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ABSTRACT
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National Centre for Advanced Tribology at Southampton

Doctor of Philosophy
WS> NANOPARTICLES AS LUBRICANT ADDITIVES
Vlad Bogdan Niste

Due to their excellent tribological properties and potential to replace problematic
lubricant additives currently in use, WS> nanoparticles (NPs) have spurred considerable
interest from academia and industry over the last two decades to decipher their
mechanism of action.

To elucidate the mechanism, this study carried out tribological tests at high pressures
and low/high temperatures (40 and 100°C) and investigated the tribofilm generated on the
wear track and its wear and friction properties. It was found that WS, NPs react with the
metal substrate at high temperatures to form a chemical tribofilm covered with squashed
NPs. The generation of this tribofilm accounts for their excellent tribological properties.

By investigating the chemical and mechanical properties of the tribofilm, it was
possible to explain the tribological properties of WS, NPs. Based on chemical analysis
results, a layered structure was proposed for the chemically formed tribofilms. The large
amount of tungsten compounds in the composition may explain the excellent mechanical
properties of the tribofilm, as revealed by nanoindentation tests.

The importance of base oil polarity was investigated. It was found that the efficiency
of the NPs is reduced in polar oils, because the oil molecules can compete with the
nanoadditive by adsorbing on the metal surface in the tribological contact and impeding
the formation of the tribofilm.

To investigate which type of WS, NPs (2H or IF) performs better in tribological
applications and if other tungsten dichalcogenides (IF-WSe,) are also potential candidates
as nanoadditives, tribological tests and analysis of the wear tracks were performed.
2H-WS; showed superior friction and wear reducing properties in high-pressure high-
temperature contacts.

The tribological performance of 2H-WS, NPs was compared to that of popular
conventional additives, e.g. antiwear zinc dialkyldithiophosphates (ZDDPs) and organic
friction modifiers (OFMs). At the end of three hour tests, 2H-WS, NPs and ZDDP+OFM
mixtures showed similar antiwear properties, but 2H-WS; NPs induced a significant
reduction of the friction coefficient in the mixed and boundary lubrication regimes.

The ability of 2H-WS> NPs to inhibit hydrogen permeation in high strength bearing
steel used in fuel cells and wind turbines was also investigated. Thermal desorption
spectroscopy revealed that the chemical tribofilm generated on the wear tracks can
significantly reduce the concentration of hydrogen and water in the steel substrate after
rolling contact fatigue tests performed in high-temperature high-pressure conditions.
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h film thickness m
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J flux mol/m?/s

L contact length m
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y7i friction coefficient dimensionless
VA, VB Poisson’s ratio of bodies A and B dimensionless

pressure

Pa



R’y reduced radii of contact m

Ra average roughness m
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Sw specific surface area m
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T temperature K
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1. INTRODUCTION

1.1  Overview and project objectives

The majority of tribological applications employ lubricants containing various
additives in order to prevent the contact between moving surfaces and to reduce friction
and wear. Zinc dialkyldithiophosphates (ZDDPs) are the most popular antiwear additives
and have been used extensively in the past ~70 years due to their unparalleled efficiency
in reacting with the metal substrate and forming a protective tribofilm. However, ZDDPs
and their reaction products are not environmentally friendly and they are known to poison
catalyst systems. Therefore, many studies have attempted to find cleaner alternatives for

these traditional additives.

Nanoparticles (NPs) are very attractive novel lubricant additives because of their
nanoscale size, which allows them to penetrate contacts of diverse geometries, fill the
gaps between contact asperities and ultimately form a protective boundary film, persistent
under high pressure. For this reason, a vast array of NPs have been used in published

research to investigate their effect on friction or wear in tribological contacts.

Tungsten disulphide (WS2) NPs have received particular interest because, apart from
being highly effective in reducing friction and wear between moving parts, they are inert,
non-toxic, non-magnetic and have high resistance to oxidation and thermal degradation.
Their positive influence is especially visible in mixed or boundary lubrication regimes

when the most severe wear and damage occur.

A large amount of published research has investigated the mechanism of action of
WS NPs, with the aim of applying this knowledge for designing novel lubricants for
specific applications. However, a consensus has not been achieved and many proposed
hypotheses are still being debated. This project aims to offer a comprehensive study of
the properties of WS> NPs in a range of practical conditions for a better understanding of

their behaviour in tribological contacts.

WS, NPs are known to be very efficient at reducing friction between moving
components. However, some studies show that they are also capable of acting as antiwear
and extreme pressure additives and reduce wear of the metal surfaces in the contact. This

project will also investigate the ability of WSz NPs to generate a chemical tribofilm in the



contact and will compare the tribological performance of WS> NPs to both friction

modifiers (i.e. organic friction modifiers (OFM)) and antiwear additives (i.e. ZDDP).

High strength steels are susceptible to hydrogen embrittlement, which occurs as a
consequence of the permeation of atomic hydrogen into the substrate. Several studies
have shown that antiwear lubricant additives can reduce the concentration of atomic
hydrogen in bearing steel due to the formation of a sacrificial tribofilm. Therefore, this
study will also assess the capability of the WS> NP-generated tribofilm to inhibit the

formation and permeation of atomic hydrogen into bearing steel.

Apart from reducing friction and wear, lubricant additives must also have good
dispersability in the base oil and their dispersions must be stable over time. Although they
are excellent additives, WS NPs are difficult to functionalize due to their chemically inert
surfaces, which leaves them vulnerable to particle agglomeration and collapse of the
colloid. New functionalization methods are required in order to take advantage of the
remarkable properties of this nanoadditive. The project also addresses this aspect and
investigates the approaches reported in the literature to functionalize WS, NPs.

The main objectives of the project are summarized below:
e To investigate the mechanism of action of WS, NPs in tribological contacts;

e To compare the tribological properties of three tungsten dichalcogenide NPs
(2H-WS;, IF-WS; and IF-WSey) in order to assess their potential as lubricant

nanoadditives;

e To compare the tribological properties of 2H-WS; nanoadditives with
conventional additive formulations containing an antiwear additive (i.e. ZDDP)
and an OFM;

e To investigate the ability of 2H-WS, NPs to reduce hydrogen generation and
permeation in bearing steel during rolling contact fatigue tests;

e To obtain stable dispersions of 2H-WS; NPs in base oil, which can be employed
in tribological applications.



1.2 Thesis structure

The thesis is divided into 8 chapters.

Chapter 2 presents a literature review of the main aspects involved in the use of WS>
NPs as lubricant additives. The four separate sections discuss the basic principles of
tribology, the main additives currently used in tribological applications, the effects of
hydrogen on high-strength bearing steel and the functionalization of WS, NPs.

Chapter 3 describes the techniques used in the present study. A broad range of
physical, chemical and mechanical characterisation techniques were performed in order
to investigate the properties of the WS, NPs and the tribofilms generated on the wear

tracks.

Chapter 4 contains the experimental results obtained using 2H-WS; NP dispersions
under different testing conditions in the Mini Traction Machine in a point contact. The
mechanism of action for the nanoadditive is investigated at low/high temperatures and in
both polar/nonpolar base oils. A comparison is made with the results obtained using

similar dichalcogenide nanoadditives, such as IF-WS; and IF-WSe2 NPs.

Chapter 5 describes the experimental tests performed for the comparison of the
tribological properties of 2H-WS, NPs with conventional lubricant formulations, such as

mixtures of antiwear ZDDP and an OFM.

Chapter 6 contains the experimental results and discussion concerning the effect of
2H-WS; NPs on the reduction of hydrogen permeation in bearing steel during rolling

contact fatigue tests.
Chapter 7 presents the most important conclusions of the project.

Chapter 8 suggests further work to be carried out related to this project.






2. LITERATURE REVIEW

2.1 INTRODUCTION

This chapter discusses the main aspects related to the use of WS, nanoparticles (NPs)
as lubricant additives in high-pressure contacts. The fundamental tribological concepts
are presented in Section 2.2, with a focus on the conditions encountered in
elastohydrodynamic and boundary contacts, specific for high-pressure applications such
as bearings or gears. Section 2.3 discusses the main additives currently used in
tribological applications, along with their strengths and limitations, and some of the
existing research and advantages of using new lubricant additives such as WS, NPs.
Section 2.4 describes the importance of the effects of hydrogen on high-strength bearing
steel, along with arguments for the use of WS, nanoadditives in order to reduce hydrogen
permeation in steel. The chapter concludes in Section 2.5 with a discussion on the
challenges of WS> NP functionalization, which is required in order to achieve a stable

lubricant dispersion suitable for use in tribological applications.



2.2 TRIBOLOGY OF LUBRICATED CONTACTS

2.2.1 Introduction

Tribology is the ‘science and technology of interacting surfaces in relative motion
and of related subjects’. It derives from the word ‘tribos’ (rubbing) and deals with the
principles of friction, lubrication and wear [1-4].

Although tribology is a relatively new field compared to other engineering
disciplines, the problems of friction and wear have always been of interest. Some basic
tribological principles have been observed ever since the earliest years of recorded history:
5000 years ago, Sumerians and Egyptians used various devices to reduce friction in
sliding and rolling contacts. Examples include transporting heavy stones by using rolling

bodies and oils as lubricants or simple bearings for pottery wheels and chariots [1-5].

In the 15" century, Leonardo da Vinci conducted many experiments investigating the
friction coefficient on inclined planes and wear of bearing materials. He discovered the
proportionality between the normal and friction forces and formulated the laws of dry

friction.

In 1883 Beauchamp Tower was studying journal bearing-type setups when he
discovered that the oil inside was under considerable pressure. Osborne Reynolds
published a theoretical approach to hydrodynamic lubrication in 1886 and explained the
pressure distribution inside a bearing [2]. He used Tower’s detailed data to provide
experimental confirmation of hydrodynamic lubrication. At the same time (1882),
Heinrich Hertz calculated the contact stresses and deformation between elastic solids. In

just a few years the foundations of tribology as a modern subject were set [6, 7].

In the following years, with the development of advanced instrumentation that allows
for microscopic-scale analysis, more knowledge was acquired and tribology was finally
recognized as a distinct field of science in 1967.

The objective of tribology in most applications is to reduce both friction and wear
with the use of lubrication. Less wear leads to a longer lifetime for components, while
less friction leads to the reduction of the magnitude of forces applied. There are some
exceptions to this situation, when high friction is desired (brakes, clutches, tyres), when

high wear is preferred (pencils, chalk) or when both friction and wear are needed (erasers)

[1].



Presently, lubricants are complex mixtures containing a large number of additives
performing different functions. Some of these additives are not environmentally friendly
or poison exhaust catalysts, but efficient replacements are yet to be found [8].

Many researchers have been investigating the possibility of using NPs as lubricant
additives, although there are a number of issues to be addressed, such as the
thermodynamic instability of NP colloids and the compatibility with the base oil and the
additive package [9-11]. In order to be a suitable candidate for tribological applications,
a nanoadditive such as WS, must show colloidal stability in the base oil and its
mechanism of action should impart it with good tribological properties without interfering
with other additives in the lubricant [12, 13].

This section presents the main concepts used to describe tribological contacts and an

overview of the possible advantages of using WS, NPs in lubricated contacts.

2.2.2 Friction and material surfaces

Friction is the force that acts against the relative motion of two surfaces in contact.
It is a dissipative force — an irreversible process in which energy from a system is lost in
the form of heat to another system. Friction therefore represents the dissipation of energy
between the surfaces [14, 15].

The coefficient of friction (u or COF) is a dimensionless scalar with an empirical
value for every material contact. It is defined as the ratio of the friction force and the
normal load on the surface. This model offers a good approximation for most physical
systems. However, it relies on the assumption that atoms make contact across the whole
surface. In reality, because surfaces usually have a very complex texture at the
microscopic level, other factors such as adhesion and deformation of the surfaces make it
impossible to directly derive u as a specific materials constant. Therefore, the friction

coefficient is typically measured experimentally.
Solid surfaces

Except for very few materials (e.g. mica sheets), surfaces are ‘rough’ at the atomic
level and have a very complex form with many defects. Depending on their size, these
imperfections have a strong influence on the chemistry and mechanics of the surfaces and
the lubricant in between, e.g. atomic imperfections lead to an active surface, capable of

adsorbing lubricant/additive molecules [16].



Most surfaces consist of atomic terraces and are thus quasi-planar surfaces, as shown
in Figure 2.1 (a). Furthermore, some gaps can appear due to missing atoms, or extra atoms
can populate the surface. Such a model has been presented in the literature as a ‘terrace
ledge kink’ (TLK) model. In addition to this, most surfaces will be contaminated with
various impurities, e.g. metal surfaces have additional oxygen atoms as part of oxides on

the surface, small molecules (i.e. water, oxygen) adsorbed or other contaminants.
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Figure 2.1 a) The terrace ledge kink model, b) atomic-scale
contact between surfaces [adapted from 1]

It is obvious that the contact between surfaces will be influenced by these
imperfections. Figure 2.1 (b) shows that some surface atoms may have fewer
neighbouring atoms and therefore, these atoms are less bonded to the substrate and are
subjected to different mechanical conditions. It is believed this arrangement also
facilitates reactions between the lubricant/additive and the substrate once these molecules
are adsorbed. Without these catalytic sites, most surfaces would be virtually inert to

chemical reactants [17].
Solid contact

Due to the complex nature of surfaces, two bodies that come into contact only touch
at a few high peaks called asperities. They represent just a small fraction of the apparent
contact area, as shown in Figure 2.2 (a). The contact pressures at these points are very
high and can lead to plastic deformation, which increases the size of the contact area until

it is sufficient to balance the load [18].

The real contact between asperities is very important in predicting the magnitude of
the friction force and the friction coefficient. Rougher surfaces allow peaks and valleys
to interlock, impeding the relative motion of the surfaces and therefore increasing the
friction coefficient. In lubricated contacts, this behaviour is encountered in mixed or
boundary lubrication regimes, which are discussed in Section 2.2.3. The severity of the
interactions is generally reduced by using friction modifiers, which adsorb or react with

the active surfaces and form thin layers. When both surfaces are covered with friction



modifier molecules, the asperities slide over each other more easily, reducing the friction
coefficient, while the film is sustained by strong lateral attractions between the nonpolar
carbon chains of the FM molecules. Depending on the contact pressure, films may

eventually be penetrated or gradually removed from the contact [1, 2, 19-22].

a) b)

Figure 2.2 a) True contact between surfaces at the nanoscale,
b) NPs infiltrate asperities and increase contact area, reducing
local contact pressures between asperities [adapted from 1]

Particular interest has been shown for NPs due to their nanoscale size, which allows
them to infiltrate contacts of diverse geometries, fill the gaps between contact asperities
(increase real contact area and therefore decrease contact pressures between asperities)
and ultimately form a protective boundary film, persistent under high pressure, as shown
schematically in Figure 2.2 (b). It has been proposed that the size of the NPs should be
equal to or smaller than the surface roughness in order to infiltrate the contact efficiently
[9-11, 23].

2.2.3 Lubrication

Lubricated friction occurs when a lubricant film separates two moving surfaces. The

lubricant creates a film that helps carry the load between the opposing surfaces.

Depending on how the load is carried, three main lubrication regimes were initially
proposed: boundary, mixed and hydrodynamic (HD) [1-4, 24]. Literature usually
differentiates between them according to the ratio of the lubrication film thickness with
respect to the surface roughness. The theory was initially designed for conformal contacts,
where the load is spread on the surface and the contact pressures are thus relatively low
(e.g. disc-on-disc). However, in counter-formal contacts (e.g. ball-on-disc), the surface
geometry causes the loads to be carried by a limited area, generating very high pressures
in the contacts, sufficient to induce greater elastic deformation of the contacting surfaces.
Elastohydrodynamic (EHD or EHL) lubrication was proposed to explain the mechanism



of lubrication in such contacts. Figure 2.3 shows the lubrication regimes and the variation

of the friction coefficient.

For experimental purposes, a ‘Stribeck curve’ (Figure 2.3) will illustrate the variation
of the friction coefficient with (y U/W), where # is the viscosity of the lubricant, U is the
speed and W is the applied load.

1 Boundary

Friction coetticient

Log(mU/W)

Figure 2.3 Stribeck curve and lubrication regimes

Hydrodynamic (HD) regime

In the HD regime the surfaces are completely separated by the lubricant film and the
load is fully supported by the lubricant due to viscous forces. With increase of (yU/W),
which shows the capability of the lubricant to form a separating film, friction will
continue to increase with a gentle slope. The regime describes lubrication for systems
where the contact pressures are relatively low and have a negligible effect on the viscosity
of the lubricant. Additives in the lubricant have little effect on the tribological properties

of the base oil, unless they influence viscosity.
Mixed regime

In the mixed regime the size of the material asperities is similar to that of the
protecting film. The opposing surfaces are moving closer, interactions between them
begin to appear and the friction coefficient increases sharply with the decrease of (yU/W).
The hydrodynamic film still supports part of the load, although boundary lubrication
mechanisms are also important in this condition.

Boundary and extreme-pressure (EP) regime

In this regime the load is carried by the asperities on the contacting surfaces, the
friction being highest and independent of the (# U/W) parameter. This regime is the most

10



damaging to the surfaces and precautions are usually taken to avoid it. In contacts where
boundary and EP lubrication inescapably occur, it is countered by the use of lubricant
additives capable of physisorption, chemisorption or reaction with the material surface,
depending on the loading conditions and temperature in the contact: in low-temperature
applications the regime is termed boundary, while in high-pressure high-temperature

contacts the regime is traditionally referred to as EP lubrication.

In low-temperature applications (up to about 100-150°C) boundary lubrication is
performed with adsorbed thin layers of surfactant molecules (friction modifiers) such as
organic acids, alcohols and amines, often termed ‘oiliness additives’ [19-22]. These
adsorb onto the surface by either physisorption or chemisorption. Physisorption is a
reversible process that occurs at lower temperatures and involves the formation of Van
der Waals forces between the polar groups of the additive and the metal surface. There is
a critical temperature above which molecules possess enough energy to desorb back into
the lubricant. Chemisorption is usually irreversible and entails a reaction of the additive
molecules with the substrate. The effect of these surfactant molecules on friction increases
with carbon chain length and decreases with the degree of molecule branching (the
packing of branched molecules is restricted) [1, 25]. Both adsorption mechanisms require
the presence of an oxide layer or contaminants on the substrate, as the fresh metal surface
is extremely active and leads to the decomposition of the organic additive molecules [26,
27].

Boundary lubrication can also be performed using inorganic layered materials with
weak Van der Waals interlayer bonding, such as graphite or metal dichalcogenides
(molybdenum disulphide, tungsten disulphide, tungsten diselenide etc.). These additives
are physisorbed onto the substrate and shear under sliding conditions with very low
friction coefficients [9, 19, 20, 28]. WS: has been successfully used as a friction modifier
in dry contacts yielding remarkable results (COF as low as 0.03 [29, 30]). However, the
impediment to using WS; in lubricants has long been the difficulty in obtaining stable
dispersions of the additive [31-34].

In high-pressure high-temperature contacts EP lubrication is enhanced by active
chemicals that react with the metal substrate to form sacrificial films which display a
controlled wear rate. The additive reaction is favoured by the formation of fresh catalytic
sites (‘nascent surfaces’) during rubbing which leads to the build-up of thick tribofilms.
The thickness of the films depends on the reactivity of the additives towards the metal

substrate. EP additives are usually organic compounds containing mainly sulphur (S),

11



phosphorous (P), chlorine (Cl) or organometallic complexes [1, 19]. The importance of
the presence of S in EP molecules is discussed in Section 2.3.3.2. ‘Mild’ EP additives
(‘antiwear’ additives (AW)) usually contain metals or P and generate lower-friction films
resistant at medium slide-roll ratios (the ratio of the sliding speed to the entrainment speed)
and moderate loads. Since the reactivity of these additives is lower, the chemical reaction
is assisted by high local contact pressures [8]. ‘Active’ EP additives mostly contain S,
which forms sacrificial films suitable for applications with high slide-roll ratios, high
loads and unexpected shock loading [35]. These additives are more reactive and an
application-specific balance must be found to avoid either the generation of thin,
inefficient films or corroding the substrate and generating large amounts of wear. S is the
most commonly used element because it offers the greatest lubricating effect for the least
amount of corrosive wear, followed by P and Cl. However, the explanation for this

variation has not yet been found [1].

WS; has a layered structure with W atoms packed in between sheets of S atoms
exposed to the environment. This configuration suggests that under severe conditions
(high temperatures and pressures), WSz NPs will react with the metal substrate and act as
an AW/EP additive [36-38]. This is further discussed in Section 2.3.3.2.

The effect of boundary and AW/EP additives on the Stribeck curve is shown in
Figure 2.4. The reduction in friction in the boundary regime is directly related to the
efficiency of the additive to adsorb/react in the contact. The small increase in friction in

the mixed regime is expected due to the formation of the rough tribofilm [8, 39, 40].
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Figure 2.4 The influence of boundary and EP
additives on the shape of the Stribeck curve

Elastohydrodynamic (EHL) lubrication appears in counter-formal contacts. The
surface geometry causes the load to be carried by a limited area, generating very high
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pressures in the contacts (e.g. ball on flat). These are sufficient to influence the lubricant

viscosity and cause elastic deformation of the solid surface, as shown in Figure 2.5 (a).

When two elastic bodies come into contact, their surfaces are deformed and the size
of the contact area is a function of the load applied. Knowing the real contact area is
important in determining the pressures inside the contact. This problem can be
approached using the theory of elasticity and was first solved for two static elastic spheres
by Hertz [41]. However, the pressure distribution inside an elliptical EHL contact (e.g.
between balls and raceways in ball bearings) changes when the surfaces move relative to

each other.

A diagram of the EHL contact and the corresponding pressure distribution is
presented in Figure 2.5, along with an interferometry image of the EHL contact between
a ball and a silica coated glass disc. A film constriction is formed at the outlet of the
contact with a corresponding pressure peak due to the flow of the lubricating oil through
the contact, whose viscosity is increased by the large contact pressures [1, 42]. The central
film thickness value (hc) decreases towards the outlet to a minimum film thickness ho,
which dictates the severity of the lubrication regime, as shown schematically in the profile
view of the contact shown in Figure 2.5 (b). Due to the circular shape of contact, the

constriction in a point contact is curved and forms a ‘horseshoe’ constriction, as shown

in Figure 2.5 (c).
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Figure 2.5 a) Schematic of an EHL contact (exaggerated deformation) [adapted from 1],
b) pressure distribution in an EHL contact [adapted from 1], c) interferometry image of
an EHL contact [reproduced with permission from 43]

The Reynolds equation (2.1) can be used to describe the flow of the lubricant in a
tribological contact. This can be simplified according to the specific flow conditions in
order to obtain the pressure distribution profile in different applications (journal bearings,

thrust bearings, gears etc.).
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p — fluid pressure [Pa]
h — film thickness [m]
n — fluid viscosity [Pa s]

U, V, w — velocities in the x, y and z directions [m/s]

Dowson/Higginson and Hamrock/Dowson have calculated the minimum film
thickness ho for line and point contacts in an EHL contact [1, 2]:

h o asa e
— =265 0% GOt w, "

— line contact (2.2)
Ry

h _ _ _ 0.64
R_’O =3.63 U268 G049 py —0.073 (1 — =07 (Riy/Rrx) ) — point contact (2.3)
X

where G, W and U are the materials, load and speed parameters:

U=210 . Goak; W,=—o— (lin); W =—r (point
_E’R'x ; =akFE’; L_E’R’xL ne) ; _E’R'JZC (point)

2 1-vi 1-v3 1 1 N 1

E, EA EB ' R’x Rax be

E' — reduced Young’s modulus [Pa]

va, vB— Poisson’s ratio of bodies A and B

Ea, Es — elastic moduli of bodies A and B

R'x — reduced radii of contact [m]

Rax, Rox — radius of curvature of bodies A and B in the x direction [m]

a — pressure viscosity coefficient [Pa™]

As seen in equations 2.2 and 2.3, the minimum film thickness is mainly dependent
on the viscosity of the lubricant and the speed of the surfaces. Because the film thickness
is largely independent of the applied load, experiments usually yield Stribeck curves that

show the variation of the friction coefficient p with (yU).

In EHL conditions the contact between asperities is expected to have a marginal
contribution to the overall friction coefficient induced between the surfaces. Primarily, 1
accounts for the large shear forces created in the highly compressed lubricant, which
displays a non-Newtonian behaviour due to the high EHL contact pressures.

The two opposing surfaces can experience a sliding motion against each other (i.e.
the overall speed in the contact is Ua-Up), a rolling motion (i.e. the entrainment speed is
(Uat+Up)/2) or a combination of the two. The slide roll ratio (SRR) defines the amount of
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rolling and sliding present in the contact as the ratio of the sliding speed to the entrainment
velocity. The SRR is an important parameter, as it affects the severity of the conditions
in the tribological contact and can promote the activity of AW/EP lubricant additives [1,
2].

Due to the fact that surfaces are rough, the specific film thickness (rather than the
minimum film thickness) is usually used to characterise lubrication in rubbing contacts
[1-4, 44, 45]. This is also known as the dimensionless A ratio and is defined as the ratio
of the calculated minimum film thickness, ho, to the composite surface roughness o This
ratio can be seen as the relative separation of surfaces.

A=t (2.4

4 , 2 2
Rq1+Rq2

where ho = f (=1)

A Stribeck curve can alternately be plotted as the friction coefficient against the 4

ratio, to show the mixed lubrication regime in the range 1 < A < 3 (Figure 2.6).

Boundary EHL
Mixed

Hydrodynamic

Friction coefficient

3

Figure 2.6 Stribeck curve plotted against A

Micro-elastohydrodynamic lubrication

When the calculated film thickness in EHL contacts is similar to the surface roughness (4
=~ 1), the boundary regime is traditionally used to describe the lubrication of moving
components. However, many machine elements operate well in these conditions without
the occurrence of wear. To explain this, micro-EHL lubrication proposes that elastic
deformation of asperities takes places, resulting in EHL lubrication between individual
asperities. This pushes the onset of the mixed and boundary regimes to lower values of A

(e.g. depending on loading conditions, to as little as ~0.2) [1, 2, 46-48].
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Temperature plays an important role in EHL and micro-EHL lubrication, especially
in sliding contacts. As the viscosity of the lubricant increases towards the maximum
pressure peak, frictional energy is dissipated as heat inconsistently across the contact. The
temperature difference between the surfaces and the centre of the lubricant film can be in
excess of 60°C, enough to induce large changes in the oil viscosity (lubricant thinning)
and reduce the thickness of the lubricating film [1, 2]. Increased temperature near
contacting asperities can also lead to thermoelastic instabilities — high temperatures cause
thermal expansion of asperities, which further decreases the contact surface and results in
even higher pressures and temperatures. Lubricant additives must show improved
resistance to oxidation due to the temporary increase in frictional energy (flash
temperatures). The structure of WS, NPs (discussed in Section 2.3.3.1) provides them
with high thermal stability, recommending them as possible additive candidates for EHL
contacts [49].

The main differences between the friction regimes are summarised in Table 2.1.

Table 2.1 Lubrication regimes [adapted from 50]

Regime ho (pm) 1) Film formation Contact geometry
Dry 0.001-0.01 04-0.8 No lubricant Variable
Boundary/EP 0.001-005 00803 -dPricantreacts Variable
with surface
Lubricant
EHL 01-1 0.03-0.1 dragged into Counter-formal
contact
Lubricant
Hydrodynamic 1-100 0.007-0.01  dragged into Conformal
contact

In the boundary and EP regime, friction is highest and dependent only on the
interactions between asperities or the strength of the high-pressure non-Newtonian film
covering the interface. Therefore, antiwear and EP additives are used to reduce the friction
coefficient and to prevent excessive wear of materials. Friction drops towards a minimum
in the EHL regime (valid for counter-formal geometries), remaining constant, unvarying
with the film thickness. In practice, viscous forces in the fluid lead to a gradual increase

in friction.
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2.2.4 \Wear

Wear represents the loss or sideways displacement of material from a solid surface.
It is the result of the mechanical action of another surface and it is greatly influenced by
the roughness in the contact area. A sliding motion can generate more wear with the
increase of the surface roughness. There are many types of wear, depending on the
mechanism involved: abrasive wear, erosive wear, adhesive wear, corrosive wear, surface

fatigue and fretting wear [1].

Abrasive wear is the most active type of wear and produces the largest costs to the
industry. Therefore, it has been intensely studied to determine its mechanism and ways
to prevent it. Abrasive wear occurs when a body is loaded against a material of the same
hardness or higher. The harder material causes loss of material on the softer surface. There
are two types of abrasive wear: two-body abrasion and three-body abrasion (Figure 2.7).
The two-body abrasive wear model involves asperities and immobile grits passing over
the opposing surface like a cutting tool. In the three-body abrasive wear model, the grits

are free to move, leading to a slower material removal process [51, 52].

Rigid mounting
i e

Figure 2.7 a) Two and b) three body abrasion [adapted from 1]

In lubricated contacts, abrasive wear occurs in the mixed regime (to a lesser degree)
and in the boundary and EP regime. In order to prevent metal asperity contact and the
generation of hard debris, antiwear and EP additives are commonly used to initiate a
chemical reaction with the substrate and generate sacrificial films on the metal ‘nascent
surfaces’. The most common antiwear additives currently in use are zinc
dialkyldithiophosphates (ZDDP), which generate thick, glassy phosphate films in the

contact. The disadvantage is the formation of phosphorous- and sulphur-containing
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volatile compounds that decrease the life of exhaust catalysts and possess environmental
issues [8, 53, 54]. As opposed to this, WS, does not contain organic sulphur in its structure
and the possibility of releasing volatile components during tribofilm formation is very

low.

Failure to provide lubrication between surfaces can lead to adhesive wear. This is a
serious form of wear, as most solids adhere on contact (and particularly metals). Solids
in normal contacts are protected by layers of adsorbed gases, water or oils and a layer of
oxide for most metals. However, under high loads and sliding, these protective films are
removed and reactive ‘nascent surfaces’ are exposed. When metals come under direct
contact in these conditions, the atoms bond by electron transfer between surfaces (the
nature of the metallic bond allows electrons to move in different types of lattices as long
as the atoms are sufficiently close) [1, 55]. Adhesion is strongest between metals of the
same material (i.e. steel to steel), but generally, very high adhesion occurs between most
metal surfaces. Adhesion is usually followed by transfer of material to the harder body,
as shown in Figure 2.8.

a) b)

Figure 2.8 Transfer of material due to adhesion of two surfaces [adapted from 1]

The combination of adhesion and a sliding movement produces a very large amount
of plastic deformation. Transfer layers are formed on the harder material and have a high
impact on wear, because the transferred material is work hardened in the process and can
wear the surface itself. In order to avoid adhesive wear and the large, varying friction
coefficients associated with it, formation of oxide or contaminant layers are encouraged
and lubricants/lubricant additives are employed to keep the bodies apart.

Corrosive wear is due to reactions of the substrate with different chemical reagents
(e.g. EP additives, a reactive lubricant, water or air). In boundary and AW/EP lubricated
contacts, corrosion is induced purposely by generating a protective film on the surface in
order to prevent abrasive and adhesive wear. However, aggressive corrosion can lead to

severe loss of material and a balance should be found between a large sacrificial film

18



thickness (corrosion due to a very active AW/EP lubricant) and a small tribofilm thickness
(which may not offer sufficient boundary protection and allow adhesion). The film
formation is a dynamic process controlled by its generation (chemical reaction kinetics)
and removal (wear) rates, which depend on the reactivity of the EP additive and the

operating conditions (temperature, time, load, slide-roll ratio etc.) [56-58].

WS, NPs have a high thermal stability and strong bonding within individual layers,
preventing them from being too reactive. When asperities are in contact, high pressures
and temperatures are generated that can help initiate the formation of a S-based sacrificial

film on the surface only where it is needed, as discussed further in Section 2.3.3.2.

Fatigue wear occurs when asperities that are subjected to high local stresses and
deformation generate cracks in the substrate. Wear generated by this type of mechanism
is determined by crack initiation, growth and fracture. The typical mechanism begins with
the initiation of a crack at a weak point on the surface (stress raising defect). As the crack
grows, it can develop secondary cracks or merge with other cracks. When it resurfaces, a
wear particle is formed and released from the surface.

In rolling contacts such as bearings, the loads are concentrated over a small area and
therefore rolling elements operate in EHL conditions. Rolling contact fatigue (RCF)
displays a number of particularities due to the cyclic loading conditions and the large
contact pressures: characteristic pressures are in the order of one to a few GPa, but they
are expected to be substantially higher in local contacts between asperities [1, 2]. Due to
the magnitude of the stress, cracks form in the material at the surface or subsurface.
Material imperfections in the steel such as inclusions are preferential crack initiators,
along with weak grain boundaries or local zones with high residual stresses [59].

With the continuous increase in bearing steel strength, a new type of failure was
observed in rolling elements related to the presence of atomic hydrogen in the material
[60]. Hydrogen embrittlement occurs in high-strength steel early in the life of the
component, with the formation of white etching areas (WEA) associated with white
etching cracks (WEC) [61], as discussed in Section 2.4.4. A number of studies have
suggested the importance of understanding the mechanisms of hydrogen permeation into
the material, which could provide a direct way of preventing embrittlement and RCF
failure [62, 63]. WS, NP additives are a possible solution to embrittlement due to their
ability to form tribofilms on the steel substrate, which are efficient at preventing hydrogen

permeation [64].
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2.2.5 Summary

In order to reduce friction and wear, most tribological systems use a lubricant film to
prevent the contact between surfaces. The thickness of this film dictates the lubrication
regime and the magnitude of the friction forces. The friction coefficient is measurable
and can be plotted as a Stribeck curve to show its behaviour in different lubricating
conditions. It is desirable to obtain the smallest value possible for , as this usually leads
to reduced energy costs and wear of the surfaces. Therefore, most engineering
applications try to avoid dry or boundary lubrication and focus on providing
hydrodynamic (conformal contacts) and elastohydrodynamic (counter-formal contacts)

lubrication conditions.

Local contact pressures between asperities are significantly higher than the nominal
pressure due to the rough nature of surfaces. However, nanoparticle additives can

infiltrate contacts, fill the gaps between asperities and reduce contact pressures.

Boundary and EP additives interact with the surface and reduce friction and wear by
forming tribofilms of various thicknesses. Boundary additives such as carboxylic acids
adsorb onto the substrate and are very efficient in low temperature applications, while
inorganic layered materials can reduce friction due to their weak, interlayer shearing
forces. EP additives are particularly reactive towards the fresh catalytic surfaces
generated during rubbing in high-pressure, high-temperature contacts and generate thick
tribofilms. Sulphur based molecules show the highest efficiency at generating chemical
tribofilms for the amount of corrosion produced, although the reactivity of the additives
should not be too high.

WS> NPs have a layered structure with weak, interlayer Van der Waals forces and
strong bonding within individual layers, which provide them with high thermal stability
and low shear strength. WS> has been successfully used as a friction modifier in dry
lubrication, but tests in oil lubricated conditions are affected by their colloidal instability.
Furthermore, high-temperature tests have not been performed to investigate their EP
properties. The next sections provide more information about the current understanding
of the mechanism of action of WS> and details concerning the challenges of obtaining
stable WS, dispersions in lubricants.
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2.3  ADDITIVES IN LUBRICATION

2.3.1 Introduction

A lubricant film present between solid surfaces can greatly reduce friction and wear.
The extent of these improvements is dictated by the properties of the lubricant. The use
of a simple base oil (e.g. mineral oil) is sufficient for some applications, but new
technologies require more sophisticated geometries, greater loads and higher contact
pressures. The properties of a lubricant can be improved by the use of additives. These
are chemical compounds mixed with the base fluid, which impart special properties to
lubricants. Two of the most important types of additives are friction modifiers (FM) and
antiwear (AW) additives.

Zinc dialkyldithiophosphates (ZDDPs) have been used in engine oils for more than
70 years and are probably the most successful AW additives ever discovered. In addition
to being good antioxidants, they reduce wear by rapidly forming relatively thick
sacrificial boundary tribofilms with a hardness characteristic of soft polymeric materials
[8, 39, 65]. However, ZDDP molecules contain organic Zn, S and P, which are generally
toxic and poisonous to the exhaust catalyst in automotive applications [53, 54].
Furthermore, the formation of the tribofilms is accompanied by high friction and therefore,

FM additives must be added to overcome this inconvenience.

NPs have attracted increasing interest in tribological applications due to their ability
to infiltrate asperities (increasing the real contact area) and cover the surfaces with a thin
boundary film. When the surface chemistry of the particles is matched with the chemistry
of the steel surface, stable dispersions of NPs can act as friction modifiers, antiwear
additives or both [9, 11, 66].

WS, NPs have a layered structure, similar to other inorganic layered materials such
as graphite or MoSz, which allows them to exfoliate under shear, giving them excellent
friction reducing properties [12, 23]. MoSz has a very similar structure to WS> and shows
EP behaviour due to the reaction of S atoms with the metal substrate. However, the EP
properties of WS, have not been thoroughly investigated, possibly due to the higher
thermal stability of WS, which was expected to render the particles chemically inactive
[67].
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This section describes the properties of the main types of additives currently in use
in tribological applications. The structure of WS; is also discussed in order to explain
their remarkable properties as nanoadditives. The discussion will emphasise the
possibility of using WS, NPs as FM and/or AW additives.

2.3.2 Base oils

Base oils are obtained by refining crude oil (mineral oils) or by manufacturing using
chemical processes (i.e. synthetic oils) and they provide the basic lubricating properties:
separate the moving surfaces, remove heat and wear particles and minimize friction [68-
71].

Viscosity (i) is one of the most important physical properties of a base oil and
quantifies the resistance of the fluid to flow. The dynamic (absolute) viscosity is the
resistance to relative shearing motion (internal resistance) and is measured in [Pas] or [P]
(poise). The kinematic viscosity quantifies the fluid flow due to gravity and is measured

in [m?/s] or [S] (Stokes) [1, 2]. The relation between the two is given by:

dynamic viscosity

kinematic viscosity = (2.5)

density

The viscosity of a base oil decreases with temperature and this behaviour affects the
overall performance of the lubricant. The viscosity index (VI) is defined as the
susceptibility of a lubricant to changes in viscosity with temperature, with higher Vls

indicating smaller changes in viscosity and better performing oils:

V1 =100 x
L—H

(2.6)

U — viscosity of the sample at 40°C

L — viscosity at 40°C of a standard oil with a VI=0

H — viscosity at 40°C of a standard oil with a V1=100

— the standard oils are selected to have the same viscosity at 100°C as the oil sample.

According to the composition and VIs of the refined base oils, they are categorized
by the American Petroleum Institute (API) into 5 major groups [2, 72, 73].
Mineral oils are obtained from crude oil and comprise Groups I, Il and 111, according

to the severity of the refining process and subsequent viscosity/temperature properties
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and oxidation stability. Branched paraffins (alkanes) are the most desired type of
molecules in refined mineral oils due to their increased chemical stability.

Synthetic oils are created by chemical processes from various feedstocks. They are
more expensive to produce than mineral oils, but usually have improved thermal and

oxidative stability, wider temperature performance ranges and higher Vs [2, 74].

- Group IV (synthetic hydrocarbon) oils are usually polymeric compounds with a

hydrocarbon base. The large majority of these oils are polyalphaolefins (PAOs).

- Group V oils account for the rest of the oils which cannot be placed in the
previous groups. They are carboxyl esters, phosphate esters and polyglycols.

Due to their superior performance, synthetic oils were used throughout this study.

The polarity of the oil is expected to influence its interaction with the substrate and the

additives. Therefore, both a nonpolar Group IV PAO and a polar Group V

polypropyleneglycol (PPG) were used to investigate the mechanism of WS, and its

interactions with the base oil and metal substrate.

2.3.3 Classic additives

2.3.3.1 Friction modifiers

Friction modifiers (FMs) reduce friction between lubricated moving parts, directly
increasing fuel economy. There are mainly two types of FMs: amphiphilic organic
molecules with a polar head group and a long hydrophobic chain (e.g. carboxylic fatty
acids, glycerol monooleate and phosphate esters) and inorganic layered structures bound
by Van der Waals forces (e.g. graphite, MoSz, WS, WSe>) [68, 69]. The former can
physically adsorb (the polar heads adsorb on the polar metal substrates while the long
carbon chains keep the surfaces apart) or chemically react with the contact surfaces. The
latter exfoliate under shear, penetrate contacts of diverse geometries, fill the gaps between
contact asperities and ultimately form a protective boundary film, persistent under high

pressure. FMs are most efficient in low- or medium-loaded surface contacts [1].

Carboxylic fatty acids and salts of fatty acids are often called ‘oiliness additives’.
Oiliness refers to the friction reducing capacity and is a joint property of both lubricant
and metal substrate [21]. Fatty acid derivatives have been developed over the last 100

years to reduce boundary friction of mineral oil lubricated contacts and their mechanism
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of action has been a topic of great interest in recent research. Current understanding of
their mechanism involves the adsorption/reaction of molecules on the substrate and
formation of dense monolayers (2 nm thick) or thick reacted viscous layers [21, 22, 75].

Organic acids have a polar carboxylic group (-COOH) and a long hydrophobic
carbon chain. The adsorption of the molecule is governed by the interaction between the
acidic group with the metal substrate and the formation of polar bonds. For noble metals
such as platinum and silver, which are unreactive and are not protected by an oxide layer,
the lubrication mechanism is based on the direct physisorption onto the metal. However,
most metals are covered in a thin oxide layer and other impurities and the FM molecules

adsorb onto these protective layers, as shown schematically in Figure 2.9 (a).
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Figure 2.9 a) Physisorption of FM molecules on the metal substrate [adapted from 1],
b) re-adsorption of FM molecules after partial removal during sliding [adapted from 1]

Carboxylic acids and their salts are also capable of reacting with the substrate,
leading to chemisorbed molecules and a thicker tribofilm. It has been shown that a 2:1
mixture of metal oleate and oleic acid can form thick boundary films (10 nm+) on the
substrate if the metal has a lower redox potential than iron (i.e. if the metal is after Fe in
the electrochemical series). These are believed to consist primarily of insoluble Fe (1)
oleate generated by the redox reaction between the metal oleate and iron from the nascent
steel surface [22]. The chemisorption of FMs is usually irreversible and films can even
resist washing with solvents. However, if the oxide protective layer on the metal surface
is removed during sliding and active catalytic surfaces are exposed, the carboxylic
molecules are decomposed due to the very high reactivity of the ‘nascent surfaces’ [16,
26]. However, these ‘nascent surfaces’ are quickly oxidized and the film is regenerated

(unless the conditions are detrimental, i.e. experiments performed in vacuum).
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The strength of the FM film is governed by the molecule bonding to the substrate,
but also by the large number of weak Van der Waals intermolecular forces between the
C chains, which are arranged in a compact layer. Therefore, the strength of the film
depends on the number of VVan der Waals interactions, which is proportional to the length
of the C chain, as also highlighted in Figure 2.9 (a). For adequate lubrication, the
minimum chain length was found to be 9 C atoms, while the most used compounds have
a chain length of ~18 C atoms [76]. Molecule branching is also an important factor for
the adsorption strength of the FM (i.e. branched hydrocarbon chains occupy a larger area
on the substrate and thus have a smaller number of Van der Waals bonds with adjacent

molecules [25]).

During sliding of the asperities, the film may be partially removed. The efficiency of
the film is considered to depend on its ability to regenerate. The rate limiting process (i.e.
the slowest step) is the re-adsorption of the free FM molecules from the lubricant into the

incomplete film, as shown schematically in Figure 2.9 (b) [77].

Due to their good FM properties and their ability to adsorb on surfaces, carboxylic
acids have also been used to functionalize different NPs (e.qg. silver [78], silica [79], ceria
[80], copper sulphide [81], lead sulphide [82] etc.). The interactions at the surface of
functionalized particles are similar, i.e. the FM molecules adsorb forming compact films,
while the hydrophobic carbon chains interact with the oil via Van der Waals forces,
preventing the agglomeration of NPs and keeping them suspended as a colloid (this is

further discussed in Section 2.5.3).

Transition metal dichalcogenides, such as molybdenum disulphide (MoSz) and
tungsten disulphide (WS), are some of the most efficient compounds at reducing friction
[9, 83-88]. The first recorded use of MoS was by early prospectors in the 1600s, who
used it to lubricate the axles of wagons. Since then, it has been used as a lubricant or
additive to lubricants, with records of patents dating back to 1927. The coefficient of
friction of surfaces covered in metal dichalcogenides is 0.002-0.05 in dry conditions, but

increases up to ~0.2 in humid environments [89].

Both MoS; and WS; crystals have a hexagonal structure and are composed of a layer
of molybdenum/tungsten atoms packed in between two layers of sulphur, as shown in
Figure 2.10 [1, 88-90]. The metal has a trigonal prismatic coordination sphere
accommodating six sulphide ligands, while each sulphur atom has a pyramidal
configuration and a pair of free electrons occupying the space in between the sulphide

layers. The bonding in the individual layers is very strong, especially for WS,, conferring
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the compounds excellent thermal resistance (i.e. the properties of MoS; are unaffected up
to ~350-400°C, while WS is stable up to ~500°C [87, 89]). Lubrication relies on the low
shear slippage between the S atoms, which are only bound by weak Van der Waals forces
(Figure 2.11). The properties of the lamellar structure are intrinsic and no external form
of moisture is required, as opposed to other common FMs such as graphite (the
mechanism of action of graphite is also based on the weak Van der Waals forces between
individual carbon layers, but it is not as effective in dry conditions, as water molecules

are needed to promote the shearing between layers [86, 87, 91]).

S—
Mo-
Figure 2.10 Structure of MoS; Figure 2.11 Lubrication with WS; by
[reproduced with permission from 1]. low interlayer shear [adapted from 92].

Unfortunately, MoS> and WS, are not soluble in organic solvents (and therefore oils),
so they can be used only as fine dispersions, greases or as oil soluble complexes.
Molybdenum-containing complexes have been developed, such as molybdenum (VI)
dialkyldithiophosphate (Mo-DDP) [93] and molybdenum dithiocarbamate (Mo-DTC) [94,
95]. These compounds react with the steel substrate and form MoS; sheets in the contact
[96-108], which is responsible for very low friction coefficients even in dry conditions.
The initiation of the chemical reaction requires temperature (at least 70°C) and in mild
conditions leads to the formation of 10-25 nm sized MoS; in the contact [96]. MoDTC
was found to form MoS; more readily than MoDDP, and only at asperity contacts, where
temperatures and pressures are higher [97-99]. MoDTC is more effective when used with
ZDDRP, a synergistic effect observed by many researchers and explained by the positive
influence of ZDDP on the formation of MoS, [106-112]. However, the chemical
interactions also lead to the generation of other compounds, such as various molybdenum
oxides, including MoO, and MoOs [86, 88, 100-103, 113]. Some researchers have
reported that MoOs has short Mo-O bond lengths and high decohesion energy, indicating
it is not a good FM [114, 115]. Research has also shown that MoO: is very abrasive [88].
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Corresponding organic tungsten compounds have also been synthesized. Tungsten
dithiocarbamate (WDTC) added to oil in a concentration of 0.5% w/w was observed to
give better antiwear protection than MoDTC/MoDTP [116, 117]. However, the antiwear
mechanism has not been investigated. The chemical interactions with the substrate are
expected to be similar to MoDTC, with some small differences: if the formation of WO3
on the track is observed, friction should be lower. Tungsten oxides are reported to have

very low decohesion energy and therefore, WOz should not be abrasive [114, 115].

Unfortunately, there are many downsides to using organic molybdenum/tungsten
compounds. They are expensive and their synthesis is complex and involves problematic
compounds (e.g. P.Ss and CS») which are very toxic. Because of this, their use in

conventional lubricants is limited [8, 9, 54].
2.3.3.2 Antiwear additives

Antiwear additives (AW) are chemicals that are added in order to prevent or reduce
metal-metal contacts in moving applications. They accomplish this by reacting with the

metal surface and providing a protective low shear strength film that wears off over time.

Zinc dithiophosphates (ZDDPs) are by far

the most common antiwear additives [94, 118-
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121] and have been studied and used for more
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than half a century. They find applications in

virtually all current engine oils. Aside from their
Figure 2.12 The structure of ZDDP

antiwear property, ZDDPs also exert an
[adapted from 122]

antioxidant action in the oil. The general

structure of ZDDP is shown in Figure 2.12.

The generation of ZDDP tribofilms on steel surfaces and their nature has been the
focus of many published studies [8]. It has been shown that they form only on the rubbing
tracks and that they are dependent on temperature. The minimum temperature required to
start the generation of an AW tribofilm is ~60°C. On steel, tribofilms can rapidly grow in
thickness to 50-150 nm and show an uneven, pad-like distribution (typically 5 to 20 um
across), separated by deep fissures. A two layer model was proposed, where a soft
polyphosphate film covers a more rigid sulphide-rich layer (zinc or iron sulphide)

chemisorbed onto the steel surface [39]. Organic compounds and unreacted ZDDP are
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found on the surface of the tribofilm, as presented in Figure 2.13. The chemistry of the
ZDDRP oil solution was reported to affect the chemical make-up, thickness and mechanism
of formation of the antiwear film [123]. The antiwear films formed by ZDDP have high
boundary friction coefficients in the range of 0.11 to 0.14, which are maintained up to
much higher sliding speeds than is normally the case (i.e. the Stribeck curve is shifted to
the right, as previously discussed in Section 2.2.3 and shown in Figure 2.4). This is
thought to be due to the unusual morphology of the reaction film [124].

Immersion of steel in heated ZDDP formulations leads to the generation of ZDDP
thermal films [8]. Temperatures in excess of 100°C can promote the formation of ~10 nm
thin films on the surface of steels, but their thickness can increase with temperature to
values of ~200 nm. Tribological experiments carried out on thermal films showed that

they resist for at least 12 h in base oil, indication of an AW behaviour.

Organic sulphides/ZnDTP
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Figure 2.13 Diagram of a ZDDP pad structure and
composition [reproduced with permission from 8]
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To reduce the high boundary friction of the ZDDP tribofilms, it is necessary to use
efficient FMs when formulating lubricants. However, both antiwear and friction modifier
additives work by reacting or adsorbing on the lubricated contact surface. Since these two
types of additives are used together, it is important to understand the mechanism of action
for generating the tribofilm and how these additives interact during this process. In most
cases, the selection of optimal additive combinations for lubricant formulation primarily
depended upon trial and error or past experience, rather than knowledge of fundamental

chemical interactions [56].

Published work investigating the interaction between ZDDP and FMs mainly focuses
on ZDDP and MoDTC, which have been shown to synergize well and reduce both wear
and friction [106-112]. However, the downside of using MoDTC alone or in combination
with ZDDP in oils is the formation of Mo oxides, which are responsible for high friction
[86, 88, 102, 113]. One study which investigated the synergism between ZDDP and
MoDTC reported that there is a competitive adsorption on the rubbing steel surface
between ZDDP and MoDTC, which results in a thinner ZDDP tribofilm [125].
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Another study which investigated organic FMs (OFMs) proposed a different
mechanism of action, in which OFM additives form a friction-reducing film not on the
ferrous surface, but on the zinc phosphate. Therefore, it was recommended that FMs be
tested and optimized for effectiveness on the ZDDP films [126].

However, it was later shown that OFMs can greatly influence the reaction of ZDDP
with the substrate and consequently, the kinetics, thickness, composition and tribological
properties of the tribofilm generated in the rubbing contact [56]. Depending on their
chemical composition, some effective OFMs can react with the wear track in rubbing
contacts to generate their own tribofilms, which have growth kinetics and thickness
comparable to the ZDDP tribofilms. It was also found that in a ZDDP/OFM mixture, the
OFM can reduce overall friction, but can also hinder the formation of a thick antiwear

tribofilm.

In a tribological contact, tribofilm formation is a dynamic process controlled by its
generation (chemical reaction kinetics) and removal (wear) rates, which depend on the
reactivity of the additives (towards the substrate and between themselves) and the
operating conditions (temperature, time, load, slide-roll ratio etc.) [56-58]. This is
especially the case for antiwear and OFM additive mixtures, which compete to
react/adsorb on the rubbing ferrous substrates. The generation of tribofilms is the result

of the simultaneous interaction of these two additives with the surface of the wear track.

ZDDP has also been investigated in combination with WS, [127]. These authors
observed a synergistic effect between the two additives tested in PAO oil at 100°C, i.e.
the ZDDP/WS; mixture generated ~5 times less wear than 1% w/w ZDDP and ~25% less
friction than 1% w/w WS;. It was concluded that WS> enhances the antiwear properties
of ZDDP, while ZDDP protects WS particles from oxidation and increases their friction

reducing properties.

Aside from high friction, the other drawback of ZDDP additives, as their name
suggests, is their zinc, sulphur and phosphorous content. As the lubricant deteriorates,
many toxic compounds are released in the oil and can pollute the environment or poison
the catalyst in the exhaust filter (e.g. phosphorous oxides, sulphur oxides, metallic ash
and volatile compounds such as mercaptides, alkyl sulphides, hydrogen sulphide and low
molecular weight olefins) [8, 54]. A lot of research has been directed in trying to find an
alternative to this drawback in recent years, but no additive has been found to rival their

antiwear properties conferred by the sulphur and phosphorous atoms.
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As discussed in Section 2.2.3, sulphur and phosphorous are present in most EP
additive compounds, generating sacrificial films resistant under moderate (P and CI) or
high loads (S). The importance of S in EP molecules was identified when chemical
analysis techniques became sufficiently accurate to measure the composition of the
tribofilms generated on the wear tracks. It was noted that the amount of S present directly
correlates with the antiwear behaviour of the film, particularly when S is found as metal
sulphides [97, 128-132]. It was also observed that increasing loads and temperatures
generate a higher concentration and degree of S penetration in the film [97, 128]. The
presence of S can usually be recorded in the top few tens of nanometres [128, 129]. The
formation of the tribofilm is described in the literature [56, 57, 129, 130] as a two-step
process: a) the initial adsorption/chemisorption of additive molecules on the substrate and
b) the reaction of the molecules with the metal surface under the combined effect of shear
and temperature, with the generation of various S-containing compounds, which can
diffuse into the tribofilm. The growth of the EP film is a dynamic competition between
the rate of the chemical reaction (i.e. generation of S compounds) and the rate of removal
from the surface (by abrasive action, dissolution into the lubricant or diffusion into the
bulk metal).

The presence of S in the structure of transition dichalchogenides such as WS; and
MoS; enables these additives to display an EP behaviour under favourable conditions.
Some studies have analysed the chemical composition of the wear tracks generated by
MoS: and found traces of elemental Mo, which can occur by the following chemical
reaction [86, 88, 113, 133-136]:

720°C
MoS, + 2Fe — 2FeS + Mo

This reaction with the Fe substrate was found to occur above 720°C, leading to the
formation of elemental Mo and iron sulphide. Such temperatures are possible at asperity
contacts and therefore, the iron sulphide formed on the asperities can prevent metal
contact and seizure. It was proposed that the tribological properties of MoS; are due to
both a mechanical effect (i.e. acting as an efficient FM and separating the surfaces) and a
chemical effect (i.e. acting as an EP additive by the formation of iron sulphides in the
contact) [113, 133].

Due to the similar structure, it is expected that WS, will perform similarly in loaded
contacts. However, WS> has higher thermal stability and may undergo a chemical reaction
only in high-pressure high-temperature conditions. Therefore, this study will investigate
the behaviour of WS; at different temperatures.
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2.3.4 Nanoparticle additives

2.3.4.1 Applications of NPs as lubricant additives

Increasing attention has recently been given to NPs in many research fields. In
tribology, NPs have been employed as solid lubricants, oil dispersions or coating
inclusions. There are many advantages associated with using NPs as lubricant additives.
Their small size allows them to penetrate tribological contacts and fill the gaps between
asperities, as shown in Figure 2.2 [23]. They are also usually larger than simple additive
molecules and provide better separation between surfaces. They have large specific
surface areas, which give them very different properties compared to the corresponding
bulk material, such as higher strength and hardness [137]. Depending on the chemical
composition of the NPs, their synthesis can also be focused on more environmentally-
friendly compounds. NPs can enhance different lubricant properties, such as load-
carrying capacity, friction-reducing ability and antiwear properties [9, 12, 13, 89, 92, 138].

The use of NPs is paramount in space applications, where the presence of fluid
lubricants is impractical. Another potential application is for wind turbines, which are
being developed as a viable alternative energy source, but are expensive due to their short
lifecycles. Although gearboxes usually have a designed lifetime of 20 years, wind
turbines are often serviced at shorter intervals and incur high repair costs and revenue loss
due to down times [139, 140]. Gearboxes and turbine lubrication are some of the most

important areas where NPs can improve the tribological properties of materials.

IF-WS;, NPs have been recently added to mineral oils and greases for use in engines
and compressors in various applications such as automotive, marine and heavy duty

vehicles. Their efficiency is competitive with other common FM/AW additives [141-144].

The concept of ‘green tribology’ was recently introduced and mainly refers to
environmentally-friendly lubrication systems and the tribology of renewable-energy
applications [145]. Current additives contain various elements or chemical groups (e.g. S,
P, Cl or metals in organic complexes), which release toxic compounds or greenhouse
gasses upon degradation. As a consequence, successive regulations constantly require the
reduction of the Zn, S and P content in lubricants and fuels. Although it may be impossible
to eliminate the use of all these elements, it may be feasible to use NPs or compounds
with a reduced impact on the environment. Most of the NPs that have been investigated

contain simple elements and are more environmentally-friendly [54]. Furthermore, the

31



synthesis of NPs is usually focused on simple reactants, unlike existing additives (i.e.
ZDDP), which require toxic chemicals such as P>Ss and CS> [9]. Used in green lubricants
(i.e. lubricants manufactured, used and disposed in an environmentally responsible
manner), NPs have the potential to replace toxic additives in future lubrication

technologies [54].

An interesting application can be found in the newly developed hydrogen
technologies [146, 147]. Hydrogen can be converted into electricity and vice-versa using
highly efficient green technologies. Many hydrogen fuel cells are being used in vehicle
prototypes around the world that offer an environmentally-friendly alternative to fossil
fuels. In hydrogen environment applications, moving or sensitive components such as
bearings, valves or seals are subject to high-pressure hydrogen gas. Hydrogen is a small
atom that can permeate through the superficial layers of steel and cause hydrogen
embrittlement under certain circumstances, which ultimately affects the reliability of the
components [60-64]. The permeation of hydrogen occurs predominantly inside
tribological contacts due to the dissociation of the hydrogen molecules on the catalytic
metal ‘nascent surfaces’ [63, 64]. NPs with EP behaviour (i.e. generate a chemical
tribofilm on the substrate) can create a barrier which protects against the dissociation and
permeation of hydrogen in the metal [148]. By reducing the negative effect of hydrogen
permeation into steel, NPs can pave the way for a clean and efficient hydrogen-based
economy in the future. The potential use of WS, NPs to reduce hydrogen embrittlement

is covered in more detail in Section 2.4.

2.3.4.2 Challenges associated with using NPs

The use of NPs introduces a number of challenges — they have a very large specific
surface area, which gives them a large surface energy. Therefore, nanoparticles are
thermodynamically unstable and their dispersions are susceptible to agglomeration. In
order to prevent this, functionalization is required [31-34]. These aspects are addressed

in detail in Section 2.5.3.

The risk and safety aspects associated with nanotechnology research constitute a
sensitive topic due to the use of nanosize constituents [149, 150]. Therefore, handling,

mixing, storage of NPs and NP dispersions, as well as the disposal of the waste oil
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dispersions have to be carefully considered to avoid possible health risks associated with

the exposure to NPs.

The main routes of exposure during the manufacturing, use and disposal of NPs are
by inhalation and skin contact and therefore, adequate protective measures should always
be implemented to avoid possible health risks. Combustible NPs (e.g. metals and metal
oxides) also present a higher fire and explosion risk, which can be avoided by using
special production and storage measures.

However, when dispersed in a fluid, the risk of inhaling NPs is much diminished (this
could only take place through inhalation of aerosolized droplets produced by vigorous
mixing). As nanoadditives, NPs such as WS> are dispersed in oils or greases in small
concentrations (up to ~1 % wi/w). They can be supplied to the consumer as dispersion
concentrates to be mixed in oils/greases or as a ready to use product. When NPs are
dispersed in oil/grease, health risks are reduced to a minimum, confining any
environmental and health issues to the manufacturing stage. Engine oils containing
nanoadditives can be disposed of similarly to standard waste lubricants, i.e. collected at
petrol stations in ‘used lubricant’ drums and incinerated or recycled. Nanomaterial
powder waste should always be collected in specific drums and treated as hazardous

industrial waste that is incinerated or disposed via landfill.

The life-cycle assessment with regards to the accumulation and ecotoxicology of by-
products is also an important aspect of an environmentally friendly lubricant. About 50 %
of a lubricant can be recycled into an oil of up to Group Il quality [20]. New
environmentally-friendly regulations such as REACH (Registration, Evaluation,
Authorisation & restriction of CHemicals) have imposed severe limits for re-refining
processes of oils, which now typically involve distillation and hydrotreatment. These
technologies can easily separate and inactivate WS, and corresponding inorganic by-
products [20]. It is also expected that WS> nanoadditized lubricants will benefit from an
extended service life due to their superior tribological properties.

2.3.5 The use of WS2 NPs in tribological applications

A large amount of published research has shown that many different types of NPs
can help reduce friction or wear if dispersed in a base oil and therefore, they are proposed

to be alternatives to problematic additives currently in use (e.g. ZDDP) [9, 54].
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The main types of NPs studied in the literature are metals, metal oxides and metal
sulphides. The list is not exhaustive and includes additional compounds such as boron
nitride, carbonates, borates and nanosized graphite or diamond [9, 12, 92, 138]. The
behaviour of NPs can generally be divided in two categories: a) most of the NPs are hard
and display a friction reducing effect, but are abrasive and increase the wear of the
substrate; b) metal sulphides show AW properties, but have varying FM properties [151-
159]. Nonetheless, all NPs must be functionalized in order to obtain stable colloidal

dispersions in oil, as discussed in Section 2.5.3.

Compared to other NPs investigated in the literature, WS, nanoparticles have
excellent friction reducing properties. Studies show that by using WS dispersions in oil,
very low friction coefficients can be generated (as discussed in Sections 2.3.5.1 and
2.3.5.2). The properties of WS> NPs have not been investigated at high temperatures, but
the presence of S in their structure should also enable them to have AW properties. The
absence of reactive metals (tungsten compounds are very inert) and organic S or P in the
structure make WS, NPs and their by-products relatively environmentally-friendly and

easily disposable.

WS; is already used in space applications due to the high inertness of the material
and has several other advantages over the additives currently used in lubricants. Apart
from being highly effective in reducing friction and wear between moving parts [12, 37,
38, 160-163], they are inert, non-toxic, non-magnetic and have high resistance to
oxidation and thermal degradation [49]. Their positive influence is especially visible in
the mixed or boundary lubrication regimes [164] when the most severe wear and damage

occur.

WS, NPs exist in two forms: 2H and IF. In 2H-WSy,, the layers are flat and present
‘dangling bonds’ (edge effects that can cause deterioration of the nanoparticle through
oxidation or burnishing) [12], while in IF-WS; (inorganic fullerene-like WS>) NPs, the
layers are rounded up to form closed, ‘onion-like’ cages [29]. From the tribological point
of view, it has been reported that under high PV (load x velocity) conditions, as
encountered in most engineering applications, 2H-WS; outperform IF-WS> NPs, while in
relatively low PV, IF are better [165]. Manufacturing IF-WS2 NPs involves higher
temperatures and they are also more difficult to functionalize due to their structure. For
these reasons, 2H-WS, NPs could be more convenient to employ as lubricant

nanoadditives in high pressure tribological applications.
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2.3.5.1 2H-WS2 NPs

WS; has a layered structure, with W atoms confined in a trigonal prismatic
coordination sphere (Figure 2.14). In an acidic environment, each of the sulphur atoms at
the edges of these layers has one hydrogen atom bonded (so called ‘dangling bond’) and
are subject to oxidation. For this reason, this structure has been named 2H-WS,. This
structure is maintained regardless of the size of the particle and is responsible for very
low friction coefficients (e.g. 0.002-0.05 in dry lubrication and 0.06 in boundary
lubrication [89, 92]).

Hexagonal 2H-WS; can be synthesized directly from the elements by heating at
temperatures above 700°C [90]. WS is a stoichiometric compound (i.e. it does not form

compounds of the type WS, like other transition metals such as molybdenum).

b) o S atom

G W atom

 ===-(_ Van der Waals interaction

Figure 2.14 The layered structure of 2H-WS;: a) TEM image and
b) schematic showing the layers and atomic arrangement

Because IF and 2H-WS; NPs possess a layered morphology similar to graphite and
other transition metal dichalcogenides (such as MoS>), which exfoliate under shear and
therefore reduce friction, their tribological properties have also been investigated.
Techniques such as TEM and Raman analysis were employed to show that delaminated
2H-WS; sheets adhere to the wear track to form a tribofilm [10, 36, 166] and ascribed
their superior tribological properties to this mechanism of action. However, this
mechanism can only explain the friction reducing properties of WS, NPs and not their
excellent antiwear properties, effective over a wide range of loads.

An important aspect is that most investigations of the tribological properties of WS;
NPs have been carried out at room temperature, except for two studies which tested the
NPs at 75°C [164] and 80°C [167]. However, the authors did not report the presence of a
tribofilm on the wear track.

35



2.3.5.2 Inorganic Fullerene-like WSz NPs

An interesting type of additive has been introduced with the synthesis of inorganic
fullerene-like (IF) NPs. They are hollow, multi-layered spherical particles (as shown in
Figure 2.15) that do not have ‘dangling bonds’ [9, 12, 23]. In this case, the edge effects
are no longer present and the particles are more inert to chemicals [92].

IF-WS2 NPs have attracted particular interest because of the high thermal resistance
to oxidation and degradation of tungsten compounds [49]. The IF-WS; nanoparticles are
highly inert to many chemical reagents and do not seem to oxidize easily. Annealing of
the NPs has been obtained at 450°C, but this only cleanses the surface of impurities,
without degrading their tribological properties [67]. This allows the use of WS, NPs in

applications with a very large range of temperatures.

Figure 2.15 Structure of IF-WS, NPs: a) an HRTEM image and b) schematic of IF layers

Large amounts of IF-WS; NPs are usually obtained by chemical reduction from
tungsten compounds (e.g. tungsten trioxide, tungsten hexacarbonyl) in the presence of
sulphur vapour or hydrogen disulphide at high temperatures (800-1000°C) [168-174].
Other important methods include reduction from ammonium tetra thiotungstate to
tungsten trisulphide and subsequent reduction with hydrogen at 800-1100°C [171] and
solvothermal synthesis in solution (i.e. reduction from ammonium tetra thiotungstate with
sodium borohydride at 190°C [38, 175]). All methods produce nano-sized IF-WS>
additives capable of significantly reducing friction and wear (i.e. a COF as low as 0.03-
0.04 in boundary lubrication [10, 36, 92, 160-162, 164, 166, 174, 176]).
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A large number of research studies have attempted to explain the mechanism of
action of IF-WS; NPs by proposing many hypotheses [10, 36, 83, 165, 166, 177, 178].

One of the first attempts to explain the mechanism of action stipulated their potential
to act as rolling nano ball bearings. Under low loads, the shear force between the inner
and outer closed layers of the NPs was not considered to be high enough to exfoliate them,
as in the case of the flat layered structures, such as graphite and 2H-WS; [165]. This
hypothesis was investigated by Golan [179] who used Multiple Beam Interferometry in
the surface force apparatus to show that there was no evidence for ’rolling friction’ and
the low values of the coefficient of friction can be explained by the friction-induced
transfer of layers of WS to the lubricated contact surfaces. However, some recent studies
[10, 178], which investigated the rolling mechanism of IF NPs in HRSEM and TEM-
AFM in high and respectively low pressure contacts showed that well crystallized,
spherically shaped IF NPs can reduce friction through a rolling mechanism. These studies
were carried out on atomically smooth silica wafers [10] and the question arises whether
in real contact conditions, in which nanoparticles could get trapped or jammed between

the surface asperities, the rolling motion is still enabled.

Another attempt to explain the friction reducing mechanism of WS, NPs was
ascribed to the general ability of NPs to fill the asperity valleys of the contact surfaces
due to their nanosize [177]. Thus, in order to be effective, NPs have to be smaller than
the asperities and the gap between the contacting surfaces. However, this condition would
seem to imply that IF-WS> NPs with an average size of 120 nm, as used in these studies,
cannot be effective in the boundary and even mixed lubrication regimes, where the gaps
are usually smaller than 100 nm. Therefore, this simple hypothesis fails to explain their
friction reducing ability.

In view of overcoming the thermodynamic instability of WS, NP colloids, two
studies investigated the boundary lubrication mechanism of IF-WS; NPs coated with
trioctylamine and methyltrioctylammoniumchloride (200 nm diameter) under high loads
at 25°C [37, 38]. The authors claimed that the mechanism may be ascribed to a
tribochemical reaction film, but their X-ray photoelectron spectroscopy (XPS) data of the
wear tracks only shows the presence of Fe, C, O and N (from the functionalization groups).
Another study, which also used XPS analysis to investigate the wear track generated by
WS, NPs at room temperature, found small concentrations of tungsten oxide (1.4 at. %),

tungsten sulphide and iron oxides [36].
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IF-WS> NPs have excellent tribological properties. The nature of their surfaces
makes them heat resistant and inert to chemicals. However, their dispersions are not stable
in time and this inertness is responsible for the difficulty encountered in trying to
functionalize them with different dispersants. The mechanism of IF-WS; is still debated
and their properties still need to be investigated. For this reason, the present study will
investigate the tribological properties of WS; at different temperatures in order to explore
the possibility of a chemical reaction on the steel wear track, which could explain the
AW/EP properties of the NPs. Based on the similarity with MoS;, WS, NPs are expected
to form a tribofilm containing WO3 and elemental W. As opposed to Mo oxides, WOz is
not abrasive due to the long bond lengths and low decohesion energy between layers [114,
115]. Furthermore, tungsten compounds have high hardness and the tribofilm is likely to

have very good AW properties.

The only difference between 2H-WS; and IF-WSz NPs is in the arrangement of the
layers, which in IF-WS; are rounded up to form closed, ‘onion-like’ cages. The edge
effects are no longer present and the particles are more inert to chemicals. However,
obtaining such structures involves higher temperatures (i.e. higher manufacturing costs)
and also reduces their sensitivity to functionalization. For these reasons, it is easier to

study 2H-WS; NPs in order to investigate the mechanism of action of WS,.
IF-WSe> NPs

A similar type of NPs have been synthesized containing selenium (Se) instead of S
[180, 181]. The IF-WSe: structure shows a similar layered morphology with low shear
strength between the individual sheets and it is expected that the tribological properties
are similar to those of IF-WS> NPs. However, Se is a larger atom compared to S and
induces higher strain in the IF structure. Furthermore, Se is less reactive that S and thus
the synthesis of IF-WSe2 NPs is slower and allows the formation of more dislocations in
the NP [180]. For these reasons the IF structures have a faceted shape compared to the
smoother shape of the IF-WS> NPs. These defects in the structure, along with the low
reactivity of WSe,, may influence the tribological properties of the NPs, but few studies
have investigated these NPs. This study has therefore investigated the tribological
properties of IF-WSe2 NPs and compared them with 2H- and IF-WS;.
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2.3.6  Summary

Lubricant properties can be improved by using various additives. Common friction
modifiers such as carboxylic acids, Mo and W dichalcogenides or graphite can help
reduce friction between moving components by adsorbing onto the substrates and the
formation of thin boundary layers. Antiwear additives such as ZDDP or Mo- and W-DDP
can prevent wear of the surfaces by reacting with the steel and generating a sacrificial
tribofilm. However, many of the additives currently in use are either complex and/or toxic

and give rise to environmental issues.

Many types of NPs have been shown to possess good tribological properties and are
believed to be possible candidates to replace the problematic additives still in use today.
The main advantage of NPs is their size, which allows them to penetrate asperities of

different geometries and to provide a smoothing effect.

WS, NPs possess the inertness required for industrial applications. They show
outstanding tribological performance in comparison to any other additive and their
mechanism of action may depend on a combination of both FM and AW properties. This
study will investigate the properties of WS> NPs at different temperatures to verify this

mechanism.

2H-WS; NPs have similar properties to IF-WS> NPs, such as the same chemical
composition, low friction coefficients, stability to oxidative and thermal degradation, but
they are easier to functionalize due to the edge effects. These properties recommend them
as the best candidates for use as lubricant nanoadditives. Understanding the way they
reduce friction and wear, as well as finding a feasible and effective method of
functionalizing the surface with surfactants, can lead to a new generation of lubricant

additives able to solve some of the current lubrication challenges.
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24  HYDROGEN DAMAGE IN HIGH-STRENGTH STEELS

2.4.1 Introduction

Hydrogen damage (HD) describes a wide range of failure modes that occur when a
metallic component is subjected to the combined action of hydrogen and applied stress.
The phenomena related to HD have been studied for many decades due to the extensive

array of applications in which materials suffer from this type of failure [182].

The negative impact of hydrogen on materials was observed as early as 1875, when
it was reported that in the presence of hydrogen or acids, materials show a decrease in
toughness and breaking strain at room temperature [60]. Further work indicated that
applying stress above a certain threshold causes the degradation of mechanical properties,
manifested as reduced load-carrying capacity and fracture below the yield strength,
usually in a brittle mode. Consequently, the process has been termed hydrogen
embrittlement (HE) [183, 184].

Modern research describes a large number of ways in which hydrogen damages
different materials: hydrogen environment embrittlement, hydrogen stress cracking, loss
in tensile ductility, hydrogen attack, blistering, microperforation, hydride formation etc.
However, although these are often collectively termed HE, several do not show the
classical features of embrittlement. HE describes just some of the failure modes induced

by the presence of hydrogen in the material [185].

The amount of hydrogen responsible for HD can be minute due to the small size and
high mobility of the hydrogen atoms in the material. Under loading conditions, hydrogen
moves to the region of highest stress, where it accumulates and induces a change in the
material (e.g. a microcrack). As the defect grows, hydrogen follows the high stress

location until final fracture occurs [62, 186].

The exact mechanism of HD is still debated in the literature. Unfortunately, a large
amount of work in the field has been carried out on commercial materials with
microstructures which are difficult to characterize in detail (impurity distribution, defect
density etc.) and thus experiments show the response of the material to a variety of
competing phenomena without addressing them in particular. Nevertheless, the three
generally accepted conditions for the occurrence of HD refer to the material (metal

susceptibility to hydrogen permeation/embrittlement), stress (loading, temperature etc.)

40



and the presence of hydrogen in the substrate [62, 63], as depicted schematically in Figure
2.16. To prevent HD it is required to remove at least one of these factors. For a specific
steel in a given application (such as a high-strength steel in a bearing), the only factor

which can be influenced is the presence of hydrogen in the substrate.

Material
susceptibility

Mechanical

conditions Hydrogen

Figure 2.16 Conditions required for hydrogen damage

Bearing applications require the use of high-strength steels, which are susceptible to
HE. For this reason, some studies have employed lubricant additives (i.e. passivators and
EP additives) to induce the generation of sacrificial films on the steel surface, in order to

prevent the generation and permeation of hydrogen into bearing steel [148].

This section reviews the mechanism of hydrogen permeation into high-strength
bearing steel and HE and the solutions that have been proposed to deter this. The
experimental part of this study will show how the chemical tribofilm generated by the
WS> NPs on the wear track can reduce the formation and permeation of atomic hydrogen

into steel.

2.4.2 Hydrogen sources and entry into metals

In order to initiate HD, hydrogen atoms must permeate (diffuse) through the material
to a location of high stress. There are many sources of atomic and molecular hydrogen
described in the literature, usually grouped into internal and environmental hydrogen.
The action of this hydrogen on the substrate is similar, the only difference between them

being the provenance of hydrogen [62, 185].
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The internal hydrogen relates to the residual hydrogen retained in the material during
production. Melting, casting, acid cleaning, welding or surface treating can introduce
small amounts of hydrogen, which are often eliminated by a subsequent heating operation.
Standard quality steel produced by modern manufacturing techniques usually contains
less than 1 ppm hydrogen trapped in the material. This amount is generally sufficiently

small to be harmless on its own [62, 182].

Environmental hydrogen refers to hydrogen gas (in hydrogen applications such as
fuel cells) or hydrogen generated as a direct interaction with the environment (i.e.
corrosion, the interaction with electrolytes or the decomposition of water/lubricant
molecules on the fresh catalytic surfaces formed on the substrate during service) [62, 64].
In order to initiate HD, environmental hydrogen must undergo a preliminary step of entry

(adsorption and absorption) into the metal.

The hydrogen molecule is too large to permeate through the metal lattice and induce
HD. Entry into the substrate occurs as atomic hydrogen, which is small enough to reside
permanently or temporarily in the lattice or at different defects in the structure, such as
voids, dislocations and grain boundaries [182, 187]. The formation of atomic hydrogen is
the result of the decomposition of molecular hydrogen or hydrogen-containing molecules
(e.g. water and lubricants) [64, 182, 188-194]. These reactions are thermodynamically
favoured on the catalytic ‘nascent surfaces’ created during sliding conditions [1]. This is
a critical step where lubricant additives can interfere with the HD process, as discussed
in Section 2.4.5. EP additives such as WS> can generate a thick tribofilm and prevent the
formation of catalytic ‘nascent surfaces’ responsible for the formation of atomic hydrogen

[148, 188, 189].

The process of hydrogen entry into the material has been described in both gas and
liquid phases by many researchers, but there is still a degree of uncertainty about the exact

mechanisms [195].
Solid-gas interactions

In hydrogen applications, materials are often exposed to an atmosphere containing
hydrogen gas (H2) and the entry of hydrogen can be described by a succession of general

solid-gas interactions: physisorption, chemisorption and absorption [63].

During physisorption the hydrogen gas molecules form a multi-layered fluid on the
surface of the material. Although this step is in competition with the reverse process of

desorption, it is fast (generally instantaneous) and it has a low activation energy.
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Chemisorption involves the dissociation of the adsorbed hydrogen molecule and
formation of chemical bonds between surface atoms and hydrogen. The interaction is
short ranged (only monolayers are formed) and slow (requires larger activation energy).

The adsorbed hydrogen atom (Hags) is finally absorbed into the material, either as a
neutral atom (H) or as an ion (H™ or HY), though the exact nature is still debated. The
process is in competition with the reaction between two adjacent atoms, leading to the
regeneration of the hydrogen molecule and desorption into the environment.

Solid-liquid interactions

When the metal component is immersed in a solution/lubricant, the boundary
interface and the chemical reactions involved are more complex, as water and lubricant
molecules can adsorb and decompose on the surface in a loaded contact and generate
atomic hydrogen. Alternatively, hydrogen containing electrolytes (particularly in acidic
solutions) can discharge atomic hydrogen into the material. Both these processes can
generate a large amount of hydrogen, usually orders of magnitude higher than hydrogen
absorbed through a solid-gas interface [63, 195].

® o

5 Absorption 4 Reduction

Figure 2.17 Hydrogen generation, entry and evolution at
an aqueous solid-liquid interface [adapted from 195]

Figure 2.17 shows a schematic of hydrogen atom formation, entry and evolution in
an acid solution. The hydronium ion (H3zO") can transport a hydrogen ion (H*) to the
surface (1) and desorb back into the solution as a water molecule (2). The H* ion is
adsorbed on the surface (3) and by accepting an electron (4) it is reduced and adsorbed as

a neutral atom (Hags).
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Hads IS absorbed into the material (5) in a similar manner to the absorption at the
solid-gas interface. The competing process is the formation of a hydrogen molecule by
either the reaction of two adjacent Hags or between Hags and another free H plus an

electron (6). In this case, the molecules will desorb and be released back into the solution
(7).

The process described above can occur on both ‘nascent surfaces’ and passivated
surfaces, and is highly dependent on the amount of hydrogen ions present in the solution.
However, in high pressure/temperature conditions, the aqueous or oil based lubricant
molecules are mainly decomposed on the highly energetic catalytic sites and atomic
hydrogen is produced and adsorbed on the surfaces. The mechanism of entry into the
material is similar to steps 5-7 described in Figure 2.17, but is largely dependent on the
amount of fresh ‘nascent’ surfaces created in the contact. Chemically reactive EP
additives can inhibit the formation and permeation of hydrogen and therefore the extent
of HD by efficiently competing with other molecules for adsorption on the substrate and
by rapidly generating a protective film, which is also wear resistant and reduces the

exposure of the metallic surface.

In all of the mechanisms described above, a large amount of the environmental
hydrogen adsorbed (Hags) is released back into the solution/lubricant. The fraction that is
absorbed and the rate of its entry process depend on external conditions (temperature,
hydrogen concentration, load) and the complex interactions between hydrogen and the

material structure. These aspects are further discussed in Section 2.4.3 [182, 195].

2.4.3 Hydrogen diffusion and interactions with metals

Another important requirement for the occurrence of HD is the material susceptibility
to hydrogen permeation. Hydrogen diffusion through metals is directly linked to its
interactions with the metal atoms and defects in the material and thus, to the condition of
the studied sample. The microstructure ultimately determines the solubility, transport
(diffusion) and trapping of hydrogen atoms at particular low-energy locations in the

lattice.

Solubility is the ability of the material to dissolve a solute (in this case hydrogen). It
is the result of an equilibrium between absorption and evolution processes and therefore,

the external conditions are an important factor (e.g. stress/contact pressure, temperature,

44



hydrogen concentration in hydrogen applications). In steel, hydrogen can be found in
normal interstitial sites or trapped in microstructural imperfections. Interstitial sites
between atoms have a very small available volume and are not favourable positions for
hydrogen. Therefore, steel usually solves a very small amount of atomic hydrogen (in the
ppm range), but this is enough to induce HD since hydrogen atoms easily diffuse through

most materials and accumulate in preferential locations [195, 196].

Hydrogen diffusion is the transport of atoms through the material lattice due to a
concentration gradient. The process is comparable to heat transfer and a similar equation
was therefore generated by Fick (2.7). However, further research pointed to some
discrepancies due to hydrogen trapping (e.g. delayed initial rate).

—DdC 2.7
J=-Do— (2.7)

J — flux [mol/m?/s]
D — diffusion coefficient (diffusivity) [m?/s]
dC/dx — concentration gradient over distance [mol/m3/m]

The diffusivity (represented by D) is the ease of movement of hydrogen atoms in a
matrix and is directly related to the velocity of the diffusing particles through the material.
For a specific material it is dependent on the operating temperature, stress/contact
pressure and the atomic structure. As an example, hydrogen diffusivity is lower in fcc
(austenite) than bcc (ferrite) or bct (martensite) microstructures, due to the closer packing
of atoms [196, 197].

Hydrogen trapping

Experiments on hydrogen diffusion rates in iron and steels show a lower initial value
(a delay in diffusion), which has been attributed to hydrogen trapping by different
imperfections in the material [185]. As hydrogen atoms travel through the lattice, they

are confined at low-energy locations.

Figure 2.18 illustrates the diffusion and trapping of hydrogen atoms in a sample. An
atom requires a minimum amount of energy (Euaitf) to diffuse through the lattice. The metal
atoms near a defect may have a different bonding energy in the lattice associated with a
saddle point energy (Es). Depending on the type of defect, this energy may be
smaller/larger than the diffusion energy. The trapping sites are attractive to hydrogen and
have a lower potential well (Ewap). The energy required for an atom to escape the trap is
Ea.
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Due to the random motion of atoms, these energy barriers can be overcome with a
certain temperature-dependent probability. The larger the energy barrier, the smaller the
probability of exiting the trap and the longer the amount of time an atom is trapped. This
has led to the description of reversible and irreversible trapping sites. If the residence time
in the trap at a certain temperature is similar to the normal ‘relaxation’ time for a hydrogen
atom to diffuse through the material (small Eap, Or Ea = Eqiff), the trap is reversible (low
interaction energy) and a potential trigger for HD. Irreversibly trapped hydrogen has a
low probability of escaping (large Etap, Or Ea >> Euqitf) and atoms are less likely to move
towards a region of high stress during operation to cause HD. However, at higher
temperatures, enough energy could be made available for hydrogen atoms to make these
traps reversible [62, 63, 182, 195].

Diffusion
7D I Diffusion energy level

Energy ——

Trap energy level

Distance ——
Figure 2.18 Hydrogen diffusion and trapping in the material [adapted from 196]

Figure 2.19 shows the possible locations of hydrogen in the material. Hydrogen can
be absorbed in the normal lattice (a), adsorbed at the surface (b) sub-surface (c) and

confined at the main microstructural defects acting as hydrogen traps.

Vacancy/void defects ((f) in Figure 2.19) are the simplest type of traps. Hydrogen
atoms are attracted by the open volume of the defect (in the sense that the time spent
inside is considerably longer) and chemisorb onto the metal atoms in a similar manner as
to a free surface. The bond energy is therefore quite large and voids are usually

irreversible traps at normal temperatures.

Grain boundaries ((d) in Figure 2.19) are also preferential sites for hydrogen
adsorption, but the binding energy associated with them is small, allowing hydrogen

atoms to move easily. Due to this they are reversible traps at normal temperatures.
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Hydrogen atoms are also attracted by the strain field near dislocations (e in Figure
2.19), fall into a lower energy state and are trapped. However, the binding energy is small
and they are therefore treated as reversible traps.
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Figure 2.19 Hydrogen trapping at different trap

sites [reproduced with permission from 198]

Impurities are different atoms or compounds present in the material, as a result of the
manufacturing process. They create second phase particles in the matrix (precipitates and
inclusions such as sulphides and oxides), which form chemical bonds with hydrogen
(strong bonds, leading to irreversibly bound hydrogen), especially at grain boundaries,
affecting the overall mechanical properties of the metal [196].

Sulphur and phosphorous present even in very small concentrations are known to
promote HD. This is due to the high affinity of these atoms for hydrogen, which results
in the formation of chemical bonds and retention of hydrogen in the material. This also
explains why these elements, known to be poisonous for catalysts (which are involved in
hydrogenation reactions) have been identified to promote hydrogen permeation in the
material. The elements in the V-A and VI-A periodic groups such as arsenic, antimony,
selenium and tellurium and their compounds, cyanides, antimony etc. were also found to
have this effect [63, 186, 195, 196]). Consequently, the presence of these elements is not

desired in steels and their concentration is usually controlled during manufacturing.

There are also elements that have an opposite behaviour. Tungsten has been found to
decrease the hydrogen permeation rate and diffusivity in steels. Steels containing
0-2 wiw % W have been investigated between 10 and 70°C and the hydrogen permeation
rate and diffusivity were found to be proportional to the content of W in the steel [197,
199]. This indicates that hydrogen permeation may be inhibited by employing WS>
nanoadditives in lubricants, which can to generate a tribofilm rich in W and WOz,
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2.4.4 Hydrogen embrittlement

As shown in Figure 2.16, HD occurs when stress is applied to a susceptible material
that contains absorbed hydrogen, and the time to failure depends on the severity of the
conditions. The rate of the process is influenced by temperature (higher temperatures can
stimulate HD by allowing higher hydrogen mobility, but high strength steels are more
susceptible to HD at ambient temperatures, i.e. there appears to be an optimum
temperature for hydrogen permeation in the range of -50°C to +100°C [193]), load (HD
is promoted by high stress), strain rate (higher rates impede hydrogen transport and HD)
and microstructure (the martensitic structures of high strength steels are more susceptible
to HD) [62, 63, 200].

The ASM Handbook [185] describes the general types of HD encountered. These
can be divided in a few major processes, dependent on the observed failure mode. Some
of them involve a material phase transformation and are easier to understand and describe
(e.g. blistering, cracking, hydrogen attack and hydride formation), while hydrogen

embrittlement is a more complex phenomenon and its mechanism is still debated.

Embrittlement does not involve a phase transformation and is therefore more difficult
to investigate. Hydrogen atoms diffuse to regions of high stress in the materials and
promote crack initiation and growth, leading to failure in a brittle manner. There are a
number of theories concerning the formation of these cracks, but there is still no
consensus at the present [63, 185, 195, 196].

Some of the initially proposed theories for HE have been later associated with the
other types of HD observed. The pressure theory proposed the accumulation of molecular
hydrogen at voids and other surfaces in the material and is now considered the
predominant mechanism for hydrogen blistering and cracking. The hydrogen attack
theory suggested that hydrogen atoms induce surface and internal decarburisation at high
operating temperatures and is presently considered responsible for the failures bearing
the same term. Similarly, the hydride formation theory was proposed as the main
mechanism for many transition metals, as hydride precipitation was detected at the crack
tip. However, the three main theories that specifically address HE in steels refer to surface
adsorption, decohesion and enhanced localised plasticity [182].

The surface adsorption theory suggests that hydrogen atoms diffuse to the surfaces

of the crack tip and reduce the free energy and work of fracture. However, it has a number
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of shortfalls and fails to explain why other atoms (such as oxygen) do not have the same

effect.

The hydrogen enhanced decohesion theory (HEDE) is based on the assumptions that
hydrogen atoms diffuse towards regions of high stress near cracks and that they reduce
the bonding between atoms in the lattice as shown schematically in Figure 2.20. The
mechanism occurs in the material lattice just ahead of the crack tip and leads to crack
propagation in a discontinuous mode, with a propagation rate dependent on the mobility
of hydrogen. It was later proposed that this mechanism occurs only up to a few atomic

distances ahead of the crack tip and that the cracking process is continuous [196].

Figure 2.20 HEDE theory: a) hydrogen atoms diffuse to the region of high
stress in front of the crack tip; b) a small brittle crack is formed; c) the crack
propagates due to the merger of the crack fronts [adapted from 196]

The hydrogen enhanced localised plasticity theory (HELP) suggests that hydrogen
promotes the formation and movement of dislocations in the plastic region near the crack
tip. Hydrogen localises in this plastic region and crack propagation occurs at a rate
dependent on the material microstructure, stress intensity and local hydrogen
concentration, i.e. hydrogen only assists the deformation process which is permitted by
the specific combination of microstructure and loading conditions, allowing it to take
place at lower stresses. Depending on the magnitude of the stress intensity factor (K), the
possible mechanisms are microvoid coalescence (Figure 2.21 (a), high K), quasi-cleavage
(Figure 2.21 (b), intermediate K), intergranular fracture and (Figure 2.21 (c), low K) and
intergranular fracture with assistance from hydrogen (Figure 2.21 (d)). Diffusion along
the grain boundaries is expected to be faster than through the grains. However, the
microvoid coalescence and quasi-cleavage fracture modes are kinetically faster at high K

values.

These mechanisms have been the subject of a substantial amount of research and it
is evident that each is influenced by many factors in the substrate. Therefore, HE is more
likely the result of a combination of different mechanisms and that the operating

conditions are responsible for the predominance of a singular failure mode.

49



Figure 2.21 Fracture modes according to HELP theory: a) microvoid
coalescence; b) quasi-cleavage; c) intergranular fracture; d) intergranular
fracture with assistance from hydrogen [adapted from 196]

Hydrogen embrittlement in rolling element bearings

Bearings typically undergo a large number of loading cycles during their lifetime and
therefore, the steels used in bearing applications must have a distinct set of mechanical
properties: high rolling contact fatigue resistance, high strength, high resistance to wear,
high shakedown limit (the maximum contact pressure the material can support in the
elastic range), minimum inclusion content etc. As a result of these requirements, the most
commonly used steel in bearings is the 52100 type, which is a high-strength martensitic
high carbon chrome alloy, containing carbon (0.9-1.1 %), chromium (1.3-1.6 %),
manganese (0.2-0.5 %), silicon (<0.35 %), sulphur (<0.05 %), phosphorous (<0.05 %)
and iron (balance) [59].

The desired microstructure and hence properties are obtained by austenitisation
(heating above 850°C to obtain an austenite microstructure with a face centred cubic (fcc)
crystal structure), quenching (rapid cooling to form a martensitic structure with body
centred tetragonal (bct) crystal structure) and subsequent tempering (to achieve the
required hardness). The resulting microstructure contains tempered martensite, retained
austenite and different carbides, along with the crystal defects and second phase particles.
The low solubility of hydrogen atoms in the martensitic structure leads to the diffusion of
hydrogen atoms towards trapping sites and makes the 52100 bearing steel particularly

susceptible to hydrogen embrittlement under static loads at ambient temperature [59].

Widely used in moving components, rolling element bearings eventually suffer from

a type of surface damage known as rolling contact fatigue (RCF) [201-203]. RCF is
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characterized by the damage of the steel surface due to the formation of fatigue cracks,
which initiate at inclusions and other defects in the steel and propagate in the direction of
the overall stress (Figure 2.22 (a)).

However, due to increasing demands on operating conditions for rolling elements,
some applications such as wind turbine gearboxes or automotive powertrains display an
unusually short service life, which some authors have associated with accumulation of
hydrogen in the material. Investigations have shown that if the local concentration of
hydrogen is in excess of ~1 ppm the tribological components display a different type of

surface damage [59, 64].

This mechanism differs from the classic RCF and includes the formation of a peculiar
type of white etching areas (WEA) associated with white etching cracks (WEC). WEAs
are characterized by two phases: an ultrafine ferrite grain structure several tens of
nanometres in diameter [204, 205] with increased hardness (30-50% higher compared to
the bulk matrix) and an amorphous-like phase near the cracks [61]. The mechanism of
WEA formation is much disputed. One possible mechanism is that dislocations
introduced by the shear stresses involved in RCF refine the microstructure by dissolving
the carbides and form an ultrafine grain size recrystallized structure. WECs are wide
discontinuous sub-surface three-dimensional network cracks that have their origin at or
near the surface (0-150 um), where the maximum shear stress is located, and propagate
in the over-rolling direction (Figure 2.22 (b)).

Figure 2.22 Section through a SCM420 JIS (4118 ASTM) wear track which shows:
a) typical damage in a sample with a long RCF life, b) typical damage in a sample
subjected to HE with a short RCF life [reproduced with permission from 64]
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The mechanism of the failure mode involving WEC formation in rolling element
bearings is not fully understood, but hydrogen embrittlement and stress concentration
(especially at inclusions) are believed to be important factors. Proponents of the stress
concentration mechanism have reported that WECs are formed as a result of the WEA
caused by the sliding between the ball and the bearing ring (race) and depends on the
testing conditions. They have shown that WECSs are initiated at the interface between the
amorphous and fine granular phases inside WEA and between WEA and the matrix [61].
Hydrogen-assisted fatigue reported in fuel cells using hydrogen as a source of energy was
shown to lead to WECs or accelerate classic RCF [139, 190, 194, 206-211].

Although the mechanism of WEC formation is still debated, HE has been identified
as a major consequence of the hydrogen permeation and local accumulation in the
contacts and represents an extra challenge for tribological parts in fuel cells that are

normally subjected to high stresses.

In a hydrogen atmosphere, the RCF life of rolling element bearings was reported to
decrease with increasing concentration of hydrogen permeated into the bulk material.
Higher operating temperatures lead to increased concentrations of hydrogen, which infer
that high-temperature operating bearings, as found in wind turbine gearboxes, are more
affected. For this reason, some research studies recommend that the lubricant temperature
in wind turbine gearboxes be maintained below 75 - 90°C to reduce hydrogen permeation
and extend bearing life [212-214].

2.4.5 Reducing embrittlement in high-strength steels

The process of HE is largely influenced by the microstructure of the material and the
operating conditions, but only begins with the absorption of atomic hydrogen in the metal
component. A large number of studies have focused on measuring the amount and type
of hydrogen present in the material at the time of failure in order to understand the

mechanism and propose ways of reducing the concentration of hydrogen.

The main techniques developed for the measurement of hydrogen concentration are
based on heating or melting the sample and analysing the properties of the desorbed gases:

mass, thermal conductivity, IR vibrations or neutron scattering.

Thermal desorption spectroscopy (TDS) is a very efficient way of quantifying the

presence of hydrogen in a material. The technique is performed by heating the sample
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under a constant heating rate in order to induce desorption of all gaseous species, which
are then analysed by a mass spectrometer. By recording the temperature during the
analysis, TDS also allows the measurement of the adsorption energy of hydrogen in the
material. Therefore, it is possible to determine the type of traps/defects that are
responsible for HE in a certain sample. This is done by heating the samples with different
heating rates, causing hydrogen to diffuse with different speeds, giving an indication of
the bonding energy of atoms [215-220].

The concentration of internal hydrogen in steel can usually be kept to a minimum by
carefully manufacturing and treating the material prior to service: using vacuum melting
techniques, gas/flux shielded welding, pickling (acid cleaning) with weaker acids or in
combination with inhibitors, baking etc.

The generation of environmental hydrogen is linked to the operating conditions and
may sometimes be more difficult to prevent, but several solutions have been proposed in

the literature, as detailed below.
Steel composition

Steels with a tensile strength below 1040 MPa are generally not affected by HE.
Steels with a carbon content between 0.4 and 0.8 % C are less susceptible to embrittlement
[203, 221-223], although such steels have lower strength and their mechanical properties
are inferior (i.e. reduced load bearing capacity).

A higher chromium content in the steel can also offer resistance against hydrogen
permeation due to the formation of chromium oxides that passivate the surface (i.e. fewer
‘nascent surfaces’ are exposed, leading to a smaller amount of atomic hydrogen generated
in the contact). Stainless steel (>10.5 %Cr) has a longer RCF life [148, 192-194, 224,
225], but in some cases a large amount of adhesive wear is observed (the high adhesive
nature of stainless steel leads to the failure of a percentage of components), making this
steel unsuitable for applications where direct contact cannot be eliminated (e.g. contacts
operating in the mixed lubrication regime) [148].

The use of metal coatings

One possible solution is to use a coating able to reduce the permeation of hydrogen
atoms. Previous research showed that a thin layer of nickel electrodeposited on the steel
substrate can effectively reduce hydrogen permeation due to its very small coefficient of
hydrogen diffusion as compared to the coefficient of diffusion through steel [64]. A

number of other sacrificial coatings have been proposed [195] and although hydrogen
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embrittlement was reduced for steel immersed in aqueous solutions, tribological tests

have not been conducted to verify the properties of the coatings.

However, there are a number of drawbacks associated with coatings. Most of them
are only effective in dry conditions due their different chemical affinity for the additives
in oil (i.e. lubricant additives may be less reactive towards the coating than to the steel
surface). Additionally, coatings might not have the mechanical properties required for the
contact (i.e. they may deform/crack). Furthermore, the coatings may interfere with the
steel baking — the electrodeposition process introduces internal hydrogen in the steel
which must be removed through baking, but the coating may hinder the desorption of

hydrogen atoms [62].
Case carburising

A reduced wear rate of the materials can influence HE by delaying the formation of
active catalytic sites available to generate atomic hydrogen. Better wear resistance was
reported for case carburised steels along with a small improvement in RCF life, though
the process was not recommended as a robust solution to embrittlement due to its costly
and lengthy nature [203, 221, 226, 227].

The use of passivators and conventional antiwear additives

Steels are normally covered in thin oxide films, but they are removed during
operation and fresh metal sites are generated that act as catalysts for the decomposition
of water/oil molecules and the generation of atomic hydrogen. Previous studies have
investigated the possibility of using a range of oils and additives to reduce hydrogen

generation and permeation into the steel and to increase the life of the material.

The mechanism involves the deactivation of the catalytic action of fresh steel
surfaces formed during sliding and can be achieved with the use of lubricant additives
which chemically interact with the ‘nascent surfaces’. There are two types of additives
capable of reducing hydrogen permeation into steel: passivators (by quickly oxidizing the
fresh surfaces) and AW/EP additives (by forming sacrificial phosphate and sulphide

tribofilms to reduce wear and the occurrence of catalytic sites) [148, 188, 189, 228].

The amount of hydrogen generated in vacuum conditions by various types of base
oils employed to lubricate a ball-on-disc sliding test was found to be proportional to the
wear width measured at the end of the test and therefore depends on the lubricity of the
oil [188]. The addition of antiwear additives such as MoDTC and ZnDTC in the base oils

can reduce the hydrogen concentration in the substrate by as much as 50 %, due to the
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rapid generation of a thick chemical tribofilm, which produced smaller wear tracks [148].
Passivators such as sodium nitrite (NaNOz) can have an even greater effect on the
hydrogen permeation, reducing it by two thirds compared to the base oil. However, its
antiwear properties are less effective and its use results in increased wear. Furthermore,
it is known to react with amines to form carcinogenic nitrosoamines [148]. Another
passivator used was potassium molybdate (K2MoOs), which is also a good AW additive
due to the presence of Mo in the molecule [188]. Consequently, both wear and hydrogen

permeation were reduced as compared to the base oil.

Steels treated with black oxide have a soft, thin layer (up to ~ 2 um) of passivating
oxides (mixed iron oxides) that offers corrosion protection and higher resistance to wear
[203, 226]. This layer is soft and is slowly removed from the surface over time, but it has

been shown to reduce HE and prolong RCF life.

Initially, it was suspected that a large amount of hydrogen is also absorbed outside
the track during operation. However, AW additives (such as ZDDP) easily react in the
contact due to the high pressures between asperities, producing characteristic tribofilms,
and were found to increase RCF life, suggesting that the generation of atomic hydrogen
at fresh catalytic sites on the wear track is the main cause for the onset of HE, while
hydrogen absorption outside the track is negligible. The drawback of conventional AW
additives resides in the fact that film generation usually requires elevated temperatures
(at least 60°C) and an initial running-in period (ZDDP films start growing immediately
but depending on running conditions, they require 20-30 minutes to reach their average
thickness) [8, 148, 188, 189].

The use of nanoparticle antiwear additives

NPs with AW/EP properties can be used as lubricant additives for the same effect.
NPs can easily penetrate the contact due to their small size and react with the nascent
metal surface on the wear track to generate a comparable tribofilm, capable of preventing
the formation of hydrogen atoms and their permeation into the substrate [23]. From the
myriad of potential nanoadditives, boron and molybdenum disulphide based NPs were
shown to generate thick durable films and smooth tracks and have excellent wear and
friction behaviour [92, 229]. Due to these favourable properties they have been proposed
as promising candidate additives for wind turbine applications [230].

Amongst lubricant nanoadditives, WS> NPs have numerous advantageous properties
[36, 92, 164, 166], but the most important for applications affected by hydrogen

embrittlement is their recently discovered ability to react with the steel substrate in high-
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pressure, high-temperature contacts and form a protective chemical film, as discussed in
the experimental sections. The complex structure and composition of this tribofilm
provides them with an excellent ability to decrease friction in the boundary regime and
great antiwear and extreme pressure properties. The former is due to the presence of a top
layer of unreacted WS, NP sheets, while the latter is explained by the presence of
elemental tungsten and tungsten oxide in the tribofilm, which enhance its hardness and
elastic modulus values (Section 4.5.3). The presence of the complex WS, tribofilm has
the potential to reduce the permeation of hydrogen in steel and reduce its detrimental
effect on the properties of the material, similarly to other AW additives. As noted earlier,
the diffusion coefficient of hydrogen through steel decreases with the increase of tungsten
content [199] and therefore, the presence of tungsten compounds in the tribofilm offers
an additional advantage. Furthermore, WS, NPs do not require a running-in period,
because the NPs can cover the steel surface and prevent local contact. This process is

responsible for their FM properties and is not temperature dependent.

24.6 Summary

Hydrogen damage is an important phenomenon in tribological components and is
generally agreed to depend on three factors: material susceptibility to HD due to the
microstructure, stress due to loading conditions and the presence of hydrogen in the

material.

Hydrogen is introduced in steel during both production and operation and it is
confined at low-energy locations known as traps. The bonding strength of the different
traps affects the diffusion of hydrogen atoms towards regions of high stress, where it

eventually initiates HD.

High-strength bearing steel is known to be susceptible to HE. Embrittlement is a most
complex process which requires the presence of diffusible atomic hydrogen in the region
of high stress. TDS is a useful technique to measure the hydrogen concentration in the
material and many studies are currently trying to elucidate the mechanism of HE in order

to provide practical solutions to hydrogen permeation and the initiation of HD.

In rolling element bearings, a large amount of hydrogen responsible for HE is
generated by the decomposition of lubricant molecules on the catalytic metal surface. The

use of AW/EP additives is an effective way of reducing hydrogen permeation by
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deactivating the ‘nascent surfaces’ generated during sliding. WS> nanoadditives show

many beneficial properties that recommend them for use in rolling element lubrication.

In view of the facts presented above, a part of this study will investigate the ability
of WS nanoadditives to reduce the concentration of permeated hydrogen in rolling
element bearings operating in high temperature and pressure conditions. Rolling contact
tests were conducted using WS> nanoadditives in polyalphaolefin (PAO) base oil and the
concentration of hydrogen in the samples at the end of tests was measured by TDS. The
mechanism of action of WS nanoadditives was investigated by performing surface
analysis on the rolling tracks using optical profilometry, X-ray photoelectron

spectroscopy (XPS) and Auger electron spectroscopy (AES).
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2.5 NANOPARTICLE COLLOIDS

2.5.1 Introduction

Nanoparticles (NPs) are typically described as objects with a size range of 1 to 100
nm. As an exception, single molecules are generally not considered NPs [231]. At this
small scale, the properties of NPs are very different in comparison to the corresponding
bulk materials. NPs come in a great chemical diversity (metals, oxides, polymers, organic

compounds etc.) and have various shapes (spheres, discs, cylinders etc.).

Although NPs have been studied in detail only recently, their properties have been
observed and exploited for a very long time. Ancient Egyptians used lead salts in hair-
dyeing recipes over 4000 years ago. During the process, lead sulphide NPs were formed
and interacted with amino acids of hair keratin [232]. Metal NPs (gold and silver) have
been used for centuries to imprint a metallic glitter to pottery [233]. In the Middle Ages
craftsmen mastered the technique required to fabricate stained glass by using small
amounts of metal and metal salt NPs and by controlling their size [234]. NPs also have an
important role in influencing the climate. In the atmosphere, NPs are responsible for the
formation of cloud drops and rain by acting as nucleation centres for water molecules

(water is unlikely to form droplets without them) [230].

Solid particles form aerosols when dispersed in air (e.g. fog, smoke) and colloids
when dispersed in a liquid (e.g. muds). In colloidal form, particles are prone to
aggregation and sedimentation. In order to use solid NPs such as 2H-WS; as lubricant
additives, they must form stable colloids. NPs have a high specific surface area and
therefore very large surface energy. This makes them thermodynamically unstable in
fluids. To avoid agglomeration, various approaches have been used to functionalize NPs

and reduce their surface energy.

This section describes the factors involved in the stability of NPs in liquids and
discusses the main stabilization methods suitable for 2H-WS;. A variant of these methods
was used to obtain stable dispersions of 2H-WS, NPs in PAO base oil in this study.
However, these experimental results are not presented in the thesis, as they are currently

being considered for patent submission.
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2.5.2 Physical chemistry of NPs

The most distinctive feature of nanoscale materials is their very small size, which
implies that a large proportion of the atoms are present on the surface layer as opposed to
bulk materials, conferring on them a large surface area per unit volume [234]. This feature
is responsible for many special physical and chemical properties displayed by NPs. The
most important features related to the use of NP additives in oils are the particle size,

mechanical properties, specific surface area and surface tension.

Particle size is correlated with the ability of NPs to infiltrate contact asperities. In
practical applications, a powder will usually contain particles of various shapes and
dimensions. Therefore, the most common measured properties are the mean particle size
and particle size distribution. The size of the WS NPs used in this study is characterized
by dynamic light scattering and electron microscopy techniques, as discussed in Section
3.2.1.

Mechanical properties such as strength and hardness are notably higher for NPs,
even reaching theoretical limits, which are one-two orders of magnitude higher than for
crystals in bulk form. This can be explained by two factors: a) the higher compactness of
the material, i.e. due to the forces acting inwardly on the surface, the bond length between
surface and interior atoms is smaller. In a bulk particle, this difference is insignificant,
but in a nanoparticle, where many atoms are part of the surface, this effect is important
enough to influence the material properties [234]; b) the reduced probability of defects in
the structure, i.e. dislocations and impurity precipitates are less likely to be found in a
small NP [31]. Soft materials such as WS, NPs can benefit from increased mechanical

properties when they are employed in tribological applications.

Specific surface area (Sw) represents the surface area divided by the volume it
encompasses. Surface atoms are obviously more active than those inside the bulk material,
as they have at least one free side. As the Sy of a particle increases, so does the proportion
of atoms present at the surface and thus the particles are more reactive [31, 234]). This is
illustrated in Table 2.2, which shows how the fraction of surface atoms changes with the
size of the particle. This implies that NPs are much more reactive than bulk materials and
have a higher affinity for adsorption on substrates. Therefore, NPs used as lubricant
additives are more likely to generate a tribofilm on steel as compared to other solid

additives (e.g. micro sized powders).
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Table 2.2 Fraction of surface atoms for differently sized particles [234]

Atoms in a Atoms at the Total number  Fraction of surface
side surface of atoms atoms (%)
2 8 8 100
3 26 27 97
4 56 64 87.5
5 98 125 78.5
10 488 103 48.8
100 58,800 106 5.88
1,000 ~6 x 106 10° ~0.6
10,000 ~6 x 108 10%2 ~0.06
100,000 ~6 x 10% 105 ~0.006

Surface tension is the free energy per unit of surface area (at

constant temperature and pressure) [31, 235-237]. This energy is
the result of the unbalanced action of the forces that act on surface
and interior atoms. Figure 2.23 illustrates the interatomic forces
that exist between atoms at different locations in a NP. Atoms
present at the surface are subject to an inwardly directed force,
which tends to minimize the surface area. As the surface area
shrinks, the free energy decreases. Table 2.3 presents the surface

tension for some materials in normal conditions (unless stated

Figure 2.23 Forces
acting on surface and
interior atoms

[adapted from 238]

otherwise). WS, NPs have a large surface tension, which explains the difficulty of

functionalizing and dispersing them in fluids.

Table 2.3 Surface tension of common materials in air [236, 239]

Substance Surface tension (mN/m)
Glass (solid) 2000-4000
Ag (solid) 450
NaCl (solid) 300
PTFE (solid) 20
Water (liquid) 72
Acetone (liquid) 23.7
Neon (liquid, -247°C) 5
WS, ~70 (estimated, [240, 241])
WS, NPs >250 (estimated [242, 243])
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2.5.3 Colloidal stability

2.5.3.1 Colloids

A colloid is a dispersion of particles in another material that does not settle under
gravity [31-34]. Colloids consist of a dispersed phase (i.e. NPs) and a continuous phase
(i.e. fluid). There are several types of colloids: sols, aerosols, emulsions and foams.
Colloids are also classified according to their affinity towards the fluid as lyophilic (fluid
attracting/wettable) and lyophobic (fluid repelling/non-wettable). Particularly, when the

fluid is water, the terms used are hydrophilic and hydrophobic.

—— without stabilization

A 1t
Transition state —— lower energy initial state

—— higher energy transition state
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Free energy
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Figure 2.24 Energetic path of colloid collapse

As discussed in Section 2.5.2, nanoparticles have a large specific surface area and
thus have higher surface free energy than the bulk material. A simple way of depicting
the surface free energy is by looking at the energy state of individual atoms. Due to
physical/chemical interactions, an atom in contact with a ‘neighbour’ is in a lower energy
state. As a consequence, surface atoms (which have fewer ‘neighbours”) possess higher
energy and any system will tend to minimize the overall energy by reducing the number
of such high-energy atoms (i.e. decreasing the surface area). This makes nanoparticle
colloids thermodynamically unstable and gives them a tendency to collapse (aggregate
and sediment). The key to the survival of a colloid is in its collapse kinetics. Various
interactions exist between the particles in a colloid and the sum of these interactions may
render the colloid kinetically non-labile: Figure 2.24 shows a system in a temporary stable
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state A, which cannot undergo the change to the agglomerated state B without energetic
interference (AG) from outside the system (e.g. higher Kinetic energy of particles due to
higher temperatures) [33].

As can be seen in the figure, there are ways of altering the stability of the colloid,
either by increasing the energy of the transition state (i.e. the activation energy required
to overcome any repulsive forces and reach a transition state) or by changing the surface
free energy (the initial energy state of the system). These methods are defined as
electrostatic and steric stabilization and are discussed in detail in Section 2.5.3.4. They
both rely on increasing the potential energy of particle interaction (AG) and therefore, a
basic description of the interactions between atoms and NPs in colloids is presented in
Sections 2.5.3.2 and 2.5.3.3.

2.5.3.2 Interactions between atoms and NPs

There are two distinct types of interactions: strong chemical bonds (ionic, covalent
and metallic) and intermolecular forces. Because NP colloids are dispersed in a liquid (i.e.
the dispersion phase is composed of fluid molecules), this section will focus on

intermolecular forces: hydrogen bonds and Van der Waals interactions.

The hydrogen bond is an electrostatic attraction between the lone electron pair of a
small-radius electronegative atom and a hydrogen atom bonded to another electronegative
atom [236]. It is represented as A—H---B and is usually encountered for nitrogen-, oxygen-
and fluorine-containing molecules. Group V oils such as PPGs have a large number of
hydroxyl groups and can display hydrogen bonding with NPs containing polar atoms (e.g.

oxygen) in their structure. Their strength is usually much weaker than chemical bonds.

Van der Waals interactions are weak, universal forces (i.e. they act between all
molecules) manifested as various types of attractions or repulsions. The main
contributions are the Keesom interaction, the Debye force, London forces and the
Coulomb repulsions resulting from Pauli’s exclusion principle. These interactions are
based on the polarization of molecules by means of an external electric field or other
induced dipoles. In a NP/oil colloid, all oil molecules will interact with the NPs via Van
der Waals interactions.

Dipole-dipole interactions (also known as Keesom interactions) occur between pairs

of polar molecules. They are attractive forces generated by the relative orientation of a
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molecule in the electric field generated by its pair. Dipole-induced-dipole interactions
occur when a polar molecule induces polarization of a neighbouring nonpolar molecule.
The dipoles then interact and are attracted to each other. This effect is also known as the
Debye force and is much weaker than the Keesom interaction. Induced-dipole-induced-
dipole interactions are the most general type of interactions and occur between all
molecules, regardless of the dipole moment they possess. They are also called London
dispersion forces and are usually the main contribution to Van der Waals interactions.
Electrons constantly change their position around the nucleus and create small
fluctuations in the electric dipole moment. This creates an electric field that polarizes
other nearby molecules. Although weaker than chemical bonds, London forces are
ubiquitous and grow in strength with the molecule size and polarizability (the ability of a

molecule to suffer a redistribution of electrons) [235].

An important observation is that molecules tend to interact more strongly if they have
similar electronic properties. Whether by hydrogen bonding, dipole-dipole interactions or
London dispersion forces, the energy state of molecules is lower in like-environments.
Therefore, nonpolar dispersion media such as oils prefer NPs covered in nonpolar
surfaces [31, 244-246], and the interaction between them is represented by a larger AG,

which facilitates dispersion as described before in Figure 2.24.

Van der Waals interactions and the Brownian motion of NPs in the oil are responsible
for agglomeration. However, the strength of the VVan der Waals interactions between two
NPs decreases very quickly with increasing distance and therefore, colloidal stability can

still be induced.

2.5.3.3 Colloidal stability of NPs

The presence of NPs in a colloid is thermodynamically unfavoured compared to a
bulk material due to their high specific surface area. Van der Waals interactions also act
as attractive forces between particles. Therefore, NPs in colloids have a tendency to

aggregate and sediment under gravity (Figure 2.25) [31, 33].

Aggregation is the process of clustering of NPs in the colloid, either spontaneously
or induced intentionally by addition of clarifying agents. Sedimentation is the tendency
of NPs to settle out of the colloid, usually under the influence of gravity, but can also be

induced by external forces, such as centrifugal acceleration or electromagnetism. The size
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of the NPs is directly linked to the sedimentation process, as larger (heavier) NPs will
sediment faster. Therefore, the formation of large aggregates facilitates sedimentation and
the collapse of the colloid.

Aggregation  Sedimentation
1 1

s

Figure 2.25 Aggregation and sedimentation of a colloid [adapted from 247]

The size of NPs may also be susceptible to change due to their high surface energy.
Ostwald ripening is the spontaneous process of particle growth at the expense of the
smallest particles in the colloid. This is thermodynamically-driven by the greater stability
of larger particles. Small particles have a larger specific surface area and thus higher
diffusion rates. This leads to the dissolution of material and redeposition on the larger
particles (Figure 2.26). After sufficient time, only large crystals/NPs are obtained.
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Figure 2.26 Ostwald ripening of NPs

As discussed above, there are many factors that contribute to the thermodynamic
instability of a colloid. However, if the kinetics of these factors are unfavourable, the
colloid can be kinetically non-labile (i.e. aggregation can be obstructed). One of the major

reasons for this is the presence of an electrical double layer around charged particles.

Most surfaces have an electric charge which determines the clustering of oppositely
charged ions (counterions) nearby. Figure 2.27 (b) shows a particle with an ionic
atmosphere composed of two parallel layers. The first layer (the Stern layer) is fairly
immobile and contains the closest ions to the particle. The slipping plane (still rich in ions
compared to the bulk solution) is held by electrostatic forces and moves as part of the
particle. The particle itself will thus interact with the environment through this
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encompassing double layer. The variation of the electric potential in the ionic atmosphere
is shown in Figure 2.27 (a). The electric potential at the boundary of the electrical double

layer relative to the bulk fluid is called the zeta potential (§).
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Figure 2.27 Electrical double layer around a NP in solution [adapted from 248]

The DLVO theory (developed by Derjaguin, Landau, Verwey and Overbeek)
proposes that the stability of particles in a colloid is due to the balancing effect of the
attractive Van der Waals interactions and the repulsive interaction between the charges
of the electric double layers. Energetic barriers must be overcome by particles in order to
approach sufficiently and to achieve a thermodynamically stable state (aggregation), as
presented before in Figure 2.24. Figure 2.28 (a) shows the change in potential energy as
two particles approach. A net potential is generated from the combination of Van der
Waals and electrostatic forces, with a maximum AG energy required for agglomeration.
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Figure 2.28 a) Potential energy of NP interaction, b) Potential energy of NP
interaction at high ionic strengths [adapted from 249]

At high ionic strengths (many charged ions present in the solution), the electric
interactions between particles are somewhat masked and the potential shows a second

minimum energy state (Figure 2.28 (b)). This state is called flocculation and represents a
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weak form of particle aggregation. Flocculated particles can usually be dispersed by

simple agitation.

The primary minimum energy state is called coagulation and it is the irreversible
aggregation of particles in a colloid. When two particles collide with sufficient energy
(particles are in constant motion in a fluid due to the Brownian motion), the repulsive
force created by the double layer is surpassed and aggregation occurs. The  potential is
a direct indication of the strength of the repulsive force between particles. Potentials of
over + 30 mV are considered high and usually confer colloidal stability [250].

2.5.3.4 Stabilization of NP colloids

There are two main mechanisms by which the natural stability of a NP colloid in oil
can be improved: electrostatic stabilization and steric stabilization. Both methods
involve the functionalization of the surface of the NPs, i.e. the chemical modification of
the surface layer in order to obtain specific characteristics (in this case lower surface
energy, higher zeta potential and compatibility with the base oil). Surfactants are often
used in the process and in lubrication, it is paramount that their selection is achieved in
such a way that they would also be compatible with the lubricated surfaces.

Surfactants are chemical compounds that can reduce the interfacial tension of
fluids/surfaces. They are usually amphiphilic organic molecules capable of adsorbing at
interfaces. An amphiphilic molecule has both a hydrophilic/oleophobic and a
hydrophobic/oleophilic group. This allows them to interact with both polar and nonpolar
fluids/NPs.

Surfactants are classified as ionic or non-ionic, depending on the presence of a charge
in the polar group. lonic surfactants are further divided into anionic (contain anions),
cationic (contain cations) and amphoteric (contain both charges). The hydrophobic group
is a long hydrocarbon chain and may be linear, branched or aromatic.

Good interactions between surfactant molecules and the dispersion medium are
restricted to either hydrophobic or hydrophilic groups (depending on the polarity of the
fluid). Surfactants therefore dissolve in a fluid in small amounts, but at a certain
concentration (specific to each surfactant), the free energy of the system increases so

much that surfactant molecules unite to form micelles (Figure 2.29).
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Figure 2.29 Formation of micelles by gradually increasing
surfactant concentration [adapted from 251]

A micelle is a cluster of molecules formed by surfactants in order to reduce the
overall free energy of the system. In a nonpolar solvent (e.g. oil) molecules will orientate
with the nonpolar chains towards the solvent, while the polar groups are protected inside
the micelle. This arrangement can loosely be used to imagine the functionalization of NPs,
where surfactant molecules are attracted to the surface of NPs. An improvement of the
stability of the colloid can be obtained if the adequate surfactant is chosen for the specific

combination of NP surface charge and solvent.
Electrostatic stabilization

Electrostatic stabilization relies on increasing the Coulomb interactions between the
electrical double layers of particles. This increases the amount of free energy (AG)
required by two colliding particles in order to enter the well of minimum potential energy
(aggregation), as presented in Figure 2.28 (a).

Electrostatic repulsions

Figure 2.30 Electrostatic stabilization [adapted from 249]

This effect is obtained by increasing the { potential of the dispersed particles and
therefore the strength of the ionic atmosphere (e.g. Figure 2.30 shows the interaction
between two negatively charged NPs). Some compounds (usually metals) form oxide or
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hydroxide surface films in an oxygen rich atmosphere. This increases the polarity of the

surface and may improve the stability of the colloid.

It should be noted though, that this mechanism relies on the kinetic properties of the
process — if aggregation does occur, redispersion of particles is practically very difficult
(as shown in Figure 2.28 (a), two aggregated particles must possess very large energy to
exit the deep energy well associated with their state). Furthermore, the dispersed particles
are sensitive to the addition of other ions to the colloidal system, i.e. NPs in high ionic

strength solutions can undergo flocculation.

Electrostatic stabilization can also be employed in nonpolar fluids such as oils, as
long as an adequate amphiphilic surfactant is used to shield the polar/charged surfaces
from the oil molecules [31, 92, 252, 253].

Steric stabilization

Steric stabilization consists of the addition of surfactants (usually non-ionic) onto the
particle surface. This is done to prevent the NPs from getting close enough for Van der

Waals interactions to become dominant (as can be seen in Figure 2.31) [31].

Steric repulsions

Figure 2.31 Steric stabilization [adapted from 249]

There are several requirements for good steric stabilization:

- The surfactant must be soluble in the dispersion medium

- The surfactant should adsorb or anchor itself (react) on the particle surface easily

- Adequate coverage of the particle must be obtained (little coverage leads to
interpenetration of surfactant molecules on different particles and Van der Walls

forces between the surfactant molecules will usually help aggregation)
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Steric stabilization influences the thermodynamic parameters of aggregation, i.e. it
decreases the free energy (AG) associated with the particle surface (A' in Figure 2.24). If
carried out correctly, it has several advantages: high concentrations can be achieved, the

particles are redispersible and are not sensitive to ions in the colloid.

When a combination of both electrostatic and steric stabilization methods are used,
the mechanism is referred to as electrosteric stabilization. NPs are covered in a surfactant
layer, but also possess an electric charge, and so may benefit from enhanced repulsive

interactions (as shown schematically in Figure 2.32) [31, 253].

Electrostatic and
steric repulsions

Figure 2.32 Electrosteric stabilization [adapted from 254]

These methods are the basis for the few literature studies that have attempted to
functionalize WS, NPs in base oils.

2.5.4 Functionalization of WS2 NPs

Functionalization requirements

Metal dichalcogenide NPs such as 2H-WS; and IF-WS; have already been shown to
be very good dry lubricants [9, 29, 30, 83-88]. However, when used as lubricant

nanoadditives, the NPs must simultaneously fulfil three main requirements:

v" Reduce friction and wear in the contact (i.e. WSz NPs should be attracted to the
lubricated surfaces)
v" Show good dispersability and stability in oils to maintain a long-term tribological

effectiveness. To achieve this, the WS, NP dispersions must have low mean particle
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sizes, narrow size distributions and their surface must be functionalized to avoid
agglomeration and sedimentation
v The functionalization process must not interfere with the ability of the WS> NPs to

interact with the metal surface (i.e. to be attracted onto the wear track)

To achieve these requirements the surface chemistry of the nanoadditives must be
carefully designed. This section discusses the methods used in the literature for the
functionalization of WS, NPs, along with their main advantages and drawbacks.

Previous work on WS; functionalization

Nanoparticle colloids are mainly obtained by a) dispersing the NP powder in an

appropriate fluid or by b) synthesizing the NPs directly in the solution.

a) The functionalization of NPs with a surfactant is usually required in the former
case. Dispersion of NPs in the desired medium is then obtained by shaking, mixing
or high shear mixing. The advantage of this method is that it can be applied to
NPs in a powder form, but the dispersion of the functionalized NPs may be more
difficult to achieve. In the case of WSy, the surface of the NPs has proven to be
particularly difficult to modify, as the intra-layer interactions between S and W
atoms are very strong and the outer sulphide layer does not interact with
surfactants.

b) The synthesis of functionalized NPs directly in the solvent is a more complex
process. The surfactant must be selected prior to the synthesis in such a way that
it does not interact with the reactants and must be able to adhere to the surface of
the NPs being produced. On the other hand, once obtained, the NPs are already
dispersed in the colloid. Some of the common ways of achieving this are by
homogenous nucleation in a solvent (thermodynamic control) and microemulsion
(kinetic control).

Very few methods have been employed in the literature to achieve the

functionalization of WS> NPs and each has limitations. A brief review of these studies is

presented below.

a) Coating with alkyl silanes has previously been a popular method for other types
of NPs. Therefore, one study investigated the ability of C6-C18 alkyl silanes to disperse
IF-WS2 NPs in non-polar oils [255]. It was suggested that the silane molecules attach to
the NPs at the structural defects present on the IF particles, where the full coordination
between the S and W atoms is not achieved. The study used the average size of the

agglomerates to calculate the number of IF-WS, NPs present in large particles, showing
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that it decreases from ~1600 particles for the uncoated NPs to ~340 and ~150 for C12-
and C18-functionalized NPs. The sedimentation time of the dispersions was also
increased, with the biggest improvement found to be for the C12 silane (by a factor of 5).
The main disadvantage of this method is that the IF-WS, NPs are still agglomerated and
have a large average size between 350 and 600 nm.

b) Trioctylamine — [CH3(CH2)7]sN — is a popular surfactant and has also been used
to coat IF-WS> NPs [37]. The NPs in this study were synthesized using a solvothermal
process in pyridine and they were found to maintain their tribological properties after
testing. However, the stability of the NP dispersions, which have an average size of ~200
nm, was not investigated with time. Furthermore, the quality of the product obtained is
difficult to assess since the resolution of the XPS data presented is poor (the intensity of
the signals presented in the spectra are masked by the background noise). This method
also uses pyridine, which is a very toxic solvent.

¢) Methyltrioctylammonium chloride — [CH3(CH2)7]sN(CH3)CI — is another
surfactant employed to functionalize IF-WS; NPs in the range of 200 nm, prepared
through the same solvothermal process [38]. Dispersions in liquid paraffin were analysed
and a positive effect was observed on the samples, but its magnitude was not quantified
in the paper. Moreover, the XPS data retrieved is again inconclusive. The intensity of the
signals in the spectra is similar to the background noise, making it difficult to draw
conclusions as to the benefit of this surfactant.

d) A novel approach involved the
docking of a transitional metal cation with
high sulphur affinity (e.g. Ni?*) to the
outer sulphide layer of the NP and to a
‘capping ligand’. The nickel ion was used
as a binding agent between the NPs and a
functionalized polymer matrix.
Nitrilotriacetic acid (NTA) played the role

of an anchor, with the carboxylic groups

orientated around the Ni®* ion, as
Figure 2.33 Ni?* atom chelated by NTA

portrayed schematically in Figure 2.33.
[adapted from 256]

The metal ion is able to form covalent

coordinative bonds with the sulphur atoms on the NPs. As a result, the dispersed polymer
matrix can attach the umbrella-type chelating agent NTA on different sites on the NPs,
keeping them dispersed.
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This method was used to functionalize WS, nanotubes for biological applications
[257, 258]. Its drawbacks are the requirement of costly ligand molecules (involved in a
multitude of elaborate steps) and the likelihood of the complex chelating agents and
soluble polymer matrix suffering degradation in tribological applications, which normally

involve high temperature and stress conditions.

255 Summary

NPs are small objects (1 — 100 nm) with different properties relative to the bulk
material. These are a consequence of their small size, very large specific surface area and
large proportion of higher-energy active atoms located at the surface.

Colloids are dispersions of particles in a fluid dispersion medium and applications
using them rely on the stability of the system. However, when NPs are dispersed in a
colloid, attractive Van der Waals forces act towards the agglomeration and subsequent
sedimentation of the particles. The stabilization of colloids can usually be performed by
increasing the € potential at the surface of the particles (electrostatic stabilization) or by

coating NPs with surfactants that impede aggregation (steric stabilization).

The functionalization of WS; is particularly difficult to achieve due to the inactive
nature of the outer sulphide layer of the NPs. There are few successful attempts described
in the literature, with various disadvantages related to their application in tribological
contacts, such as the toxicity of some reactants, the use of complex and expensive
materials which may degrade in the contact, the scarcity of anchoring points for

surfactants on the surface of NPs etc.

These observations indicate that the stable dispersion of WS> NPs in oils can only be
achieved by using a combined approach that employs both steric and electrostatic
stabilization principles, while using organic molecules compatible with the tribological
application. However, the experimental results which describe the successful dispersion
of 2H-WS; NPs in PAO base oil are currently being prepared for a patent application and
are not described in the experimental sections of the thesis.
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26  CONCLUSIONS

Increased interest has been shown for the development of new, efficient and
affordable lubricants, in order to replace current available technologies, which have
environmental shortfalls. In this context, WSz NPs have the potential to become
successful nanoadditives in lubricants and tribological coatings, capable of delivering an

improved performance with reduced cost to the environment.

WS> NPs have very good tribological properties and their use as nanoadditives in
lubricants has been attempted by a large number of studies in the literature. However,

their mechanism of action is not fully understood and a thorough study is necessary.

The nanoadditive has been mainly studied at low temperatures and the general view
is that WS, NPs reduce friction in a tribological contact by rolling (IF-WS3) or exfoliating
under high stress (IF- and 2H-WSy), producing a film of layered sheets which have low
shear strength. However, their chemical nature indicates that WS, NPs could also display
properties similar to EP/AW additives such as ZDDP. This behaviour involves a chemical
reaction with the steel substrate and the generation of a sacrificial chemical film in high-

temperature and high-pressure conditions.

The tribofilm generated by WS> NPs is similar to those generated by AW/EP
additives, but can also have a positive effect on reducing the hydrogen permeation
observed in bearing applications, which leads to hydrogen embrittlement. The action of
WS is similar to that of passivator molecules, which have been used in the past to
generate a remarkably similar protective film on the steel surfaces. Therefore, the use of
WS, NPs may reduce the amount of hydrogen in the material and the corresponding

damage incurred.

The literature review has identified areas where further research is required. Thus the
following studies were undertaken and are described in the experimental sections of the

thesis as follows.

The first part of the experimental research (Chapter 4) concentrates on testing the
tribological properties of WS, NPs and understanding their mechanism of action. The
study focused on 2H-WS; rather than IF-WS2 NPs because the layered structure enables
them to exfoliate more easily under shear and react with the wear track. 2H-WS, NPs are
also easier to functionalize and thus can form stable dispersions. Temperature is expected

to play a major role in the chemical reactions with the steel surface and therefore, the tests
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are performed at both low and high temperatures (i.e. 40 and 100°C). The effect of the
polarity of the base oil is also investigated, as recent studies show lubricant components
can compete for adsorption/reaction on the surface in the tribological contact. A

comparison with IF-WS; and IF-WSe2 NPs is also made.

The second part of the experimental research (Chapter 5) studies the ability of 2H-
WS; NPs to compete with currently used oil additives. ZDDP is the most popular AW
additive and is used together with a FM to reduce wear and friction in the contact. The
tribofilms generated by these additives are investigated in order to enable a better

understanding of the excellent properties displayed by 2H-WS; NPs.

The third part of the experimental research (Chapter 6) investigates the ability of the
chemical tribofilm generated by 2H-WS; NPs to reduce the permeation of hydrogen in
high-strength bearing steel. The amount of hydrogen in race/disc samples obtained in
rolling contact tests has been quantified using thermal desorption spectroscopy. The
tribofilms were analysed with XPS and Auger spectroscopy to determine the main factors
responsible for the lower permeation of hydrogen in steel when using 2H-WS; additives.

The functionalization of the surface of the WS> NPs is required to generate stable
dispersions which can be employed in tribological applications. The dispersion of 2H-
WS, NPs has been successfully achieved and is currently being prepared for a patent
application.
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3. MATERIALS AND METHODOLOGY

In order to understand the mechanism of action of WS, nanoadditives in lubricants,
it is necessary to characterize the NPs, the colloids and the wear tracks and tribofilms that
may be generated when using them. A large variety of techniques were used to investigate
the physical and chemical properties of the nanoadditives and the mechanical properties
of the tribofilms. This chapter discusses the materials and techniques used throughout this

study.

3.1 Materials

The 2H-WS> NPs were purchased from M K IMPEX Canada as a silvery-grey
powder with a stated average size of 90 nm. The IF-WS; and IF-WSez NPs were supplied
by Dr Ekaterina Vasilyeva from the Saint-Petersburg State Polytechnical University and
are black powders with a stated average size of 20-70 and <40 nm respectively.

Two types of base oils were used in this study. SpectraSyn Plus™ 6 is a
polyalphaolefin (PAO) and was used asa nonpolar base oil. UCON™ [B-165 is
polypropylene glycol-based (PPG) and is a polar base oil. The physical properties of the
two base oils are presented in Table 3.1. The performance of WS; in steel contacts is
expected to be superior in PAO, because the nonpolar nature of the base oil avoids any

competition with the additive for adsorption/reaction on the lubricated metal surface.

Table 3.1 Base oil properties

Density [kg/m3] Viscosity (40°C) [cSt] | Viscosity (100°C) [cSt]
PPG 980 34 6.7

PAO 830 30.3 5.9

2H-WS> NP dispersions in base oil (PAO and PPG) with a concentration of 1 % w/w
were prepared using a probe sonifier (Ultrasonic Probe ME/51). This concentration was
recommended in published research as optimal for tribological applications (i.e. a study
on the effect of 2H-WS, NP concentration on the friction coefficient in a pin-on-disc
setup revealed an optimum concentration of 1% w/w NPs [164]). To avoid any
competition for the additive to adhere/adsorb/react on the lubricated metal surface, no

surfactant/dispersant was used to stabilize the dispersions.
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IF-WS> and IF-WSe> NP dispersions in PAO (1 % w/w) were also prepared to
investigate the differences between the tribological properties of the three types of NPs.

3.2 WS: characterization

The physical and chemical properties of 2H-WS; were characterized using X-ray
powder diffractometry (XRD), Raman spectroscopy, Fourier transform infrared
spectroscopy (FTIR), transmission electron microscopy (TEM), scanning transmission
electron spectroscopy (STEM) and energy-dispersive X-ray spectroscopy (EDX). The
particle size distribution of WS, and WSe, NP dispersions in oils was measured by
dynamic light scattering (DLS).

3.2.1 Physical properties
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passed through the sample and a detector

(usually placed at a 90 degrees angle) is used to observe and quantify the scattered light.
However, due to the Brownian motion of particles suspended in the fluid, the signal
fluctuates with time. The intensity of these fluctuations is directly related to the motion
of the particles through the fluid and therefore, to the rate of diffusion (which is dependent
on the size of the NPs). Measuring the PSD at various intervals of time gives information

on the stability of the colloid.

The PSD of the WS and WSe2 NPs dispersed in PAO was characterized immediately

after preparation and sonication in a Malvern ZetaSizer Nano ZS [262] using a4 mW 633
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nm He-Ne laser light source. The measurements were carried out in a standard cell at

ambient temperature (23°C).

Transmission electron microscopy (TEM) is one of the most popular methods used
to characterize NP size morphology [263, 264]. During the analysis, a beam of electrons
is transmitted through the sample (which is mounted on a mesh grid) and focused on a
screen or detected by a sensor. The technique is important in NP analysis because it offers
very good resolution: high resolution transmission electron microscopy (HRTEM) allows
imaging of individual atoms — under 10°2° m, well in the Angstrom range. In scanning
TEM (STEM) the electron beam is focused onto a narrow spot and rastered across the
sample to perform chemical analysis. However, all TEM samples must be very thin (~100
nm) and stable under the high voltage (up to 300 kV) and ultra-high vacuum (up to 10°®
Pa).

The shape and morphology of the NPs were investigated using a JEOL 3010
(University of Southampton) [265], a JEOL ARM 200cF ‘MagTEM’ (Glasgow
University) [266], a FEI Titan G2 80 — 200 ChemiSTEM™ S/TEM (University of
Manchester) [267], a Hitachi H-9000UHR (Toray Research Center, Japan), a JEOL JEM-
ARMZ200F (Toray Research Center, Japan) and a JEOL ARM-200F (Oxford Materials,
UK) [268]. The NPs were initially dispersed in solvents (acetone, acetone/hexane or
dichloromethane), and added in drops onto TEM copper grids covered in a ‘holey’

amorphous carbon film.

TEM measurements on the JEOL 3010 were performed with the help of Dr Chao Ma,
in Bright Field (BF) mode at an accelerating voltage of 300 kV. HRTEM measurements
on the JEOL MagTEM were performed with the help of Dr lan MacLaren, in both Bright-
Field (BF) and High Angle Annular Dark-Field (HAADF) modes at 200 kV. The sample
and holder were cleaned in an oxygen/argon plasma prior to insertion into the microscope
in order to minimise carbon contamination. HRTEM and STEM measurements were
performed on the FEI Titan G2 80 — 200 ChemiSTEM™ S/TEM with the help of Dr
Fredrik Hage. The microscope was operated in STEM mode at an acceleration voltage of
200 kV and was equipped with a 3rd order aberration corrector allowing for sub 0.1 nm
electron probe sizes. EDX maps were acquired using the SuperX EDX system, which
allows for higher collection efficiency compared to conventional spectrometers. This is
achieved by using a combination of 4 individual Silicon Drift Detectors (SDDs) arranged
symmetrically around the microscope sample stage (more details are available in [269]).
HRTEM and STEM measurements were also made on the Hitachi H-9000UHR (300 kV)
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and JEOL JEM-ARM200F by Toray Research Center in BF and HAADF modes. The
JEOL JEM-ARM200F has a JEOL Centurio 100 mm? Silicon Drift Detector. STEM with
EDX measurements were performed at 200 kV with a beam size of approximately 0.2 nm.
HRTEM images of IF-WS; and IF-WSe> NPs were recorded on the JEOL ARM-200F at
200 kV in BF and HAADF modes.

3.2.2 Chemical properties

Raman spectroscopy gives information on the vibrational energies present in a
molecule. It relies on the scattering of laser light passed through the sample, which leads
to a shift in the energy of laser photons. By recording the amount of energy absorbed by
the sample at every wavelength of the analysed spectrum, it is usually possible to
determine the chemical structure of all the compounds present by reference to the specific
vibrational energy bands given in the literature [270, 271]. Raman is commonly used

because it requires a small quantity of sample and little sample preparation.

Raman spectroscopy was performed using a Renishaw RM1000 [272] with a HeNe
laser, at a wavelength of 785 nm. The Raman is coupled with a Leica microscope and has
a 1800 mm* grating and notch filter to prevent Rayleigh scattered photons reaching the

detector.

X-ray diffraction (XRD or X-ray crystallography) is used to determine the atomic or
molecular structure of a crystal. A beam of X-rays is diffracted off the atomic structure
of the sample. The angle and intensity of each resulting beam are measured and used to
generate a 3D picture of the electron density, which identifies the position of atoms in the

crystal/lattice. XRD was used to observe the layered structure of WSo.

XRD was performed at ambient temperature using two instruments with the help of
Dr Mark Light at the University of Southampton. The Siemens D5000 6/26 powder X-
Ray diffractometer [273] has a Bragg Brentano reflection geometry. It has a Kal
(A=1.54056 A) germanium primary monochromator and a point scintillation counter. The
Bruker GADDS combinatorial X-ray instrument has Cu Ka radiation and is equipped
with a XYZ stage and a multi-wire Hi-Star area detector. The calibration of the instrument
was checked before each set of samples using the NIST Corundum Standard Reference
Material SR1976 and found to be correct within 0.1 degree.
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Energy-dispersive X-ray spectroscopy (EDX) can determine the elemental
composition of a sample by ejecting electrons from the ground state of the component
atoms and measuring the energy emitted as X-rays when the atoms return to a more stable
state. The sample can be bombarded with high energy X-rays (the technique is called X-
ray fluorescence) or a beam of electrons. The latter case is the most frequently used,
because EDX is usually coupled with SEM or TEM. However, hydrogen, helium and
lithium are not visible in EDX.

EDX measurements were performed using a FEI Titan G2 80 — 200 ChemiSTEM™
S/TEM (University of Manchester) and a JEOL JEM-ARMZ200F (Toray Research Center,
Japan).

3.3 Tribological tests

Tribological tests using the WS, NP dispersions were carried out on a Mini Traction
Machine (MTM2, PCS Instruments) in a sliding-rolling ball-on-disc setup (Figure 3.2).
This features a 19 mm diameter ball and a 46 mm diameter disc, both made of AISI 52100
steel (hardness 750-770 HV). The root-mean-square roughness of both balls and discs is
11 + 3 nm, resulting in a composite surface roughness of approximately 16 nm. New
specimens (balls and discs) were used for each test and were cleaned with solvents
(toluene followed by isopropanol) in an ultrasonic bath for 10 minutes prior to the test.

a)

Traction Sensor

Load Sensor

Standard Specimens
(Disc and 3/4° ball)

Wear Sensor |

Figure 3.2 a) MTM2 rig and b) MTM2 pot [reproduced with permission from 274]

Throughout the test the temperature was kept constant at 40°C or 100°C and the
applied load was 30 N, corresponding to an initial mean Hertzian pressure of 0.94 GPa.
The slide-roll ratio (SRR), calculated as the ratio of the sliding speed (Up-Uqg) to the

entrainment speed (Up+Uq)/2 (where Uy and Ug are the speed of the ball and the disc
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steel disc

lubricant —

respectively, with respect to the contact) was 150 %. This slide-roll ratio value was
selected to be higher than in previously reported research [275] to accelerate the
generation of the chemically reacted tribofilm, which is known to depend on the severity
of the rubbing conditions [39]. During the test, the NP dispersion was maintained at
constant temperature in the enclosed, temperature controlled insulated chamber, where it
was stirred continuously and vigorously by the circular movements of the disc and ball.
Therefore, even in the absence of a surfactant, the NPs were maintained well dispersed
and only a small number sedimented to the bottom of the lubricant chamber at the end of
the 3 hour test.

The MTM2 is fitted with the 3D Spacer Layer Imaging Method (SLIM) attachment,
which enables in situ capture of optical interference images of the tribofilms on the steel
ball using a high resolution RGB colour camera as shown in Figure 3.3 (a). The analysis
software (a custom PCS Instruments 3D-SLIM software) matches colours in the image
(Figure 3.3 (b)) to a calibration file in order to determine the film thickness of every point
in the image [274]. Using the thickness map obtained (Figure 3.3 (c)), the thickness of
the tribofilm in each image was calculated as the average value inside a circular area taken

across the entire width of the wear track.

microscope +
a) spacer layer coated disc

steel ball

I heaters

m0-100 = 100-200 m 200-300

Figure 3.3 a) Diagram of MTM2-SLIM set up [274], b) SLIM image of the tribofilm
generated by the WS dispersion, ¢) 3D representation of the SLIM data (legend in nm)

The tribological tests followed a routine which can be divided in three alternative
stages repeated at fixed time intervals. The first stage was the ‘conditioning phase’, when
the ball and disc were rubbed together at a fixed slow entrainment speed in mixed
lubrication film conditions to generate a tribofilm on the ball and disc wear tracks. The
following stage consisted of the ‘Stribeck curve’ acquisition, in which friction was
measured over a range of entrainment speeds at a fixed SRR. The acquisition of data for

the Stribeck curve started at the highest speed (1.5 m/s) and continued towards the lowest
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speed (10 mm/s) value, to protect the tribofilm formed by avoiding its damage at low
speeds in the boundary regime. This stage is automated and lasts about 1 minute. The
third stage was the ‘tribofilm measurement’, when the motion was halted, the spacer
layer-coated window was loaded against the ball track and an image was captured. This
stage is also automated and lasts 5-10 s. Table 3.2 summarizes the conditions used for the
MTM2-SLIM tests in this study.

Table 3.2 MTM2 — SLIM test conditions

Conditioning phase

Temperature 40°C, 100°C
Load 30N

Mean Hertzian pressure 0.94 GPa
Entrainment speed 0.1 m/s
Slide-roll ratio 150 %
Stribeck curve phase

Temperature 40°C, 100°C
Load 30N

Mean Hertzian pressure 0.94 GPa
Entrainment speed 1.5t0 0.01 m/s
Slide-roll ratio 150 %

Rolling contact fatigue (RCF) tests were performed in a ball-on-disc setup test rig at
the Hydrogenius Center, Kyushu University, Japan. Figure 3.4 shows a schematic
illustration of the apparatus [276]. Although the rig is modified to allow testing in
hydrogen atmosphere conditions, the experiments in this study were performed in
atmospheric conditions. Six 6.35 mm diameter balls are placed on a guide disc with
raceway grooves and separated by a retainer. A normal load (2650 N, equivalent to a
Hertzian pressure of 4.8 GPa) is applied to the chamber by a lever and the disc/ball contact
undergoes rolling through the rotation of the upper shaft. The contact pressure used in
this study is higher than the calculated pressure encountered during normal operation in
bearings, in order to accelerate the formation of hydrogen (from the decomposition of the
lubricant) and initiation of embrittlement and is in line with recommendations from other
publications [64, 190, 194, 213, 214]. The Hertzian pressure is slightly higher than the
shakedown limit (the maximum contact pressure which the material can support in the
elastic range under steady state conditions). Theoretically this means that plastic
deformation below the surface continues to occur repeatedly. In practice however, the
pressure reduces due to the change in surface geometry (to become more conformal) by

initial deformation and wear, and virtually elastic contact occurs in the rest of the cycles.
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The Hertzian contact pressure for the dynamic load rating (load for a rating life of 108
load cycles) of this steel is 4.2 GPa. The ball and disc steel is JIS SUJ2, equivalent to
AISI 52100. The disc specimens were polished with abrasive paper followed by buff
polishing with 3-um diamond slurry to an Ra (arithmetic average roughness) of 0.05 pm.
The contact is subjected to mixed lubrication conditions. The specimens were
ultrasonically cleaned with hexane and acetone prior to the rolling contact tests. Table 3.3

summarizes the testing conditions.

Table 3.3 Rolling contact test conditions GTeas“\hield % || oitseal
Test duration 2,5and 10 h G out E i %ﬁ/ :
Number of cycles ~595,000/h (ball) \ | /Mhermocouple
Heater
~270,000/h (race) Gasin i §
Temperature 120°C i
/ ' \
Load 2650 N Disk specimen t Ball specimens
Mean Hertzian pressure 4.8 GPa Foad
Entrainment speed 1500 rpm (3.4 m/s) '

Figure 3.4 Diagram of the rolling
contact test rig [reproduced with
permission from 277]

Film parameter A 2

3.4  Tribofilm analysis

The steel wear tracks and tribofilms were analysed using optical microscopy, Alicona
profilometry, focused ion-beam coupled with secondary ion mass spectroscopy
(FIB/SIMS), X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy
(AES) and nanoindentation. The techniques described below provide valuable
information about the morphology, thickness, chemistry and hardness of the tribofilms

generated in the contact.

3.4.1 Structural properties

Optical microscopy on the wear tracks was performed on an Olympus BH2-UMA

optical microscope connected to a Prosilica GC camera (at 20x magnification).
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Profilometry measurements are usually
made across solid surfaces in contact or non-
contact modes. Contact profilometers (such

as the Taylor Hobson Talysurf) move a sharp

stylus across the measured surface, achieving
resolutions of around 10 nm. A drawback of Figure 3.5 Alicona profile of WS;

this technique is that the surface can be  NPsdeposited on the steel wear track
damaged during this measurement. Non- (their height is approximately 200 nm)
contact profilometers (e.g. Alicona Infinite Focus, Bruker ContourGT) use light to obtain
the same information. The resolution is similar but the samples are not damaged, enabling

the use of the technique to measure nanomaterial structures (Figure 3.5).

Alicona Infinite Focus profilometry was used to study the thickness and morphology
of the tribofilms generated by the additives across the wear track on the disc specimen
after the 3 h MTM tests. The equipment generates a 3-D surface profile of the wear track
that can be analysed with the Alicona IFM software supplied [278]. Multiple surface
profiles were measured for each tribofilm image and the average height values were
calculated. The measurements were conducted only on the disc specimens due to their
flat geometry. The contact specimens (ball and disc) were made of the same material
(AISI 52100) and have similar roughness values. Therefore, it is expected that both

contact surfaces form tribofilms of very similar composition and thickness values.

Optical profilometry was also performed on the Bruker ContourGT [279] to
investigate the depth and morphology of the wear tracks on the disc specimens after the
RCF test. The equipment generates a 3D surface profile of the wear track that can be
analysed with the Vision64 Analysis Software supplied. For each image multiple surface

profiles were measured and used to calculate average depth values.

Scanning electron microscopy (SEM) is a powerful technique that produces images
of a sample by scanning it with a beam of focused electrons (e.g. Figure 3.6 shows an
SEM image of the tribofilm generated by WS, NPs on a steel substrate at 100°C, revealing
the thick but patchy nature of the film). SEM can provide accurate information on particle
morphology and NP size. Modern SEMs have a wide range of magnification (from 10x
to ~500,000x — sub nanometre) but they operate at high beam voltages (up to ~40 kV)
and under vacuum (10 Pa in the sample chamber and 10~ Pa in the column). Samples
must therefore be very clean, dry and electrically conductive. A thin layer of metal or

carbon can be deposited on the sample if it is not conductive.
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loading

unloading
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Figure 3.6 SEM image of the
tribofilm generated by WS, NPs

Figure 3.7 Typical nanoindentation
force-distance curve

In this study, SEM imaging of the wear tracks was performed during the FIB, XPS

and Auger analysis and details of these techniques are presented in Section 3.4.2.

Nanoindentation is a depth sensing technique capable of providing measurements
of elastic and plastic properties, where the indentation process is continually monitored
with respect to force, displacement and time. It is performed by pressing a hard tip
(frequently diamond) into the sample and most commonly measures hardness and
reduced Young’s modulus (E"). The loading conditions can be maintained for a period of
time to see whether the tip continues to penetrate the substrate. The elastic behaviour of
the material (i.e. E') can also be studied from the unloading curve. Figure 3.7 presents a

schematic of typical nanoindentation results.

Nanoindentation of tribofilms was performed using a NanoTest Platform 3
instrument (Micro Materials, Wrexham, UK) [280] with the help of Dr Jurgita Zekonyte.
This pendulum based nanoindentation system is extensively explained in the literature
[281]. Indents were made using a Berkovich diamond indenter in a depth-controlled mode.
The maximum penetration depth depended on the tribofilm thickness and was set to 20
or 30 nm. The maximum loading force was 1 mN and the loading and unloading rates
were kept constant at 0.1 mN/s. The loading and unloading times were set to 20 s and a
dwell time of 10 s was selected at maximum load to reduce the influence of creep. A
matrix of 100 or 200 indents was imprinted onto the sample surface (15 um apart, over
an area of 150x150/300x300 pm?) to map the distribution of mechanical properties. The
data was analysed using the Oliver and Pharr method with the custom analytical software
provided by the instrument manufacturers. The hardness and reduced elastic modulus

were determined [282].
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3.4.2 Chemical properties

Auger electron spectroscopy (AES) is a common technique for characterizing the
chemistry of surfaces. Excitation of an atom can lead to the expulsion of a core electron
and the formation of a high energy state ‘hole’. An outer shell electron is likely to fill this
orbital by losing a certain amount of energy. Part of this energy can be used to emit a
second electron from an outer shell (called an Auger electron). The energy of this second
electron contains information about the specific energy states of the atom and allows the
detection of elements and their oxidation state. Limitations of Auger spectroscopy include
the accumulation of charge on nonconductive samples and the presence of plasmons
(variations in the energy of electrons due to scattering effects, making the spectra difficult

to interpret in some cases) [270, 271].

An Auger electron spectrometer (JEOL JAMP 9500 F) [276] with a 10 keV electron
beam was used to investigate the elemental distribution across the wear track generated
by the WS, nanoadditive during the RCF tests. lon sputtering for 10 seconds was also
performed before the analysis in order to remove the contamination layer from the surface.
This 10 second sputtering time removed material to an estimated depth of 3 nm. Auger
mapping was performed on a 2x2 um? area inside the track in order to investigate the
atomic distribution of the main components of the tribofilm, i.e. tungsten, oxygen, iron
and sulphur. These measurements were performed at Kyushu University, Japan, with the

help of Dr Hiroyoshi Tanaka.

X-ray photoelectron spectroscopy (XPS) is one of the most important chemical
analysis techniques. It can measure the composition, chemical state and electronic state
of samples containing any element except hydrogen and helium. This is performed by
bombarding the sample with X-rays and measuring the number and kinetic energy of all
the electrons emitted. Samples must be cleaned and dried before analysis, as ultra-high
vacuum conditions are needed for XPS (pressures lower than 10~ — 10® Pa). Modern
systems have very good detection limits and are capable of line profiling (they measure
the composition across the surface) and depth profiling (an ion beam is used to sputter

atoms from the sample and therefore allows sequential analysis of deep layers) [270].

XPS analysis of the MTM discs was performed at Newcastle University with the help
of Dr Naoko Sano. The instrument is a Thermo Scientific K-Alpha spectrometer (East
Grinstead, UK) [283] with a 1486.6 eV microfocused monochromatic Al (Ko X-ray

source. The spot size was 200x400 um? (ellipse shape). The pass energy was 200 eV for
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the wide (survey) spectra and 40 eV for the high resolution regions (narrow spectra). The
instrument features an argon gun, which was used to clean the samples by sputtering. The
raster size for the sputtering was 1x2 mm?, using the Ar gas cluster ion beam (GCIB)
mode at 6KeV with 1000 atoms for 60 s.

XPS analysis was also performed at Cardiff University with the help of Dr David
Morgan. Measurements were conducted using a Kratos Axis Ultra-DLD photoelectron
spectrometer [284], utilising monochromatic Al (Ka) radiation. Samples were mounted
using conductive carbon tape on to a standard sample bar. The analysis area was 110x110
um?. The pass energy was 80 eV for high resolution scans and 140 eV for survey scans.
Depth profiling analysis was performed using a Kratos minibeam-I ion source operating
at 4 kV with an argon pressure of 10°® torr and rastered over a 4 mm? area. The choice of
the 110 micron wide analysis area ensured that edge effects in the etch crater were
minimised during analysis. The research that employed this equipment is described in
Section 4.4.2.

XPS measurements were also conducted at the University of Leeds with the help of
Dr Benjamin Johnson. The results are presented in Section 4.4.2. The instrument used
was a VG Escalab 250 XPS with monochromated aluminium K-alpha X-ray source [285].
The spot size was 500 um? with a power of 150 W. Detailed spectra of individual peaks
were taken with a pass energy of 20 eV, 0.1 eV step size and dwell time of 50 millisecond
whilst the survey scan was taken with a pass energy of 150 eV, step size of 1 eV and
dwell time of 50 msec. Sputtering was performed using an argon ion gun with parameters
specific to the sample, in this case with energy of 1 keV and a current of 0.1 uA/mm?.
Binding energy was calibrated by setting the carbon 1s peak to 285 eV. Core level spectra
were normalized to Shirley background and the peaks were fitted using mixed Gaussian-
Lorentzian fits (using the CasaXPS™ software).

XPS combined with Argon ion sputtering for depth profile analysis (JEOL JPS 9200
X-ray Microprobe) [276] was performed on the tribofilms at the end of the RCF tests to
study the elemental composition and chemical state of the elements. These results are
presented in Section 6.2. The excitation source was a monochromatized Al Ka (1476.6
eV) X-ray beam of 100 um diameter. The instrument spectral resolution was 1.1 eV (path
energy). Points on and off the wear track were selected by optical micrograph imaging.
During depth profiling, measurements were alternated with rastered Ar* beam milling.
The milling rate was calibrated using a SiO2/Si substrate with known oxide thickness, in

accordance with standard techniques. Sputtering was performed for 30 seconds, which
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removed an estimated 2 nm of material. These measurements were performed at Kyushu

University, Japan with the help of Dr Hiroyoshi Tanaka.

Focused ion beam (FIB) is a useful way of
imaging solid surfaces. The technique is similar to
SEM, but a beam of ions (usually gallium) is used
instead. Gallium atoms are much larger than
electrons, so a FIB beam is capable of sputtering the

sample. Secondary electrons are emitted in the

process and can be used for imaging purposes, but

most of the time FIB is coupled with a SEM for better

Figure 3.8 SEM image showing
resolution. However, the advantages of FIB come FIB milling and the protective

with the sputtering capabilities of the beam. This  layer deposited on the wear track

makes subsurface features visible and depth profiling

(analysis of the surface as the beam sputters sample atoms) is a commonly used technique
(Figure 3.8). These capabilities make the technique valuable for studying tribofilm
features. When imaging thin layers, a metal or carbon coating is deposited on the surface

to protect the analysis area.

Secondary ion mass spectrometry (SIMS) is a very sensitive surface analysis method,
capable of detection limits of up to parts per billion. Although mainly a qualitative
technique, determining the chemical composition is possible with the use of standards.
An ion beam is used to eject secondary ions from the sample surface, which are then
analysed in a mass spectrometer. Here, the molecular mass of chemical species is detected
and plotted against their relative intensity (linked to composition). Positive or negative
charge detectors can be used to identify ions of respective charges. SIMS is usually
coupled with FIB/SEM in order to provide information about different layers of the
sample. The analysis can produce spectra of elemental composition in a single layer or

map the distribution of an element across the sample depth.

FIB and SIMS analysis were carried out on the MTM discs using a dual beam Zeiss
NVision40 SEM-FIB [286]. After depositing a layer of carbon to protect the surface, FIB
cross-sections were conducted through the surface of the tribofilm to measure the
thickness. The gallium ion beam was used in conjunction with a Hiden Analytical EQS
quadruple detector to perform dynamic SIMS depth profiles of the WS tribolayers. Areas
of 30x30 um? were sputtered using a 5 kV acceleration voltage operating at 3 nA beam

current, with positive/negative ion masses being recorded as a function of sputter time for
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carbon, sulphur, iron and tungsten. Although important for this study, oxygen was not
monitored during the SIMS analysis because it is an element with background-limited
sensitivity (i.e. the sensitivity is limited by an undesired background, such as residual
oxygen gas in the vacuum systems). The measurements were performed with the help of

Dr John Walker at the University of Southampton.

Thermal desorption spectroscopy (TDS) is a very useful technique capable of
determining and quantifying the gaseous components absorbed in a sample. The analysis
is performed by heating the sample under a constant heating rate in order to induce the
desorption of all gaseous species from the test samples, which are then measured by a

mass spectrometer.

The hydrogen content in the steel samples after the RCF tests was measured using
TDS (Denshi-Kagaku TDS1200) [276]. Immediately after the tribological tests, the
specimens were cooled, cleaned in an ultrasonic bath with hexane and acetone and small
pieces (7x3.5x1 mm, weighting approximately 0.2 g) were cut from the rolling contact
area. During the TDS analysis, the cut disc and ball pieces were heated from room
temperature to 800°C at a rate of 60°C/min and 10°C/min respectively. A lower rate of
heating was used for the ball due to its larger mass and subsequent greater thermal inertia.
The TDS rig is equipped with a quadrupole mass spectrometer that can measure and
analyse the hydrogen species released from the disc and ball specimens. The
measurements were performed with the help of Dr Hiroyoshi Tanaka at Kyushu

University, Japan.
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4. EXPERIMENTAL INVESTIGATION OF THE TRIBOLOGICAL
PROPERTIES OF WSz NPs

4.1 Introduction

The first part of the experimental research focuses on testing the tribological
properties of 2H-WS, NPs and understanding their mechanism of action. To avoid any
competition for the additive to adhere/adsorb/react on the lubricated metal surface, no

surfactant/dispersant was used to stabilize the dispersions.

As discussed in Section 2.3.5, the behaviour of WS> NPs has been previously studied
in the published literature only in nonpolar base fluids (e.g. PAO and mineral oils) and at
low temperatures, with no justification given for the parameters chosen. This approach
did not offer a comprehensive view on the mechanism of action of these nanoparticles
and a thorough, more detailed study is necessary. This chapter aims to elucidate the
mechanism of action of 2H-WS> NPs in high pressure contacts by investigating the
tribofilm generated on the wear track in a ball-on-disc setup over a range of testing

temperatures and lubrication regimes.

NPs were studied at two temperatures, namely 40 and 100°C, to verify if high-
temperature applications promote a different lubrication mechanism, and in two base oils
of different polarity — PAO and PPG, to investigate the affinity of the NPs for the steel

substrate. The concentration of the 2H-WS, NPs in the oil was 1 % w/w.

The physical and chemical properties of the NPs were characterized using a variety
of techniques such as dynamic light scattering, X-ray powder diffractometry, Raman
spectroscopy, transmission electron microscopy and energy-dispersive X-ray
spectroscopy. The steel wear tracks were analysed using optical microscopy, Alicona
profilometry, focused ion-beam coupled with secondary ion mass spectroscopy, X-ray
photoelectron spectroscopy and nanoindentation. The tribological properties of the NPs
were tested in a Mini Traction Machine. A thorough characterization of the NPs is crucial

to understand their tribological properties and identify their mechanism of action.

This chapter is mainly based on a published paper [287], with some additional
discussions on the importance of oil polarity. The tribological properties of 1F-WS; and
IF-WSe> NPs were also investigated in PAO base oil at 100°C and a comparison was

made between the efficiency of the three types of tungsten dichalcogenide NPs.
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4.2 Characterization of 2H-WS: NPs

The physical and chemical characterization of the 2H-WS, NPs was carried out in

order to investigate their chemical composition, structure, purity and size distribution.

The XRD pattern (Figure 4.1) shows that all the diffraction peaks can be indexed to
hexagonal WS,. All the peaks are sharp, as reported by other studies in the literature and
in accordance with JCPDS data (Joint Committee on Powder Diffraction Standards). The
(hk0) peaks give information on the arrangement of atoms in the basal plane, while the
(00I) peaks show the structural organisation along the z axis [92]. The (002), (004) and
(006) peaks have the highest intensity and are much stronger than expected from
standards, due to the preferential orientation of the flat sheets in 2H-WSy, as highlighted
in Figure 4.2. In contrast to this, IF-WS, NPs were reported to have very broad peaks,
especially (002) and (101), as a result of the nanometre size of the individual crystals in

the NP structure and the imperfection of the layer stacking [92, 288].
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