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Abstract

Molybdenum disulphide (MoS») is a well-known solid lubricant with
excellent lubricious and low wearing qualities when utilised in inert
and high vacuum environments. However, the lubricity of MoS, during
room temperature sliding is drastically reduced in humid, terrestrial
atmospheres. The reason behind this degradation is not fully
understood, with multiple conflicting arguments as to why this may
be the case. One leading hypothesis suggests that adsorbed water
restricts easy lamellar shear and thus leads to higher coefficients of
friction, with oxygen playing no part. An opposing hypothesis
suggests that oxidation caused by water and oxygen in the atmosphere
leads to a degradation of the coating — a theory which is often
disputed, as it is claimed that the threshold temperature for oxidation
of MoS; is not reached. The purpose of this study was to elucidate the
impact that water and oxygen have on the tribological and chemical
degradation of MoS: coatings. Friction tests of both aged and unaged
MoS2 coatings were carried out using a micro-tribometer. The unaged
coatings were tested in dry, 25% and 50% relative humidity (RH) air
or nitrogen. Aged samples were aged in the same environment but
returned to an ideal dry nitrogen environment for friction testing.
Surface analysis techniques, such as Raman spectroscopy, Scanning

Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy



were used to analyse the chemical changes caused by ageing and
friction testing. Results show that both air and water in the sliding
environment lead to higher coefficients of friction of unaged MoS».
This is in line with the established literature. Higher coefficients of
friction were also observed in air aged (N2 + O2) MoS> compared to
nitrogen (N2) aged MoS>. Raman spectra showed oxidation of air aged
MoS: in the wear scars at all humidity levels. Conversely, samples
aged in nitrogen showed no oxidation at any humidity level, neither
before nor after sliding. It was concluded that oxidation does not
occur in MoS> aged at room temperature when no sliding has occurred.
However, samples aged in air displayed MoOz and MoOs3 in the wear
scar after sliding, leading to the theory that gaseous oxygen is needed

for the oxidation of MoS; during sliding.
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1. Chapter One Introduction

Tribology is the study of interacting surfaces in relative motion, and
it encompasses the science of friction, wear and lubrication [1].
Tribology, however, has a relatively short history as a distinct field of
science, with the word 'tribology' first being coined in the Jost report
in 1966 [2]. However, there is some suggestion that the Egyptians
understood the importance of maintenance and function of mechanical
systems, and that lubrication was used to aid the movement of large
objects during construction [3]. The interactions between solids in
relative motion are of fundamental importance in almost all
engineering applications. This is in no small part due to wear; a prime
cause for material wastage and reduction in mechanical performance.
Jost et al. predicted that approximately £515 million (1:36 % of gross
national product) could be saved if new lubricants were introduced
into existing equipment throughout the country [4]; this amounts to
over £9 billion in 2017, as outlined in Figure 1.1. Globally, Holmberg
et al. [5] estimated that tribological contact accounts for ~23% of
global energy consumption. It is, therefore, evident that huge
environmental and economic benefits can be gained through the

advancement of tribological knowledge.



2016

1966 12,600 ME
515 ME ~ 9,000 M£ SN OF O (16.000m0) Increased lifetime
1.36% of GNP (10 years) «—
12% Breakdown 4%:
. - 3% profit loss

Increased lifetime 20% 10% \ - 1% spare equipment

Maintenance work
Breakdown 27¢yo

Wear parts
Maintenance work 24°/o 74%

\ Friction

Wear parts 24%
Friction 5%

Jost report Holmberg et al.
1966 2012-2017

Figure 1.1 Potential savings in the UK 1966 and 2016 by
implementing new tribology in machines and equipment, 515

million UK pounds converts to £9bn of 2017 value. From [5].

With the emergence of space travel and technologies, new
environments have arisen, within which the use of lubricants is
paramount. This has led to exciting research areas in lubricity in
extreme environments. Due to the inability of liquid or oil-based
lubricants to provide lubricity in the vacuum of space [6, 7], many
solid lubricants have been proposed for use in these environments,
with the most prominent being molybdenum disulphide (MoS>).
However, the exact mechanisms of their lubricity and wear in different

environments are not fully understood and are widely disputed. MoS»,



when utilised as a solid lubricant, is known to have a low coefficient
of friction and high wear endurance in inert or vacuum conditions [8-
10]. Therefore, making it ideal for use in long term space applications.
MoS; is also used in industrial machining processes, presses and anti-

adhesion coatings.

1.1 Motivation for research

When one thinks of lubrication, likely the first thing that comes to
mind is typical liquid, oil based lubrication or common household or
garage sprays such as WD-40. However, there are times, when for
some reason or other liquid lubricants cannot be used. For example,
in high vacuum conditions, at high temperatures or when the presence
of a liquid lubricant could cause contamination to delicate parts. For
such applications, a less common class of lubricants called dry, or
solid lubricants can be used. Just as with liquid lubricants, the goal of
solid lubrication remains the same; to separate interfaces, reduce
friction and prevent wear of critical components. The employment of
solid lubricants is usually between two metal interfaces, such as
bearings or gears. However, solid lubricants are not without their own
drawbacks; these materials' lubricity lies partly due to tribochemical
reactions, and the materials often tend to be sensitive to their

operating and storage environments [1, 7, 11-16]. For example,



Molybdenum disulphide had to be utilised under dry or vacuum
conditions; therefore, its use in everyday equipment and machinery is
often not possible. Furthermore, gaps in the knowledge of fundamental
mechanisms of friction make the durability and friction of surfaces
challenging to quantify. In addition, the vast majority of the research
into direct tribology and storage conditions of solid lubricants are
extreme, and the role of seemingly benign conditions such as ambient

air storage has not been well explored.

Due to its excellent lubrication properties, MoS> has garnered interest
for use as a solid lubricant in micro-electro-mechanical systems
(MEMS). Which, over the past two decades, have seen substantial
growth in usage from applications in automotive, aerospace and
medical instrumentation[17-19]. However, due to the decreased
contact areas in these devices, roughness may play a more significant

role in the sliding behaviour and tribological performance [20].

1.2 Research aim

This study focuses on the lubricious performance of molybdenum
disulphide (MoS2) solid coatings undergoing small-scale sliding.

MoS: is a lamellar solid which belongs to the transition metal



dichalcogenides (TMDs) group of materials, which confers low
coefficients of friction due to the weak Van der Waals forces between
lamellae, allowing them to slide easily over one another. The aim of
this thesis was to better understand how ‘benign’ environmental
conditions affect the friction mechanisms of MoS: coatings; both
directly and due to storage. Elucidating the impact that the
environment may have on solid MoS; coatings and understanding the
reasons why environmental conditions reduce performance will lead
to a framework for best practice use of this lubricious coating, both

in storage and operation.

1.3 Research objectives

In order to meet the aims of this project, the following objectives were

set:

e To conduct and complete a state-of-the-art literature review on

friction, wear and MoS> as a lubricious coating.

e To understand how oxygen and water in the sliding environment
effect the coefficient of friction of MoS> coatings and explore

any structural or chemical changes that they may cause.



e To understand how introducing water and oxygen into the
storage environment may affect the chemical composition of
MoS: coatings, and how that impacts the coefficient of friction
during sliding once they are returned to operation in an ideal,
inert environment.

e To elucidate the mechanisms of how water and oxygen cause
performance reductions in lubricious qualities of MoS:

coatings.

1.4 Thesis outline

This thesis aims to elucidate the impact that water and oxygen have
on the lubricous qualities of MoS2 coatings. Starting with fundamental
theory and a literature review to outline the state of the art and the
gaps in knowledge. The literature review then informed the
experimental methodology and results chapters to address the outline
gaps in the current literature. The results chapters presented detach
the impact that water and oxygen have during sliding and in the
storage environment so that an understanding of the mechanisms
behind the reduction in lubricious performance could be developed.

The results presented were then drawn together and linked both with



each other and the literature presented within and drawn to a close

with conclusions and future work.

e Chapter Two: Fundamental theory of friction wear and
lubrication regimes, exploring real contact and focusing on dry
sliding, and a Comprehensive literature review of lubricity and

wear lifetime of MoS; in different environments.

e Chapter Three: Experimental methodology of tribological and

material characterisation tests.

e Chapter Four: Explores and outlines water and oxygen's
effects on the lubricity of MoS: coatings. This chapter will
outline the tribological, chemical and material characteristics
of molybdenum disulphide, and show the impact that water and

oxygen can have when introduced to the sliding environment.

e Chapter Five: Explores and outlines the effects of water and
oxygen contamination of MoS2 coatings in the storage
environment. This chapter will characterise tribological and
chemical changes of MoS: in sliding as a result of the

introduction of water and oxygen in the storage environment.



e Chapter Six: Overall discussion tying together the results
presented in this thesis, and explaining the significance of the

findings.

Chapter Seven: Conclusions and future work.



2. Chapter Two Theory and Literature Review

2.1 Introduction

The main aim of this study was to elucidate the effect that water and
oxygen have on the performance of MoS: coatings for use as a solid
lubricant coating. Exploring both the impact that oxygen and water
have in the sliding environment and how the introduction of these
species in the storage environment may affect the performance of the

coating.

This chapter details the fundamentals of tribology — lubrication,
friction and wear. Starting with real surfaces, contact between solids,
friction and wear mechanisms and then moving on to lubrication
regimes, lubrication by solids, and lamella solids. Following this is
an extensive review of the use of molybdenum disulphide as a solid
lubricant in both terrestrial and ideal atmospheres. Starting with a
history of MoS> use and a breakdown of known literature on chemical

and structural changes brought about by water and oxygen on MoSo.



2.2 Tribology

The word tribology stems back to Greek origin, with the prefix linking
to the word ‘tribos’ meaning ‘to rub’, and the suffix ‘ology’ meaning
‘the study of’. Thus, translating to the study of things that rub [11].
Tribology brings together the subjects of friction, wear and
lubrication. The first recorded use of the word tribology was in a 1966
Jost report by the Department of Education and Science, where it was
defined as ‘The science and technology of interacting surfaces in
relative motion’ [21]. However, the scientific basis for the modern
understanding of friction lubrication and wear came far earlier and
was established by scientists like Hertz, Reynolds and Bowen and
Tabor [22]. Improving the performance and lifetime of industrial
components is often a key goal of tribological research. Components
are tested under varying operating conditions, failure modes are
analysed, and historical data is collected to determine current
component performance. By scaling down contact geometry and
simplifying the contact area for lab testing, researchers have better
control over ranges of variables and can create more reliable,
predictive models of failure probability and lifetime. This can be
accomplished by combining new materials with the development of
new monitoring methods that allow for a better understanding of how

components operate in real-world situations [23]. As well as ensuring

10



major tribological factors such as materials, surfaces, lubricant and
operating conditions are taken into consideration. Looking at
tribology as a whole instead of more specific topics, such as friction
wear and lubrication separately, encourages a problem-centred
approach [24], as outlined in Figure 2.1. Although there has been
extensive research in the field of tribology, there are still fundamental
unanswered questions, such as the relationship between friction and

wear, and how they can be controlled in practice [25].
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Figure 2.1 Tribological factors to consider when optimising a

mechanical system redrawn from [24]
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2.3 Contact between surfaces

2.3.1 True contact area

Solid surfaces, especially those found on metallic components, can
look very smooth on a macroscopic scale. However, this is usually not
the case; on a microscopic scale, even many mirror shined materials
have protuberant features called asperities. These asperities cause a
precipitous peak and trough array across the surface of a material. If
one was to think of two contacting surfaces, for example, a brake pad
on a disc, it is perceived that the contact area between the two objects
would be the macroscopic area of the brake pad. Conversely, the true
area of contact is far smaller. True contact only occurs when the high
points of the asperities of adjacent surfaces touch, as shown in Figure
2.2. In addition, as stated in [26], the true contact area ‘is proportional
to the total normal load and therefore independent of the apparent
contact area’. This is due to the deformation of the asperities when a
load is applied. When these asperities deform under load, they

generate an increased true contact area.
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Figure 2.2 Example of real surface asperity contact in dry contact

The stresses of contacting asperities are reliant on the shape of the
asperity and its elastic and plastic properties [1, 27]. The elastic
properties between contacting bodies can be described by their elastic
modulus, E, and Poisson’s ratio ,v. The combined elastic modulus, E’,

of multiple contacting bodies is defined in Equation 2-1:

Equation 2-1
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Plastic properties can be described by their hardness [27] where
hardness is described as the expression of material strength during
indentation at the full plasticity regime [28], and is defined in
Equation 2-2. This equation can be well utilised for materials with
rigid-plastic behaviour, however, determining the constraint factor for

non-metallic or brittle materials can prove to be difficult[28]:

Equation 2-2

HzCay

Where, C, is the constraint factor, and, o, is the yield stress.

2.3.2 Hertzian contact

When a load is applied to bodies in contact, the bodies will deform;
either elastically or plastically. Plastic deformation at the contact only
occurs with extremely high stresses that exceed the elastic limit of the
materials; this causes irreversible damage to the body. On the other
hand, Applied loads that lead to stresses below the elastic limit will
lead to elastic deformation, which is reversed when the load is
removed. Equations developed by Hertz define the contact of surfaces
with low conformity, for example, spherical or cylindrical contacts.

However, Hertz’s equations assume ideal smooth contacts and must be

15



given some boundary conditions due to assigning a shape to the

surfaces in contact, thus leading to some limitations [29]. These are:

e The displacements and stresses must satisfy the differential
equations of equilibrium for elastic bodies, and the stress must
vanish at a great distance from the contact surface — meaning

the stresses must therefore be localised.

e The bodies are in frictionless contact.

e At the surface of the bodies, the normal pressure is zero outside

and equal and opposite inside the circle of the contact.

e The distance between the surfaces of the two bodies is zero

inside and greater than zero outside the contact circle.

Examples of spherical contacts are outlined in Figure 2.3

Where :
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(a) (b)

Figure 2.3 Hertzian contact schematic spherical contact [30].

F = Force

v = Poisson’s ratio

E =Elastic/Young’s Modulus

r = Radius
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Equation 2-3

1-v? 1-v3
i e

+ )

a =

Therefore, the maximum contact pressure is defined as:

Equation 2-4

3F

P, =
max 27‘[(12

2.4 Friction

Friction is the resistance to motion that transpires when contacting
surfaces are moved tangentially over one another. This resistive force
is due to contacting asperities interacting in dry contact. There are
three fundamental laws of friction, the first two were developed thanks
to the studies of Leonardo Da Vinci and Amontons, and the third being
derived from Coulomb’s works [1, 11, 26, 31]. The three fundamental

laws of friction are:
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1. The friction force, F, is directly proportional to the applied
load, W.

2. The friction force, F, is independent of the apparent area of
contact, A.

3. The friction force, F, is independent of the sliding velocity

Despite the impact Da Vinci had with his work on friction, these laws
are often referred to as the Amonton-Coulomb laws [32]. These laws

however, are generally only true under ideal conditions.

Fr 1is approximately proportional to the true contact area and is
therefore proportional to the normal load Fy. Where p denotes the
coefficient of friction and wv,, is the relative velocity between the

contacting surfaces [26] outlined in Figure 2.4.
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Figure 2.4 Static to kinetic friction
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As previously stated in the above Hertzian contact models, a smooth
surface is assumed. However, true surfaces have peaks and troughs of
asperities. These asperities are sheared when moved tangentially over

one another; the shear force required for this is friction.

As well asnot having perfect surfaces, there are also many other
factors that affect the coefficient of friction in a tribological system.
Such as environmental conditions like humidity, temperature or
gaseous composition or contact pressure, sliding velocity and material

couples (expanded on in chapter 2.7 and chapter 2.9).

2.5 Wear

Wear can be defined as a progressive material loss on a body’s surface.
Often as a result of relative motion to another body. Rates of wear can
be affected by environment, material properties, the formation of
chemical layers and working conditions [33]. Therefore, differing
types of wear will manifest depending on the parameters of the

particular system. The types of wear can be described as follows:

2.5.1 Melt wear

Melt wear is caused by frictional heating at the interface between

contacting surfaces and has been evidenced on like metal pairing of
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I Melt wear can lead to lower

steel at sliding speeds as low as 1 m-s~
coefficients of friction during testing, due to the boundary lubricating
effects of the liquid metal at the interface. As a film is generated at
the interface, it acts in the same way as a hydrodynamic lubricating

film [1]. However, although the coefficient of friction is low, the wear

rate is high as the heat continues to melt more material.

2.5.2 Mechanical wear

In steel contacts sliding velocities less than 0.1ms-1 lead to negligible
surface heating. Deformation of the material surface at these sliding
speeds is principally due to frictional forces leading to shearing of
asperities in the direction of sliding and ultimately leading to the
removal of surface material; often in the form of small particles and
wear debris [1]. After an initial running in period, mechanical wear
displays a steady state wear rate. Running in is defined by a period
where conformity, topography and frictional compatibility are
optimised [1]. During the running in phase, the friction coefficient
and wear rate is usually quite high; however, the most prominent
asperities are sheared, and surfaces become smoother, they lower and

reach steady state values.
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2.5.3 Adhesive wear

Adhesive wear occurs when touching asperities from adjacent surfaces
adhere together, and during tangential motion, the softer asperity is
broken off, thus leaving it adhered to the harder surface. These
asperity tips can then become detached, leading to wear particles.
Severe adhesive wear can lead to macroscopic chunks of material
being torn from the surface of a substrate; this is otherwise known as
galling [1]. This wear mechanism is particularly prominent in like

metal sliding pairs, especially during dry sliding at high velocities.

2.5.4 Fretting wear

Fretting wear can occur when adjacent contacting surfaces have small
oscillatory motion of only a few tens of microns [1]. One defining
characteristic of fretting wear in ferrous metals is the appearance of
iron oxide particles which are reddish-brown in colour; these particles
are harder than the bulk material and act as grinding material between
surfaces. Thus producing highly polished patches on the fretted

contact [1]. Fretting can lead to both abrasive and adhesive wear.

2.6 Tribochemistry

Tribochemistry is a sub-branch of chemistry known as

mechanochemistry. Mechanochemistry refers to the study of chemical
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and physical matter changes, brought about by the application of
mechanical force through macroscopic motion [34]. Tribochemistry
focuses on mechanochemical changes in tribological contact where
chemical reactions at the tribo-contact are activated by shear stress,

friction and wear processes.

Tribochemistry is vitally important in boundary and solid lubrication
regimes. This is due to asperity-asperity contact arising due to the
lack of fluid lubricant between contacting surfaces. The contacting
asperities under mechanical load and macroscopic motion can lead to
two tribochemical mechanisms; thermally induced reactions and
mechanically-induced reactions. Thermally induced reactions can
occur even at low temperatures due to flash temperature increases at
the asperity contact, which can be orders of magnitude higher than the
macro temperature of the contacting bodies [35]. Mechanically
induced reactions can be caused by the asperity shear at the

tribological contact.

2.6.1 Thermally induced reactions

The reaction kinetics of thermally induced chemical reactions can be
described by the transition state theory (TST), which is sometimes
also referred to as the activated state theory (AST). This theory

assumes that an activated state is formed via the activation of its
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reactants, meaning that the collision between reactant molecules does
not form the product of the reaction directly. Therefore, the active
state is formed as a highly excited and unstable intermediate, which
then decomposes to form the products of the reaction [36]. This can

be described as:

Equation 2-6

A+B2[AB]f->C

Where A and B are the reactants, [AB]* is the activated complex of the

reactants A and B, and C is the product of the reaction.

The rate of reaction and formation of product C is defined by:

Equation 2-7

r = kr[A][B]
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Where [A] and [B] are the concentrations of the reactants A and B,
respectively. kg is the reaction constant and is defined by the Eyring

equation, with the inclusion of the transmission constant as follows:

Equation 2-8

Where k is the transmission constant kg is the Boltzmann constant, T
is the absolute temperature, h is Plank’s constant, AH* is activation
enthalpy, AS* is the activation entropy, R is the gas constant and E, is
the activation energy. The transmission constant for most cases is

considered close to unity (k = 1) and is therefore often omitted.

Thermally activated reactions are dependent on the temperature and
the concentration of the reactants. Therefore, generally faster
reactions occur at higher temperatures. It is for this reason that
reactions due to flash temperature increases at the asperity-asperity

contact can occur in otherwise lower temperature applications.
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Although the temperature increase is short lived due to the very large
heatsink of the material body on a micro to macro scale, the
temperature at the asperity contact can increase in orders of magnitude
when compared to the bulk. Because of this, flash temperatures can
strongly influence mechanical properties of the materials, as well as
leading to localised oxidation, and alter bonding [37, 38]. The
maximum flash temperature during sliding can be calculated by the

following [39]:

Work done by friction force:

Equation 2-9

Q = uWuvy

Where p is the coefficient of friction, W is the normal applied load

and v, 1s the sliding velocity.

Equation 2-10

20 |2xb
Tf = -
max KA [TVpe
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Where K is the thermal conductivity, y is the thermal diffusivity, A is

the contact surface, and b is half contact width.

Being able to calculate these flash temperatures for a given
application are important to understand if localised, rapid oxidation

may occur due to activation energy for thermal reactions being met.

2.6.2 Mechanically induced reactions

The application of a mechanical force to a surface can modify the free-
energy surface of  chemical reactions, often enabling
thermodynamically unfavoured reaction pathways [40]. Many models
have been proposed for calculating the rates of reactions in
tribological contacts. One widely accepted model for the reaction rate

can be described by a modified Arrhenius equation, where:

Equation 2-11

K, = "BTTQ(“Z;?)
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Where kg is the Boltzmann constant, T is the absolute temperature, h
is Plank’s constant, o is the shear stress, V is the material constant

and E, is the activation energy.

2.7 Diffusion mechanisms

Diffusion can occur by two different mechanisms, interstitial
diffusion and substitutional diffusion [41]. In substitutional diffusion
atoms from a bulk are replaced impurities or other atoms sitting on
the surface of the material. For example oxygen substitution in
MoS2:Mo00O; [42]. Or if an atom is small enough it can sit interstitially
between a lattice for example water molecules sitting between MoS:>
lattice. One study by Kuznetsov et al. [43] used density function
theory and diffusion mechanics simulations to investigate the
diffusion coefficients of water on MoS, at room temperature to be
0.5+ 0.1 x 1078m?-s7! and proposed that water would likely only
diffuse around cracks, impurities or edge sites in the material. The
other mechanism they proposed is the hydrogen ‘hopping’ from one

oxygen to another, or to sulphur and back.
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2.8 Lubrication

The application of a lubricant can substantially reduce the coefficient
of friction; the lubrication creates a boundary layer between surfaces
and allows many asperities to slide over one another without making
contact. In recent years, significant progress has been made in the
field of lubrication, including the attainability of superlubricity.
Superlubricity is a relatively new area of research, which has gained
significant interest, and is defined as near zero friction and wear rates,
where the friction coefficient is less than 1073 [44]. Lubricants often
either come in liquid, oil-based form or solid form. Although oil-based
lubrication is the most commonly used in everyday applications; solid
lubrication has many benefits over its liquid counterpart. These
include cleanliness, the ability to confer extremely high wear
resistance on machine parts, and the ability to provide lubrication in
extremely high or low temperatures, in a vacuum and in the presence
of strong radioactivity. Below, in Figure 2.5, the regimes of
lubrication are outlined in the form of a Neo-Stribeck curve. The Neo-
Stribeck curve describes the expected friction coefficients in the
different friction regimes; dry friction tends to mean no lubrication,
and thus displays the highest coefficient of friction; boundary
lubrication, here a thin film is present between the contacting

surfaces, asperity contact still occurs just at a lesser rate; mixed
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lubrication, here the lubricant film is thicker, with only few contacting

asperities;

Hydrodynamic lubrication,

the lowest coefficients

of

friction are achievable here, up to a point, and then increases with

increasing film thickness due to the rate of shear increasing [45].

Figure 2.5 Neo-Stribeck curve, highlighting lubrication regimes
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2.8.1 Solid lubrication

Solid lubricants can be utilised in situations where liquid lubricants
are not applicable, such as the vacuum of space or elevated
temperatures, which cause many liquid lubricants to volatilise and
thus lead to failure of not only the lubricated component, but also
unrelated components, if the vaporised liquids condense or react on
their surfaces[7]. Furthermore, decomposition materials can build up
at interfaces and restrict the easy sliding of adjacent surfaces [7]; this
can be especially prevalent in long-life applications. With the use of
solid lubricants, wear usually occurs through one or more of the
following modes: abrasive wear, adhesive wear, and fatigue wear [46].
Like on many non-lubricating solids, wear rates of solid lubricants are
often nonlinear. Examples of this can be seen in amorphous sputtered
MoS:, coatings, which can display rapid wear over initial cycles, but

then can maintain extremely low wear rates for up to millions of cycles

[7]

Solid lubricants fall into one of two categories; intrinsic lubricants,
which have an atomic structure with easy shear at the surface, such as
MoS;, or, extrinsic lubricants, which require the influence of additives
from their surroundings to activate an easy-shear mechanism, such as

graphite, which needs water from the atmosphere to facilitate low
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friction coefficients. Within these categories, there are two main types
of solid lubrication used; these are soft metal film and lamellar
lubricants. Soft metal films consist of materials such as silver, lead
indium and copper. These metals are used on hard substrates, often in
high load applications [11]. The mechanisms by which soft metal films
work as lubricants is down to having shear properties less than the
hard substrates to which they are applied. This means that their
asperities will shear easier, thus reducing the coefficient of friction.
Lubrication by soft metal films is particularly useful in high vacuum
applications; this is due to the absence of oxygen facilitating repeated
transferal of particles from the metallic film between the sliding
surfaces [11]. However, they are not viable lubricants in low-
temperature applications, where the soft metals can become brittle and
be prone to flaking off of the worn substrate [11]. Soft metal films,
however, do not offer friction coefficients as low as many of their

lamellar counterparts.

Lamellar lubrication is the predominantly used form of solid
lubrication, with the most common materials being graphite and
molybdenum disulphide (Mo0S2). Lamellar solids that are used for the
purpose of lubrication exhibit anisotropy of mechanical properties
[11], in the cases of MoS»> and graphite weak bonding between layers

of atoms causes the material to become self-lubricating and allows
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lamellar to slide over one another with relatively low shear stress. The
crystalline structure of graphite and MoS; are displayed below in
Figure 2.6. As illustrated in this figure, strong bonding occurs in in-
plane atoms, with weak bonding between layers. Of the two materials,
MoS, shows significantly greater promise in the achievability of

super-low friction coefficients and low wear rates.

Structure of graphite Structure of molybdenum disulphide

Figure 2.6 Crystal structures of graphite and molybdenum

disulphide.

2.8.2 Graphite

Graphite works well as a solid lubricant due to its anisotropy of

mechanical properties, which leads to failure at low shear stresses at
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the interface [11]. Sliding between lamellae of graphite is facilitated
by the presence of small amounts of oxygen and water, which limits
bonding between layers [11]. For this reason, super low friction
coefficients are not attainable in a vacuum, or when relative humidity
is less than 1% [12]. Dienwiebel et al. in [12] explored the
superlubricity of graphite. They carried out tests using an atomically
sharp tungsten tip. Therefore only atomic scale friction was measured.
Friction coefficients as low as 0.001 were observed in experiments in

10% humidity nitrogen streams.

2.8.3 Diamond like carbon

Another relatively new type of solid lubrication is diamond-like
carbon or DLC films. DLC films offer vast potential for
applications that require low friction and high wear resistance.
DLCs fall into two main subcategories; films generated from
hydrocarbon source gasses may contain high levels of hydrogen
and are often referred to as hydrogenated DLCs (a-C:H), and films
that are generated from solid carbon targets are virtually free of
hydrogen, and thus are referred to as hydrogen free DLCs (a-
C)[47]. The friction coefficients of DLCs are greatly affected by
the hydrogen content and atmospheric conditions [48]; while

hydrogenated DLCs attain the best results in dry inert
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atmospheres, non-hydrogenated DLCs reduce their friction
coefficient as humidity increases to a point [16]. Due to the nature
of this project - that the intended environment is dry nitrogen,
a-C:H DLC films are the focus in this section. Erdemir in [47]
presents a-C:H DLC films with coefficients of friction as low as
0.001 in an inert gas, or vacuum conditions; this is due to the
elimination of strong covalent bonds and better shielding of
carbon atoms [48]. However, when oxygen and water molecules
are added to the test chamber, the friction coefficient may
increase to values higher than 0.1. Erdemir in [48] suggests this
is due to the development of capillary forces around the real
contact spots. Erdemir also states in [49] that highly
hydrogenated DLCs (>40 at. % hydrogen) show extremely low
wear rates and can endure more than 17 million cycles during
sliding against 10mm balls in a dry nitrogen environment; this is

shown below in Figure 2.7
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Figure 2.7 Long-duration friction and wear performance of DLC
film derived from 25% CH4+75% H:2 plasma. As taken from

[49]

2.9 Physical vapour deposition

PVD is an excellent vacuum coating process for the improvement of
wear and corrosion resistance. It is a highly versatile technique which
can be used to coat many surface morphologies. PVD is a vaporisation
coating technique that involves transfer of a material at an atomic
level under vacuum conditions [50]. PVD entails the atomisation or

vaporisation of a material from a solid source, often called the target,
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using electron and/or ion beam bombardment. The vapours are then
attracted to the substrate via a negative bias voltage onto an
electrically conductive substrate, as outlined in Figure 2.8. PVD can
produce very thin films ranging from tens of nanometres to several
microns [51]. Typical PVD films are characterised by an initial phase
of crystalline material formation, followed by an amorphous columnar

growth throughout the remaining thickness of the coating.
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Figure 2.8 Schematic illustration of the physical vapour deposition

process [S52].
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2.10 Molybdenum disulphide

The main aim of this study is to elucidate the effect that water and
oxygen have on the performance of MoS, coatings for use as a solid
lubricant coating. Exploring both the impact that oxygen and water
have in the sliding environment and how the introduction of these
species in the storage environment may affect the performance of the
coating. Therefore, this chapter will consist of a comprehensive
review of the use of molybdenum disulphide as a solid lubricant in
both terrestrial and ideal atmospheres. Starting with a history of MoS:»
use and a breakdown of the known literature on chemical and

structural changes brought about by water and oxygen on MoS:.

2.10.1 History of MoS:

Documented use of MoS> as a lubricant can be dated back to the early
20" century [53], although it was likely used far earlier and mistaken
for graphite due to its similar appearance and material properties [13].
Initial uses and up until the late 1960s consisted of burnishing or
rubbing MoS> powder onto a surface; however, due to the low shear
nature of the material, resins and other organic substances were often
needed to bind the lubricant to the surface [13, 54-56]. Although,
producing coatings in this manner was relatively simplistic, obtaining

repeatable results proved to be very difficult. Consistent thickness,
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coating density and material adhesion were not easily achievable.
Furthermore, with the advent of space travel, although MoS> coatings
had favourable characteristics for use as a lubricant in extra-terrestrial
travel; resins would outgas in the vacuum of space [13]. To overcome
these issues, RF magnetron sputtering was used to deposit MoS;
coatings. This allowed for far greater control of coating thickness,
leading to denser coatings and purveyed superior substrate adhesion.
Today coatings are most commonly produced using physical vapour
deposition (PVD), by which far greater control of coating parameters
can be enjoyed, such as thickness, density and texture. MoS»> coatings
produced by PVD tend to be amorphous in nature, but with an initial
preferential basal orientation for the first few lamellar at the material

interface.

2.10.2 An overview and structure

MoS; is a well-known solid lubricant, which has extensive use in
industrial, automotive and aerospace applications. This is due to its
ability to confer extremely low wear rates and near vanishing friction
coefficients in dry and inert atmospheres [57]. It is well known that
MoS; performs at its best in dry and inert atmospheres [14, 42, 46,
57-73]. However, its utilisation in terrestrial atmospheres, containing

oxygen and water vapour, leads to a significant reduction in the
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lubricity and wear life of the coating. One of the first observations on
the environmental limitations of MoS; in sliding was in 1953 by
Peterson and Johnson [74], who found that the coefficient of friction
between MoS, Ilubricated metal surfaces increased with increasing
relative humidity (RH) up to 65% RH, at which point it began to
decrease. Following this, many studies have been carried out
exploring the effects of water and oxygen on the lubricity and lifetime

of MoS; as a solid lubricant [13-15, 42, 46, 57, 65-67, 71, 72, 75-90].

MoS: exhibits a lamellar structure and belongs to a family of materials
known as transition metal dichalcogenides of the type MX, whereby a
layer of metal atoms, such as molybdenum, Mo, or tungsten, W, are
sandwiched between two chalcogen atom layers such as Sulphur, S, or
Selenium, Se. Molybdenum disulphide, in particular, has a
polycrystalline structure consisting of hexagonal layers of S-Mo-S
crystals connected to adjacent covalently bonded by weak Van der
Waals forces along the [002] plane, between the sulphur-sulphur faces
(Figure 2.9). Due to the strong bonding in-plane and weak bonding
out-of-plane, mechanical and other properties of MoS: are highly
anisotropic [91]. It is widely accepted that the weak Van der Waals
forces between MoS» layers lead to ultra-low coefficients of friction
between lamellae, which allows preferential basal layer cleavage [9,

56, 66,71, 89]. MoS» displays low sensitivity to stacking and a surface

41



energy of 47 mJ/m? = 0.025 eV per unit cell which is indicative of a
low barrier to sliding and thus low coefficients of friction [92].
Deviations in MoS: from the ideal bulk crystal are commonplace.
Komsa et al. calculated that the most favourable defect in MoS; are
sulphur vacancies [93]. These sulphur defects may lead to a higher
propensity for oxide formation to MoO: through oxygen substitution

into sulphur vacant localities.
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Figure 2.9 a) Top and b) 3D perspective view of hexagonal crystal
structure of MoS:2 and c) orthogonal view of lamellar structure

with lattice spacing dimensions

2.10.3 Coating architecture

The microstructure of the coating is another factor which can greatly
affect the lifetime and friction coefficients of MoS2 based coatings.
The microstructure of the coating is controlled by the deposition
method. Due to the run in period of MoS, where, as previously
explained, columnar structures of MoS> must reorient parallel to the
substrate surface and in the direction of sliding to allow easy lamellar
shear; pre-oriented crystalline coatings from the point of deposition
are highly sought after. Most PVD coatings have an amorphous
structure [73, 94, 95], with only the first few layers displaying a
preferential basal orientation, followed by columnar growth normal to
the coating surface. Consistently producing PVD coatings with
preferentially basally orientated layers presents significant challenges
[63]. Temperature, argon flow, pressure and target materials all effect

the growth of MoS»> lamellae [96].
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Curry et al. in [57] have explored the use of a new coating method
which leads to a novel and interesting coating architecture. They
compared friction coefficients of amorphous commercial MoS;
coatings with basally oriented MoS,, deposited via N> spray — a
method not seen elsewhere in literature for the deposition of MoS» but
has been utilised, although altered, in [97] where stainless steel
coatings were produced, but only at temperatures exceeding 500°C.
Curry stated that the N> spraying works similar to burnishing by
shearing MoS> crystallites onto the substrate, but with basal
orientation throughout the thickness of the coating; thus negating the
crystallographic reorientation during the first few sliding cycles.
However, no binding agents were used as is needed when burnishing
MoS: onto a substrate. Therefore, the durability and adhesion to the
substrate is questionable, especially with the deposition parameters
outlined. To deposit the coating, MoS2 powder was sprayed on to
stainless steel substrates with a pressure of 0.6 £ 0.05 MPa positioned
50mm above substrate surface. Excess MoS2 was then blown off. The
average particle size of the powder was 3-4um, yet coating thickness
was only 100-300nm. The results obtained in tribometer testing
showed to be very promising, with a significantly decreased
environmental sensitivity, displayed below in Figure 2.10. The initial

friction coefficient was lower in both dry nitrogen and humid air,
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drastically so in the latter, and remained this way throughout the 100

cycles of the test.
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Figure 2.10 Comparing N2 sprayed and PVD sputtered MoS: in air

and dry N2 [57]
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2.10.4 Run-in of MoS: coatings and mechanisms of low

friction

In sliding, MoS; nearly always undergoes a transition in friction
performance during the initial cycles of sliding, this is known as the
run in phase. During the run in phase, the coefficient of friction
rapidly drops over the first few cycles, as highlighted in Figure 2.11.
This 1s widely attributed to structural changes, by which,
crystallographic reorientation of the coating occurs to produce
preferential basal alignment of the lamellae, parallel to the sliding
direction [73, 94] as outlined in Figure 2.12. The rapid drop in friction
can also be attributed to surface oxide removal [65]. It is also stated
in the literature that a transfer film formation on the counter interface
is a requirement for achieving the low friction behaviour of MoS»>
films, and the ability of MoS: to transfer to counter interfaces is well

documented [46, 73, 98].
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Figure 2.11 MoS: tested in different environments, highlighting

the rapid drop of friction in the first few sliding cycles [79].
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Figure 2.12 Run in process of MoS:2

Martin et al. [99, 100] aimed to elucidate the mechanisms that led to
ultra-low friction — coined superlubricity - of MoS,. Their findings
showed the establishment of MoS; transfer film formation on the
counter surface following sliding and a shear-induced orientation of
MoS; basal planes aligned parallel to the sliding direction. Oviedo et
al. [101] confirmed these findings by showing the formation of a
transfer film during sliding using in situ sliding within a TEM, as

outlined in Figure 2.13.
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Figure 2.13 In situ TEM of MoS: sliding process and transfer film

formation on oxidized tungsten tip. Courtesy of [101].
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2.10.5 Environmental sensitivity of MoS2 coatings.

It is well known that MoS, performs at its best in dry and inert
atmospheres[14, 42, 46, 57-73]. However, despite this, there are
discrepancies and contradictory results purported in the literature
leading to a number of different hypotheses as to why this happens,

which will be outlined in this section.

It is proposed that the lubricious lifetime of MoS> coatings in a
vacuum is almost ten times that of coatings in atmospheric air [11].
The effect of adsorbed water and oxygen have been investigated and
are believed to restrict the easy basal shear of the lamellae by situating
themselves between MoS;, layers [66, 76]. However, their effects are
often studied individually. Therefore, data on the effects that both
water and oxygen have together on the lubricious qualities of MoS»

coating are limited.

The presence of molecular (O2) and atomic (O) oxygen are thought to
lead to surface limited oxidation of MoS, [14, 66]. This oxide layer
leads to increased coefficients of friction during sliding, but are
removed quickly during the run in phase [66]. This high friction, oxide
removal required at run in can be particularly problematic in space or
single to low cycle applications where oxidation may occur prior to

assembly and testing of devices in terrestrial conditions. Oxidation is
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also likely to occur in the presence of atomic oxygen, due to its
extremely reactive nature, which is of particular concern when
operating in low earth orbit [102]. Molecular oxygen was shown not
to affect the lubricity of MoS, during room temperature sliding [65].
However, it does lead to oxidation at MoS, edge sites to MoO3 and
MoO;, at temperatures over 350 °C, and this oxidation subsequently
restricts the easy lamellar shear properties of MoS> [103]. The
oxidation of MoS: is thought to start as physisorption of oxygen on
the surface of the MoS»> before reaction and becoming a molybdenum

oxide (MoOx).

Holinski and Ganshiemer [104] show that water adsorbs into the
surface of MoS2 due to the strong polarity of its sulphur terminated
basal planes. Stating that water bonds simultaneously to two polarised
sulphur atoms, thereby restricting the easy lamellar shear. However,
there remains significant conflict in the proposed mechanisms behind
reduced lubricity and wear life in humid, oxygen containing
environments. The one constant in the literature is that MoS, displays
poor lubricious qualities in humid air [13, 44, 56, 57, 73, 89, 94, 104,

105].
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There are two dominant hypotheses regarding the degradation of
lubricity in MoS2 coatings in humid environments at room
temperature; The first, and longest standing hypothesis, is that
oxidation in the coatings restricts basal layer sliding between
lamellae, thus leading to higher coefficients of friction [7, 64, 67, 83,
106-108]. Others refute this claim, stating that oxidation at room
temperature is negligible and that water is the overriding component
adversely affecting friction at room temperature [57, 63, 80]. These

two hypotheses are outlined schematically in Figure 2.14.
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Figure 2.14 Schematic diagram illustrating inert sliding and the
two main hypotheses of how the lubricity of MoS:2 is reduced
in oxygen and water containing environments. a) Sliding in an
inert environment. b) Oxidation and oxide removal during
sliding in air leading to higher coefficients of friction in early
sliding cycles. ¢) Adsorption of H20 in an air environment,

and restriction of basal orientation and easy lamellar sliding.

Ross and Sussman [109] were one of the first to show a link between
humidity and oxidation of MoS: at room temperature. Colorimetric
determination of molybdic oxide along side gravimetric sulphate
acidity was used to show that increased humidity led to an increase in
molybdenum oxides. Haltner and Oliver [76] also showed that the
coefficient of friction of MoS: increased with the introduction of

humidity, and attributed this to oxidation, hypothesising that
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frictional heating at the asperity contact facilitates oxidation at
localised oxygen and water adsorption sites. Fleischauer et al. [83]
claimed oxygen can be substituted for sulphur leading to MoO; at
room temperature; these oxides would not be distinguishable from
MoS; on XPS or Auger analysis due to the like-like oxidation states
(4+) of the molybdenum in MoS> and MoO>. More recently, Dudder et
al. [110] showed that the M0S>2:Mo00O3 ratio decreased during sliding
in humid air — but not in dry oxygen, stating that aqueous species are
most likely to lead to oxidation of the coating. Petd et al. [90] showed,
using scanning tunnelling microscopy (STM), that substitution
oxidation is present in MoS: aged for one month in ambient air.
Oxidation by substitution to form MoS>-xOx preserves the original
crystal lattice of MoS2 and can be accelerated by increasing thermal
energy. Density functional theory calculations indicate that S removal
by oxidation is thermodynamically favourable in MoS2 [85, 90].
Substitutive oxidation occurring after deposition always had a

negative effect on lubricating performance [83].

An interesting opposing statement by Khare et al. [66] claims that the
room temperature friction response and lifetime is solely affected by
physisorbed water, and thus, oxidation and oxygen plays no part.
Stating that the friction coefficient was always at least 2x higher in

humid environments (p = 0.06-0.09) than in dry environments (0.02-
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0.03). They showed that the surface of MoS> oxidises to MoO3 in
humid air. Using EDS and an in-situ tribometer, they demonstrated
that oxidation is removed within 20 cycles of sliding when sliding in
45% RH air at room temperature and a normal load of one Newton,
meaning that wear rate was faster than oxide formation, and thus,
oxidation was negligible. Khare et al. [65] also compared the effects
of accelerated ageing in humid and oxygen containing environments,
and showed that water vapour does not impact coating composition
via oxidation. Studies performed on MoS2 oxidation via heating in an
air stream for multiple hours have concluded that oxidation is not
prevalent until around 350°C [111-113]. Though, other studies have
reported than the inclusion of water may reduce the temperature
needed for oxidation of MoS>; Ross and Sussman have reported that
MoS: oxidation in the presence of water vapour may occur at

temperatures below 100 °C according to the following reactions [109]:

Equation 2-12

2MoS; + 902 + 4H20 — 2MoO3 + 4H2S04
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Equation 2-13

MoS; + 2H>,0 + 40, — MoO; + 2H»2S0O4

Equation 2-12 is also stated by Gao et al. [56]. Furthermore, due to
the highly hygroscopic nature of H2SO4, the reaction will self-propel
in water vapour due to local water condensation and adsorption [114].
However, the formation of sulphuric acid is disputed by Vierneusel et

al. [67] who state that introduction of water leads to gaseous hydrogen

disulphide formation:

Equation 2-14

2MoS, + 2H20 + O — 2MoOs + 4H,S

Although MoO3 is the most stable oxide of MoS:, [115], other
molybdenum oxides may form. Walter et al. [116] highlight the
synergy of water and oxygen, stating that The inclusion of water and
oxygen in the reaction leads to a higher propensity for MoO2, and

results in faster oxidation rates at lower temperatures.

Serpini et al. [79] showed through their results of a dry N»2-O:
alternating purge experiment with humid air, that there is negligible

difference in the friction response of a PVD MoS:2 coating at room
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temperature, in which the coefficient of friction in dry O: was
comparable with dry N2 as shown below in Figure 2.15. They state
that the almost instantaneous drop in friction, when in transition from
humid air to dry nitrogen, can only be explained if the water is only
physisorbed in the first few layers. They also state that room

temperature oxidation of MoS: is so slow it becomes a negligible

output.
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Figure 2.15 N2-O: alternate pump and purge experiment with air
to show the friction coefficient of MoS2 at room temperature

curtesy of [79]
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However, one short sight of these experiments is the short testing
duration, only amounting to around 50 minutes sliding in humid air,
thus, giving very little time for water adsorption and substantial oxide
formation. Furthermore, it does not state the role of oxide removal
during sliding. When sliding in air the oxides may be being formed
and removed simultaneously, therefore allowing for a rapid return to
low coefficients of friction when purged with a dry environment. In
addition to this, no surface characterisation was outlined in this study;
therefore, claiming oxides did not play a role is not possible. The test
is also comparing how oxygen affects most on its own when compared
with nitrogen on its own, and does not explore the synergistic effect

that water and oxygen may have on oxide formation.

Tests were also carried out in [79] in room temperature (RT) air, RT
dry air, RT dry nitrogen and 75 °C humid air, as seen in Figure 2.11.
They recorded the lowest friction coefficients in dry nitrogen;
however, still achieved low friction coefficients in humid air at 75 °C;
they attributed this to reduced water adsorption, but with a

temperature low enough as not to oxidise the coating.

The low friction coefficients of MoS2 in differing environments have
also been investigated by Donnet et al. in [71]. The tests were carried

out with stoichiometric MoS2 applied using physical vapour
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deposition (PVD) in an ultra-high vacuum to ensure the coating was
free of oxygen and other contaminants. Friction tests were carried out
using a pin on plate tribometer in; ultra-high vacuum (UHV: 5x 10°8
Pa, 3.75 x 1071° Torr), high vacuum (HV: 1073 Pa, 7.5 X 107° Torr), dry
nitrogen (10° Pa, 750 Torr) and ambient air (10° Pa, 750 Torr). The pin
tip was hemi-spherical with 4 mm curvature radius and was made from
AISI 52100 steel, sliding on MoS2 coated plate of the same material.
‘Super-low’ friction coefficients below 0.004 were obtained in both
UHV and dry nitrogen, while still low friction coefficients of 0.013-
0.015 were recorded in the HV, however, significantly higher friction
coefficients in the range of 0.2 were recorded for ambient air as
reported in [71] however not displayed on their results presented in
Figure 2.16. This highlights the significant differences between dry
atmospheres and humid, oxygen rich atmospheres. But goes no way
into explaining the reason and mechanisms behind the higher friction
coefficients. Furthermore, as the tests were only run over 100 cycles,

wear rates and time to failure were not explored.
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Figure 2.16 Coefficient of friction verses number of cycles in

different testing environments [71].

Very few studies explore the effect that air and water have on MoS»
over longer exposure times. Krantz et al. [117] investigated the effect
of humid storage environments on the durability of MoS» coated gears
when operated in a vacuum at a pressure of 3 x 1077 Torr. Exposure to
humid air was achieved by placing the gears in a closed chamber, on
a perforated plate. The perforated plate stood over a saturated solution
of water and sodium bromide. Samples were exposed to humid air for
10, 17, 28 and 77 days. They found that the samples exposed to 57%

RH air for 77 days had, on average, a 35% reduced wear durability.
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Lince et al. [118] also explored the effect of exposing nanocomposite
sputter-deposited MoS> coatings to humid air for prolonged periods
(over two years) of time for real-time (unaccelerated) ageing before
pin on disc tribology testing in a dry N environment. The
nanocomposite coatings tested were; Ni-MoS»2, Au-Sb>0O3-MoS, and
Sb203-MoS2 onto AISI 440C stainless steel disks to a nominal
thickness of 400 + 100 nm and then stored in an enclosed container
that was humidity controlled to 59% RH by using a saturated solution
of NaBr and samples were removed periodically for testing. Control
samples were stored in a flowing dry N environment where RH
<0.08%. Tribology testing was carried out using uncoated 6 mm OD
AISI 440C steel balls at a load of 3N and a sliding speed of 20cm/s.
The average endurance of the coatings decreased with increasing
storage time, by around 55% after 2.3 years for the Ni-MoS: coated
sample, 27% after 2.3 years for the Au-Sb203-MoS: coating, and 27%
after 1.1 years for the Sb>03-MoS: coating. However, the steady
state/minimum coefficient of friction remains very similar. This is
likely due to any oxide formation being removed during the many
sliding cycles. XPS was used to confirm oxide formation with MoO3
peaks present in all aged samples. Even that of N> aged samples. This
is due to the rapid onset of surface oxide formation of MoS: coatings
when exposed to air. However, the MoO3:MoS> ratio is higher in the

air aged samples as outlined in Figure 2.17. However, as explained
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previously, one significant drawback of using XPS to analyse
oxidation in the overlap of the MoO> and MoS» peaks, due to the like-
like oxidation states (4+) of the molybdenum in MoS; and MoO;,

meaning that quantification of MoO> is not possible using XPS [83].
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Figure 2.17 XPS spectra in the Mo 3d region for Hohman Plating
Ni-MoS2 coatings stored in dry N2 and stored in 59% RH air

for 2.3 years. Courtesy of [118]

Extensive research has taken place on improving the tribological
performance and reducing the environmental sensitivity of MoS: films
by using dopants (often referred to as co-sputtering) such as titanium,
nickel, lead, gold and silver [7, 20, 59, 119-126]. Dopants in MoS»

can be located in the structure of MoS> films in several different ways.
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Substitution can occur at either the Mo or the S site, with the latter
having a higher affinity for substitution [127]. Atoms can become
intercalated between the MoS» layers [128]. Alternatively, atoms can
be adsorbed to the surface or edge sites. Savan et al. [8] theorised
that dopants such as Au could saturate the edge sites, thus promoting
preferential growth of MoS, crystallites parallel to the surface, and
therefore reducing the coefficient of friction. This theory that Au
inclusion in MoS» films would lead to lower coefficients of friction
was backed up by Lince et al. [126], who studied the influence of
contact stresses of doped MoS: coatings with varying levels of Au
content. The coatings were sputtered on to Si wafers, and tribological
tests were carried on a pin-on-disk tribometer in a dry N; environment.
Their results showed that Au-doped MoS: coatings performed better
than pure MoS: in both coefficient of friction and wear as outlined in

Figure 2.18.
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Figure 2.18 Coefficient of friction obtained at a contact stress of
cosputtered MoS:2 coatings with 42, 59, 75, and 89 at.% Au

courtesy of [126]

Savan’s theory was further backed up in numerous studies [69, 129-
131], which showed that Au-doped MoS: outperformed pure sputtered
MoS, coatings in ambient conditions, with lower coefficients of
friction and “higher frictional stability” [129] as outlined in Figure
2.19 where MoS; doped with 5 at.% of Au displayed lower
coefficients of friction and fewer frictional fluctuations during sliding

when compared with pure a pure MoS; coating.
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Figure 2.19 Coefficient of friction of S at% Au doped MoS:

compared with pure MoS:.

Zabinski et al. [130] explored how multiple dopants, including Fe,
Ni, Au and Sb:03, affected the chemistry, crystallinity and
tribological performance of MoS»> coatings. The results showed that
dopants that led to increased tribological performance were due to
increasing the crystallite size of the coating and increasing the coating

density. The coefficient of friction results are presented in Table 2-1.
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Table 2-1 Coefficient of Friction, p, in dry N2/air adapted from

[130]
Coating ID Coefficient of friction, p in
air/N2
MoS: 0.25/0.05
Ni Fail/0.02
Fe 0.25/0.02
Au 0.12/0.02
Sb203 0.08/0.01
Sb,03/Au 0.06/0.02

One dopant that shows particular promise for reducing the
environmental sensitivity of MoS: coating is Ti. With significant
bodies of research coming from Teer/MIBA UK on their trademarked
material MoST™ [123-125, 132-135]. The inclusion of titanium in
the MoS> coating increases the hardness and wear resistance of the
coatings; this is outlined in durability tests carried out by Bellido-
Gonzalez et al. [125], where MoST coatings were deposited onto AISI
M42 tool steel and pin on disc tribometer tests were carried out

between 30-40% RH.
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Figure 2.20 Tribological testing comparing durability of MoS2 and

MoST courtesy of [125]

Wang et al. [123] explored how differing Ti contents in the MoS, film
affected the mechanical and tribological properties of the coating.
MoSt Composite coatings were deposited using Teer’s Close Field
Unbalanced Magnetron Sputtering lon Plating (CFUBMSIP) system
[136] onto AIST M42 Tool Steel and Si substrates with Ti contents of
0 .at%, 15.3 at.% and 19.5 at.%. Using X-Ray diffraction (XRD), they
showed that the coating became more crystalline with higher Ti
content. Furthermore, the coatings’ hardness increased with
increasing Ti content, as highlighted in Figure 2.21 and the coefficient
of friction, when tested in a humid environment, is also much lower,

as shown in Figure 2.22.
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different Ti content [123].
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Figure 2.22 Tribological results for the MoST coatings with
different titanium content at 10 N load, 25 °C and 38%

humidity.

2.11 Raman spectroscopy for MoSz2, MoO2 MoO3 and

MoSxOy

2.11.1 Raman spectroscopy of MoS2

When MoS; is stimulated with electromagnetic waves, under ambient
conditions, the Mo and S atoms undergo both in plane and out of plane
vibration leading to Raman scattering and a Raman Shift. The first

order Raman modes are the; Ezzg with a peak position of ~34cm™!, Eig
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at ~287 cm™!, Ezlg at ~383 cm™! and Aqig at ~409 cm™! [137]. The Ezzg and
Ezlg modes involve vibrations of both the Mo and the S atoms.
However, only the S Atom vibrates in the E;; mode. In the A;; mode,

the S atoms vibrate away from the Mo atoms in the MoS» layer, and is

therefore an out of plane vibration.

The in plane vibration of the Ezzg adjacent to the MoS» layers has the
lowest intensity of the first order vibrational modes. The E;; mode

also has a relatively low intensity vibration. However, it is susceptible
to laser polarisation in the incident plane. If this happens, then it leads

to a higher intensity vibration [138].

The two most prominent modes, with the highest peak intensities of
the first order Raman modes, are the Ezlg and A;; modes. This is

outlined in Figure 2.23. This figure also highlights the in plane and

out of plane vibration of the two modes.
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Figure 2.23 Representative example of an MoS2: Raman spectra,

highlighting the E%g and A4 peaks.

2.12 Summary

MoS2 coatings are known for their excellent performance in dry and
inert atmospheres, but their lubricious qualities are affected when
exposed to humid environments. The literature suggests that the

presence of water and oxygen affects the easy basal shear of the
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lamellae in MoS:> coatings, leading to reduced lubricity and wear life.
However, there are discrepancies and contradictory results in the
literature regarding the exact mechanisms behind this degradation.
Some studies propose that oxidation in the coatings restricts basal
layer sliding, while others refute this claim, stating that water is the
overriding component adversely affecting friction at room
temperature. There are also limited data on the effects of water and
oxygen together on the lubricious qualities of MoS> coatings. Overall,
the literature shows that MoS; displays poor lubricious qualities in
humid air, but there is no consensus on the mechanisms behind this.
The gaps in the literature include the need for more studies on the
effects of water and oxygen together, and the need for more conclusive
evidence on the exact mechanisms behind the degradation of lubricity

in MoS> coatings in humid environments.
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3. Chapter Three Experimental Methodology

3.1 Introduction

This chapter outlines the main experimental procedures undertaken in
this work and explains the function of the equipment used.
Tribological analysis of MoS: in sliding was used to measure the
lubricious performance, Raman spectroscopy measured changes to
bonding and oxidation state and TEM and EDX were utilised to
observe structural and chemical changes respectively. The tribological
and chemical analysis in the project is split into three different testing
protocols. The first testing protocol explores how changes in the
testing environment affect the coating. The second testing protocol
explores how differing ageing environments affect the coating. And
the final protocol explores how the stop-start sliding characteristics
of MoS, are affected in different environments. Preparation of
samples, environmental conditions, tribological procedures, surface
analysis techniques and material characterisation are all outlined in

this chapter.

3.2 Experimental materials and sample preparation

In this study, all samples consisted of an AISI 440C stainless steel

substrate discs with an outer diameter (OD) of 10 mm and were
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polished to an average surface finish of R, = 200 nm. The steel discs
were deposited with a commercially obtained (Miba UK), high purity
(>99%) MoS; coating was magnetron sputter deposited via PVD to a
nominal thickness of 1 um. Prior to deposition, samples were
ultrasonically cleaned in a solvent solution, followed by surface ion
bombardment, to ensure the absence of contamination, and to aid
coating adhesion. The tribological counter sample used in all tests was
an uncoated 3 mm AISI 440C stainless steel ball bearing (simply

bearings, UK).

3.3 Environmental control

A custom-built gas humidifier outlined in Figure 3.1 was used to
control the relative humidity in the tribological testing environment
and in the ageing chambers. A dry gas source consisting of either N3
or N2 + O, was passed through a desiccant chamber, following this,
the dry gas source was split into two branches, both containing flow
meters. One of the branches passed through a gas bubbler, containing
deionised water in order to humidify that branch of the gas source.
The other branch remained dry, before re-joining the ‘wet’ branch and
arriving in the environmental chamber. The humidity of the outlet gas

into the chamber could be controlled by adjusting the flow meters, and
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was measured using a hygrometer (Traceable Hygrometer, Fischer

Scientific, UK).

Desiccant = Flow Meter

— Diry fmlel gas Wet outher gas
o — —
o — Uaas highble
D __ Delonbaed water
¥ Flow Meter
Gas
—
Ageing or testing chamber
I

Figure 3.1 Gas humidifier.

During tribological testing, a continuous gas stream of the desired
composition and humidity was passed over the sample to ensure a
stable constant testing environment. In order to explore how the
storage environment affected the coating, the MoS; coated samples
were aged in six different environments of varying gas and humidity
makeup. These environments were either nitrogen or air, and at 0, 25

and 50% RH in each gas outlined in Table 3-1.
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Table 3-1 Ageing environments.

GASEOUS ENVIRONMENT

RELATIVE Air Nitrogen
HUMIDITY

0 O2 + N2 N2

25 O + Nz + H,0 N2 + H20
50 Oz + N2 + H,0 N2 + H20

To ensure the samples remained in the intended environment for the
duration of the ageing period, they were placed into hermetically
sealed chambers (Sure Seal hermetic chamber, WPI instruments, UK)
shown in Figure 3.2. The chambers had gas inlet and outlet fittings to
which gas lock off taps were fitted. The humidifier described above
was used to achieve the desired humidity within the chamber. Both the
inlet and outlet gas lock off taps were kept open while the chambers
were purged, and the environment within the chamber was monitored

using the probe arrangement listed above. Once the desired humidity
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level was achieved, the chamber taps were then locked off

simultaneously.

Figure 3.2 Ageing chamber with hermetical seal.
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3.4 Tribological testing

Tribological testing consisting of reciprocal sliding of a ball
contacting on a flat surface was carried out using a micro-tribometer
(NTR3, Anton Paar, CH) which has a normal force resolution of 0.003
uN, and a friction force resolution of 0.006 uN for highly accurate
tribological measurements. The NTR3 is a Linear reciprocating
tribometer, which uses the displacement of stiff calibrated can
cantilevers, measured via capacitance probes, to obtain friction forces
(F¢) under a given normal load (F.) via piezo controlled actuation
(including sliding) outlined in Figure 3.3. The cantilevers used on the
NTR3 are dual quad-beam force cantilevers, designed to minimise the
error caused by torsional displacement. This is especially important
in low load applications such as in this study, where normal spring
cantilevers can easily be twisted out of shape by sample topography,
which in turn would bring non-negligible errors in friction
measurements. Quad beam cantilevers work by allowing elastic
deformation in both normal and tangential directions, whilst
preventing torsional deformation. The role of tribological testing was
to measure the lubricious performance and coefficient of friction of
MoS, coatings. Three repeats were performed each on different
samples to ensure experimental variance did not affect the presented

results. A representative example is displayed in the results presented
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in this thesis. Error was calculated using maximum variance over the
three tests. In a further effort to ensure repeatability of results, all
testing was performed at 21+ 2 °C. Steady state friction was defined
as remaining within a £5% range of COF for 100 cycles all samples
display steady state friction over the final 300 cycles, therefore steady
state values presented in the results are an average of the final 300

cycles of sliding.

Piezo controlled load
application

Normal and
tangential loads
measured using
capacitance probes

Calibrated Perspex

cantilever <, — ,
=N E/ chamber
Gas inlet N & .

@ 3 mm 440C ball sample

Hole for

Hygrometer
Probe
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Figure 3.3 Schematic of Anton Paar NTR3 Tribometer with custom

local atmospheric chamber.

3.4.1 Tribological testing in different environments.

Coated samples returned from Miba, UK were vacuum packed with a
desiccant to ensure no environmental degradation of the coatings took
place. In addition to this, prior to tribological testing or aging, all
samples were kept under vacuum with a desiccant in a vacuum
chamber. Tribological testing was split into two testing streams:
changing sliding environment, or changing storage environment. The
same environments were used in both testing streams, outlined in
Table 3-2, so that the impacts caused by the sliding environment, were

clearly identifiable from the impact of the storage environment.
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Table 3-2 Testing and storage environments.

GASEOUS ENVIRONMENT

RELATIVE Air Nitrogen
HUMIDITY (%)

0 02 + N2 N>

25 O2 + N2 + H20 N2 + H20
50 O2 + N2 + H20 N, + H>O

For the aged samples all sliding was performed in a dry nitrogen
environment. Tribological testing was carried out on aged samples at
weekly time intervals after one, two and three weeks. Both the sliding
and storage environments were established with a custom
environmental cell with an integrated hygrometer as previously
outlined. To ensure the environment is fully established and stable
before the test, once the environment had met the required humidity,
a period of five minutes was allotted with constant hygrometer
monitoring before either sliding or sealing the storage environment.
The hygrometer was then monitored every 60s during the sliding tests
to ensure the humidity did not stray out of range of £ 1% RH for the
duration of the test. The normal force applied was at F, = 100 mN,
with a stroke amplitude of | mm and a frequency of 0.5 Hz for a total

of 1500 cycles. The data was captured at a rate of 400Hz and at each
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point, total sliding distance, cycle number, X position, normal force,
transitional force and coefficient of friction was recorded. The
coefficient of friction per cycle, u, was calculated by taking the taking
an average of the forward and reverse friction forces within the middle
50% of each cycle. The testing protocol outlining the sliding and aging
environments is outlined in Table 3-3. The aim of this testing was to
establish the impact that water and oxygen had on the lubricious
performance of MoS2 coatings both in the sliding environment and in

the storage environment.

Table 3-3 Tribology testing protocol

Test Ageing Ageing time Sliding
environment (weeks) environment
1 N/A 0 0% RH N
2 N/A 0 25% RH N2
3 N/A 0 50% RH N
4 N/A 0 0% RH air
5 N/A 0 25% RH air
6 N/A 0 50% RH air
7 0% RH N 1 0% RH N>
8 25% RH N2 1 0% RH N
9 50% RH N 1 0% RH N
10 0% RH air 1 0% RH N
11 25% RH air 1 0% RH N2
12 50% RH air 1 0% RH N2
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13
14
15
16
17
18
19
20
21
22
23
24

3.5 Raman spectroscopy

Raman spectroscopy was carried out using an InVia spectrometer
(Renishaw, UK) to observe if any changes in the chemical composition
had occurred. A Raman laser with a 488 nm wavelength and a low
laser power of ImW was used to ensure that no laser induced oxidation
of the coating took place. Samples were analysed using a short
distance 50x objective. This gave a laser spot size of 400 nm.
Measurements were taken inside and outside of the wear scar on both
aged and unaged samples so that the effects of ageing alone and ageing
alongside tribology could be seen. Intensity data was normalised

between 0 and 1 so spectra could be compared.
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Table 3-4 Raman peak assignment

Raman Peak (cm™) Assignment
287, 383, 409 MoS:
202, 227, 363, 489, 565, 728 MoO>
197, 819 MoOs

3.6 Scanning electron microscopy and energy dispersive

X-Ray spectroscopy

Scanning Electron Microscopy with integrated Energy Dispersive
Spectroscopy (SEM-EDS) on a Carl Zeiss EVOMAL1S: variable
pressure SEM with an Oxford Instruments AZtecEnergy EDX System
was used to observe the elemental changes on the coatings after ageing
and tribology testing. The integrated EDS detector was then used to
detect the atomic composition of the coating. The SEM-EDS analysis
was focused around the wear scar to observe changes at the sliding
interface. SEM scans were taken at an accelerating energy of 5 keV.
The low electron energy was used to reduce bulk material interaction,
as coatings were only 1 um thick. The elemental composition of the
coated surfaces was mapped, enabling the spatial distribution of

elements to be resolved. Particular attention was drawn to the
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presences of molybdenum, sulphur and oxygen. The sampling depth of

the electron beam was calculated to be 0.2 m with [139]:

Equation 3-1

0.1E5

x(pm) =

Where E is the accelerating voltage in keV and p is the density in

g'm.
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Figure 3.4 Carl Zeiss EVOMAL1S: variable pressure Scanning
Electron Microscope with an Oxford Instruments Aztec

Energy, Energy Dispersive X-ray spectroscopy System

3.7 Focused ion beam sample preparation

Focused lon Beam (FIB) on an FEI Helios G4 CX DualBeam, was used
to prepare wafer thin samples to be analysed on a transmission
electron microscope (TEM). Samples were initially Ir coated to
prevent charging during TEM wafer section collection. Following this
a primary protective Pt layer (=200-300 nm) was deposited over the
area of sample collection using an electron beam. Then, a further Pt
layer was deposited using a Ga+ ion beam. Next, material from either

side of the protective Pt was milled away to an approximate depth of
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10pum using an ion beam at 30 kV. Further thinning of this section was
performed using the ion beam, before being partially cut free from the
bulk material. The milled section was then removed using a Kleindiek
micromanipulator, before being mounted inside the chamber of the
microscope and attached to a Cu TEM grid by way of Pt deposition.
Ga+ ions continued to be used to further thin the section to produce
electron transparent sections see Figure 3.5. Two windows were
milled on each sample. The first of which had a nominal thickness of
20-30 nm. The second window was thinned further to around 10-15
nm. The thicker window was produced as a precaution, in case the
thinner of the windows failed, or collapsed during transportation

between the FIB and the TEM.
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Figure 3.5 FIB sample preparation a) Wear scar prior to TEM

88

section preparation. b) After the protective Pt layer has been
deposited. c) After either side of the TEM section is milled
away. d) After either side of the TEM section is milled away —
top view. e) After the TEM section is removed from the bulk
sample and attached to a Cu TEM grid. f) after section

thinning to produce two electron transparent ‘windows’



3.8 Transmission electron microscopy

Transmission Electron Microscopy (TEM) is a microscopy technique
that utilises a beam of electrons, that transmits through an ultra-thin
(<100 nm) specimen. The electron beam interacts with the specimen
as it passes through, scattering the electrons, before they impact on a

detector, producing an image outlined in Figure 3.6.

Objective
lens Electron
Diffraction MISFOSEOPS
Electron pattern Image
beam e T
------------------------------- |20
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Back focal plane Image plane
(reciprocal space) (real space)

Figure 3.6 The optical electron beam diagram of TEM

An FEI Titan Themis Cubed 300 TEM was utilised at an electron
voltage of 300kV and a magnification of 185kx to observe changes in
the lattice structure and orientation of crystallites. Images were taken
along the wear scar interface to observe lamellar orientation. Typical
interlamellar spacing between MoS: lamellae ranges from 6.2-10

angstrom [140].
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4. Chapter Four Effect of Water and Oxygen in the
Testing Environment on the Lubricity of MoS:

Coatings

4.1 Introduction

The aim of this chapter was to outline the effect that water and oxygen
have on the tribological performance of MoS: coatings and explore
the impact these species have both independently, and in synergy. The
results displayed in this chapter are from unaged MoS> coatings that
underwent sliding in nitrogen or air containing environments, at
relative humidity levels of 0%, 25% and 50%. Post sliding analysis
was then carried out using white light interferometry, SEM, EDX,
Raman spectroscopy and TEM; to investigate the mechanical, bonding

and chemical changes that occurred as a result.

4.2 Tribology results

The average coefficients of friction of as deposited, unaged, MoS»
coatings tested in either nitrogen or air at 0, 25 and 50% relative

humidity (RH) are displayed in

Figure 4.1a) and b), respectively. The friction coefficient increases

drastically when humidity is increased, and steady-state coefficient of
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friction is more than 2.5x higher at 50% relative humidity when
compared with samples tested in a dry gas environment. Coefficient
of friction 1is also higher in atmospheric oxygen containing
environments, compared with nitrogen environments, with like levels

of humidity.

The characteristics of friction over time differ considerably in dry and
humid environments. In all environments tested, the coefficient of
friction initially drops rapidly before hitting a minimum point. In dry
environments, the coefficient of friction only rises a small amount.
However, the friction response in humid environments displays a
sharp rise immediately after the minimum coefficient of friction,

before getting to steady state after some time.

Figure 4.1c¢) displays the steady state coefficients of friction in each
environment. The values for the minimum coefficient of friction and

steady state coefficient of friction are outlined in

Table 4-1 below.
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Figure 4.1 a) Unaged MoS:2 sample tested in dry, 25% and 50% RH
N2 for 1500 cycles. b) Unaged MoS2 sample tested in dry, 25%
and 50% RH air for 1500 cycles. ¢) Comparison of the steady

state coefficient of friction of one week aged MoS:2 coatings.
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Table 4-1 comparison of minimum and steady state coefficient of

friction for each testing environment.

Testing Minimum Steady state
Environment coefficient of coefficient of
friction, p friction, p

Dry N> 0.042 0.068

Dry air 0.077 0.090

25% RH N» 0.087 0.143

25% RH air 0.114 0.168

50% RH N» 0.100 0.178

50% RH air 0.118 0.233

4.3 White light interferometry

Figure 4.2a-c) shows white light interferometry results of the wear
scars for samples that underwent sliding in dry, 25% RH and 50% RH
N2, respectively. Due to the surface topography of the samples, wear

volume is difficult to estimate, however it can be seen that wear is
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well within the realms of the coating on all samples. There is some
asperity shearing and smoothing visible in the wear scar. Line scans
were taken inside and outside of the wear volume to give roughness
values of; Dry N2, Ra = 64 nm and Raws = 27.6 nm 25% RH N, Ra =
67 nm and Rays = 26.1 nm and 50% RH N, Ra = 78 nm and Rays =

28.9 nm.
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-0.487896 um

0.862699 um |

1.32451 um |

Figure 4.2 white light interferometry results taken around the
wear scar after sliding of unaged MoS:2 in a) dry N2, b) 25%

RH N2 and ¢) 50% RH N2
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Figure 4.2a-c) shows white light interferometry results of the wear
scars for samples that underwent sliding in dry, 25% RH and 50% RH
air, respectively. Wear volume has not been estimated, however, it
can be seen that wear is well within the realms of the coating on all
samples. The asperity shearing and smoothing of the samples in the
wear scar is more prominent in the humid air aged samples. Especially
at 50% RH air. Line scans were taken inside and outside of the wear
volume to give roughness values of; Dry air, Ra = 53 nm and Raws =
49.1 nm, 25% RH air, Ra=71.3 nm and Raws =47.6 nm and 50% RH

air, Ra = 98 nm and Rayws = 23.1 nm. Wear depth outlined in Table 4-2
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Figure 4.3 white light interferometry results taken around the
wear scar after sliding of unaged MoS: in a) dry N2, b) 25%

RH N: and ¢) 50% RH N:
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Table 4-2 Wear depth for unaged MoS:2

Nitrogen Air
0% RH 0.101 pm 0.223 um
25% RH 0.203 pm 0.301 pm
50% RH 0.452 pm 0.513 pm

4.4 Raman spectroscopy

MoS: has four prominent first order modes of vibration; Ezzg with a
peak position of ~34cm™!, Eig at ~287 cm™!, Ezlg at ~383 cm™! and Asg
at ~409 cm! [137]. Figure 4.4 and Figure 4.5 show the Raman
spectroscopy inside and outside of wear scar on unaged MoS»> samples
that have been tested in dry, 25 and 50% RH N2 and air, respectively.
At all humidity levels, the first order Raman peaks are visible. All

peaks for both inside and outside of the wear scar for the dry, 25%
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and 50% RH nitrogen tested samples, and air tested samples fall within

the same range, indicating no bonding changes due to sliding.
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Figure 4.4 Raman spectroscopy unaged MoS: a) outside of the wear
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scar after sliding in dry nitrogen b) inside of the wear scar
after sliding in dry nitrogen c) outside of the wear scar after
sliding in 25% RH nitrogen d) inside of the wear scar after
sliding in 25% RH nitrogen e) outside of the wear scar sliding
in 50% RH nitrogen f) inside of the wear scar after sliding in

50% RH nitrogen.
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Figure 4.5 Raman spectroscopy unaged MoS: a) outside of the wear
scar after sliding in dry air b) inside of the wear scar after
sliding in dry air c¢) outside of the wear scar after sliding in
25% RH air d) inside of the wear scar after sliding in 25% RH
air e) outside of the wear scar sliding in 50% RH air f) inside

of the wear scar after sliding in 50% RH air

4.5 Transmission electron microscopy

The TEM images for unaged samples tested in dry and 50% RH N> as
well as those tested in dry and 50% RH air are displayed in Figure 4.6
a-d). Where, [A] is the protective Pt, [B] is the iridium layer that was
deposited to reduce sample charging, [C] is a carbon layer from
previous analysis, [D] is the MoS; frictionally transformed region, [E]
is the MoS> bulk, and the arrows detail the reciprocating sliding

direction.

FIB sections were taken inside the wear scar to observe how the
structure of the coating was affected by the environment that it was
slid in. As can be seen in the dry N tested sample in Figure 4.6 a) the
lamellae in the wear portion of the image has a basal orientation

parallel to the sliding direction throughout the wear scar. This aligns
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well with why the coefficient of friction was lowest in this sample.
However, after sliding in dry air, the lamellae in the wear scar were
less uniformly aligned as shown in Figure 4.6 b). Although some of
the lamellae displayed basal alignment parallel to the sliding
direction, large portions of the wear scar exhibit lamellae at around a
45° angle. This less optimal basal alignment resulted in a higher
friction coefficient when compared the dry N> slid sample. The
reduction of basally aligned lamellae also suggests that atmospheric
oxygen restricted the crystallographic reorientation of the coating.
The sample that was tested in 50% RH air, displayed in Figure 4.6¢),
showed a lack of basal alignment in the wear scar, but to an even
greater extent. Much of the lamellae in the wear scar are near
perpendicular with the sliding direction. Thus, leading to significant
increases in the coefficient of friction when compared to both the dry
N: and dry air samples. Therefore showing that water in the sliding
environment has a far greater affinity than oxygen alone to restrict
preferential basal alignment. Finally Figure 4.6 d) shows the TEM
image following 50% RH air sliding. The wear scar exhibits a majority
of lamellae perpendicular or near perpendicular with the sliding
direction. This led to the highest coefficient of the samples tested.
Therefore, showing that water and oxygen together act synergistically
in restricting crystallographic reorientation to preferential basally

aligned lamellae.
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Figure 4.6 TEM of unaged MoS: after sliding in: a) dry nitrogen,

b) dry air, ¢) 50% RH Nitrogen and d) 50% RH air.
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4.6 Summary

The aim of this chapter was to elucidate the impact the water and
oxygen in the sliding environment had on the tribological performance
of MoS»> coatings. Followed by an investigation into chemical and
physical changes that may arise due to the environmental factors and
the energy input from tribological testing. With a view to gaining an
understanding into why water and oxygen degrade MoS:> during

sliding. The results presented in this chapter show:

e Humidity is the most significant driving factor in the increase
of coefficient of friction when sliding in ambient environments
containing oxygen, water and nitrogen. With a steady state
coefficient of friction over 2.5x higher in 50% RH air compared
to the dry air counterpart and 3.4x higher compared with sliding
in a dry N2 environment.

e The presence of oxygen in the sliding environment also leads to
higher steady state coefficients of friction in all comparable
relative humidity levels in the nitrogen slid counterparts.

e TEM showed a restriction of preferential basal reorientation of
MoS;, lamellae, with the most marked restriction coming from

the sample after sliding in 50% RH air.
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e No observable chemical or bonding changes were detected
either inside or outside of the wear scars using Raman

spectroscopy after sliding.

These results show that both oxygen and water play a role
synergistically in restricting easy lamellar shear of MoS2, and thus
leading to higer coefficients of friction. Furthermore no oxidation was

observed in these tests.
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5. Chapter Five Effect of Water and Oxygen in the

Storage Environment of MoS; Coatings

5.1 Introduction

Whilst most studies have focused on the direct tribology-environment
interactions, few have examined the role of storage conditions,
particularly room storage, on the subsequent friction properties. This
chapter explores the medium term effects that the ageing environment
have on MoS> as a lubricious coating. The results displayed are for
samples aged for one to three weeks in either nitrogen or air (O2 + N»)
with relative humidity (RH) levels ranging from 0-50% RH. Surface
and subsurface characterisation of the coatings before and after ageing

is also presented.

5.2 Tribology results

5.2.1 One week aged

When comparing the friction coefficients of samples aged at the same
levels of relative humidity, but in differing base gasses, there is a
clear difference in friction coefficient between the two, as outlined in
Figure 5.1 a) and b). A rapid reduction in the coefficient of friction

was observed, reaching p = 0.05 = 0.01 within the first 30 cycles for
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N> aged samples and p = 0.07 £ 0.02 for air aged samples. Further
analysis showed that the time taken to reach the minimum coefficient
of friction was also affected by the ageing environment. Samples aged
in a dry N2 environment, reached a minimum coefficient of friction, p
= 0.048, after 19 cycles of sliding (total distance = 19 mm). This then
increased, reaching a steady state coefficient of friction, u = 0.07. In
comparison, samples aged in 25% RH and 50% RH N reached a
coefficient of friction of, p = 0.054 in 55 cycles and p = 0.051 in 67

cycles, respectively.

Samples aged in air consistently yield higher coefficients of friction
throughout the duration of the test than their nitrogen aged
counterparts. This is true for all humidity levels explored in this test
set. It can also be seen that the gap in the coefficient of friction
increases with humidity and that steady-state friction is achieved in
fewer cycles in coatings aged in nitrogen compared to coatings aged

in air
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Figure 5.1 MoS:2 samples aged for one week in, a) N2 environments
at relative humidity levels of 0% (dry), 25% and 50%.
Followed by sliding on the NTR for 1500 cycles in a dry N2
environment, and, b) Air environments at relative humidity
levels of 0% (dry), 25% and 50%. Followed by sliding on the

NTR for 1500 cycles in a dry N2 environment.

A comparison of steady state coefficients of friction, for MoS2
coatings aged for one week, can be found in Figure 5.2. The steady
state coefficient of friction increased along with humidity in all

samples. N> aged samples showed an increase in steady state

110



coefficient of friction from 0% RH, to 50% RH, going from u =0.07 +
0.005 to u=0.08 = 0.008 representing a 12.5% increase. Air aged
samples showed an increase in the coefficient of friction with
increasing humidity in the ageing environment from p = 0.08 in 0%

RH air to p = 0.1 £ 0.01, an increase of 20%.

0.25

0.20

0.15 4

0.10

Coefficient of Friction

0.05

0.00 -

Dry Air
25% RH Air

c
3]
(o2
o)
=
zZ
>
2
[a)]

50% RH Nitrogen

c
@
>
9]
S

h=—

=z

I
o

S
0
~

50% RH Nitrogen Air

Figure 5.2 Comparison of the steady state coefficient of friction of
one week aged MoS:2 coatings. Error shows maximum variance

between repeats and is outlined in section 3.4.1
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5.2.1 Two week aged

Figure 5.3 a) and b) show the coefficient of friction for AISI 440C -
MoS> couples after 2 weeks of ageing in either nitrogen (a) or air (b)
at 0, 25 and 50% RH. A rapid reduction in the coefficient of friction
was observed, reaching p = 0.074 + 0.01 within the first 30 cycles for
N> aged samples and p = 0.085 = 0.02 for air aged samples. Samples
aged in a dry N2 environment, reached a minimum coefficient of
friction, p = 0.06; this then increased, reaching a steady state
coefficient of friction, p = 0.074. In comparison, samples aged in 25%
RH and 50% RH N> reached a minimum coefficient of friction of, u

= 0.073 and p = 0.084, respectively.

The dry air aged sample displayed steady state p = 0.088. 25% and
50% relative humidity aged samples had a steady state p = 0.09 and p
= 0.11 increase respectively. It can also be seen that the gaseous
composition of the ageing environment affects the friction response,
with air aged samples displaying higher coefficients of friction

compared with nitrogen aged samples, at all like humidity levels.
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Figure 5.3 MoS:2 samples aged for two weeks in a) N2 environments
at relative humidity levels of 0% (dry), 25% and 50%.
Followed by sliding on the NTR for 1500 cycles in a dry N:
environment, and, b) Air environments at relative humidity
levels of 0% (dry), 25% and 50%. Followed by sliding on the

NTR for 1500 cycles in a dry N2 environment.
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Figure 5.4 Comparison of the steady state coefficient of friction of

two week aged MoS:2 coatings.
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5.2.2 Three week aged

Figure 5.5 and Figure 5.6 show the coefficient of friction for AISI
440C - MoS> couples after 3 weeks of ageing in either nitrogen (Figure
5.5) or air (Figure 5.6) at 0, 25 and 50% RH. Samples aged in dry
nitrogen display only small changes in coefficient of friction when
compared to the unaged reference sample tested in dry nitrogen in
Figure 5.7. After 3 weeks of ageing in dry nitrogen, the steady state
coefficient of friction fell from p = 0.067 to un=0.063, a 6% drop when
compared to the unaged reference. After ageing in 25% RH nitrogen,
the coefficient of friction was pu=0.072 representing an increase of
7.5%. Ageing for 3 weeks in 50% relative nitrogen led to a steady
state coefficient of n=0.079, an increase of 17.9%. Air aged samples

led to more drastic changes in the friction response of the coating.

The dry air aged sample displayed steady state p=0.074, a 10.4%
increase from the unaged reference. 25% and 50% relative humidity
aged samples had a steady state p=0.093 and p=0.134 a 38.8% and
100% increase respectively. It can also be seen that the gaseous
composition of the ageing environment affects the friction response,
with air aged samples displaying higher coefficients of friction

compared with nitrogen aged samples, at all like humidity levels.
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Figure 5.5 MoS:2 samples aged for three weeks in N2 environments
at relative humidity levels of 0% (dry), 25% and 50%.
Followed by sliding on the NTR for 1500 cycles in a dry N2

environment.
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Figure 5.7 Comparison of the steady state coefficient of friction of

three week aged MoS:2 coatings.

5.3 White light interferometry

5.3.1 One week aged

Figure 5.8 a-c) shows white light interferometry results of the wear
scars for results for one week, N> aged samples that have undergone
1500 cycles of sliding in a dry N environment. Due to the surface

topography of the samples, wear volume is difficult to estimate;
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however, it can be seen that wear is well within the realms of the
coating on all samples. There is some asperity shearing and smoothing
visible in the wear scar. Line scans were taken inside and outside of
the wear volume to give roughness values of; Dry N2, Ra = 68 nm and
Raws = 37.6 nm 25% RH Nz, Ra =71 nm and Rays = 40 nm and 50%

RH N3, Ra = 69 nm and Raws = 28 nm.
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Figure 5.8 White light interferometry scan obtained from the MoS2
coated surfaces with a focus on the wear scar after 1 week
ageing in a) dry N2, b) 25% RH N2 and ¢) 50% RH N2, followed

by friction testing in dry nitrogen.
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Figure 5.9 a-c) shows white light interferometry shows white light
interferometry results of the wear scars for results for one week, N>
aged samples that have undergone 1500 cycles of sliding in a dry N3
environment. Wear volume has not been estimated; however, it can
be seen that wear is well within the realms of the coating on all
samples. Line scans were taken inside and outside of the wear volume
to give roughness values of; Dry air, Ra = 61 nm and Raws = 28.4 nm,
25% RH air, Ra = 65 nm and Raws = 31 nm and 50% RH air, Ra =97
nm and Raws = 27.7 nm. The average wear depth is outlined in Table

5-1
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Figure 5.9 VSI results obtained from the MoS2 coated surfaces

after 1 week ageing in a) dry air, b) 25% RH air and c¢) 50%

RH air, followed by friction testing in dry nitrogen.
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Table 5-1 Wear depth of one week aged MoS2 samples

Nitrogen Air
0% RH 0.134 pm 0.145 pm
25% RH 0.241 pm 0.149 pm
50% RH 0.138 um 0.130 um
5.3.2 Two week aged

Figure 5.10 a-c) shows white light interferometry results of the wear
scars for results for one week, N2 aged samples that have undergone
1500 cycles of sliding in a dry N2 environment. Due to the surface
topography of the samples, wear volume is difficult to estimate;
however, it can be seen that wear is well within the realms of the
coating on all samples. There is some asperity shearing and smoothing

visible in the wear scar. Line scans were taken inside and outside of
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the wear volume to give roughness values of; Dry N2, Ra = 68 nm and
Raws = 35.4 nm 25% RH Nz, Ra =70 nm and Rays = 40 nm and 50%

RH N3, Ra = 64 nm and Raws = 58 nm.
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Figure 5.10 White light interferometry scan obtained from the
MoS2 coated surfaces with a focus on the wear scar after 2
weeks ageing in a) dry N2, b) 25% RH N2 and ¢) 50% RH N2,

followed by friction testing in dry nitrogen.

Figure 5.11 a-c) shows white light interferometry shows white light
interferometry results of the wear scars for results for one week, N>
aged samples that have undergone 1500 cycles of sliding in a dry N
environment. Wear volume has not been estimated, however, it can
be seen that wear is well within the realms of the coating on all
samples. Line scans were taken inside and outside of the wear volume
to give roughness values of; Dry air, Ra = 71 nm and Raws = 44 nm,
25% RH air, Ra = 75 nm and Rayws = 81 nm and 50% RH air, Ra = 63

nm and Rays = 51 nm. Wear depth outlined in Table 5-2.
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Figure 5.11 White light interferometry scan obtained from the
MoS:2 coated surfaces with a focus on the wear scar after 2
weeks ageing in dry air followed by friction testing in dry

nitrogen.
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Table 5-2 Wear depth of two week aged MoS:2

Nitrogen Air
0% RH 0.117 pm 0.147 pm
25% RH 0.135 pm 0.149 um
50% RH 0.138 pm 0.141 pm

5.3.3 Three week aged

Figure 5.12a-c) shows white light interferometry results of the wear
scars for results for one week, N2 aged samples that have undergone
1500 cycles of sliding in a dry N2 environment. Due to the surface
topography of the samples, wear volume is difficult to estimate;
however, it can be seen that wear is well within the realms of the
coating on all samples. There is some asperity shearing and smoothing

visible in the wear scar. Line scans were taken inside and outside of
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the wear volume to give roughness values of; Dry N2, Ra =51 nm and
Raws =31.2 nm 25% RH Nz, Ra=71 nm and Rayws = 28.6 nm and 50%

RH N3, Ra = 78 nm and Raws = 54 nm.
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Figure 5.12 White light interferometry scan obtained from the
MoS2 coated surfaces with a focus on the wear scar after 2
weeks ageing in a) dry N2, b) 25% RH N2, and ¢) 50% RH N2

followed by friction testing in dry nitrogen.
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Figure 5.13 a-c) shows white light interferometry shows white light
interferometry results of the wear scars for results for one week, N>
aged samples that have undergone 1500 cycles of sliding in a dry N3
environment. Wear volume has not been estimated; however, it can
be seen that wear is well within the realms of the coating on all
samples. Line scans were taken inside and outside of the wear volume
to give roughness values of; Dry air, Ra = 83 nm and Raws = 64 nm,
25% RH air, Ra = 89 nm and Raws = 57 nm and 50% RH air, Ra = 65
nm and Rays = 58 nm. Wear depths for all samples outlined in Table

5-3.
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Figure 5.13 White light interferometry scan obtained from the
MoS: coated surfaces with a focus on the wear scar after 3
weeks ageing in a) dry N2, b) 25% RH N2, and ¢) 50% RH N2

followed by friction testing in dry nitrogen
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Table 5-3 Wear depth of 3 week aged MoS:2

Nitrogen Air
0% RH 0.155 pm 0.195 pm
25% RH 0.293 pm 0.228 um
50% RH 0.222 pm 0.332 pm

5.4 Energy-dispersive X-Ray spectroscopy

5.4.1 One week aged

The wear did not fully penetrate through the coating, as confirmed by
EDS maps displayed in Figure 5.14, where a strong signal for
molybdenum and sulphur can be seen in the wear scar, added to the
lack of iron or chromium signals, as would be expected had the

stainless-steel substrate below been exposed.
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Figure 5.14 EDS mapping of the wear scar of an MoS:2 sample aged

for one week in dry Noa.

Figure 5.15 shows the EDS elemental map output of the sample aged
for two weeks in 25% RH N2. As can be seen from the elemental
mapping, the coating was not fully penetrated during sliding. In the
EDS image, an increased oxygen signal can be observed in and around
the very edges of the wear scar and, are significantly more prominent

than in the dry nitrogen aged sample.
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Figure 5.15 EDS mapping of the wear scar of an MoS:2 sample aged

for one week in 25% RH N.2.

Figure 5.16 shows the EDS elemental map output of sample aged for
two weeks in 50% RH N;. As can be seen from the elemental mapping,
the coating was not fully penetrated during sliding. Furthermore, it is
following the trend of increased oxygen signal in higher humidity

environments.
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Figure 5.16 EDS mapping of the wear scar of an MoS: sample aged

for one week in 50% RH Na.

Figure 5.17 shows the EDS elemental map output of sample aged for
one week in dry air. As with previous coatings, the coating was not
fully penetrated during sliding. There is an increased oxygen signal
concentrated in the wear scar when compared with the dry nitrogen
aged sample. However, still less intensity of oxygen signal compared

to the humid nitrogen counterparts.
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Figure 5.17 EDS mapping of the wear scar of an MoS: sample aged

for one week in dry air.

Figure 5.18 shows the EDS elemental map output of sample aged for
one week in 25% RH air. The oxygen signal in this peak is more

intense in the wear scar than any of the previously displayed results.
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Figure 5.18 EDS mapping of the wear scar of an MoS:2 sample aged

for one week in 25% RH air.

The EDS elemental map output of sample aged for two weeks in 50%
RH air is displayed in Figure 5.19. As can be seen from the elemental
mapping, the coating was not fully penetrated during sliding.
Furthermore, it is following the trend of increased oxygen signal in
higher humidity and oxygen containing environments. A comparison
of all of the one week aged EDS mapping for oxygen can be seen in

Table 5-4.
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Figure 5.19 EDS mapping of the wear scar of an MoS:2 sample aged

for one week in 50% RH air.
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Table 5-4 Comparison of oxygen signal from EDX spectra of two

week aged samples

Relative Nitrogen Air

Humidity (%)

0 0 Kal 0 Kal

™250um ! M 250um !

25 0 Kal 0 Kal

™ 250pm ™ 250um !

50 0 Kal 0 Kal

| r=re— |
™ 250um | 250pm
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5.4.2 Two week aged

EDS mapping of the wear scar displayed in Figure 5.20 shows an
increased oxygen signal in the wear scar. However, unlike previously
described samples there is a significant signal for carbon, this is likely

surface contamination.

EDS Layered Image 6
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Ssoam
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CKal2
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250pm

Figure 5.20 EDS mapping of the wear scar of an MoS2 sample aged

for two weeks in dry N2.

EDS mapping of the wear scar and close surrounding area, displayed

in Figure 5.21 shows a concentrated oxygen signal in the wear scar.
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Furthermore, there is a significantly increased oxygen signal around

the rest of the EDS map outside of the wear scar.

f
:

CKal2

Figure 5.21 EDS mapping of the wear scar of an MoS: sample aged

for two weeks in 25% RH Na2.

EDS mapping of the wear scar and close surrounding area, displayed
in Figure 5.22, shows a slightly concentrated oxygen signal in the
wear scar. Furthermore, there is a significantly increased oxygen

signal around the rest of the EDS map outside the wear scar.
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Figure 5.22 EDS mapping of the wear scar of an MoS:2 sample aged

for two week in 50% RH Na.

EDS mapping of the wear scar and close surrounding area, displayed
in Figure 5.23, shows a slightly concentrated oxygen signal in the
wear scar. Furthermore, there is a significantly increased oxygen
signal around the rest of the EDS map outside of the wear scar. There
is minimal carbon signal in the wear track, indicating the coating has

not worn through to the base substrate
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Figure 5.23 EDS mapping of the wear scar of an MoS:2 sample aged

for two weeks in dry air.

Figure 5.24shows the EDS elemental map output of sample aged for
one week in 25% RH air. The oxygen signal is focused within the wear
scar. However, there is a spot of higher intensity oxygen at one point

in the wear scar.
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EDS Layered Image 3

Figure 5.24 EDS mapping of the wear scar of an MoS: sample aged

for two week in 25% RH air.

The EDS elemental map output of sample aged for two weeks in 50%
RH air is displayed in Figure 5.25. As can be seen from the elemental
mapping, the coating was not fully penetrated during sliding.
Furthermore, it is following the trend of increased oxygen signal in
higher humidity and oxygen containing environments. A comparison

of all of the one week aged EDS mapping for oxygen can be seen in

144



EDS Layered Image 2
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Figure 5.25 EDS mapping of the wear scar of an MoS: sample aged

for two weeks in 50% RH air.
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Table 5-5 Comparison of oxygen signal from EDS spectra of two

week aged samples

Relative Nitrogen Air

Humidity (%)

0 0 Kal 0 Kal

- 250pm - - 250pm '

25 0 Kal 0O Kal

™ 250um

50 0 Kal 0 Kal

™ 250um ! ™ 250um !
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5.4.3 Three week aged

Figure 5.26 — Figure 5.31 show the EDS elemental map signal at 5 keV
in the wear scar of both air and nitrogen samples aged for 3 weeks in
0, 25 and 50% RH. The intensity of the oxygen signal is concentrated
in the wear scar in all air aged samples, with intensity increasing with
humidity. Oxygen can also be observed in the 25% and the 50% RH
nitrogen aged samples. The intensity of the oxygen signal is higher in

air aged than nitrogen aged at all like humidity levels.

EDS Layered Image 5

CKal2

Figure 5.26 EDS mapping of the wear scar of an MoS:2 sample aged

for three weeks in dry Na2.
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EDS Layered Image 3
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Figure 5.27 EDS mapping of the wear scar of an MoS:2 sample aged

for three week in 25% RH Na.
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Figure 5.28 EDS mapping of the wear scar of an MoS:2 sample aged

for three week in 50% RH Na..
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Figure 5.29 EDS mapping of the wear scar of an MoS: sample aged

for three weeks in dry air.
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Figure 5.30 EDS mapping of the wear scar of an MoS: sample aged

for three weeks in 25% RH air.

EDS Layered Image 6

Figure 5.31 EDS mapping of the wear scar of an MoS:2 sample aged

for three weeks in 50% RH air.
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Table 5-6 Comparison of oxygen signal from EDS spectra of three

week aged samples

Relative Nitrogen Air

Humidity (%)

0 0 Kal O Kal
M250pm ! ™ 250um !
25 0 Kal 0 Kal

' 250pm ! y 250pm !

50 0 Kal 0 Kal

f 250pm 250pm
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5.5 Raman spectroscopy

5.5.1 One week aged

Figure 5.32 and Figure 5.33 show the Raman spectroscopy inside and
outside of wear scar on MoS, samples aged for one week in dry, 25
and 50% RH N; and air respectively. At all humidity levels, the first
order Raman peaks are visible. All peaks for both inside and outside
of the wear scar for the dry, 25% and 50% RH nitrogen tested samples
and air tested samples fall within the same range, indicating no

bonding changes due to sliding.
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re 5.32 Raman spectroscopy of one week aged MoS2 a) outside
of the wear scar after ageing in dry nitrogen b) inside of the
wear scar after ageing in dry nitrogen c) outside of the wear
scar after ageing in 25% RH nitrogen d) inside of the wear
scar after ageing in 25% RH nitrogen e) outside of the wear
scar ageing in 50% RH nitrogen f) inside of the wear scar after

ageing in 50% RH nitrogen.
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re 5.33 Raman spectroscopy of one week aged MoS:2 a) outside
of the wear scar after ageing in dry air b) inside of the wear
scar after ageing in dry air c¢) outside of the wear scar after
ageing in 25% RH air d) inside of the wear scar after ageing
in 25% RH air e) outside of the wear scar after ageing in 50%

RH air f) inside of the wear scar after ageing in 50% RH air.



5.5.2 Two week aged

Figure 5.36 shows the Raman spectroscopy inside and outside of wear
scar on 2-week nitrogen aged MoS; samples in dry, 25 and 50% RH.
At all humidity levels, the first order Raman peaks are visible. All
peaks for both inside and outside of the wear scar for the dry, 25%
and 50% RH nitrogen aged samples fall within the same range,

indicating no change due to sliding.
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re 5.34 Raman spectroscopy of two week aged MoS2 a) outside
of the wear scar after ageing in dry nitrogen b) inside of the
wear scar after ageing in dry nitrogen c) outside of the wear
scar after ageing in 25% RH nitrogen d) inside of the wear
scar after ageing in 25% RH nitrogen e) outside of the wear
scar ageing in 50% RH nitrogen f) inside of the wear scar after

ageing in 50% RH nitrogen.

Figure 5.35 shows the Raman spectroscopy inside and outside of wear

scar
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on 2-week air aged MoS: samples in dry, 25 and 50% relative



humidity air. Clear differences can be seen between the worn and

unworn spectrum. In the dry air aged sample, the E;4 at 286-287 cm’!

Ej, at 380-382 cm™' and A;, at 408-409 cm™' peaks are prominent
denoting MoS>. However, peaks at 202-203 cm™!, 360 cm™', 566 cm™!,
729-730 cm™! corresponding to MoO> [141, 142] can also be observed
in the wear scar. These peaks become more prominent at the higher
levels of humidity. On the 25% and 50% RH aged samples further
MoO; peaks at 227 cm™' and 489 cm™! are visible and become more

intense relative to the other peaks as humidity increases.
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Figure 5.35 Raman spectroscopy of two week aged MoS2 a) outside
of the wear scar after ageing in dry air b) inside of the wear
scar after ageing in dry air c¢) outside of the wear scar after
ageing in 25% RH air d) inside of the wear scar after ageing
in 25% RH air e) outside of the wear scar after ageing in 50%

RH air f) inside of the wear scar after ageing in 50% RH air.

5.5.3 Three week aged

MoS: has four prominent first order modes of vibration; Ezzg with a

peak position of ~34cm™!, Eig at ~287 cm!, Ezlg at ~383 cm™! and Aig
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at ~409 cm™! [137]. Figure 5.36 shows the Raman spectroscopy inside
and outside of wear scar on 3-week nitrogen aged MoS; samples in
dry, 25 and 50% RH. At all humidity levels, the first order Raman
peaks are visible. All peaks for both inside and outside of the wear
scar for the dry, 25% and 50% RH nitrogen aged samples fall within

the same range, indicating no change due to sliding.
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re 5.36 Raman spectroscopy of three week aged MoS: a)
outside of the wear scar after ageing in dry nitrogen b) inside
of the wear scar after ageing in dry nitrogen c¢) outside of the
wear scar after ageing in 25% RH nitrogen d) inside of the
wear scar after ageing in 25% RH nitrogen e¢) outside of the
wear scar ageing in 50% RH nitrogen f) inside of the wear scar

after ageing in 50% RH nitrogen.



Figure 5.37 shows the Raman spectroscopy inside and outside of wear
scar on 3-week air aged MoS: samples in dry, 25 and 50% relative
humidity air. Clear differences can be seen between the worn and

unworn spectrum. In the dry air aged sample, the E;4 at 286-287 cm!

Ej, at 380-382 cm™' and A;,; at 408-409 cm™' peaks are prominent
denoting MoS>. However, peaks at 202-203 cm™!, 360 cm™', 566 cm™!,
729-730 cm™! corresponding to MoO> [141, 142] can also be observed
in the wear scar. These peaks become more prominent at the higher
levels of humidity. On the 25% and 50% RH aged samples further
MoO; peaks at 227 cm™' and 489 cm™! are visible and become more
intense as humidity increases. Weak MoO3 peaks are also visible at
825-826 cm™ in 25% and 50% RH aged samples [143]. However, the
El, peaks of the 25 and 50% RH aged samples are slightly blue shifted
(~3 cm™!), and the spacing between the EJ, and A, peaks is increased.
This is often attributed to increased strain in the material lattice [144].

All Raman peak assignment can be seen in section 5.5, Table 5-8.
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Figure 5.37 Raman spectroscopy of three week aged MoS: a)
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RH air.

outside of the wear scar after ageing in dry air b) inside of the
wear scar after ageing in dry air c) outside of the wear scar
after ageing in 25% RH air d) inside of the wear scar after
ageing in 25% RH air e) outside of the wear scar after ageing

in 50% RH air f) inside of the wear scar after ageing in 50%



5.6 Transmission electron microscopy

Figure 5.38 (a-d) shows TEM images within the wear scar of MoS>
samples that had been aged for three weeks in nitrogen or air, in either
dry or 50% RH conditions, and tested on the NTR in a dry nitrogen
environment. The dry nitrogen aged sample shows significant
crystallographic reorientation with basal orientation of lamellae in the
wear scar, parallel to the sliding direction, throughout the depth of the
wear scar. Where, [A] is the protective Pt, [B] is the iridium layer that
was deposited to reduce sample charging, [C] is a carbon layer from
previous analysis, [D] is the MoS; frictionally transformed region, [E]
is the MoS> bulk, and the arrows detail the reciprocating sliding
direction. The dry air aged sample displays some reorientation of the
lamellae in the direction of the wear scar. However, less uniformity
and an increased number of crystallites perpendicular to the sliding

direction was observed.

After 3 weeks of ageing in 50% RH nitrogen, the sample displays a
good basal orientation, as defined by lamellae parallel to the material
surface in the direction of sliding. The three-week 50% RH air aged
sample wear scar displays significantly less uniformity of lamellae
orientation. Large proportions of the wear scar exhibit crystallites

perpendicular to the direction of sliding. Though, there is some basal
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orientation parallel to the sliding direction at the outer limits of the

wear scar.

50 nm
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Figure 5.38 TEM image of the wear scar of MoS2 with magnified
section inset temperature throughout 23° C a) after ageing for
three weeks in dry N2. Where, [A] is the protective Pt, [B] is
the iridium layer that was deposited to reduce sample
charging, [C] is a carbon layer from previous analysis, [D] is
the MoS: frictionally transformed, [E] is the MoS: bulk, and
the arrows detail the reciprocating sliding direction. b) after
ageing for three weeks in dry air. c) after ageing for three
weeks in 50% RH N2. d) after ageing for three weeks in 50%

RH Air.

5.7 Summary

The aim of this chapter was to elucidate the impact the water and
oxygen in the storage environment had on the tribological
performance of MoS: coatings. Followed by an investigation into
chemical and physical changes that may arise due to the environmental
factors and the energy input from tribological testing. With a view to
gaining an understanding of why water and oxygen degrade MoS». The

results presented in this chapter show:

165



166

Coefficients of friction increased over time on MoS; coatings
stored in environments containing water and/or oxygen.

Water and oxygen displayed a synergistic effect in increasing
coefficients of friction, with the highest coefficients of friction
observed on coatings aged in 50% RH air as outlined in Table
5-7.

Oxygen and water in the storage environment restricted easy
lamellae reorientation to become basally orientated, parallel to
the sliding direction, as observed on the TEM.

No observable oxidation using Raman spectroscopy were
present in the absence of sliding. However, after ageing in
humid, oxygen containing environments, the input energy from
the sliding was enough to cause oxidation in the wear track of
the MoS; coating, with MoO> and MoO3 peaks being observed

outlined in Table 5-8.



Table 5-7 steady state coefficients of friction of aged samples

Steady state coefficient of friction

N2 Air
Aging 0% RH 25% RH 50% RH |0% RH 25% RH 50% RH
period
1 week 0.067 0.074 0.072 0.08 0.088 0.1
2 weeks 0.074 0.075 0.079 0.088 0.09 0.11
3 weeks 0.063 0.072 0.079 0.074 0.1 0.134
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Table 5-8 Raman Peak assignment

Raman Peak (cm™) Assignment
190, 202, 227, 363, 489, 565, 728 MoO;
197,819 ~ MoO;
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6. Chapter Six Discussion

6.1 Introduction

The aim of this thesis was to better understand how ‘benign’
environmental conditions affect the friction mechanisms of MoS:>
coatings; both directly and due to storage. Elucidating the impact that
the environment may have on solid MoS> coatings and understanding
the reasons why environmental conditions reduce performance to lead
to a framework for best practice use of this lubricious coating, both

in storage and operation.

In order to meet the aims of this project, the following objectives were

set:

e To observe the role that water and oxygen in the sliding
environment have on the lubricity of MoS: coatings and explore

any structural or chemical changes they may cause.

e To investigate how introducing water and oxygen into the
storage environment affects the lubricious performance of MoS>
coatings once they are returned to operation in an ideal, inert

environment.

169



e To elucidate the mechanisms of how water and oxygen cause

performance reductions in MoS2 coatings

6.2 Impact of water and oxygen in the sliding

environment

The results presented here agree with the trend of increased
coefficients of friction in humid environments. It can clearly be seen
from friction tests in different sliding environments that humidity has,
by far, the most significant impact on the transient running in
processes and resultant steady-state coefficient of friction of the MoS»
coating. The steady state coefficients of friction are over 2.5x higher
in samples tested in 50% RH, compared to the dry tested counterparts.
This has frequently been attributed to the adsorption of water,
restricting crystallographic reorientation of MoS: coatings, thus,
leading to higher coefficients of friction as outlined by Khare et al.
[65, 66]. It was also observed that the gaseous composition of the
sliding environment leads to changes in the friction response of MoS:>
coatings. Environments containing gaseous oxygen resulted in a

higher coefficient of friction at all like levels of humidity, when
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compared to nitrogen sliding environments. This is contrary to much
of the literature where it is stated that physisorbed water is the sole
attributer to friction increases when sliding at room temperature, in
humid air [66]. It was also suggested in the literature, that there was
little difference in friction response in MoS: coatings, when
alternating between dry nitrogen and air [79]. The results presented in
this study show increases in the coefficient of friction in dry air when
compared to dry nitrogen of p = 0.022. However, the increase in
coefficients of friction between the two base gasses is more
significant at higher humidity levels. Displaying increases in the
coefficient of friction from 50% RH N2 to 50% RH air of p = 0.55 This
suggests that there may be a synergistic effect between oxygen and

water, which leads to a higher coefficient of friction in MoS2 coatings.

6.3 Impact of water and oxygen in the storage

environment

After three weeks of ageing in nitrogen at relative humidity levels of
0, 25 and 50%, there were only modest changes in the steady state
friction coefficients when compared to unaged samples. In dry
nitrogen, there was a small drop of around 6% in the coefficient of
friction when compared with the unaged reference sample. It has been

suggested that nitrogen may itself act as a lubricant [145]. Therefore,
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after 3 weeks, the MoS»> coating may have adsorbed nitrogen leading
to reduced resistance to crystallographic reorientation and lower
coefficients of friction between lamellae. The TEM in Figure 5.38a
supports this statement, as the wear scar shows basal alignment of
crystallites parallel to the sliding direction, throughout the depth of
the wear. At relative humidity levels of 25% and 50% the nitrogen
aged samples displayed friction coefficients 7.5% and 17.9%
respectively, higher than the unaged sample. This can likely be
attributed to larger concentrations of water adsorption, causing a
slight restriction of easy lamellar shear between MoS2 planes. This is
highlighted in Figure 5.38c, where the crystallites show decreased
uniformity compared to the dry nitrogen aged sample, although still
displaying mainly preferentially orientated crystallites in the wear
scar. When comparing the chemical composition of the coatings both
inside and outside of the wear scar, no significant changes can be seen
using Raman at any humidity level; suggesting there are no bonding

changes due to ageing or tribology.

The friction results after ageing in 3 weeks of air, at varying humidity
levels, displayed in Figure 5.6, suggest that the ageing environment
can permanently poison the friction response of MoS: coatings. The
changes in the steady state coefficient of friction were much more

substantial than those obtained from the nitrogen aged samples. When
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comparing the results to the unaged sample, the coefficient of friction
was higher at all humidity levels tested. In the 25% RH air aged
sample, the steady state coefficient of friction increased by more than
a third. The 50% RH air aged sample displayed a steady state
coefficient of friction double that of the unaged reference, as outlined
in Table 4-1.Table 4-1 comparison of minimum and steady state
coefficient of friction for each testing environment. These results
show that oxygen and water in the ageing/storage environment lead to
significant degradation of the lubricity and performance of MoS:
coatings in as little as 3 weeks. The TEM image in Figure 5.38d after
3 weeks of ageing in 50% RH air, shows significantly less ordered
crystallites, with a large number of crystallites perpendicular to the
sliding direction, which explains the increase in friction. Furthermore,
it is clear that both water and oxygen together are needed to prevent

the preferential, basal, crystallographic realignment of MoS».

The results from the Raman spectroscopy taken outside of the wear
scar of the three-week air aged coatings in Figure 5.37 show no clear
chemical or bonding changes, and all possess the characteristic
vibration peaks of MoS,. However, the E}, peaks of the 25 and 50%
RH aged samples are slightly blue shifted (~3 ¢cm™!), and the spacing
between the El, and A, peaks is increased. This is often attributed to

increased strain in the material lattice [144]. As this is only prevalent
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in the air aged samples, it can be deduced that both oxygen and water
are adsorbed and sit interstitially between lamellae, thus increasing
lattice strain. In the spectrum relating to the dry air aged sample wear
scar, all characteristic MoS> peaks can be observed, but, some low
intensity peaks, which are characteristic of MoO» are also visible. The
intensity of these peaks increase in the spectrum relating to the 25%
RH air aged sample wear scar, and further peaks appear at Raman
shifts of 227 cm™!, 358 cm™! and 566 cm™'. These peaks become more
intense in the 50% RH aged wear scar spectra. These results suggest
that gaseous oxygen is essential for oxidation to occur during room
temperature sliding of MoS2, as environments containing no gaseous
oxygen presented no signs of oxidation in the coating. Furthermore,
the introduction of water, through humidity, helps to facilitate

oxidation and leads to more oxidation in the wear scar.

6.4 Summary

The aim of this study was to elucidate the impact that water and
oxygen have in both the ageing and sliding environments on the
performance of MoS:> coatings. It has been shown that ageing alone at
room temperature in nitrogen or humid air does not lead to oxidation
of MoS»; this is because the activation energy has not been reached to

facilitate oxidation. It is reported in the literature that MoS> does not
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oxidise until a threshold temperature of 350°C has been met [111],
although the introduction of water may reduce this to below 100°C
[109]. Therefore, the energy from the mechanical input during sliding,
must have exceeded the activation energy for oxidation to occur. It is
hypothesised that this may be due to the flash temperature at the
asperity contact, which can be multiple orders higher than the bulk
temperature of the material [37], leading to a reaction between the
MoS,, O, and H20. One key point to note, is that the sliding
environment had no oxygen or water, meaning that for oxidation to
occur, the water and oxygen must have been adsorbed during the
ageing environment and not have ‘escaped’ the coating when returned
to a dry nitrogen environment. The hypothesis for how water and

oxygen degrade MoS: coatings is outlined below in Figure 6.1.

175



Sliding

<
< »

As deposited MoS,
with short range
ordering

Basally orientated
crystalline MoS2
parallel to the
sliding direction.

Ageing Sliding
. ¢ >
®-0,
8 -H,0
o
m increased
0, and H,0 adsorb W%  flash temperature
fromthe causes a reaction
atmosphere and sit between the
interstitially MoS2, 0, and
between lamellae H,0 to give
MoO,S,
During sliding the O, and The increased
H,0 restrict easy lamellae coefficient of friction
shear prevents basal in turn leads to
reorientation parallel to higher flash
the sliding direction and temperatures at the
thus increase friction asperity contact

Figure 6.1 Schematic outlining hypothesis on the impact of water

and oxygen on the degradation of MoS2 coatings.

A simple heat model can be used to calculate the maximum

temperature during sliding:

The maximum temperature during sliding is shown in Equation 6-1:

Equation 6-1

Qmax )

Thax = Tinitia + (me
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Where:
Tinitiar: Initial temperature of the material = 294.15 (K)
Qmax: Heat generated due to frictional heating (J)
m: Mass of the material = 8.06 x 10™* kg
Cp: Specific heat of the material = 0.7 ] - (kg - K)™! (J/kg.K)

The heat generated due to frictional heating can be calculated using

Equation 6-2:
Equation 6-2
Qax = UNVA X (1 - e(‘%) )
Where:
u: Coefficient of friction = 0.134

N: Normal force = 0.1N

v: Sliding velocity = 0.5 X 1073 m3
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A: Contact area = 16.057 x 1073 m3
t: Sliding time = 3000 s
k: Thermal conductivity = 34.5W - (kg-K)™!
Equation 6-3
Qmax = 0.134 x 0.1 X (0.5 X 1073) x (16.057 x 1073) x (1 - e_%>
Omax = 1.07 x 1077 |
Therefore:

Equation 6-4

1.07 x 1077
Toax = 294.15 +

8.04 x 10~* % 0.7
Tonax = 294.15 K

However, this doesn’t take into consideration asperity contact which
can be orders of magnitude higher than the bulk maximum

temperature. Especially as slow speed sliding [146].
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7. Chapter Eight Conclusions and Further work

The purpose of this work was to study the effect that water and oxygen
has on MoS; coatings, exploring how both the testing environment and
the ageing environment degrade the coating and elucidate the effects

of each substance individually.

e The largest impact on reduction of lubricity for unaged
samples was the relative humidity in the testing environment,
with friction coefficients increasing with humidity. However,
the role of oxygen was not insignificant, with higher
coefficients of friction at every like humidity level in air,
when compared to nitrogen tested samples.

e In aged samples, the chemical and physical attributes of the
coating did not change until the introduction of sliding, after
the ageing process. Outside of the wear scars, no chemical
changes were observed with Raman Spectroscopy.

e Nitrogen aged samples displayed no chemical changes before
or after sliding at all humidity levels tested. However, small
increases in friction were observed with increasing humidity,
and TEM images of dry and 50% RH samples suggested a

slight restriction of crystallographic orientation.
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e In Air aged samples of 25% and 50% RH, molybdenum
oxysulphides (M0oOxSy) were observed inside the wear scar,
displaying MoO> and MoO3 characteristic peaks and friction
coefficients increased significantly with humidity. It can be
hypothesised that oxygen and water adsorb into the coating
and together prevent preferential basal orientation parallel to
the sliding direction. This is highlighted in the TEM image
of the three-week, 50% RH air aged sample, where
crystallites are arranged mainly perpendicular to the sliding
direction. Due to the lack of basal orientation, friction is
increased, which leads to increased flash temperatures at the
asperity contact. This meets the needed activation energy to
facilitate oxidation of the MoS> with the already adsorbed
water and oxygen species. It is clear from the evidence
presented in this study that, water and oxygen work
synergistically in degrading the performance of MoS»

coatings.

This work has outlined the impact that both the ageing and testing
environment can have on the degradation of MoS: coatings, clearly
showing that both oxygen and water play their role in the reduction of

lubricity in the testing environment. Pointing to a need for proper
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storage of MoS»> coated components prior to being used in their ideal

environments.

Although ageing alone led to no chemical state changes of MoS2, the
introduction of room temperature sliding after ageing in humid air
environments is enough to cause oxidation. Thus, leading to the
hypothesis that water and oxygen adsorb into or onto MoS: during
ageing and the introduction of extra energy through sliding satisfies

the activation energy needed to form oxides.

7.1 Future work

Although the data presented in this thesis backs up the hypothesis that
water and oxygen work synergistically in degrading and oxidising
MoS: coatings. Further work could be done to explore how much water

may be adsorbed by the coating and how it affects crystallinity.

e Develop a mathematical model to calculate flash temperatures

at the asperity contact in slow speed sliding for MoS»

e Thermo gravimetric analysis could be used to quantify water
adsorption into the coating and calculate the rate of oxygen and

water adsorption.
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XRD to observe if species sitting interstitially increase residual

strain as would be expected.

Extended dwell periods for Stop-dwell-start testing to observe
any changes that may occur after a longer dwell, and if it may

negate oxidation of the coating if it has been run in.

Heating in a dry N environment after storage to see if it

prevents oxidation of the MoS; coating during sliding.

In-situ sliding in the TEM to explore how aged MoS» coatings
react differently and to observe crystallographic reorientation
of MoS> lamellae and how the react when restricted by adsorbed

species.
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