e., SPS and HVOF). It would
be interesting to try to deposit the coatings with a single spray process, either SPS or
HVOF, and see their tribological behavior at different temperatures.

The challenges for the deposition of the CuO coatings can be minimized or the
microstructure of the coatings can be improved by varying the plasma power, changing
the secondary gas (Hz), and using He instead. In addition, HVOF could be a viable
option to avoid reducing CuO particles in-flight or on the substrate, as it uses larger

particles and lower flame temperatures than the SPS process. Further characterization
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is also needed to investigate the mechanical performance (i.e., hardness, modulus,
fracture toughness) of these coatings.

Different microstructures of Ta2Os oxide coatings can be obtained by varying the spray
parameters and thus checking their tribological performance under different test
conditions. Further investigation is needed to verify their brittle and ductile wear
mechanisms at room and elevated temperatures. In addition, Ta20s is the only oxide
where the number of anions is not equal to the number of cations compared to the other
oxides studied here. This variation of cations and anions could be considered to verify
its tribological performance in the future.

The NiO coating sprayed by SPS process was reduced to pure metallic Ni and the
coating microstructures were more like columnar. In addition, NiO coatings can be
developed using the HVOF process to avoid or minimize the reduction to metallic Ni
(i.e., coating microstructures) and to understand the tribological properties. This may
be possible due to the much higher particle velocity and lower flame temperatures of
the HVOF process. In addition, a systematic approach can be established by comparing
the tribological performance of producing NiO and CoO coatings using the same spray
process (i.e., either HVOF or SPS).

The oxides studied here should be evaluated in terms of their tribological behavior up
to high temperatures above 750°C. In addition, the coatings should be critically
evaluated using component level test in order to better understand their capability.

It was shown that the coefficient of friction and wear of CuO was lower than that of
Ta20s. On the other hand, the tantalum oxides have higher load carrying capacity due
to their high hardness. Therefore, the influence of CuO or Ta20s in the composites of
CuO + Ta20s in terms of their coating microstructures and wear resistance behavior at
different temperatures needs to be further investigated. There may be a possibility of
the formation of ternary oxides (i.e., CuTaxOc¢) on the coatings during spraying or on
the wear tracks after the sliding test, which could improve the tribology of the coatings.
It has been shown that increasing the NiO content in the Co-Ni-O ternary solid solution
(i.e., CoosNiosO) decreases the wear resistance at high temperatures. It would be
interesting to see the tribological behavior of these coatings at much higher
temperatures. Also, it would be good to perform some advanced characterizations (i.e.,
FIB or TEM) to understand the dominant wear mechanisms of the Co-Ni-O (i.e.,

Co00.75N10.250, and Co0.5Ni0.50) coating.
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10.

In this dissertation, the tribological characteristics of different oxide (i.e., CuO, Ta2Os,
Co0, NiO, Co00.75Ni0.250, and Coo.5Ni0.s0) coatings were investigated under dry sliding
conditions. It would be interesting to study the friction and wear behavior of the
coatings under lubricated sliding conditions.

The third body approach to varying the tribology of the oxides studied here needs to be
further understood at atmospheric and high temperatures. The physical, chemical,
microstructural, and mechanical properties of the third body should be co-related to the
observed changes in friction and wear mechanisms. Moreover, further advanced
characterization such as TEM could be a viable option to identify the wear mechanisms
in detail.

In addition, it is believed that additional research is needed to focus on the interaction
parameter or sintering ability and diffusion coefficient, which could be the main driving
mechanisms for reducing friction and wear of lubricious oxides. It would be interesting
to summarize or list the chronological order of different oxide lubricity based on
sintering ability or diffusion coefficient at high temperatures. Further studies related to
sintering ability such as density measurement, preparation of green pellet and then
sintering, etc. could be done to clearly understand their sinterability. A mathematical
model could be developed instead of experimental tests to predict the friction and wear

resistance behavior of different oxide coatings at different temperatures.
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Appendix A

Supplementary section 1

Binary and Ternary Oxide for High Temperature Tribological
Applications: A Review

Amit Roy" ?*, Payank Patel' 2, Navid Sharifi', Richard R. Chromik?, Pantcho Stoyanov>,
Christian Moreau'

"Department of Mechanical, Industrial and Aerospace Engineering, Concordia University,
1455 de Maisonneuve Blvd. W, Montreal, Quebec H3G 1M8, Canada
2Department of Mining and Materials Engineering, McGill University, M.H. Wong Building,
3610 University Street, Montreal, QC H3A 0C5, Canada
3Department of Chemical and Materials Engineering, Concordia University, 1455 de
Maisonneuve Blvd. W, Montreal, Quebec H3G 1M8, Canada

Nomenclatures
L Applied load [N] w Wear rate [mm*/N.m]
SV  Sliding speed or velocity [mm/s] RT Room temperature [°C]
SD  Sliding distance [m] k Radius of gyration [mm]
S Stroke length [mm)] A, Real area of contact [mm?]
f Frequency [Hz] T Shear strength [N/mm?]
T Testing time or duration [s] 0] Tonic potential [A™]
Pu  Hertzian contact pressure [MPa] Z Cationic charge
o Coefficient of friction [COF] r Radius of the cation [A]
MS  Magnetron sputtering PM  Powder metallurgy
PLD Pulse laser deposition TS Thermal spraying
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Table S1: Tribological behavior of vanadium-based oxides

Author

Method

Material

Counter
body

Load | Speed

Time/
Distance

Tribological Performance

Fateh et
al. [1]

MS

VN

AlLO;

0.1

SN m/s

100 m

s 0.45 (RT); 0.48 (300°C);
0.47 (400°C); 0.4 (500°C);
0.36 (600°C); 0.25 (700°C)

Gassner et
al. [2]

MS

AlLO;

0.1

10N
m/s

1000 m

Combination with A1 O3 ball
p: 0.55 (RT); 0.5 (500°C);
0.37 (700°C);
Combination with steel ball
p: 1.35 (RT); 0.5 (500°C);
0.32 (700°C);

Ouyang et
al. [3]

Ion
platting

(V, T)) N

AlLO;

10N --

60 min

w: 0.81 (RT); 1.01 (200°C);
1.08 (300°C); 1.06 (400°C);
0.68 (500°C); 0.55 (600°C);
0.53 (650°C); 0.61 (700°C);
W: 259 x 1077mm3/Nm
(RT); 1.69 x 10~"mm?3/Nm
(200°C); 4.38 x 10~6mm3/
Nm  (400°C);  3.28x
10~%mm3/Nm  (500°C);
2.32 x 10~*mm3/Nm
(600°C); 1.31x 10~5mm3/
Nm (650°C):

Fateh et
al. [4]

MS

V and VN

AlLO;

m/s

100 m

V coating

p: 1.05 (RT); 0.8 (300°C);
0.71 (400°C); 0.43(500°C);
0.42 (600°C); 0.27(700°C);
VN coating

p: 0.45 (RT); 0.5 (300°C);
0.47 (400°C); 0.4 (500°C);
0.35 (600°C); 0.26 (700°C);

Fateh et
al. [5]

MS

V205

AlO;

0.1

IN m/s

50 m

s 0.55 (RT); 0.39 (300°C);
0.33 (400°C); 0.4 (500°C);
0.15 (600°C);

Mayrhofer
et al. [6]

MS

TiAIN/VN

AlLO;

0.01

IN m/s

1000 m

p: 0.55 (RT); 0.96 (500°C);
0.18 (700°C);

Kutschej
etal. [7]

MS

Ti-Al-V-N

AlLO;

0.1

SN m/s

1000 m

p: 0.95 (500°C); 0.7 (600°C);
0.55 (650°C); 0.27 (700°C)

Mu et al.
(8]

Ton
platting

VN and
VCN

ALO3

I0N --

30 min

VN coating

p: 0.68 (RT); 0.46 (300°C);
0.36 (500°C); 0.56 (700°C);
W:  2987x 10~°mm3/Nm
(RT); 8.0 X 10~®mm3/Nm
(300°C); 8.732 X
107%mm3/Nm (500°C);
VCN coating

p: 0.57 (RT); 0.39 (300°C);
0.30 (500°C); 0.54 (700°C);
W:  0.836%x 10~%mm3/Nm
(RT); 2.2 x10"°mm3/Nm
(300°C); 5.736 x 10~ °mm3/
Nm (500°C);

At, 700°C the wear cannot be
calculated due to excessive
oxidation.
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Table S2: Tribological behavior of molybdenum-based oxides

Author | Method | Material Counter Load | Speed Tlme/ Tribological Performance
body Distance
Suszko 03 2000 p: 0.42 (RT); 0.7 (100°C); 0.55
T et al. MS Mo,N AlLO; IN ) (400°C);
9] m/s cycle
Combination with AlOs ball
p: 0.38 (RT); 0.38 (500°C); 0.38
Gassner, 0.01 (700°C);
G., etal. MS Mo-N Al,O4 10N m s 1000 m | Combination with steel ball
[10] p: 0.62 (RT); 0.4 (500°C); 0.52
(700°C);
W: ~107m3/Nm
Wang, For optimized Mos,V,, N,
Wenzhe, 0.1 . p: 0.42 (RT); 0.27 (700°C);
etal. | MS | Mo-V-NH O ALOs 2N e 33 min G S 107 mm? /Nm. (RT);
[11] 19 X 10~*mm?3/Nm (700°C)
p: 0.3 (RT); 0.36 (100°C); 0.53
(200°C); 0.51 (300°C); 0.48
(400°C); 0.41 (500°C); 0.29
Liu (550°C);
Chenk’ai W: 2.1 X 10~5mm3/Nm (RT);
L Ms MoN | ALOs | 5N - 30min | 1.6 X 10~mm3/Nm (100°C);
© 1;' 5.3 x 1077mm3/Nm  (200°C);
[12] 1.8 x 105mm3/Nm  (300°C):
1.9 X 10~*mm3/Nm  (400°C);
2.9x 10~°mm3/Nm  (500°C);
3.1 X 10~>mm3/Nm (550°C);
3Y-TZP
%‘r);}ll +0.5 wt 05 1 0.46 (RT); 0.21 (500°C);
et al ’ PM % MgO AlLO; 20N m'/s 33min | W: 3.04 x 107*m3/Nm (RT);
[13]' +0.5 2.33 x 10~*m3 /Nm (500°C)
wt% Mo
f=2Hzand L=70N
p: 0.9 (RT); 0.34 (800°C);
27 f=2Hzand L=140 N
Qi,Y.E. AlLOs- . p: 0.32 (800°C);
[14] PM Mo ALO; 211]0 < Bmin S Hzand L=210N
p: 0.31 (800°C);
f=5Hzand L=70N;
w: 0.25 (800°C);
M.E AlOs-1- ) ,
Curact. | PM | 10vol% | ALOs | 5N 0'/5 1000 m '200985_'0'71 (RT); 0.27-0.36
al. [15] Mo s ( )

Table S3: Tribological behavior of tungsten-based oxides

Author

Method

Material

Counter
body

Load

Speed

Time/
Distance

Tribological Performance

Gassner
etal.
[10]

MS

AlLO3

10N

0.01
m/s

1000 m

Combination with Al:O3 ball

p: 0.30 (RT); 0.50 (500°C); 0.45
(700°C);

Combination with steel ball

p: 0.63 (RT); 0.7 (500°C); 0.57
(700°C);

W: ~10"%m3/Nm
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Polcar
et. al.
[16]

MS

AlLO;3 5N --

W70N30 Coating

p: 0.44 (RT); 0.47 (100°C); 0.7
(200°C); 0.65 (300°C); 0.6
(400°C); 0.42 (500°C);

W (107°m3/Nm): 0.49 (RT);
0.02 (100°C); 0.02 (200°C); 0.75
(300°C); 2.6 (400°C); 5.8
(500°C);

Wis3N47 Coating

p: 0.29 (RT); 0.6 (300°C); 0.59
(400°C); 0.67 (500°C);

W (107°m3/Nm): 0.25 (RT); 1.6
(300°C); 4.8 (500°C);

W4:Nss Coating

p: 0.25 (RT); 0.44 (100°C); 0.49
(200°C); 0.65 (300°C); 0.6
(400°C); 0.51(500°C);

W (1075m3/Nm): 0.01 (RT);
0.01 (100°C); 0.01 (200°C); 0.01
(300°C); 1.1 (400°C); 2.25
(500°C);

Yu et.
al. [17]

MS

W-B-N

ALO; | 3N |

30 min

p: 0.33 (RT); 0.65 (200°C); 0.56
(300°C); 0.55 (500°C); 0.52
(700°C);

W: 21x108m?/Nm (RT);
3.0%x1078m3/Nm  (200°C);
41%x1078m3/Nm  (300°C);
73%x1078m3/Nm  (500°C);
1.1 x 10~7m3 /Nm (700°C);

Ju et. al.

[18]

MS

W-Si-N

ALO; | 3N |

30 min

W:N Coating

p: 0.45 (RT); 0.51 (100°C); 0.62
(200°C); 0.72 (300°C);

W: 09x107%n3/Nm (RT);
1.0 X 107%m3/Nm (100°C);
6.7 X 107m3/Nm (200°C);
5.5 X 1075m3/Nm (300°C);
W41Si23.5N345 Coating

p: 0.3(RT); 0.68 (100°C); 0.79
(200°C);  0.75  (300°C);0.43
(400°C); 0.36 (600°C);

Yu et.
al. [19]

MS

W>N -
Cu

ALO; | 3N |

30 min

W41CueNs3 Coating

p: 0.3 (RT); 0.39 (200°C); 0.34
(300°C);  0.32  (400°C);0.31
(500°C); 0.29 (600°C);

W: 1.4x1078m3/Nm (RT);
8.1 x 1078m3/Nm (200°C);
9.0 X 1078m3/Nm(300°C);12 x
1078m3/Nm  (400°C); 13 %
1078m3/Nm  (500°C); 14 x
10~8m3/Nm (600°C);
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Table S4: Tribological behavior of copper-based oxides

Author | Method | Material Counter Load | Speed Tlme/ Tribological Performance
body Distance
1 0.30 (RT); 0.8 (200°C); 0.70
Valefi (400°C); 035 (600°C); 0.38
etal. PM 35YC_‘}%'P ALO; | 1IN ?{3: 1000m | (700°C):
[20] W: 0.4 X 107*mm3/Nm
(595°C);
w: 0.2 (700°C); 0.18 (800°C); -
0.21 (900°C); 0.3 (1000°C);
W: 3.67 X 10~°>mm3/Nm
I;"‘ngjt PM (;‘%?):iz‘ ALOs | 10N 21/25 30min | (700°C); 3.85 x 10-5mm3/Nm
: (800°C); 2.22 x 10~*mm3/Nm
(900°C); 9.14 X 10~ *mm3/Nm
(1000°C)
1 0.9 (RT); 0.4 (600°C); w: 0.2
(800°C); 0.2 (1000°C);
Zhu et NiAl-Cr- . 0.19 . W: 6x107>mm3/Nm (RT);
al 221 | ™ | Mo-cuo | SENe | IONE g | 60min S s 10-4 mmd /Nm (600°C):
2.0 X 10-mm?®/Nm_ (800°C):
6.2 x 10~ mm3/Nm (1000°C)
w: 0.64 (RT); 0.6 (200°C); 0.56
(400°C); 045 (600°C); 0.42
Fe21Cr- sooCy,
Cui et. 14Mo- . 0.19 . W: 0.8 x 107> mm?®/Nm (RT);
al.23] | ™™ | q05ag | SENe | IONE e | 60mIn g8 21075 mm3/Nm (200°C);
14CuO 0.8 x 105 mm3/Nm (400°C);
0.25 x 1075 mm3/Nm (600°C):
0.15 x 1075 mm3/Nm (800°C)
Pasaribu
e[tiz]l. PM 2‘112%3 ALO; | 5N r(x){ /ls 1000 m "‘V°<4 L OO_'§ /N
1 0.46 (RT); 0.6 (350°C);
;0%2‘?;]' TS Cu0 | ALO; | 5N 0'213/;4 S0m | W: 68 x 105 mm3/Nm (RT);
) 32 x 10~° mm3/Nm (350°C);

Table SS: Tribological behavior of vanadate-based oxides

Counte Loa Time/
Author | Method | Material r d Speed | Distanc Tribological Performance
body e
Aouadi
E’; 2]1 w: 0.3 (RT); 0.30 (350°C); p:
and MS VN/Ag SisNs IN 0.11 B 0.12 (ZOO°C); 0.08 (900°C); 0.2
Murator m/s (1000°C)
eet. al
[27]
Guo et 200 p: 0.30 (RT); 0.20 (300°C); 0.18
al. PLD VN/Ag AlLO; | 10N 20 min | (500°C); 0.10 (700°C); 0.08
[28,29] pm (900°C);
p: 0.44 (RT); 0.42 (300°C); 0.45
(500°C); 0.19 (700°C);
Mu et Ion VN- 200 W 1.881 x 10~*mm3/Nm
al. [30] | platting VN/Ag ALOs | 10N pm 30 min (RT); 5.5 x 107> mm3/Nm
(300°C); 6.107 X 10~>mm3/
Nm (500°C);
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Luster
et al.
[31]

MS &
Burnishin

g

AgV3 04

Si3Ny4

2N

200

10,000
cycles

p: 0.90 (RT); p: 0.20 (750°C);

Xin et
al. [32]

Laser
Cladding

NiCrAlY/
CI‘3C2
(NiCr)/V,
05/ AgZO

Si3Ny

3N

0.19
m/s

45 min

1 0.52 (RT); 0.49 (200°C); 0.35
(400°C); 0.26 (600°C); p: 0.147
(800°C):;

W: 5.6 X 10> mm3/Nm (RT);
5% 107> mm3/Nm  (200°C);
6.8 x 10~ mm?®/Nm_ (400°C);
4.4 x 1075 mm3/Nm_ (600°C);
2.86 x 107 mm3 /Nm (800°C)

Liu et
al. [33]

PM

NiAl/Ag
V304

Inconel
718

2N

300

60 min

1 031 (RT); 0.21 (300°C); 0.16
(500°C); 0.13 (700°C); 0.06
(900°C):;

W: 2.5 x 107> mm3/Nm (RT);
3.7 x 10~ mm3/Nm (300°C);
4.8 x 1075 mm3/Nm (500°C);
2.8 x 1075 mm3/Nm_ (700°C);
1.08 X 10~° mm3/Nm (900°C)

Liu et
al. [34]

PM

NiAl-Mo-
AgV3 04

Inconel
718

2N

300

60 min

1 0.39 (RT); 0.36 (300°C); 0.26
(500°C); 0.2 (700°C); 0.16
(900°C);

W: 1.9 x 10~ mm3/Nm (RT);
1.3 x 10~ mm3/Nm_ (300°C);
1.5 x 107> mm3/Nm (500°C);
1.1 x 1075 mm3/Nm (700°C);
0.1 x 10~% mm?/Nm (900°C)

Zhang
et al.
[35]

PM

NiCr/Ag
V304

SizNy

9.8

0.188
4 m/s

20 min

u: 0.73 (RT); 0.64 (200°C); 0.35
(400°C); 0.34 (600°C); 0.34
(800°C);

W: 1.7 X 10~*mm3/Nm (RT);
2.7 x 107* mm3/Nm (200°C);
2.6 Xx 107*mm3/Nm (400°C);
2.55 X 10~* mm3/Nm
(600°C); 2.1 x 10~*mm3/Nm
(800°C)

Du et
al. [36]

APS

NiCoCrA
1Y-Cr,03-
AgVOs

SizNy

9.8

0.188
4 m/s

20 min

w: 048 (100°C); 0.5 (200°C);
0.45 (400°C); 0.24 (600°C); 0.22
(800°C);

W: 2.8 X 10~*mm3/Nm (RT);
6.9 x 10~* mm3/Nm (200°C);
8 x 10~*mm3/Nm  (400°C);
5x 10™*mm3/Nm  (600°C);
3.5 x 10~* mm3/Nm (800°C)

Bondare
v et al.
[37,38]

MS

VCN-Ag

AlO;

IN

0.1
m/s

9000
cycle

w: 048 (100°C); 0.55 (150°C);
0.52 (200°C); 0.35 (250°C); 0.35
(300°C); 038 (350°C); 0.5
(400°C); 0.7 (450°C); 0.65
(500°C);  0.55 (550°C); 0.5
(600°C): 0.3 (650°C); 0.18
(700°C);

W: 2.5 X 107> mm3/Nm (RT);
3.7 x 105 mm3/Nm (300°C);
4.8 x 1075 mm3/Nm (500°C);
2.8 x 1075 mm3/Nm_ (700°C):;
1.08 X 10~° mm3/Nm (900°C)
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Zhao et.
al. [39]

Ion
platting

VN/Ag

AlLO;

100

10N --

p: 0.56-0.50 (RT); 0.44-0.57
(300°C);  0.45-0.46  (500°C);
0.22-0.30 (700°C);

Table S6: Tribological behavior of molybdate-based oxides

Author | Method | Material Counter Load | Speed ".I‘lme/ Tribological Performance
body Distance
ioxﬁ S:]t RMS | AgMoOs SN N ?éo%gg)ERT), 0.32 (300°C); 0.25 (450°C); 0.12
p: 0.53 (RT); 0.40 (300°C); 0.41 (500°C); 0.28
(700°C); 0.23 (900°C);
Lietal. PM NiCrAlY- . W: 735x 10 5mm3/Nm (RT); 29X
[41] Mo-Ag SisNa SN 03mfs | 200m 65 s /Nm (300°C): 3.5 x 10-5 mm?/
Nm (500°C); 2.3 x 105 mm3/Nm (700°C);
1.6 X 10~5 mm3/Nm (900°C)
p: 0.32 (RT); 0.31 (200°C); 0.4 (400°C); 0.32
(600°C); 0.28 (800°C);
Chen et NiCrAlY- . W:  6x105mm3/Nm  (RT); 6X
al. [42] | APS Mo-Ag SiaNs SN 03m/s | 200m g5 ms /Nm (200°C); 10 x 10-5 mm3/
Nm (400°C); 5 x 1075 mm3/Nm (600°C);
4 x 105 mm®/Nm (800°C)
p: 0.94 (RT); 0.6 (300°C); 0.5 (500°C); 0.26
Liuetal. | PM | Ni-CrOs- | Inconel 0.287 (700°C);
[43] : AgaMoOs 718 2N s 30min | W:  8x105mm3/Nm  (RT); 7X
1075 mm3/Nm (300°C); 3 X 1075 mm3/Nm
(500°C); 1.02 x 10~5 mm3/Nm (700°C);
p: 0.85 (RT); 0.8 (300°C); 0.4 (500°C); 0.33
(700°C);
Liu et al. PM Ni-Cr203- Inconel IN 0.287 30 min W: 92.03x 107 5mm3/Nm (RT); 88X
[44] Ag:M0207 718 m/s 1075 mm3/Nm (300°C); 4.5 X 10~5mm3/
Nm (500°C); 1.51 x 1075 mm3/Nm
(700°C);
p: 0.63 (RT); 0.65 (200°C); 0.75 (400°C); 0.18
(500°C); 0.18 (600°C);
Zalllat‘fs? PM Ag-Mo SisNs | 98N Or'i/gsg 20min | Wi 5x10~*mm®/Nm  (RT); 6x
: 10~* mm3/Nm (200°C); 6.5 x 10~*mm3/
Nm (400°C); 2 X 10~* mm3/Nm (600°C);
Muratore | MS & = yq; 4o u: 0.2 (RT); 0.1 (300°C); 0.2 (500°C); 0.2
etal. PLD SisNy IN | 02m/s - | oY Y s
[46] Mo-MoS2 (700°C);
Huctal | MS& | YSZ-Ag- s N . ] ?io%fé)gm), 0.30 (300°C); 0.40 (500°C); 0.39
[47] PLD Mo ’
. p: 0.42 (RT); 0.37 (350°C); 0.10 (600°C);
Aoujdl UMS MosN- SiN O 10,000 | W: 2x10~*mm3/Nm  (RT); 7Xx
e;"g' MoS-Ag 134 SIS oyeles | 1075 mm3/Nm (350°C); 1 x 10~5 mm?/Nm
[48] (600°C);
Aouadi p: 0.4 (RT); 0.3 (350°C); 0.1 (600°C);
etal. MoaN- . 0.11 300,000 | W: 2x 1075 mm3/Nm (RT); 6 X
[49] UMS 1 Moss-Ag SisNs IN m/s cycles | 1076 mm3/Nm (350°C); 8 x 107 mm3/Nm
(600°C);
p: 0.27 (RT); 0.35 (100°C); 0.47 (150°C); 0.6
Shtansky (200°C); 0.7 (250°C); 0.72 (300°C); 0.79
et MS | MoCN-Ag | ALO; IN | 01m/s | 300m | (350°C); 0.35 (400°C); 0.35 (450°C); 0.42
al. [50] (500°C); 0.32 (550°C); 0.30 (600°C); 0.41
(650°C); 0.41 (700°C);
p: 0.65 (RT); 0.45 (300°C); 0.3 (500°C); 0.2
(700°C); 0.19 (900°C);
Wang et NiCr- 0.108 . W: 15x 10 5mm3/Nm (RT); 10X
al. [Sgl] PM1 Moos-ag | AROs | 20N 60min | 4 0-5 m3/Nm  (300°C); 6.5 x 10-5 mm?/
Nm (500°C); 2 x 1075 mm3/Nm (700°C);
4.68 X 1075 mm3/Nm (900°C)
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Chen et
al. [52]

HVOF

NiMoAl-
Cr3Ca-Ag

SizN4

I5N

600
rpm

45 min

p: 0.19 (RT); 0.26 (200°C); 0.32 (400°C); 0.28
(600°C); 0.25 (800°C);

W: 12x107mm3/Nm (RT); 6.0 %
107 mm3/Nm (200°C); 6.0 x 1075 mm?3/
Nm (400°C); 9.0 X 107¢ mm3/Nm (600°C);
9.0 X 10~ mm3/Nm (800°C)

Lietal.
[53]

APS

NiCrAlY-
Mo-Ag

ALO3

10N

0.3 m/s

60 min

w: 0.55 (RT); 0.48 (300°C); 0.45 (500°C); 0.28
(700°C); 0.18 (900°C);

W: 72x105mm3/Nm  (RT); 2x
1075 mm3/Nm (300°C); 3 x 105 mm3/Nm
(500°C); 1.9 X 105 mm3/Nm (700°C); 3 X
1075 mm?/Nm (900°C)

Lu et al.
[54]

PLD

Mo-V-Ag-
)

ALO3

2N

0.11
m/s

30 min

pu: 0.91 (RT); 0.8 (300°C); 0.6 (400°C); 0.24
(500°C);

Dai et al.

[55]

MS

Ag-
MoNbN

AlO3

IN

0.1 m/s

p: 0.6 (RT); 0.45 (100°C); 0.35 (200°C); 0.31
(300°C); 0.29 (400°C); 0.31 (500°C); 0.18
(600°C); 0.09 (700°C); 0.1 (800°C);

Wang et
al. [56]

RMS

MoVN-Ag

AlO3

2N

0.1 m/s

33 min

w: 04 (RT); 0.6 (300°C); 0.19 (500°C); 0.28
(700°C);

W: 44x1077mm3/Nm (RT); 3x
10~ mm3/Nm (300°C); 1.0 X 10~7 mm3/
Nm (500°C); 4.6 x 10~7 mm?/Nm (700°C);

Takeichi
et al.
[57]

Burnish
ing

CuzMo020g;
CuMoOq4

Steel

61.8 N

55
mm/s

30 min

Friction coefficient of CusMo02009;

p: 0.70 (RT); 0. 58 (200°C); 0.58 (400°C); 0.50
(500°C); 0.42 (600°C); 0.35 (700°C);
Friction coefficient of CuMoQ4

p: 0.65 (RT); 0. 60 (200°C); 0.55 (400°C); 0.49
(500°C); 0.40 (600°C); 0.42 (700°C);

Xin et al.

[58]

Laser
Claddin

g

NiCrAlY/C
r3C2(NiCr/
Cu/MoO:3)

Si3N4

3N

0.19
m/s

45 min

1: 0.63 (RT); 0.76 (200°C); 0.48 (400°C); 0.36
(600°C); 0.34 (800°C);

W: 6.05+038x%x 10 5mm3/Nm (RT);
7.7 £ 0.75 x 1075 mm3/Nm (200°C);
6.57 + 043 X 10-5Smm3/Nm  (400°C);
2.90 + 0.32 x 1075 mm3/Nm (600°C);
1.0 + 0.51 x 10~5 mm?/Nm (800°C)

Yao et
al. [59]

APS

NiAl-
MoO3/CuO

AlO3

10N

0.1 m/s

60 min

p: 0.60 (RT); 0.55 (200°C); 0.55 (400°C); 0.35
(600°C); 0.16 (800°C);

W: 25x105mm3/Nm (RT); 10X
1075 mm3/Nm (200°C); 19 x 1075 mm3/
Nm (400°C); 6 X 1075 mm3/Nm (600°C);
3.7 X 10~% mm®/Nm (800°C)

Kong et.
al. [60]

PM

Zr02(Y203)
-Ag-CaF»-
10Mo

Al0O3

10N

0.2 m/s

30 min

p: 0.65 (RT); 0.62 (200°C); 0.51 (400°C); 0.56
(600°C); 0.28 (800°C); 0.32 (1000°C);

W: 25x10"°mm3/Nm (RT); 24X
10~° mm3/Nm (200°C); 6.5 X 1075 mm3/
Nm (400°C); 3.0 X 105 mm3/Nm (600°C);
2.5 x 1075 mm3/Nm (800°C);

13 x 10~5 mm3/Nm (1000°C)

Ouyang
et al.
[61]

PM

NiCr-
BaMoOa

Si3N4

5N

60 min

p: 0.60 (RT); 0.26-0.29 (400°C); 0.31-0.40
(600°C);

W: 0.65 x 107° ~9 x 1075 mm?3/Nm (RT);
1.06 X 1075~2.15 x 1075 mm3/Nm
(400°C);  3.43 x 1075 ~4.25 x 10~ mm?3/
Nm (600°C);

Xiao et.
al. [62]

SPS

TZ3Y20A-
SrMoO4

AlLO3

49N

200
rpm

60 min

p: 0.28 (RT); 0.23 (200°C); 0.54 (400°C); 0.55
(600°C); 0.41 (800°C);

W: At RT and 200°C, the wear rates are in the
range of 1077 mm3/Nm while for 400°C to
800°C is 10~°~10~* mm3/Nm
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Table S7: Tribological behavior of tantalate-based oxides

Author

Method

Material

body

Counter

Load

Speed

Time/
Distance

Tribological Performance

Zhu et
al. [63]

Laser
Cladding

NiCrAlY/
AggO/Tazos

Si3Ny4

30N

300
rpm

60 min

w: 045 (RT); 0.43 (350°C);
0.26 (550°C); 0.13 (750°C);
W: 307.5 X 10~¢ mm3/Nm
(RT); 130.3 x 1076 mm?/
Nm  (350°C); 78.6 X
107 mm3/Nm  (550°C);
32.1 x 107 mm3/Nm
(750°C).

Burnishing

AgTaO;

Stone
et
al. [64]

MS

Ag-Ta

Si3Ny

MS

TaN/Ag

2N

0.11
m/s

10 m

p: 0.43 (RT); 0.32 (350°C);
023 (500°C); p: 0.18
(750°C);

p: 0.59 (RT); 0.43 (350°C);
025 (500°C); u: 0.06
(750°C);

pn: 0.39 (RT); 0.36 (350°C);
0.30 (500°C); 0.23 (750°C);

Wang
et al.
[65]

MS

Ta-Ag

Si3Ny4

I.5N

300

141 m

1 0.7 (RT); 0.5 (400°C); 0.4
(600°C); 0.32 (700°C):

W: 1.6 X 107> mm3/Nm
(700°C);

Gao et
al. [66]

MS

(Ag, Cu)-
Ta-O

Si3Ny4

2N

0.11
m/s

10 m

w: 0.58 (RT); 0.42 (350°C);
0.30 (500°C); 0.25 (750°C);
At 750°C:

W: 0.52 %1077 mm3/Nm
(CuTazO6)

Table S8: Tribological behavior of niobate-based oxides

Author

Method

Material

Counter

body

Load

Speed

Time/
Distance

Tribological Performance

Stone et
al. [67]

MS

NbN-Ag

Si3Ny

IN

90
mm/s

p: 0.35 (RT); 0.30 (350°C); 0.27
(750°C); 0.33 (1000°C);

Shirani et
al. [68]

PM

Ag0,
Nb,Os

Si3Ny

IN

2.5
cm/s

p: 0.8 (RT); 0.24 (600°C);

Feng et
al. [69]

PM

NiAl-
NbC-Ag

AlO3

20N

10.5
cm/s

60 min

1: 0.58 (RT); 0.53 (300°C); 0.45
(500°C); 0.48 (700°C); 0.26
(900°C);

W: 1x10"°>mm3/Nm (RT);
7.5 x 1075 mm3/Nm (300°C);
24 X 10~>mm3/Nm (500°C);
24.8 x 1075 mm3/Nm
(700°C); 1.5 x 107> mm3/Nm
(900°C)

Feng et
al. [70]

PM

NiAl-
AgNbO;

ALO3

10N

10.5
cm/s

60 min

u: 0.48 (RT); 0.50 (200°C); 0.46
(400°C); 041 (600°C); 0.3
(800°C):;

W: 5.1 x 107> mm3/Nm (RT);
10 x 1075 mm3/Nm_ (200°C);
18.5 X 10~ mm?3/Nm
(400°C); 8.5 x 1075 mm3/Nm
(600°C); 3.5 x 107> mm3/Nm
(800°C)
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Wu et al.
[71]

MS

NbCN-
Ag

AlO3

3N

50

30 min

1 0.30 (RT); 0.39 (200°C); 0.45
(300°C); 0.41 (400°C); 0.35
(500°C):;

W:0.4 x 1077 mm3/Nm (RT);
0.8 x 107 mm?3/Nm (200°C);
2.7 X 1078 mm3/Nm (300°C);
3.2 X 1077 mm3/Nm (400°C);
6.7 x 10~7 mm?/Nm (500°C)

Table S9: Tribological behavior of tungstate-based oxides

Author | Method Material Counter Load | Speed Tlme/ Tribological Performance
body Distance
Stone et . : 0.56 (RT); 0.53 (300°C); 0.48
al[40] | MS AgWOs | SNy | TN - - 5150°C);( 0.4)3 (600°(C); )
w: 032 (RT); 0.3 (200°C); 0.3
(400°C); 0.42 (600°C): 0.35
. (800°C):;
NizAl-Ag- . —4 03 )
Zhu et . 0.19 | W: 0.2 x 107" mm3/Nm (RT);
a1 | ™ Ban\/)San- SNa | TON e | 60MIn |0 25 % 104 mm3 /Nm. (200°C);
1.8 x 10~*mm3/Nm_ (400°C);
6.2 x 10~ mm3/Nm  (600°C);
1.1 x 10™* mm3/Nm (800°C)
w: 0.49 (RT); 0.46 (200°C); 0.4
NiCr- W: 8% 1025 mm/Nm (RT)
Feng et. s . 0.2 . : X 107> mm°/Nm ;
al. [73] PM ATB%;CZO_ SNa | TON g | 60min )70 105 mm3/Nm  (200°C);
£2W27 9% 10~5mm3/Nm  (400°C);
5.5 X 10~% mm?3/Nm (600°C);
w: 05 (200°C); 0.30 (400°C);
0.18 (600°C);
Xue pp | NECEW-AL | 0100 | 0.8 | 1500 | W:18X 10-Smm®/Nm (RT);
[74] Ti-MoS: N | ms | m |15x105mm3/Nm (200°C);
1.2 x 107> mm3/Nm (400°C);
2.4 X 10~% mm3/Nm (600°C);
W70-Cu30 (900°C)
Iiltl:l?.g PM W-Cu Cast S(z);LN | 38 min | & 053G N); 035 CON).
5] on | W80-Cu20 (900°C)
1 0.53 (5 N); 0.46 (20 N);
Prasad 200
ctal. | Bumishing | ZnO-WS, | Steel | 1N | p:0.02 (300°C): 0.22 (500°C);
[76] o
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Appendix B

Supplementary section 2

Influencing Factors on the Lubricity of Oxide Coatings

Amit Roy, Department of Mechanical, Industrial and Aerospace Engineering, Concordia
University, Montreal, QC H3G 1M8, Canada

Richard R. Chromik, Department of Mining and Materials Engineering, McGill University,
Montréal, QC H3A 0C5, Canada

Christian Moreau, Department of Mechanical, Industrial and Aerospace Engineering,
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Pantcho Stoyanov, Department of Chemical and Materials Engineering, Concordia
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Figure SS 1. Relation of friction coefficient to substrate material hardness. (a) Hard
counterface metal in contact with soft substrate metal (large 4 and small s), (b) Similar hardness
of counterface metal and substrate metal in contact with each other (small 4 and large s), (c)
Similar hardness of counterface metal and substrate metal separated by a thin film of soft metal

deposited on the substrate surface (both 4 and s are small) [1].
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Table SS 1: Steady state friction coefficient of different oxides after dry sliding test at room

and at high temperatures

Friction coefficient (u) Specific wear rate <102
Type of oxides (mm?’/N.m.)

RT HT RT HT

CuO 0.7* 0.46 68 32
CoO 0.63 0.5 2.2 1.2

NiO 0.45 0.7 4.2 %
Ta20s 0.9 0.8 123 54
C00.75N10.250 0.61 0.6 2.6 2.4
Co00.5Nio.s0 0.49 0.68 0.83 88.8

* The friction coefficient continuously increased and no steady state behavior was observed. The value highlighted here was

the maximum friction coefficient at the end of the test.

% Coating worn out after 500 cycles

Table SS 2: The ionic potential, interaction parameter, thermal conductivity, and melting point

of different oxides studied here [2—5]

. . . Thermal Melting point
. Ionic potential Interaction . . 5
Type of oxides (A arameter (A7) conductivity, “©O)
p K (W/m.k.)
CuO 24 0.035 33 1326
CoO 2.7 0.059 9 1935
NiO 2.8 0.08 35 1955
Ta20s 6.4 0.08 5 1872
Co00.75N10.250 2.75 0.06 -—- -
Co0.5Ni0.50 2.75 0.07¢ - -

¢ The interaction parameter was calculated according to the equation (2.1) mentioned in chapter 2.

A=X,A +X,A,

.1)

Where, X; and A; are the mol% of the individual oxides and the interaction parameters of the respective oxides, respectively

[4,5].
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Table SS 3: The summary of wear track phenomenon based on the surface and sub-surface

analysis [6-9]

Wear mechanisms and interfacial processes (surface and sub-surface)

Type of
oxides RT HT
CuO Adhesive wear, greater transfer | Abrasive wear, thin transfer film
film formation on the counterface | formation on the counterface
Smooth smeared layer, ductile, greater
CoO Severe abrasive, sub-surface | sintering ability or grain refinement,
crack propagation thin amorphous layer formation closer
to the wear track
. Brittl fractur ki . .
NiO e TACTUICS, cracking, Coating worn out, brittle fractures
spallation of tribofilm
Tax0s Brittle fractures, cracking Ductile behavior, smeared layer
. Sub-surface cracking, deformed | Greater sintering ability or grain
Co0.75Nio2s0 | DUO-SUIH & & Y g
long grain refinement
. . . Detachment of tribofilm, crackin
Coo.5sNiosO | Brittle fractures, cracking ’ &

brittle fractures

Table SS 4: The summary of crystal structure and their corresponding lattice constants [6,10—

13]
Type of oxides Crystal structure Lattice constant (A)
Co304 Spinel 8.067 (a=b=c)
CoO Rock salt 4.2518 (a=b=c)
Co00.75N10.250 Rock salt 4.238 (a=b=c)
Co00.5Nio.s0 Rock salt 4.222 (a=b=c)
NiO Rock salt 4.17 (a=b=c)
CuO Monoclinic a=4.6837,b=3.4226, and c = 5.1288
Ta20s Orthorhombic a=6.198,b=40.29 and ¢ = 3.888
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