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Abstract

The promising properties of ionic liquids have attracted many tribologists to
use them as lubricants. They have been used as either neat lubricants or as
anti-wear additives. The results show that ionic liquids reacted/adsorbed with
the lubricated surfaces and form a protective layer (tribofilm). A large number
of previous studies have examined the tribological performance of ionic
liquids. However, the relationship between the tribological performance and
ionic liquids’ chemistry is still not fully understood. The previous studies
focused on the suggestion of various ionic liquids as lubricants and study their
tribological behaviour. The effect of ionic liquids’ chemistry, including anion
and cation chain lengths, anion type and cation type, on their lubrication
mechanism is still not fully understood. This lack of knowledge is the
motivation to conduct the first part of this study (using neat ionic liquids as
lubricants).

In terms of effective anti-wear additives, Zinc Dialkyl Dithio Phosphate (ZDDP)
is one of the most common. However, the production of ash when it is
decomposed and the emission of harmful gases push researchers to identify
alternatives which can provide comparable anti-wear performance. Therefore,
ashless additives are proposed as anti-wear additives instead of ZDDP.
Soluble ILs are also suggested to be an effective alternative to ZDDP,
especially when lubricating light alloys. Phosphonium phosphate (PP) ionic
liquid is oil-soluble. Recent studies showed that this ionic liquid provided a
superior anti-wear performance than ZDDP at some conditions (high
temperature and sliding distance over 40 m). However, the reason behind this
superior performance is still vague. This lack of knowledge is the motivation
to conduct the second part of this study. It compares the reactivity and the
tribological performance of both anti-wear additives (ZDDP and PP).

The lubrication mechanism is studied by considering the formation
mechanisms of both thermal and tribo films. The durability of both films are
studied. A nanotribometer is used to conduct the tribological experiments.
Two tribopairs are utilized; borosilicate against silicon to simulate the working

of Micro Electro Mechanical Systems.
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Silicon against steel to simulate the working of the internal combustion
engines (piston ring versus cylinder). Al-Si is commonly used as a cylinder
liner material and the counter face is steel based piston rings. Previous
studies showed that tribochemical studies using Si can be a good analogue
for the Al-Si.

PP ionic liquid is used as a sample of oil-soluble ionic liquid and compared
with ZDDP. Five ionic liquids are used as neat lubricants which are ethyl
methyl imidazolium ethyl sulfate, ethyl methyl imidazolium octyl sulfate, butyl
methyl imidazolium octyl sulfate, ethyl methyl imidazolium ethyl phosphate
and butyl methyl phosphonium ethyl sulfate. Surface morphology of the
thermal and tribo films is analysed by using Scanning Electron Microscopy,
Atomic Force Microscopy and white light interferometry. Besides, surface
chemistry is analysed using Energy Dispersive Spectroscopy, Fourier-

transform infrared spectroscopy and X-ray Photoelectron Spectroscopy.

The results show that the formation rate of thermal/tribo films for Zinc Dialkyl
Dithio Phosphate is higher than the formation rate for phosphonium
phosphate. The absence of the positive cation after the decomposition of
phosphonium phosphate leads to a self-limited formation of its thermal/tribo
film. In contrast, the presence of zinc cation maintains the formation of
thermal/tribo film. This causes a higher consumption of Zinc Dialkyl Dithio
Phosphate (faster depletion). This leads to phosphonium phosphate can

provide higher protection against wear at the highest sliding distance.

The results of the use of ionic liquids as neat lubricants show that their
chemistry strongly affects their tribological performance. The reactivity of ionic
liquids and hence the thickness of the thermal/tribo films is strongly affected
by their chemistry. Further, the ionic liquids’ chemistry also affects the
viscosity and thermal stability. All the examined ionic liquids reacted with
silicon surfaces and formed thermal films. Lastly, the formation of tribofilms by

ionic liquids enhances the tribological behaviour of the lubricated surfaces.
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1. Chapter 1: Introduction and Background

1.1 Energy Losses and Fuel Economy

In tribology current studies are predominantly focused on the reduction of both
fuel consumption and the emission of gases and products that impact
negatively on the environment. These two aims can be achieved by increasing
system efficiency, which means mitigating wear and friction, since the
mitigation of friction will decrease the required energy. Similarly, the reduction
of wear will prolong the life time of the component which means less waste.
For instance, the latest development in tribology in terms of reducing friction
can lead to 14% and 18% reduction in the consumed fuel in the heavy
machines and passenger automobiles respectively. Concurrently, CO:2
emissions could be reduced by 200 and 290 million tons for heavy machines
and passenger automobile respectively (through the reduction of the
consumed fuel) [1, 2]. This advance in tribology includes the utilizing of

advanced lubricants [3-6], advanced coatings [7] and surface texturing [8].

EXHAUST
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Figure 1-1: The average energy consumption in heavy duty vehicles based

on average values from the four categories of trucks and buses (1).



1.2 lonic Liquids for Lubrication

lonic Liquids (ILs) demonstrate an extremely low vapour pressure, high
thermal stability, non-flammability and their ability to adsorb and react with
different surfaces. In addition, the use of ILs as lubricants can mitigate the
utilization of additives such as detergents, anti-oxidants and anti-wear. ILs are
solvents, having very high thermal stability and they are able to produce anti-
wear films (tribofilms). However, in some cases, for halogenic ILs, anti-

corrosion additives must be employed [9].

Using ILs as lubricants started in 2001 when Ye et al [10] suggested a few ILs
as neat lubricants for various surfaces and they showed an excellent
tribological performance for all the examined surfaces. The reduction of wear
and friction results due to the chemical reaction/adsorption of ILs with the
lubricated surfaces. After that, due to their negligible vapor pressure, ILs were
used at vacuum condition in which they showed better tribological
performance than PerFlouroPolyEther (PFPE), which is commonly used at
vacuum condition [11-16]. A new group of ILs was proposed by Shah et al [17]
referred to halogen-free, which were developed to avoid tribocorrosion that
was observed in halogenic ILs. Many researchers have examined various
halogenic-free ILs and the results showed that they exhibited better
tribological performance than halogenic ILs [18-21]. Phillips et al [22] added
various ILs into water to lubricate ceramic tribopairs and suggested that using
ILs as additives can penetrate the market faster and easier than as neat
lubricants. Their results revealed that adding ILs can provide a significant
enhancement in the tribological performance due to their ability to
react/adsorb with the lubricated surfaces. Fully oil-soluble ILs have been
proposed by Yu et al [23] and their results suggested that oil-soluble ILs can
provide higher wear protection than ZDDP. The findings of the aforementioned
studies confirmed that ILs can react with the rubbed surfaces and form a
protective layer (tribofilm).

Hence, due to the high cost of ILs; their use as neat lubricants is limited to two
main applications. The first one is in aerospace applications since the cost
can be tolerated. The second application is the lubrication of Micro Electro
Mechanical Systems (MEMS).
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On the other hand, the use of ILs as anti-wear additives is proposed to be an
effective alternative to ZDDP when lubricating engines [3-6]. Therefore, in this
study, the lubrication of MEMS and engines will be simulated when using ILs
as potential lubricants or additives, respectively.

Previous studies have mainly focused on the use of various ILs as lubricants
regardless of their chemistry [3-6]. Nevertheless, few studies compared the
tribological performance of halogenic and non-halogenic ones [18-21]. In
addition, few studies reported that the increase of anion/cation chain length
enhances the tribological performance [24-27]. However, the reason behind
this enhancement is vague, especially in the absence of any tribocorrosion.
Besides, in terms of the use of IL as an additive. The reason behind the
superior anti-wear performance of oil-soluble IL than ZDDP at a particular

condition (high temperature) is not understood [28, 29].

This research aims to provide a comprehensive understanding for the
lubrication mechanism of ILs. To understand the effect of IL chemistry on their
tribological performance. To find why PP can provide better tribological
performance that ZDDP at elevated temperature. Lastly, to reveal at which

conditions the oil-soluble IL can be a replacement anti-wear additive to ZDDP.

These objectives can be conducted by studying the lubrication mechanism of
ILs when they are used as potential lubricants or additives. The influence of
anion type, anion chain length, cation type and cation chain length on the
lubrication mechanism will be studied. The effect of various conditions
including contact pressure, temperature and sliding distance on the lubrication
mechanism will be considered to obtain a consistent study.



1.3 Aim and Objectives

The main aim of this research is to develop a fundamental understanding of
the lubrication mechanism of a class of advanced lubricants, i.e., ILs. Their
use as either neat lubricants or additives is investigated. To reach this aim,
the objectives are as follows:

1. Understanding the anti-wear mechanism (the formation mechanism of
the protective layer, i.e., thermal/tribo film) of oil-soluble IL in
comparison with ZDDP. This can be achieved by:

a- Comparing the reactivity of oil-soluble IL with ZDDP on silicon
surfaces at elevated temperature (no tribomotion) and their ability
to form a thermal film.

b- Comparing the reactivity of oil-soluble IL with ZDDP on silicon
surfaces at various tribological conditions and their ability to form a
tribofilm.

2. Understanding the lubrication mechanism of ILs when they are used as
potential lubricants and study the effect of ILs chemistry on their
lubrication mechanism. This can be achieved by:

a- Studying the effect of ILs chemistry on thermal stability and
viscosity.

b- Studying the effect of ILs chemistry on their reactivity on silicon
surfaces at elevated temperature (no tribomotion).

c- Studying the effect of ILs chemistry on their reactivity on silicon
surfaces at various tribological conditions and their ability to form a

tribofilm.



1.4 Thesis Chapters Layout

This thesis is divided into nine chapters. Chapter 1 presents a brief
introduction, the aim and objectives of this work and a general background.
Chapter 2 presents the literature review that is related to the use of ILs as
either potential lubricants or additives and the previous studies that simulate
the lubrication of MEMS. Chapter 3 demonstrates the methodology that is
used in this project with a brief background about the utilized techniques. After
that, chapter 4 illustrates the results of the reactivity of oil-soluble IL with
silicon surface at elevated temperature. Chapter 5 presents the results of the
lubrication mechanism of oil-soluble IL when lubricating silicon surfaces.
Chapter 6 presents the results of the thermal stability of neat ILs and their
reactivity with the silicon surfaces at elevated temperature. Chapter 7
demonstrates the results of the lubrication mechanism of neat ILs when
lubricating MEMS. Then, chapter 8 is a discussion that will discuss the
proposed lubrication mechanism of ILs based on the obtained results. Lastly,
chapter 9 shows the conclusions of the whole work and the suggested work
to be conducted in the future.

1.5 General Background

1.5.1 Tribology

It is the subject that deals with friction, wear and lubrication of the interacting
surfaces when they are in relative motion. The motion can be sliding, rolling,
spinning, reciprocating or a combination of two of the aforementioned motions.
Friction is the resistance to motion that is initiated by surface asperities. The
presence of friction causes an increase in the required energy to achieve the
required work. This means that the reduction of friction leads to a decrease of
the energy consumption. Besides, wear can be defined as the progressive
damage that results in a loss of mass or a plastic deformation in the rubbed
surfaces. Wear causes a failure in the system. The use of proper lubricant
aims to provide efficient lubrication that leads to decrease friction and wear.
Lower wear and friction means better tribological performance (tribological
behaviour) [30].



1.5.2 Lubricants

They can be defined as an effective materials in the form of liquid, solid or gas
which are inserted between two rubbing surfaces to achieve certain aims.
Reduction of both friction and wear is the main aim of lubricants. However,
there are several other functions such as to dissipate heat, separate
interacting surfaces, transmit power, inhibit corrosion, provide sealing and
decrease noise and vibration. The ability of lubricants to dissipate heat is
strongly related to their thermal conductivity and specific heat capacity.
Further, it is a crucial property since the friction which takes place between
the sliding surfaces will increase the temperature and may lead to either
softening or melting the interacting surfaces. Besides, the power transmission
is required in limited applications such as in hydraulic systems. In contrast,
the lubricant must inhibit corrosion by covering the rubbing surfaces and
preventing them from being exposed to a corrosive environment, for instance,
oxygen and water. Again, to minimize wear and friction the two surfaces have
to be separated by lubricant to avoid dry contact that is the worst tribological
scenario. Lastly, the contaminants and wear debris should be removed by the

working lubricant to reduce wear [31].

The selection of the proper lubricant that can achieve a certain function mainly
depends on lubricant’s properties [32]. Some properties are desirable for all
lubricants such as long life and environmental properties. The former includes
inhibiting of corrosion, oxidation stability and hydrolytic stability. The
environmental properties include those that negatively affect the environment.
For example, toxicity, renewability and biodegradability [33, 34]. On the other
hand, the rest properties are called performance properties, aforementioned,

each group is required for a particular application, see Fig.1-2 [31].

Fig.1-2 summarizes the performance properties. Viscosity is the most crucial
property since it controls the separation distance between the sliding surfaces.
It is influenced by both temperature and pressure. The increase of
temperature decreases viscosity. Furthermore, high viscosity in lubricant
decreases wear and friction because it provides high separation (in full film
lubrication regimes). However, it needs higher pumping power than low

viscosity ones [33, 34].
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Figure 1-2: Performance properties of lubricants (31).
Temperature can directly affect the performance of lubricants. The decrease
of temperature may lead to solidify the working lubricant and then stop its
flowing which causes failure. The pour point is the lowest temperature at which
fluid can keep flowing. In contrast, the volatility is the ability of lubricant to
evaporate. This feature is strongly related to vapour pressure when lubricants
with high vapour pressure could be evaporated easily. The last property with
respect to temperature is called flash point, which is the temperature at which
the mixture of lubricant vapour and air is ignitable [35]. Besides, water and air
retainment properties should be considered since the air bubbles may cause
cavitation in the working pump. The presence of water can cause corrosion.
Dispersant is used to separate water [36]. Lastly, thermal properties are
substantial properties especially when the lubricant is utilized as a coolant
[31].

Base lubricants (pure without additives) are usually not able to achieve the
desirable duties, i.e., low friction, low wear, working over a wide range of

temperatures and etc.
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Thus, additives are added to the base lubricants to enhance their properties.
A wide range of additives are available and each one has special function
such as to inhibit corrosion, reduce wear, and reduce friction and many others.
Fig. 1-3 depicts the classification of additives based on their functions.
Essentially, they can be divided into two groups; surface active and bulk
active. The former additives are utilized to protect the interacting surfaces
while the latter group is utilized to enhance both chemical and physical
properties of lubricants [31].

Surfaces can be protected by preventing corrosion, reducing wear, reducing
friction and the preventing the dry contact. Corrosion inhibitor additives are
used to prevent corrosion by either acting as acid neutralizers or form a
protective film to prevent the direct contact between surface and oxygen [36].
Also, friction can be reduced at low loads using Friction Modifier (FM)
additives by forming a physical adsorbed layer. They usually consist of either
oxygen or nitrogen atom [37]. Besides, at high loads when the FM additives
cannot perform properly; Anti-Wear (AW) additives are utilized. These
additives are able to produce protective films by chemically reacted/adsorbed

with/on the lubricated surfaces.

Only 1-3% of AW additives in the base lubricant is adequate to substantially
mitigate wear. Currently, the most common AW additive is ZDDP [38]. Lastly,
Extreme Pressure (EP) additives are suitable for extreme conditions such as

high load and/or high temperature under boundary lubrication regime [36].

Additive
function

Surface Bulk
active active
Solid/liquid surface, Liquid/liquid surface or
i.e. adsorption liquid/gas surface
Physical Chemical Physical Physical Chemical
action action action action action
Corrosion inhibitors Antiwear additives Defoamers Viscosity modifiers Detergents
Friction modifiers Extreme pressure additives Emulsifiers Pour point depressants Antioxidants
Demulsifiers Dispersants

Figure 1-3: The classification of additives based on their functions (27).
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Bulk active additives are added to enhance either physical or chemical
properties of the base lubricants. Physical properties include viscosity, pour
point depressants and dispersant. The additives can decrease the influence
of temperature on lubricant’s properties. In other words, increase the thermal
stability of lubricants, decrease the influence of temperature on viscosity and
keep the fluidity of lubricants at low temperature. In addition, detergents and
antioxidants are utilized to modify the chemical properties of lubricants since
the former is used to maintain the lubricated surfaces clean while the latter

additives are utilized to prevent oxidation [31].
1.5.3 Lubrication Regimes

Based on the Stribeck curve [32], the lubrication regimes can be divided into
four regions; boundary friction, mixed film friction, elastohydrodynamic

lubrication and hydrodynamic lubrication, see Fig. 1-4.

I LAY Lubricant film

Material pair

Film thickness h

Surface roughness

0,14

@ Boundary friction (h — 0)

@ Mixed film friction (h = R)

@ Elastohydrodynamic lubrication (h > R)
@ Hydrodynamic lubrication (h >> R)

Friction coefficient f

0,014

viscosity - velocity

load

Figure 1-4: The lubrication regimes (32).
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In the boundary lubrication regime, the two interacting surfaces will be
separated by only a thin protective film which is formed by surface active
additives. This film can by created by either chemical reaction, chemical
adsorption or physical adsorption. Much effort in research have been
conducted to enhance the understanding of the ability of lubricants to form this
protective layer [39, 40]. Secondly, the mixed film friction is the regime in
which that the rubbing surfaces will experience both elastohydrodynamic and
boundary scenarios. This means that the formation of the protective film is still
crucial since the boundary regime is still taken place in some regions. Besides,
the two surfaces are fully separated by lubricant in both elastohydrodynamic
and hydrodynamic regimes. In these two regimes, the frictional resistance is
occurred due to the presence of fluid friction.

Finally, there is another scenario that is the worst tribological scenario which
is called dry contact. The two surfaces become in direct contact and neither

lubricant film nor protective layer is existed to mitigate wear and friction [32].

1.5.4 lonic Liquids (ILs)

ILs are molten salts which are available at liquid phase at a temperature below
100 °C or even at standard ambient temperature (25 °C). In contrast to solid
salts, ILs cannot form crystalline structure due to both the large ions radii and
asymmetry [41]. ILs have been discovered in 1914, and then in 1970 they
have been employed in limited scopes. This limitation was existed due to their
instability in both air and water media. Then, in 1992, the first stable IL was
produced with promising properties. After that, in 2001, the first paper that
used ILs as potential lubricants was published [10].

ILs exhibit promising properties such as negligible vapour pressure, high
thermal stability, high thermal conductivity, high electrical conductivity,
tuneable miscibility and tuneable physical properties. The combination of ions
can be optimized to obtain reusable, biodegradable and minimize toxicity.
Many ILs have been considered as environmental friendly [3-6]. Based on
these unique properties, they have been utilized in various applications, for
instance, as battery electrolytes, in metal extraction, biomass applications

solar cells and as lubricants.
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However, some challenges could be faced when utilizing ILs due to their

ecotoxicity, degradation, moisture sensitivity and cost [42].

These properties are strongly influenced by the chemistry of ILs. Essentially,
ILs consist of a positively charged ions called the cations and negatively
charged ions called the anions. Thus, the combination of anion-cation and the
chemistry of each ion are crucial in the determination of IL properties. For
example, the imidazolium cation is more viscous than the ammonium cation
while it exhibits lower electrical conductivity than the ammonium cation.
Furthermore, the variation in the alkyl chain length of either cation or anion
can change the physical properties of IL. For instance, the increase of cation
alkyl chain in all cations leads to increase viscosity, decrease electrical
conductivity and decrease surface tension [43]. The most common anions and

cations of ILs lubricants are demonstrated in Fig. 1-5.

. R R R R
Cations: 1\ 7 . \ / g [ \
Rl\ @ ~ U i N N
N\ N 7 X /7 \ /7 \
NS Rs Ry RS Ry R} R,
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Eg C;mIm Eg Psse14 Eg Nessu Eg CymPyr
R=CH3, Ry=C,H; Ry, 7=CsHys, Ry=Ci4Hys Ry257=CeHy3, Ry=H R=C4Hy, Ry=CH;
Anions:
F F R R .
L_ F”’h.., P:.\\‘\F \0 0/ F F
= | N F // ™ Nl z F
7\ £
F F 0 E ’ E
Tetrafluoroborate Hexafluorophosphate Phosphate p:
BF, PF; Eg. dibutylphosphate i F/ \F F
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FN_N/ F o 0 F
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N/ B F
F 00 F 0/ \ 0 Perfluoroalkylphosphate
F F FAP
Bis(trifluoromethancsulfonyl)amide bis(oxalato)borate
NTf, BOB

Figure 1-5: The molecular structure of common ILs lubricants (5).
It can be observed the presence of nitrogen in the majority of cations. This
element has been utilized for corrosion inhibition, FM and AW additives. Also,
the existence of phosphorus and sulfur in either anion or cation moieties is
aimed to decrease wear and corrosion. These two elements have been used

in the manufacturing of FM and AW additives.
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Moreover, the presence of fluorine in the anion was reported as beneficial in
the formation of protective film. However, in the humid environment it may
interact with hydrogen and form hydrofluoric acid and then corrode the
tribopair [4].

Lastly, ILs chemistry can influence on their cost as well. A new class of IL has
been suggested to be used as lubricant by Qu et al [44] which is called protic

IL. Protic Il is cheaper and easier to synthesis than the conventional ILs.
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2. Chapter 2: Literature Review

2.1 Introduction

A large number of previous studies has been published to investigate the
tribological performance of ILs lubricants when they have been used as either
potential lubricants or additives. However, these studies mainly focused on
the use/propose of various ILs as lubricants regardless to their chemistry [3-
6]. Nevertheless, few studies compared the tribological performance of
halogenic and non-halogenic ones [18-21]. In addition, few studies reported
that the increase of anion/cation chain length enhances the tribological
performance [24-27]. However, the reason behind this enhancement is still
vague, especially in the absence of any tribocorrosion. Besides, in terms of
the use of IL as an additive. The reason behinds the superior anti-wear
performance of oil-soluble IL than ZDDP at a particular condition (high

temperature) is still not fully understood [28, 29].

This research aims to fill the lack of consistency in the previous studies by

conducting the following studies:

e Understand the effect of ILs chemistry on their tribological
performance.

e Understand the reason behind the superior anti-wear performance of
oil-soluble IL than ZDDP at high temperature.

e Reveal at which conditions the oil-soluble IL can be a replacement anti-
wear additive to ZDDP.

The use of ILs lubricants as potential lubricants is mainly limited to two
applications; aerospace applications (where high cost can be tolerated) and
to lubricate Micro Electro Mechanical Systems (MEMS) [3-6]. In this study ILs

are used as either additives or potential lubricants.

This chapter aims to cover the previous studies that used ILs as either
potential lubricants or additives and also the lubrication of MEMS. This chapter
is divided into four sections; introduction, IL lubricants, lubrication of MEMS

and the summary of the literature with the current gap of knowledge.
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2.2 ILs Lubricants

ILs have been used as either potential lubricants or additives. This section
will be divided further into two subsection; using ILs as potential lubricants

and using ILs as additives.

2.2.1 ILs as Potential Lubricants

The high cost of the production of ILs makes the use of ILs as potential
lubricants mainly limited to two applications only; in aerospace and to lubricate
MEMS. The cost can be tolerated in the former application and only a small
amount is required in the latter application [3-6]. Nevertheless, a large number
of previous studies have been conducted to investigate the use of IL as

potential lubricants to lubricate various tribopairs.

The literature will be presented based on the cation type.
2.2.1.1 Imidazolium Based ILs

The use of ILs as lubricants was started in 2001 when Ye et al [10] proposed
that ILs can lubricate a wide range of tribopairs. This is not applicable in the
conventional lubricants. For instance, the suitable lubricant for steel/steel
contact is either not suitable or inefficient for steel/aluminium contact. IL
(imidazolium tetrafluoroborate) was utilized to lubricate steel/steel,
steel/aluminium, steel/copper, steel/ceramic, steel/silicon, steel/sialon and
ceramic/sialon. IL demonstrated a significant reduction in both wear and
friction in comparison with PerFluroPolyEther (PFPE) and cyclic phosphines
lubricant (X-1P) for all surfaces at different loads. In addition, IL showed better
tribological performance than PolyTetraFluorEthylene (PTFE) when
lubricating PolyEther Ether Ketone (PEEK) due to the high reactivity of IL with
steel counter face and the formation of tribofilm. The superior thermal
conductivity of IL also enhanced their ability to lubricate PEEK. The superior
tribological performance of the imidazolium based ILs than PFPE was also
observed by Lu et al [45] when lubricating steel surface. The enhancement of
the tribological performance was mainly occurred due to the formation of
tribofilm that caused by chemical adsorption of anion moieties into steel

surface.
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This finding was confirmed by Lopez-Sanchez et al [46] when their analysis
of surface chemistry demonstrated that the concentration of the sulfate anion

inside wear track was higher than the imidazolium cation.

The lubrication of light alloys is an interesting topic in tribology since these
alloys exhibit high strength to density ratio [47]. However, the conventional
lubricants and their additives cannot lubricate them efficiently [48-50]. ILs have
been proposed to lubricate these alloys [3-6]. Bermudez et al [51] examined
the ability of imidazolium based IL to lubricate aluminium-titanium tribopairs.
The results demonstrated that the increase of temperature decreased wear
volume since IL reacted and formed tribofilm that lead to decrease wear

volume.

Due to their negligible vapour pressure, IL were used to lubricate steel-steel
tribopairs in vacuum conditions by Liu et al [13]. The results presented that ILs
exhibited better tribological performance than conventional vacuum lubricants
such as PFPE in terms of exhibiting less wear volume and lower friction
coefficient. The very low vapour pressure of ILs and their high reactivity with

the lubricated surfaces are behind this superior performance.

The high thermal stability of ILs and their availability at liquid state even at
very low temperature attracted the researchers to use them at extreme
conditions. Jimenez et al [52] compared the use of the imidazolium
tetrafluoroborate ILs with Propylene Glycol Dioleate (PGDO) when lubricating
steel-aluminium contact at extreme conditions. At very low temperature, -30
°C ILs exhibited the lowest friction coefficient and wear volume. However, the
highest wear volume and friction coefficient were obtained at this temperature
due to the freezing of the water content. The increase of temperature to 100
°C, 150 °C and 200 °C caused a thermal decomposition of (PGDO) while ILs
showed an enhancement in their tribological performance. This finding was
also confirmed by Jimenez et al [53] when they reported that the increase of
temperature from 100 °C to 200 °C lead to enhance the tribological
performance. The further increase of temperature to 300 °C lead to decrease
friction coefficient by 50%. However, wear volume was significantly increased

at this temperature (300 °C) due to the increase of tribocorrosion.
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Despite the excellent tribological performance of ILs, the presence of
tribocorrosion increases wear volume especially at high temperatures [50, 53].
Tribocorrosion is mainly caused by hydrofluoric acid that produced in the
presence of water and fluorine [54]. In order to decrease or eliminate
tribocorrosion; either less fluorine or fluorine free ILs must be employed
instead. Further, the hydrophobic ILs can reduce tribocorrosion due to the

reduction of water content [45].

A new class of anions was proposed by Liu et al [45] that either contains less
fluorine such as TriFluoromethylSulfonimide (TFSI) or they are more
hydrolysis stable such as perFluoroAlkylPhosphate (FAP), see Fig. 2-1. These
new anions showed an enhancement in the tribological performance of ILs in

terms of exhibiting less friction coefficient and less wear volume.

Another solution was proposed by Chen et al [55] by adding water into IL.
They added 5 wt% water in the imidazolium tetrafluoroborate IL and the
results showed that corrosion was inhibited. However, a slight increase in the
friction coefficient was obtained. Adding water lead to increase the hardness

of the aluminium surface and thus decreased the tribocorrosion.
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Figure 2-1: The proposed procedure by (45) to decrease or "
eliminate tribocorrosion.
In addition to tribocorrosion, fluorine has a negative impact on the environment
since it reacts with ozone layer and contributes in the ozone depletion layer

process [3-5].
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To overcome these two issues together, a new class of anions was proposed
by Zhang et al [56] that is called halogen free IL (hf). They compared hf, the
phosphate anion, with the tetrafluoroborate anion and the results revealed that
hf IL exhibited better tribological performance. A humid environment was used
to check the presence of tribocorrosion. The results confirmed that
tribocorrosion is occurred only by the halogenic IL. Another hf IL was proposed
by Song et al [57] which is called the imidazolium ibuprofen IL. They stated
that the manufacturing process of this IL is simpler than halogenic ILs. The
results revealed that IL contained the ibuprofen anion implied superior

tribological performance than that contained the hexafluorophosphate anion.

In contrast, the use of halogenic anion in the lubrication of light alloys such as
copper and nickel can lead to form a film of metal fluorides layer that inhibits
corrosion. However, this scenario is not valid for iron surfaces when iron
fluoride causes corrosion due to the formation of hydrogen fluoride. Therefore
halogenic free anions are the versatile solution for tribocorrosion of various
tribopairs [54].

The effect of either cation or anion chain length was previously investigated.
Bermudez et al [58] studied the influence of cation chain length of imidazolium
tetrafluoroborate. The results revealed that the increase of cation chain length
decreased friction coefficient despite of the reduction in the IL reactivity. The
results also showed that tribocorrosion can be controlled by anion chain length
rather than cation chain length. Lu et al [59] confirmed that the increase of
cation chain length decreased the IL reactivity and the enhancement in the
tribological performance was resulted from the reduction of tribocorrosion [45,
49].

Xiao et al [60] found that the increase of cation chain length increased the
thickness of the protective layer (tribofilm thickness) see Fig. 2-2. In addition,
the increase of cation chain length decreased thermal stability of ILs [61]. This
means that the increase of cation chain length will cause a faster
decomposition in IL and then it might lead to enhance the reactivity of IL.
Further, the increase of cation chain length enhanced the tribological
behaviour in the absence of any tribocorrosion in [57].
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These results suggested that the increase of cation chain length enhanced
the tribological performance due to the reduction of tribocorrosion in halogenic
ILs. In halogen free ILs the enhancement was obtained due to the increase of
the reactivity of cation moiety. This means that the increase of cation chain
length decreased the reactivity of anion moieties and increased the reactivity

of cation moieties.
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Figure 2-2: Relationship between cation chain length and film thickness
(60).

ILs were also proposed to be used as lubricants for polymer-steel tribopairs
at elastohydrodynamic lubrication. They provided better tribological
performance than PTFE. The high load carrying capacity, high viscosity and
high thermal conductivity of ILs are behind this superior performance of ILs at
elastohydrodynamic lubrication regime [62].

Lastly, Jiang et al [63] suggested the use of the functionalized imidazolium
based ILs as potential lubricants. The results of corrosion test implied that the
use of functionalized cation mitigated corrosion by forming a hydrophobic
layer that prevented water to be absorbed. Thus, the formation of hydrofluoric
acid was prevented. In addition, the functionalized cation ILs demonstrated
better tribological performance than PFPE.
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Mu et al [64, 65] compared the tribological performance of the functionalized
ILs with the imidazolium tetrafluoroborate IL and X-1P when lubricating
aluminium. The results showed that the functionalized imidazolium exhibited
superior tribological performance than both X 1P and the imidazolium

tetrafluoroborate IL.
2.2.1.2 Ammonium Based ILs

The physical properties, the reactivity and the solubility of ILs can be
controlled by changing their chemistry [3-6]. Ammonium based ILs were
mainly proposed as additives since the ammonium cation showed higher
solubility than imidazolium [66]. However, some previous studies examined
the tribological performance of ammonium based IL when use it as potential

lubricant.

Yagi et al [15] examined the tribological performance of this IL when
lubricating aluminium, copper, iron and titanium at vacuum condition. The
results revealed that in comparison with dry contact; the highest reduction in
friction coefficient obtained in copper while the lowest reduction obtained in
titanium. Battez et al [67] also used ammonium based IL but when lubricating
steel-steel tribopairs. The results demonstrated that at both the lowest load
and the highest load; no tribofilm was detected since the destruction rate was
higher than the formation rate. The tribofilm was only detected at moderate

load since the formation rate outweigh the destruction rate.

Qu et al [68] studied the tribofilm formation mechanisms of the ammonium
trifluoromethylsulfony IL when lubricating steel, cast iron or aluminium. The
highest amount of fluorine detected inside the wear track was obtained in steel
while the lowest was obtained in aluminium. The formation of tribofilm was
stopped when the film became thick and the substrate stops feeding the
tribofilm by the positive cation to sustain the formation process. This finding
was also confirmed when the thickest film was obtained in aluminium
substrate since the highest amount of wear debris produced in aluminium due

to its soft nature.
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2.2.1.3 Phosphonium Based ILs

The phosphonium cation was proposed due to the presence of phosphorus
atom that is existed in the AW additives and it shows desirable tribological
performance [31]. In addition, this cation does not corrode the substrate [17],

and also a recent study revealed that this cation offers high solubility [69].

Liu [70] in 2006 was firstly proposed phosphonium based IL and examined its
tribological performance when lubricating steel-aluminium tribopairs. They
compared between phosphonium based IL and imidazolium based IL. The
results implied that phosphonium cation exhibited better tribological
performance. However, each cation was combined with different anion; the
phosphonium cation with the tetrafluoroborate anion and the imidazolium
cation with the hexafluorophosphate anion.

In the lubrication of light alloys, Somers et al [71] and Shah et al [17] compared
between the tribological performance of phosphonium based IL and 15W-50
engine oil. The results demonstrated that IL exhibited lower friction coefficient
and lower wear volume. Besides, Saurin et al [72] investigated the tribological
performance of hf ILs consist of phosphonium sulfonate when lubricating
steel-ceramic and steel-polymer tribopairs. The results showed that the cation
controlled the relation between viscosity and temperature. For all the
examined tribopairs; the results showed that these hf IL provided very efficient

lubrication (low wear and friction coefficients).
2.2.1.4 Studies Using Various Cations

This subsection will mainly present studies which either used other cations
(different to those mentioned above) or papers utilized more than one cation
to examine the effect of the cation type or to compare the tribological

performance of two different ILs.

Firstly, pyrrolidinium cation has been utilized in few previous studies as the
only cation combined with various anions [73-75]. The results of these studies
showed that pyrrolidinium based IL exhibited better tribological performance
than conventional lubricant (PFPE) in terms of exhibiting lower friction

coefficient and lower wear volume.
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Phosphazene based IL was also suggested by Omotowa et al [14] to be used
as lubricant in aircrafts. This suggestion was made due to its unique properties
such as it exhibits very low pour point (about -50 °C), high load carrying
capacity and they can be used for various tribopairs. This IL showed an
excellent tribological performance in terms of providing a high reduction in

both friction coefficient and wear volume.

Guanidinium was combined with the tetrafluoroborate anion and form IL
lubricant by Yu et al [76]. The results showed that it exhibited better tribological
performance than the liquid paraffin. However, the imidazolium

tetrafluoroborate IL showed better tribological performance.

Further studies were conducted to investigate the influence of cation type on
the tribological behaviour of ILs when lubricating various tribopairs [27, 48,
77]. Qu et al [48] compared between the ammonium cation and the
imidazolium cation when combined with the trifluoromethylsulfony anion and
lubricating aluminium alloy. The results showed that the ammonium cation
exhibited lower friction coefficient and lower wear volume. In addition, the
extra reduction of wear volume by ammonium was obtained due to the
significant reduction in the tribocorrosion. This finding suggests that the cation
type is also crucial in the determination of tribocorrosion. Jimenez et al [78]
also confirmed these findings when compared between ammonium based IL

and imidazolium based IL when lubricating steel-titanium tribopair.

However, Guo et al [79] demonstrated that imidazolium exhibited comparable
tribological performance with ammonium when combined with the phosphate
anion and lubricating ceramic at room temperature. The increase of
temperature to 100 °C showed that the imidazolium cation exhibited lower

friction coefficient while wear volume was comparable.

In similar manner, Itoh et al [27] compared between the imidazolium cation
and the phosphonium cation when combined with the sulfate anion and
lubricating steel-steel tribopairs. The results demonstrated that the
phosphonium cation exhibited superior tribological performance in terms of

providing lower friction coefficient.
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This finding was confirmed by Otero et al [77] when the phosphonium cation
exhibited lower friction coefficient and lower wear volume than the imidazolium

cation when both cations combined with the FAP anion as shown in Fig. 2-3.

Imidazolium cation

F Phosphonium cation
F
I

FAP anion =——» F F

F F
F
Figure 2-3: The Imidazolium cation, the phosphonium cation and the
FAP anion.

Weng et al [80] again confirmed that the phosphonium cation exhibited better
tribological performance than the imidazolium cation due to the presence of
the phosphorus element in the formed tribofilm that lead to decrease friction
coefficient. The increase of temperature from room temperature to 100 °C lead
to increase the presence of phosphorus which means that the formation rate
of the tribofilm was increased. Wu et al [19] compared between imidazolium
and phosphonium when lubricating polymer-steel tribopairs at elevated
temperature. The results implied that both cations exhibited very comparable
friction coefficients at 80 °C while phosphonium cation implied slightly lower
friction coefficient at 160 °C.

In contrast, Minami et al [81] reported that both cations (imidazolium and
phosphonium) exhibited very comparable friction coefficients when combined
with FAP. However, they stated that the phosphonium cation reacts with the
utilized surface before fluorine and then prevents fluorine to react with the

employed surface.
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On the other hand, Fan et al [82] compared the ammonium and the
phosphonium cations when lubricating steel, copper or aluminium. The results
showed that both cations exhibited comparable friction coefficients when
lubricating steel surfaces. Phosphonium showed lower friction coefficient than
ammonium when lubricating copper while ammonium showed lower friction
coefficient when lubricating aluminium. For wear volume, very comparable

behaviour to that observed in friction coefficient was obtained.

A very recent study conducted by Matczak et al [83] compared between
phosphonium, imidazolium and ammonium cations when lubricating steel-
steel contact. The results showed that ammonium exhibited the highest friction
coefficient while it was comparable for the rest two ILs. Imidazolium
demonstrated the highest wear volume while the wear volumes of the rest two

ILs were comparable.

Another technique was utilized to enhance the tribological behaviour of ILs by
using dicationic ILs. Dicationic means that two cations are combined by either
oxygen or hydrocarbon to form dicationic IL. Dicationic ILs are thermally more
stable than monocationic ILs. Pagano et al [25] investigated the tribological
performance of twelve dicationic ILs. Dications were synthesized from
imidazolium and pyrrolidinium cations when combined with four anions which
were Tf2N, chloride, methanesulfunate and butansulfunate at three
temperatures; 50 °C, 100 °C and 150 °C. The results demonstrated that all
the examined ILs had comparable friction coefficients and wear volumes.
However, in order to investigate whether dicationic IL can provide better
tribological performance than monocationic IL or not; at least one

monocationic IL supposed to be examined for comparison purposes.
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2.2.2 Using ILs as Additives

Due to the high cost of the manufacturing process of ILs, using them as base
lubricants in macro scale is very costly. The use of ILs as additives to enhance
the tribological performance in terms of reducing wear volume and friction
coefficient can penetrate lubricants market faster [84]. In addition, using IL as
additive can provide comparable reduction in the wear volume and friction
coefficient to that obtained by neat ILs [44]. However, the majority of ILs are
not soluble in non-polar lubricants due to their high polarity [3-6]. In this
subsection, the related literature to the use of ILs as additives in either polar
or non-polar base lubricants are presented. It is also divided based on the

cation type.

2.2.2.1 Imidazolium Based ILs

ILs have been proposed as additives firstly by Phillips et al [22] when they
added imidazolium hexafluorophosphate in water to lubricate ceramic. The
results confirmed that adding IL can provide a considerable enhancement in
the tribological performance, especially in the friction coefficient during the
running-in period. Mistry et al [85] added both imidazolium tetrafluoroborate
and tritolyl phosphate (TTP) to mineral oil. The results showed that friction
coefficient was decreased by 81% when adding these two additives together,
while adding IL only decreased friction coefficient by 62%. Surface analysis
results implied that both the anion moiety (fluorine) and the cation moiety

(nitrogen) were detected at the worn area.

ILs were also added to grease. Cai et al [86] added imidazolium
hexafluorophosphate and imidazolium tetrafluoroborate to grease base
lubricant. The results showed that both additives lead to a decrease in wear
and friction coefficients and both additives exhibited comparable tribological
performance. The increase of temperature was lead to a decrease in wear
and friction and increased the formation rate of tribofilm. In contrast, Battez et
al [87] reported that the tetrafluoroborate anion exhibited better tribological
performance than the hexafluorophosphate anion when they were added in
mineral oil with the same concentration. The results showed that in contrast
to temperature; the increase of load was lead to increase wear mass and

friction coefficient.
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The effect of the anion type on the solubility of IL in PolyEthylene Glycol (PEG)
was studied by Cai et al [88]. They compared between the solubility of
tetrafluoroborate, hexafluorophosphate and trifluoromethylsulfony. The
highest solubility was obtained in the trifluoromethylsulfony and the lowest one
in the tetrafluoroborate. The tribological performance of PEG +
hexafluorophosphate only was examined and the results showed that friction
coefficient was decreased with the increase of IL concentration. Jimenez et al
[49, 89] utilized the same ILs as in [88] at room temperature and at 100 °C.
The results showed that these ILs were not soluble in Propylene Glycol
DiOleate (PGDO) and therefore adding ILs was only decreasing friction

coefficient at high temperature since they became fully soluble.

Pejakovic et al [90] studied the influence of the imidazolium sulfate IL
concentration in glycerol base oil on its tribological performance. Among three
concentrations; 0.63 wt%, 2.5 wt% and 8 %wt, the highest reduction in the
wear volume and friction coefficient was obtained when adding 0.63 wt%.
However, moving from pure sliding in [90] to mixed sliding rolling in (50)
showed a converse behaviour. The increase of IL concentration lead to
enhance the tribological performance. The results also demonstrated that the

tribofilm thickness was increased with IL concentration.

Lastly, imidazolium ibuprofen was examined by Wang et al [91]. They added
IL to Water—Ethylene Glycol liquid when lubricating steel-steel tribopairs. The
results showed that the imidazolium ibuprofen IL can provide a considerable

reduction in the wear volume due the formation of tribofilm.

2.2.2.2 Ammonium Based ILs

Blanco et al have conducted two studies [92, 93] using the ammonium-FAP
IL as additive in Poly-Alpha-Olefin 6 (PAOG) base lubricant to lubricate various
coatings and compared the results with ZDDP. The first study utilized CrN
PVD coat while the second one used TiN PVD coat. The results showed that
both additives provided a reduction in the wear volume and friction coefficient
of both coats. However, ZDDP provided higher reduction in both wear volume

and friction coefficient and for both coats.
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Fan et al [66] also reported that adding the ammonium sulfosuccinate IL in
PAO10 lead to a decrease in friction coefficient and wear volume. However, it
is not fully soluble in PAO10 and the increase of the cation chain length
enhanced its solubility.

A new oil miscible IL was proposed very recently by Zheng et al [94]. The
ammonium phosphite IL was added to both fatty acid and vegetable oil. The
results implied that this IL is fully soluble and can provide a reduction in the
wear volume and friction coefficient due to the formation of tribofilm that

detected by surface chemistry analysis.

2.2.2.3 Phosphonium Based ILs

The first fully soluble IL in non-polar lubricants is the phosphonium based ILs.
Qu et al [84] proposed the phosphonium phosphate IL as the first fully soluble
IL. It is presented in Fig. 2-4. They added this IL to PAO and also to 5W-30
engine oil. The results showed that the phosphonium phosphate IL is
thermally stable and does not cause tribocorrosion. The friction coefficient and
wear volume were substantially decreased by adding IL. The highest
reduction in wear volume was 70% when IL added to the engine oil. This
reduction was obtained due to the formation of thin tribofilm; about 40-60 nm.
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Figure 2-4: Chemical structure of oil-soluble phosphonium phosphate
IL.

Qu et al [95] compared between ZDDP and the phosphonium phosphate IL
when they are both added to the engine oil to lubricate steel-DLC tribopairs.
The results showed that friction coefficients of both additives were very
comparable while IL exhibited lower wear volume. Again, Qu et al [29]
conducted a comparative study to compare the anti-wear performance of the
phosphonium phosphate IL and ZDDP when added them in PAO under

various tem peratures.
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As expected, the results implied that when add either ZDDP or IL a
comparable and significant reduction in both wear volume and friction

coefficients was obtained.

However, at elevated temperature, IL demonstrated better anti-wear
performance. Huang et al [96] confirmed this finding when reported that the
phosphonium phosphate IL provided superior performance than ZDDP in

terms of both anti-wear additive and anti-corrosion additive.

Another approach was proposed; mixing the phosphonium phosphate IL with
ZDDP together as anti-wear additives. Qu et al [97] reported that the mixture
of phosphonium phosphate with ZDDP provided higher wear reduction that
obtained by only phosphonium phosphate. The mixture of ammonium based
IL with phosphonium phosphate did not show any extra enhancement to the

anti-wear property of phosphonium phosphate.

Landauer et al [98] investigated the relation between the anti-wear property
and the mechanical properties of tribofiims that formed by ZDDP,
phosphonium phosphate and their combination. The mechanical properties
which considered in this study were hardness, modulus of elasticity and the
resistance to plastic deformation. The results implied that add ZDDP+IL
significantly reduced the effect of temperature on mechanical properties. The
increase of modulus of elasticity lead to a substantial enhancement in the
tribological performance. The tribofilm hardness had no influence on
tribological properties. In contrast, surprisingly, the increase of tribofilm

resistance to plastic deformation reduced its anti-wear.

Phosphonium phosphate was also incorporated with silica nanoparticles and
used together as anti-wear additive in mineral oil by Seymour et al [99]. A
chemical reaction was conducted between these two additives and it was
detected by XPS. The combination of these two additives showed higher
reduction in both friction coefficient and wear volume than that obtained when

either only IL or only silica particles was used.

Yu et al [23] studied the influence of the anion chain length on the solubility of
phosphonium phosphate IL. The results showed that the decrease of the
anion chain length enhanced IL solubility.
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The tribological behaviour in terms of wear volume and friction coefficient was
also significantly enhanced when adding 5 wt% of IL to engine oil. Otero et al
[69] compared between phosphate and trifluorophosphate anions when
combined with phosphonium and utilized as additives. The results showed
that phosphate exhibited lower friction coefficient while trifluorophosphate

exhibited lower wear volume.

Another comparison between the phosphonium phosphate IL and amine
phosphate (both are biocompatible additives) was conducted by
Khemchandani et al [100]. Both additives were added to Safflower oil to
lubricate bio systems. The results showed that both additives provided a
considerable reduction in the wear volume and friction coefficient. However,
IL showed higher reduction in both friction coefficient and wear volume.
Surface analysis results revealed that IL formed thicker tribofilm due to its

higher reactivity.

The phosphonium phosphate additive was added to grease as well by Wang
et al [101]. The results demonstrated that a significant reduction in the wear

volume and friction coefficient was obtained.

Lastly, the phosphonium phosphate IL was added to the imidazolium borane
IL by Totolin et al [20] to enhance its tribological performance. The results
demonstrated that adding phosphonium phosphate lead to decrease friction
coefficient and wear volume due to the formation of tribofilm. Minami et al [18]
also suggested adding phosphonium phosphate IL to imidazolium based IL
base lubricant. They added it to the imidazolium tetrafluoroborate IL. The
results showed that a significant reduction in the tribocorrosion, friction
coefficient and wear volume were obtained when add phosphonium

phosphate.

2.2.2.4 Studies using Various Cations

Pyrrolidinium based IL was also employed as additive when the pyrrolidinium
sulfate IL added to glycerol. The experiments were conducted at four
temperatures; 20 °C, 50 °C, 100 °C and 150 °C. Despite the reduction of wear
volume and friction coefficient especially at high temperatures (above 50 °C).

The results implied that this IL caused corrosion.
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Gonzalez et al [75] also used the pyrrolidinium trifluorophosphate IL as
additive in PAO6 when lubricating DLC, TiN and CrN coats. The results
showed that this IL is not fully soluble in PAO6 and only slight reduction in the

friction coefficient and wear volume was obtained.

The increase of the cation chain length of pyrrolidinium was lead to increase

friction coefficient and wear volume when added to PEG [74].

Pejakovic et al [102] compared between pyrrolidinium and ammonium cations
when combined with the sulfate anion and added to glycerol with various
concentrations; 0.625 wt%, 2.5 wt% and 8 wt%. The results showed that the
increase of IL concentration lead to increase wear volume for both cations.
Friction coefficient was decreased slightly with the increase of IL

concentration.

The influence of the cation type on the solubility of IL was investigated by
Schneider et al [103]. The solubility of imidazolium, ammonium, thiazolium
and uranium cations when combined with the trifluoromethylsulfony anion and
added to either PAO or Easter. The results implied that the highest solubility
was obtained in the uranium cation while the solubility of the rest cations was

very comparable.

Sharma et al [104] used choline phosphate IL as additive and compared it
with ZDDP when added to either mineral oil or to fully formulated oil. They

focused on the formed tribofilms as presented in Fig. 2-5.

ZDDP BO Tribofilm ZDDP FFO Tribofilm caso,
ZnSO,/
Hydrocarbon chains ZnS0,JFeSO0, Ca(PO,), Hydrocarbon chains FeSOj
nPQ,)/ l n,(PO,)/
FePO, a/c=0.09 /FeF'O‘1 alc=0.10
ZnS,\ 08l
FeS e FeS 3l =
Fe substrate Fe substrate
IL-P BO Tribofilm IL-P FFO Tribofilm Cas0/
Hydrocarbon chains FePO,: Hydrocarbon chains FeSO,
FePQ,: alc=0.19
alc=0.24 l / CaPO,), |
FeS \ FBS\
\ )~
Fe substrate Fe substrate

Figure 2-5: The chemistry of tribofilms formed by additives in (104).
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The results showed that IL formed glassy polyphosphate tribofilm with longer
chain length than ZDDP polyphosphate tribofilm at the identical tribological
conditions. However, only one more layer was created by ZDDP which was
ZnS04/FeS0Oa.

In addition, they stated that FeS is also created by choline phosphate IL. This
assumption cannot be accepted when IL was added to mineral oil since sulfur
was not existed in neither base oil nor in the additive, the chemical structure

of choline phosphate is presented in Fig. 2-6.

Figure 2-6: The chemical structure of choline phosphate

Again, Sharma et al [105] compared the anti-wear performance between
ZDDP and six ILs which were either phosphonium based or choline based ILs,
as shown in Fig. 2-7. The results showed that in addition to ZDDP all ILs were
decomposed firstly and then reacted and formed tribofilms. The hardness of

all tribofilms was increased with tribofilm depth.

Lastly, some more studies were conducted to investigate the enhancement in
the tribological properties that results when add IL to PEG in [21], to paraffinic-
naftenic in [106] and to glycol in [107]. The results implied that add IL lead to

decrease both wear volume and friction coefficient.
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2.3 Nano/Micro Scale Studies and the Lubrication of MEMS

Nano tribology has been introduced after the invention of new techniques that
could characterize surface topography and measure friction in nano scale.
Also, the development of super computer allows researchers to simulate nano
tribology. The main differences between conventional (macro) tribology and

nano tribology are illustrated in table 2 [108].

Table 2-1: The differences between macro and nano tribology (108).

Macro tribology Nano tribology
Large mass Small mass
Heavy load Light load
Controlled by weight Controlled by interfacial forces
Rely on bulk material properties Rely on surface properties

In contrast to the macro scale when a large number of asperities of tribopair
become in contact. In nano tribology; a single sharp asperity of scanning
tunnelling microscope STM or Atomic Force Microscopy (AFM) slides over the
sample [108] (see Fig. 2-8). In micro scale studies a few asperities become in

contact instead [109].

AFM tip as a counter face

»

Silicon sample as a substrate «— >

»

Liquid lubricant Reciprocating motion

Figure 2-8: Configuration of the use of AFM as tribometer (108).
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A few previous studies were conducted to examine the tribological
performance of ILs at nano scale. Li et al [110] conducted a nano scale study
using AFM to compare between octane, octane+1 wt% phosphonium based
IL and neat phosphonium based IL. The results showed that add only 1 wt%
of IL lead to significant reduction in the friction coefficient. This supports that
IL is an effective additive to reduce friction coefficient even at nano scale. A
comparison between the phosphonium phosphate IL and ZDDP when both
were added to hexadecane at both nano scale and macro scale was
conducted by Li et al [47]. The results showed that when the contact pressure
was the same at both scales, a high agreement between friction coefficient
results was observed. The phosphonium phosphate IL exhibited lower friction
coefficient than ZDDP in both scales.

Hijalmarsson et al [111] conducted a nano scale investigation to study the
influence of temperature on both normal and frictional force when lubricating
mica with the ammonium nitrate IL. The results implied that the increase of
temperature was lead to decrease lubricant viscosity. Therefore, both normal
and lateral forces have been influenced by temperature change since the
latter force was decreased with increasing temperature. The results showed
that IL was strongly adsorbed into mica surface and formed an adsorbed
protective layer.

On the other hand, the nano tribology is also feasible to simulate the working
of the components have either micro or nano scale of contact such as
MEMS/NEMS. In addition, the lubrication of MEMS is a current challenge that
is facing the tribologists. The reduction of both wear and friction is strongly
aimed in order to elongate the life cycles of MEMS [108]. The use of coating
can provide a significant reduction in the wear and friction coefficients but
once its wear out and a dry contact is taken place, failure occurs. Liquid
lubricant can be employed to provide a longer life for MEMS [24].To simulate
the working of MEMS either silicon-silicon or silicon-borosilicate tribopairs

must be employed [24].
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Two previous approaches were employed to simulate the working of MEMS
in order to evaluate their lubrication behaviour. The first approach using on
demand designed micro tribometer to characterize wear and friction
coefficients in MEMS [112-114]. The second approach using commercially
available tribometers including micro scale tribometer (nanotribometer) [115]
and nano scale tribometer (AFM) [24, 116] to evaluate both wear and friction

coefficients.

Leong [114] designed a tribometer that is shown in Fig. 2-9. They studied the
use of either PFPE or hexadecane + Multiply Alkylated Cycloparffins (MACs)
to lubricate MEMS. They proposed a new method to keep liquid lubricant only
within the moving parts by modifying silicon surface. The results showed that
hexadecane + MACs exhibited lower friction coefficient and wear volume than
PFPE.

Position sensing
detector

Incident laser

Substrate

s

ontact component

under test

Figure 2-9: Micro tribometer designed by Leong [114].

Reddyhoff et al [112] manufactured a micro tribometer that simulates the
working of micro bearing as presented in Fig. 2-10. They examined the
reduction of friction coefficient that might be obtained when a friction modifier
Octadecylamine was added to the silicon base oil. The results showed that a
considerable reduction in the friction coefficient was obtained when added this

friction modifier.
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The use of commercial rigs to simulate the working of MEMS is also done
previously. Bhushan et al [116] conducted a nano scale study to investigate
the tribological performance of imidazolium combined with either
hexafluorophosphate or sulfate when lubricating silicon. The aim was to
simulate the working of MEMS. However, silicon substrate was employed
against silicon nitride tip, which is different to the real tribopair in MEMS. The
results implied that both friction coefficient and adhesive force were
substantially decreased when using ILs due to the protective layer that was

formed by the chemical adsorption of ILs into silicon surface.

Motor

Rotating disc

Stationary disc s \ Lubri
; ubricant bath
'\

Laser t0 Measure g
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Detector

Laser displacement

— .
measurement device

Figure 2-10: Micro tribometer designed by Reddyhoff et al [112].
Kondo et al [117] proposed ammonium based IL as an effective lubricant for
MEMS. AFM was employed to conduct the experiments in order to simulate
the working of MEMS. The results showed that the increase of the adsorbed

film thickness decreased friction coefficient.

Nainaparampil et al [24] also employed AFM to simulate the lubrication of
MEMS with ILs. They stated that only silicon based materials must be
employed to simulate MEMS. Therefore, they utilized silicon against
borosilicate tribopair. The results showed that IL chemistry is crucial in the
determination of the tribological performance. The increase of the cation chain
length enhanced the tribological performance while the cation type was not
effective. However, both cations, imidazolium and pyridinium, have the same

atom which is nitrogen.
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A few issues have been pointed out when use AFM as a tribometer to simulate
MEMS. A complex set up procedure and long-time are required to conduct the
experiment in comparison with conventional tribometers [108]. The contact
pressure can be varied during experiment due to either the variation of tip
geometry or the formation of tribofilm. The former reason occurred as a result
of wear and the latter one causes a variation in the Young’s modulus [118]. In
addition, the real contact in MEMS is in micro meter order rather than nano
meter which is easier to achieve by micro scale tribometer [109].

A micro scale study was also conducted very recently by Amorim et al [115]
using commercial nanotribometer (NTR). The results implied that add 2 wt%
of IL to the PEG base oil, lead to a considerable reduction in the friction
coefficient. The addition of IL lead to make the friction coefficient very
comparable in both humid and dry environments. However, the utilized
tribopair was steel ball against silicon surface which does not match the
tribopair in the real MEMS.

2.4 Summary and the Current Gap of Knowledge

A large number of previous studies that proposed ILs as lubricants and
examined their tribological performance were published. In addition, other
studies have been conducted to study the tribological performance of ILs as
coatings [119-122], in confined geometry [123-125] or as corrosion inhibitors
[126, 127]. Fig. 2-11 depicts a brief summary for the story of the use of ILs as
lubricants. The general story is presented in the middle diagrams. The two

diagrams on each side highlight the current gaps of knowledge.

A clear lack for a consistent microscale study that covers the effect of IL
chemistry on its lubrication mechanism (relationship between the formation of
tribofilm and the tribological performance) at various conditions. In addition,
no previous study considered the reactivity of ILs with solid surfaces at
elevated temperature, i.e.; the formation of thermal film in the absence of any
tribological motion. The understanding of the thermal film formation

mechanism strongly helps to understand the lubrication mechanism of ILs.
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Besides, the reason behind the superior tribological performance of oil-soluble
IL than ZDDP at particular conditions (especially at high temperature) is still
vague. Thus, a comprehensive comparison between the lubrication
mechanism of ZDDP and oil-soluble will be conducted.

Using ILs as lubricants
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Figure 2-11: A summary to the use of ILs as lubricants in
the literature and the current gaps.
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3. Chapter 3: Methodology

3.1 Introduction

This chapter illustrates a description of the instruments, ILs and materials that
are used in this project. Basically, the instruments can be divided into two
groups; the first one includes those used to conduct the experiments while the
second group includes the instruments that are used for surface analysis. The
utilized ILs and materials are also depicted including those used when using

IL as additive and those used when using IL as neat lubricant.

In addition, the methodologies of the blending process of lubricants,
tribological experiments and thermal film formation experiments will be
presented. Mainly, the procedure of the aforementioned experiments will be
demonstrated. The experiments’ conditions will be presented in the results

chapters.

3.2 Instruments

The instruments are classified into two types; experiment conducting
instruments and surface analysis instruments. The former group includes hot
plate and nano tribometer. Surface analysis instruments include; SEM-EDS,
ATR FTIR, XPS and AFM. These will be demonstrated starting from the first
group and going in the same order as presented in this paragraph.

3.2.1 Hot Plate
WiseStir hot plate with feedback control system was used to blend lubricants,
conduct the thermal film formation experiments and static thermal
decomposition experiments. The stirring was used just for blending lubricants
process. The schematic diagram of WiseStir with an elucidation of the working
of the feedback control is presented in Fig. 3-1. Both temperature and stirring
can be regulated manually. When the lubricant reach the pre-set temperature,
the heater is turned off. Once the temperature is dropped to a temperature
lower than the pre-set limit, the heater works again. An additional beaker
contains PAO lubricant was employed to control temperature and avoid any
direct contact between the examined lubricants and the temperature sensor

to avoid chemical contamination.
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Feedback signal
Lubricant 2 PAO to control T
Lubricant 1 Lubricant 3

Hot plate surface

Electrical heater

Figure 3-1: The working principle of WiseStir hot plate.
3.2.2 Nano Tribometer
Tribometers are equipments in which are designated to simulate the
tribological motion of various applications. Friction is measured in-situ during
the experiment by measuring the ratio of the tangential force to the normal
force. Wear is usually measured after conducting the experiment using either

optical or X-ray scanning microscopy [128].

A wide range of tribometers are available, for example, pin on disk, and pin
on plate and four balls. Further, each type is designated to simulate a group
of applications and working at certain conditions. In order to simulate the
working of the desired application properly, the feasible tribometer must be
used to eliminate the deviations in the obtained results. The majority of
tribometers exhibit a precise simulation of wear and friction by offering a high
control of operating conditions such as humidity, temperature and applied
load. Lastly, tribometers are utilized instead of using the full size equipment
due to their ability to offer high control and their low cost in comparison with

the full size equipment [128].

A commercial nanotribometer from Anton Paar is utilized in this study. The
need for micro scale study in order to simulate the working of MEMS leads to

select of this tribometer.
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The tribological experiments are conducted by applying reciprocating motion
with ball-on-plate configuration. The high load cell is employed when the
maximum applicable load is 1IN and the minimum is 0.5 mN with load
resolution 3 uN.

A bespoke sample holder was designed to minimize the required amount of
IL in each test, and avoid using glue to hold the silicon wafers during
experiments (Fig. 3-2). Eight sample holders have been manufactured at the
University of Leeds, UK. Each sample holder was specified for a particular
lubricant to avoid chemical contamination that might be occurred when using

same sample holder for different lubricants.

Syringe

Removable cup . Lubricant

Sample holder ¢ Silicon wafer

15 mm

Figure 3-2: A bespoke sample holder for room temperature experiments.
This tribometer is designed to conduct experiment only at room temperature.
In order to conduct high temperature experiment; an engineering modification
has been applied. However, the highest temperature that can be applied is
100 °C.
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The further increase in temperature can lead to a deviation in the sensors
sensitivity that measure normal and tangential forces. Another bespoke
component was designed which contains two perforations for both heater and
sensor, see Fig. 3-3.

Heater’s perforation

Thermocouple probe’s
perforation

Figure 3-3: A bespoke sample holder containing two perforations.

A cartridge heater was inserted in the larger perforation and the probe of the
thermocouple was inserted in the second perforation. A super conductive glue
was utilized to minimize the thermal resistance. Both the cartridge heater and
the K-type thermocouple were purchased from Thermosense, UK. A digital
controller was incorporated to control the temperature by comparing between
the pre-set temperature and the signal that comes from the thermocouple. The
controller was also purchased from Thermosense, UK.

Lastly, a manual calibration was done to eliminate the error that might be
occurred due the presence of thermal resistances result from the glue and the
body of the sample holder. The full configuration of high temperature set up
is depicted in Fig. 3-4.
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The manual calibration reveals that the difference between IL temperature and
body temperature (sample holder) is 5 °C. Therefore in order to obtain 80 °C
in IL; 85 °C must be specified as a pre-set temperature. However, an error
about -1 °C +5 °C is unavoidable since the heater cannot work unless the
temperature becomes below 85 °C. Despite the cut out of electricity to heater
once the temperature becomes 85 °C, the temperature is rise up to about 90

°C due to the presence of stored heat in the heater.

1: Damper.
2:NTR

3: Temperature controller.

4: High temperature sample holder.

Figure 3-4: High temperature experiment configuration using
nano tribometer.

3.2.3 AFM
It can be defined as a blind microscopy which can scan both conductor and
insulator substrates using a sharp probe. It can be considered as non-
destructive [129]. AFM attracted many researchers in various subjects since
it offers [130]: a very high lateral resolution (5-10 nm), it can be operated under
a wide range of environment conditions, it can image any material regardless
to its mechanical and electrical properties and it can be utilized to study the

nanomechanical properties of surfaces such as nano-friction.
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Three operation modes are available; contact, non-contact and tapping when
the first mode will be used in this research. The working principle of AFM relies
on the atomic force between AFM tip and the examined substrate, see Fig. 3-
5[131].

Four-Quadrant

Force

Diode Tapping Repulsion Forces
Laser ﬁ
Contact
—_—
Distance
Cantilever
Y\ , —.FEH
e \ 4 SN/ Non Contact
(a) (b Attraction Forces

Figure 3-5: The working principle of AFM; (a) scanning process and
(b) force behaviour (131).
Based on Fig. 3-5, when the two surfaces, tip and substrate, come close
enough the attraction force gets start, after that, this force reaches the
maximum negative value when tip just gets in contact with substrate. Then,
the repulsive force takes place and the separation between tip and substrate
occurs. In other word, AFM cantilever falls and raises based on the distance
between tip and substrate asperities. This movement is reflected from the
back of cantilever into Quadrant Photo Detector (QDP) by laser ray and then,

the obtained signal is analysed [131].

There are two types of cantilevers: V-shape and rectangular cantilevers. The
former one is always made of silicon nitride, coated with gold, have tip radius
between 20 to 50 nm, thinner than rectangular and has smaller stiffness than
rectangular. Besides, the rectangular cantilever is made of silicon, coated with
aluminium and having tip radius less than 10 nm [132]. The cantilever is
considered as a spring and the calibration process is basically the calculation

of spring stiffness of both normal and lateral directions, see Fig. 3-6 [131].
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Figure 3-6: Representing of the AFM cantilever as
spring (131).

Lastly, AFM has been utilized extensively to characterize surface properties
when lubricating with ILs and obtain 3D images [62, 102, 133], to study the
tribological behaviour of ILs in nano scale [47, 110, 111, 116, 134]. In this

study, the morphologies of the ILs thermal films are characterized by AFM.

3.2.4 ATR-FTIR (Attenuated Total Reflection Fourier Transform
Infrared)

In this project, PerkinElImer ATR-FTIR is utilized. This technique could be
utilized to elucidate the chemical structure of both organic and inorganic
compounds and in either gas, liquid or solid state. The working principle of this
method relies on the interaction between the electromagnetic radiations, at
infrared region, with molecules. It results a vibrational motion of molecules
[135].

This motion is detected by analysing the reflected waves, thus, it will be
presented as a function of either transmitted or absorbed waves, see Fig. 3-7
[136]. However, the vibration cannot be occurred unless the dipole moment
is changed [137].

To understand the factors that influence on the molecules vibration, let us
consider that we have a molecule consists of three atoms which are

connecting with each other in different manners, as shown in Fig. 3-8.
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Figure 3-7: The typical FT-IR spectrum (134).
The vibration wave number is related to two factors; atoms’ mass (m) and the
stiffnress (k) of the connecting bonds, based on the following

relation: wave number = 4.12%. Therefore, the increase of bond stiffness

increases vibration frequency. In other word, if the atoms are connected with
double bond will be vibrated at higher frequency. In contrast, the increase of
atoms’ mass decrease vibration frequency. Lastly, the vibration motion could

be stretching vibration, bending, waging or twisting, see Fig. 3-8 [137].

C-H C-H
stretching vibration deformation vibration

CH2 g

deformation vibration

CH2 \ W3
deformation vibration \\

Figure 3-8: The molecules vibration types (137).
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In order to analyse FTIR results, the chemical formula of the examined
lubricant/additive is written and compared with the obtained data. The
presence of additive/lubricant is confirmed when at least one of its related
bonds is existed. In the addition, based on Beer-Lambert law, the decrease of
transmissivity of FTIR peak is proportional to the increase of its concentration
[138]. However, FTIR is usually employed for only qualitative analysis since a

quite complex procedure is required to obtain a quantitative analysis [137].

The main limitations of ATR FTIR are the difficulty of revealing compounds
with low concentration, the minimum measurable film thickness is about 0.5
pum and the dipole moment must be changed to detect the variation in

frequency [135].

In this study, FTIR is used to analyse lubricants and their thermal
decomposition mechanism. The chemistry of thermal film is also examined by
FTIR. However, the formation of tribofilm cannot be examined by FTIR
because of the small dimensions of wear track which is difficult to be oriented
to the measurable area over the crystal. The following conditions were applied
in this study: the signal was collected within the range of 650 to 4000 cm™ and
an average of 25 scans was utilized when the resolution was 2 cm™. The
obtained spectra were analysed using the handbook for IR spectra for both
organic and inorganic compounds [135] in addition to the available data in the
literature [139-143].

3.2.5 SEM-EDS (SEM-EDS Scanning Electron Microscopy Energy
Dispersive Spectroscopy)
In this study Hitachi SU8230 is utilized. It is a common technique which is
mainly used to define surface morphology and find surface chemical
composition. In addition, it's a non-destructive method and the measurement
can be achieved quickly. However, this method is valid just for solids and a
high vacuum is required inside the test chamber. Fig. 3-9 illustrates the main
components of SEM-EDS. The electron gun, usually thermionic cathode, is
used to generate electrons, these electrons will be accelerated by anode.
However, the generated beam in this case is very wide and it can strike both
sample and sample holder. Thus, the electromagnetic lens are used to focus

the electrons beam on sample.
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The sample will emit secondary electrons as a result of the striking of primary
ones. This means that surface morphology will be obtained from the emission
of the secondary electrons. To achieve that, a secondary electrons (SE)
detector is utilized, and also a positive charge could be added at the head of
SE to increase the number of the absorbed electrons. Finally, the raster scan
generator allows the user to move the primary electrons beam to scan the

whole sample [144].

The brightness is proportional linearly with the number of electrons. It depends
on the geometry; for instance, the protrusion, spherical and edges can emit a

large number of electrons while holes produce lower number.

Additionally, the chemical composition could be obtained by detecting the X-
ray energy that released due to the transition of electrons from higher level of
electron shell to lower one. The X-ray detector reveals the type of material
based on the absorbed energy since each particular material will release a
particular energy. The necessity of vacuum can be summarized just in two
points, which are to maintain the sample clean and to avoid any interaction

between either the secondary electrons or X-ray with air [144].
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Figure 3-9: SEM-EDS main components
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In this study SEM-EDS is utilized to reveal surface morphology of the thermal
films and wear tracks and their chemical compositions. 2 KeV and 15 KeV are
applied in order to obtain surface morphology and surface chemical

composition respectively.

Carbon coating must be applied to low conductive materials to enhance their
conductivity and then improve the obtained image [145]. Further, the surface
chemistry of thin films could not be detected by EDS. In this study, the use of
SEM-EDS is limited only in the study of IL as additive. For the study of the
lubrication mechanism of neat ILs; AFM, optical microscopy and XPS are
employed to investigate surface morphology of thermal film, surface
morphology of wear tracks and surface chemistry respectively.

3.2.6 XPS (X-ray Photoelectron Spectroscopy)
This technique relies on the fact that the incident X-ray encourages the
photoemission process, which means that an electron, or more than one, is
ejected from atom after absorbing this energy, see Fig 3-10 as an illustration.
This electron is analysed using electron energy analyser to obtain chemical
composition, chemical formula and chemical state of the element that the

electron ejected from [146].

Oxygen atom

Oy photoejected electron @°

Figure 3-10: Photoemission process (146).

The ejected electron is detected based on its binding energy (B.E). It is the
energy between electron and atom, since electron kinetic energy (K.E) cannot

be considered because it can be varied with the change of the incident x-ray.



=49 -

The binding energy is calculated from B.E = hv — K.E — @, when hv is the
photon energy and @ is the work function, see Fig. 3-11. The work function
relates to the required energy for the ejected electron to escape from solid;

transfers from fermi level to the vacuum level [147].
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Figure 3-11: Clarify the meaning of work function (147).

As all other techniques, XPS exhibits some advantages and disadvantages.
The advantages are: non-destructive, surface sensitive and it provides
guantitative measurement. Besides, the disadvantages are: expensive, high
vacuum is required, slow processing and helium and hydrogen elements
cannot be detected. Further, the sampling depth is between 3-10 nm since

electrons scatter in higher depth [146].

The interpretation of the obtained spectrums are divided into qualitative and
guantitative. The former is usually conducted firstly to get an idea about the
existed elements. The spectrums are quantified by calculating peak areas or

measuring peaks’ intensity [146].

In this study, XPS is used to characterize the surface chemistry of both thermal
films and tribofilms. Two facilities are utilized. NEXUS facility at the university
of Newcastle and XPS facility at the school of physics at the University of
Leeds. The former facility is only used to characterize the thermal films of

additives and the latter is used for the rest samples.
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In NEXUS facility, a Kratos AXIS Nova XPS at the University of Newcastle,
UK, is utilized. A monochromatic Al Ka (1486.6 €V) beam is utilized and the
spot size was 300 um. Three spots are scanned in each sample to investigate
the homogeneity of the formed films.

This XPS system also contains an optical microscope which allows users to
obtain 700 x 300 micron images and the scanned area can be specified from

this image.

The second facility that is utilized in this study is Thermo Escalab 250 XPS at
the University of Leeds, School of Physics and Astronomy, UK. A
monochromatic Al Ka (1486.6 eV) beam is used and the spot size is 500 pum
when the position of spot is specified at the centre of silicon sample using the

incorporated optical microscopy.

In both facilities; three sweeps are applied to obtain the survey and ten sweeps
for the high resolution regions and the pass energies are 160 eV and 20 eV
for survey and high resolution regions respectively. For all samples, first of all,
the survey is collected in the range of binding energy between 0 and 1200 eV

and based on the obtained results the high resolution regions are specified.

However, to avoid the interference between silicon electrons, that resulted
from the Plasmon effect, and both phosphorus and sulfur electrons; P2s and
S2s are scanned in high resolution regions instead of P2p and S2p since the

recognition with silicon electrons is easier in the former ones [115, 148].

After that, CasaXPS is used for curve fitting using Gaussian-Lorentzian
method. The calibration to achieve charge correction is fulfilled based on
Carbon spectrum when it is shifted to 285 eV. Appendix 1 shows the curve

fitting process step by step.

On the other hand, the quantitative analysis are conducted using corrected
area Ao by dividing the obtained area by the sensitivity factor Sf. This factor
can be calculated using the following equation; Sf = 6. A. B. T, when o is
photoionization cross-section and it can be obtained from [149], A inelastic
mean free path and the calculation method is available in [150], B is the
asymmetry parameter and it is obtained from [151] and lastly, T is

representing analyser transmission function.
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3.2.7 White Light Interferometry (NPFLEX)
The characterization of surface morphology of samples’ contain wear track is
achieved by NPFLEX. In contrast to SEM, quantitative data can be obtained
to quantify wear volume and the samples can be examined directly without
any pre-preparation. In this study, White Light Interferometry, 3D optical

microscopy, (Bruker, University of Leeds, UK) is employed.

A vertical optical scanning using 10x lens is employed to obtain a 3D map of
surface topography, surface roughness and quantitate wear volume. Further,
in order to quantify wear volume, a stitching scan is applied to cover 3 x 0.82
mm? scanning area, with spatial resolution 100 um. After that, the software
Vision64 is utilized to present and analyze data when the wear volume is
calculated by applying a special filter, mask filter, to subtract wear track from
the rest area in the surface and then quantify wear track width, length, depth

and lastly wear volume.

3.2.8 TGA (ThermoGravimetric Analysis)
It is defined as a common technique that is used to measure the effect of
temperature on mass; it measures the reduction of mass as a function of
temperature change. In addition, the influence of pressure on mass change
can also be involved, in this situation the technique is called pressurized TGA
(PTGA). TGA reveals the variation of composition and thermal stability of the
measured sample from weight loss curve. The reduction of weight might be
resulted from either chemical reaction, physical transitions or both together.
Chemical reaction represents by the loss of water, decomposition and the
reduction of metal oxide due to combustion, while physical transitions

represents by evaporation or absorption [152].

In this study, the TGA at the University of Leeds, school of chemical and
process is used. The obtained curves are exported to Origin pro and the first
derivative is evaluated to find the onset temperature. The dynamic thermal

decomposition of neat ILs are examined by TGA.
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3.2.9 Rheometer
The dynamic viscosity of the selected ILs are measured at various
temperatures using Kinexus rheometer, University of Leeds, UK. Basically,
the dynamic viscosity is varied as a function of shear rate, pressure,
temperature and time. However, just viscosity of non-Newtonian fluids are

changed with shear rate while ILs behave as Newtonian fluids [153, 154].

3.3 Materials

3.3.1 Lubricants

In this study, ILs are used as either additive or neat lubricants. A soluble IL;
phosphonium phosphate is used as additive in PAO6 and compared with the
common anti wear additive ZDDP when also added to PAOG6. For the second
part, using ILs as neat lubricants; five ILs are used. Table 3-1 depicts the

utilized lubricants and additives in this study.

The selection of neat ILs is aimed to cover the effect of cation chain length,
anion chain length, anion type and cation type in order to obtain the relation
between IL chemistry and its lubrication mechanism. The effect of anion chain
length is studied by comparing between EMIM ESU and EMIM OSU. The
effect of cation chain length is studied by comparing between BMIM OSU and
EMIM OSU. The effect of anion type is studied by comparing between EMIM
ESU and EMIM EP. Lastly, the effect of anion type is studied by comparing
between PSU and EMIM ESU.

In addition, halogenic ILs are avoided since a large number of previous studies
considered them [3-6]. The selection also aims to investigate the effect of the
presence of phosphorus atom in either phosphonium cation or phosphate

anion. All ILs are utilized in as-received condition without any extra treatment.
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Table 3-1: The utilized lubricants in this study.

Poly Alpha Olefin 6 Ineos
(PAOB) QOligomers /
RO S S
Zinc Dialky! Dithio Afton \P / \Z n/ \ /OR
i "\ - P
Phosphate (ZDDP) | chemicals RO/ \S/ \§/> \OR
Phosphonium Sigma- HC
Phosphate (PP) Aldrich HC o~ picH, -O_EI,')_O/\/\CHa
ch Owcﬂg
Ethyl Methyl HC L AL 0 -
v e TSNS e, | Y-t
Imidazolium Ethyl Merck \ 3 0-3-0 p—
Sulfate (EMIM ESU) —_— 0
—
Ethyl Methyl HEC\N &N'ACH - ﬂ‘;
Imidazolium Octyl Merck \ / 3 CanOSOa
Sulfate (EMIM OSU) —
o~
Butyl Methyl HC~ AN - o
Imidazolium Octyl | Merck NN CH, |C4H,,050, v
Sulfate (BMIM OSU) — <
Ethyl Methyl CHs
Imidazolium Diethyl | Sigma [f:l*' o (l:PI) O/_ CHs
Phosphate (EMIM Aldrich N) (!_) CH v
~ 3
EP) |\CH
3
HaC o
Butyl Methyl “O—-S—OCHz3
. Santa o Y
Phosphonium Methyl P+—CH
Cruz /_/_ 2
Sulfate (PSU) o I\L
CH3

I 1: Anion chain length is increased, 2: cation chain length is increased, 3: Anion
type is changed and 4: cation type is changed.
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3.3.2 Materials

Two tribopairs are utilized in the current study in order to simulate two various
applications. The use of ILs as anti-wear additive is aimed to be used in
engines. Thus, the first tribopair is silicon substrate against steel ball. Silicon
showed a very comparable tribological behaviour to Aluminium-Silicon alloy
(the dominant material in the manufacturing of cylinders) [155]. The
mechanical properties and surface roughness of both silicon and steel ball are

illustrated in table 3-2.

Aforementioned, neat ILs can be used as potential lubricants in two
applications; in aerospace and to lubricate MEMS since the cost can be
tolerated in the first application and only few amount is required in the latter
one [3-6]. Therefore, the second application is simulated in this study. Silicon
based materials must be used in order to simulate the lubrication of MEMS

[24]. Silicon substrate against borosilicate ball is utilized in this study.

Silicon wafers are cut into small square samples; 7.5 mm x 7.5 mm, and then
placed in the sample holder, see section 3.2.2. The diameter of both steel and

borosilicate balls is 2 mm.

All samples have been sonicated for 2 minutes in acetone solvent and dried
by nitrogen gas flow before the experiment. After each experiment, the
samples have been sonicated for 30 second and dried by nitrogen gas flow.
Then, all samples have been stored at vacuum in order to avoid

contaminations.
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Table 3-2: Properties of solid materials.

Mechanical properties

Elastic modulus Elastic modulus Elastic modulus
211 GPa 129.5 GPa 64 GPa
Poisson’s ratio Poisson’s ratio Poisson’s ratio
0.3 0.25 0.2

Average roughness

125 nm 0.25 nm 45 nm
60 65 64

3.4 Experiments Procedures

This section will present the methodology of each phase of experiments and
their related calculations. The conditions of each phase of experiments will be

presented in the related results’ chapter.
3.4.1 Blending Lubricants

The first step is to blend the anti-wear additives (PP and ZDDP) with the base
lubricant PAO6. Both PP and ZDDP are added into PAO6 with 1.08 wt% and
0.74 wt% respectively. These percentages are selected to keep the
phosphorus content same in both mixtures. It is 800 PPM which is the
maximum permitted percentage [98]. The procedure starts with the weighting
of PAOG to obtain its mass and the following equation is used to find additives

masses:

(additive mass)

required percentage = - —
1 P g (base lubricant mass + additive mass)
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The required mass to achieve the aimed percentages of both additives are
defined. Each mixture is heated to 60 °C and stirred at 200 RPM for 2 hours.

3.4.2 Thermal Film Experiments

These experiments have been conducted using the hot plate presented in
section 3.2.1. All beakers are cleaned by soap firstly and then rinsed by
methanol and lastly dried in a hot zone (40 °C). They kept there until starting
the experiment. The silicon substrates were sonicated for 10 minutes before
each test and then inserted in the previously cleaned beakers. After that, the
beakers (with silicon wafers inside them) are filled with about 1 ml of lubricant
and then all beakers are seated over the hot plate surface. All together are
placed in a well ventilated area to ensure that the produced fumes are directly
exhausted.

3.4.3 Thermal Decomposition Experiments

Two types of thermal decomposition experiments are conducted in this study;
dynamic thermal decomposition and static thermal decomposition. TGA is
used for dynamic thermal decomposition. A 70 pl alumina oxide crucibles from
Mettler-Toledo are utilized. The crucibles are weighted before and after filling
them with lubricant. To obtain a precise measurement; a comparable amounts
of lubricant is utilized in all experiments. Then all crucibles are placed inside
TGA.

For static thermal decomposition experiments (temperature is kept constant
and the time is varied), the same procedure that is followed for thermal film
formation is conducted. However, all beakers are filled with lubricant only, no

silicon wafers in these experiments are needed.
3.4.4 Micro Scale Experiments

Aforementioned, nano tribometer is utilized in micro scale study and it has
been described in details in section 3.2.2. A few calculations must be
conducted to evaluate the contact radius, contact pressure and check whether

the lubrication regime is boundary one or not.
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In this study, the boundary lubrication regime will be used in all experiments,

since the sever condition encourages the formation of tribofilm.

Based on Stribeck diagram that is presented in Fig. 1-3, the lubrication regime
is considered boundary when the specific film thickness (A) is less than 1. A is

calculated using the following equation [32]:

hnun _ hnﬁn

n _
BRa R v re,

Ra and Rq refer to the centre line average roughness and root mean square

A=

roughness respectively. They can be measured experimentally using either
AFM or NPFLEX [156].

Besides, hmin is the minimum film thickness and it is calculated utilizing the
following equation [156]:
—-0.073

Rnin Une . 049( w ) —0.68k
- 363<ER) (aE) R (1-e )

When U is the entraining surface velocity, n, is the dynamic viscosity, E is the
reduced Young’'s modulus, W is the contact load, « is the pressure-viscosity
coefficient, R is the reduced radius of curvature and k is the ellipticity
parameter. It is clear that some parameters are varied based on the contact
geometry, in this particular study, a ball on plate configuration is used as
shown in Fig. 3-12 [156].

‘“\\\\\\Hﬁ
é

\&

Elliptical
contact area

g

Figure 3-12: Ball on plate contact.
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In this case, the body B, silicon wafer, is considered that has infinity radiuses
in both directions x and y. Therefore, just the radiuses of body A will be
considered in the determination of reduced radius of curvature, as

demonstrated in the following equation [156]:

_ 1.1
Rax Ray

| =

Since the body A is a ball, thus, both radiuses have the same value which is
1 mm, hence, R = 0.0005 mm. The reduced Young’s modulus is calculated
utilizing the following equation [156]:

2E,E,

E =
(1-v3)E, + (1 —v})E,

U represents the Poisson’s ratio.

The pressure viscosity coefficient cannot be measured unless using
viscometer contains a pressure cell to measure the variation of viscosity with

pressure.

However, this value has a slight influence on the calculation of minimum film
thickness. It can be estimated based on the available data in the literature
[157]. Due to the high dependency of viscosity on cation type, rather than
anion type, as reported before by Saurin [72] and also confirmed in this
research. Therefore, the values of pressure viscosity coefficient of ILs having
same cations, that are reported in the literature [9, 158, 159] will be used here.
For BMIM is 10 GPA and for EMIM and Phosphonium based IL is 8.5 GPA.

The last parameter that must be determined to find the hmin is the ellipticity
parameter (k) which is determined from the following equation [156]:

0.636

k = 1.0339 Ry
= 10339 ()

X
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After calculating hmin and measuring Ra, the calculation of 4 becomes
straight forward. Lastly, the calculations of contact pressure and the contact

radius (r) are achieved using the following equations respectively [156]:

0.333

3><W><R)

Prean = ( E

0.333
= <O.10616 X3 X W X E” X (ﬁ»

3.5 Summary

This chapter has presented the methodology of the current study in details.
The schematic diagram below (see Fig. 3-13) summarizes the utilized
equipments to conduct experiments and the utilized techniques for post

experiments analysis.

Experiments
5| Measuring viscosities ].. N Rheometer ]
.' Thermal r FTIR 1
» decomposiion Conductthe | TGAand hot plate M
Experimentby | * Post experiment |
- || anasisby || FTIR SEM-EDS
— Thermal film ]—v +. hot plate 1T xpsandArm
o
— ( NPFLEX, SEM-EDS
——|  Tribological ]-» | Nanotrbometer ]-' > and XPS
\ J

Figure 3-13: The summery for the utilized methodology.

Further, the working principle and the utilized procedure of each equipment
have been illustrated in details. Lastly, the materials and the related

calculations for tribological experiments have been also demonstrated.
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4. Chapter 4: Reactivity of oil-soluble IL with the silicon

surfaces at elevated temperature

4.1 Introduction

Oil-soluble IL, phosphonium phosphate (PP), has been proposed as an
effective anti-wear additive. It is also proposed to be used as an alternative to
ZDDP. The latter additive can provide a good protection against wear and it is
one of the most common anti-wear additives. However, the production of ash
as a result of ZDDP decomposition pushes the researchers to find an effective
alternative [160, 161].

The previous studies as presented in the literature showed that both additives
(PP and ZDDP) can provide a comparable anti-wear performance at room
temperature. The increase of temperature showed that PP can provide
superior anti-wear performance to ZDDP [23, 28, 29, 162]. However, the
reason behind this finding was suggested to be due to the effect of viscosity.
The increase of temperature decreases lubricants’ viscosity which leads to a
decrease in its load-carrying capacity. Nevertheless, both mixtures,
PAO+ZDDP and PAO+PP, exhibit same viscosity as pointed out in the [23,
28, 29, 162].

To investigate the reason behind the superior performance of PP at elevated
temperature; this study is conducted to compare the reactivity of PP and
ZDDP with the silicon surfaces at elevated temperature. In addition, the
durability of both thermal films (ZDDP and PP) is examined by applying a
reciprocating tribological motion using steel against silicon to simulate the
working of a cylinder bore/piston ring interface in engine [155]. The AL-Si lines
is used and the steel piston ring will be running on the large Si grains.

The chapter is divided into six sections as follows: overview, introduction,

experimental conditions, results, discussion and conclusions.
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4.2 Experimental Conditions

The reactivity of both additives is investigated at various temperatures and
after various periods. Table 4-1 depicts the applied conditions. The selection
of high temperature is to simulate the working temperature in engines.

Table 4-1: The applied conditions to generate the thermal films of the

anti-wear additives.

2 150 and 175
6 150 and 175
24 150

The durability of the generated thermal films is examined by comparing their
tribological properties (wear and friction) with the silicon surface before the
formation of the thermal films. The tribological properties of the thermal films
that are created by after 2 hours and at 150 °C are examined. A neat PAO is
utilized as a lubricant and the experimental conditions are: 14.4 m sliding
distance, average contact pressure 600 MPa and lambda ratio 0.004 which

means it is at the boundary lubrication regime.

4.3 Results
4.3.1 Thermal Decomposition of Lubricants

Fig. 4-1 presents the FTIR peaks for PAO, PAO+ZDDP and PAO+PP at room
temperature. Firstly, as expected, all lubricants have the same peaks with the
same intensities. The differences between the oils cannot be discerned due
to their low concentrations [163]. Therefore, the obtained peaks are assigned
to hydrocarbon bonds which might result from either PAO, additives or both
together. The lowest frequency peak at 721 cm™ is assigned to the rocking
vibration of CHz. The second peak at 1378 cm™ is assigned to the deformation
vibration of CHs while the peak exhibits wave number 1465 cm™? can be
related to either asymmetric deformation of CHs or deformation of CHz. The
last two peaks at 2853 cm™ and 2921 cm are assigned to the symmetric
stretching of CH2 and asymmetric stretching of CH2 respectively.
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These assignments are in agreement with the previous work conducted by
Mangolini et al [164].

When the temperature is increased to 150 °C for two hours, the decomposition
is initiated and a new peak appears at 1720 cm! which is assigned to the
symmetric stretching of C=0. Further increase in temperature by 25 °C, for

the same period, does not show any changes in the obtained peaks.

To examine the effect of time on the decomposition process, the time is
increased from 2 to 6 hours at two different temperatures; 150 °C and 175 °C.
The results reveal that no new peaks are initiated. However, a slight change
occurs in the region between 850 and 1350 cm™. This change could be
assigned to C-O stretching as mentioned before by Mangolini et al [164]. Time
was increased to 24 h for only one temperature; 150 °C. As expected, this
increase creates new peaks related to the oxidation process. From the FTIR
results in Fig. 4-1b, it is clear that the formation of a new peak at wave number
1170 cm is related to the stretching vibration of C-O. Also, a very clear wide
peak extends from 850 to 1300 cm due to the stretching vibration of C-O.
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Figure 4-1: FTIR results for all lubricants at; (a) Room temperature

and (b) 150 °C for 24 h.
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4.3.2 ZDDP Thermal Film Results

Fig. 4-2 depicts the FTIR results for the silicon surfaces before the generation
of the ZDDP thermal film. It is clear that silicon surface is clear of any
compounds that can be detected by FTIR. Fig. 4-3 demonstrates the FTIR
results of silicon samples after the generation of ZDDP thermal films. The
results show that among the five conditions only for 2h 175 °C, 6h 175 °C and
24h 150 °C, were peaks detected and that showed the presence of a thermal
film. The peak at 926 cm™ can be assigned to either stretching vibration of
P=0 [163] or the asymmetric vibration of P-O-P [165]. A peak at 1087 cm™ is
detected and it can be assigned to the asymmetric vibration of either PO3s or
S04[165, 166]. The peak at 1125 cm can be assigned to either the stretching
vibration of P-O-Si [163], asymmetric vibration of POs? [165, 166] or an
overlap of both peaks. For the longest period, 24 h, a new weak peak is
obtained at 750 cm! which can be assigned to the symmetric vibration of P-
O-P [163]. Also, a peak at 1640 cm™! can be assigned to C=C [163].

100 ~
S
— 90 A
80
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Figure 4-2: FTIR results for silicon substrate before the generation of

thermal film and after the formation of PP thermal film.
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Figure 4-3: FTIR results for ZDDP thermal film at the following conditions:
(a) 150 °C and 2 hours, (b) 175 °C and 2 hours, (c) 150 °C and 6 hours,
(d) 175 °C and 6 hours and (e) 150 °C and 24 hours.
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SEM enables the physical nature of surface to be examined. The surface
morphologies of Si before and after the formation of ZDDP thermal film under
all applied conditions are demonstrated in the SEM images in Fig. 4-4. It can
be seen clearly that both film thickness and film consistency are increased
with the increase of either temperature or time. In addition, the elemental
mapping of the created films from EDS analysis showed that all surfaces have
the same elements; phosphorus, zinc, carbon, silicon and oxygen. Fig. 4-5
depicts EDS results of ZDDP thermal film after the longest period at 24h. It
can be seen that the presence of silicon significantly decreased when the
thermal film is formed. The presence of oxygen, zinc and phosphorus is

increased with the formation of thermal film. The presence of carbon is

comparable before and after the formation of thermal film.
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Figure 4-4: Surface morphology of (a) Si substrate before test; (b) Siin
ZDDP 150 °C 2h; (c) Siin ZDDP 175 °C 2h; (d) Siin ZDDP 150 °C 6h
(e) Siin ZDDP 175 °C 6h and (f) Siin ZDDP 150 °C 24h.
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Figure 4-5: The EDS result of ZDDP thermal film at 150 °C and for 24 h.
The results of XPS again confirm the formation of the thermal film when zinc,

phosphorus and sulfur are detected. Three spectra are collected; P2s, S2s,
Zn2p which are the elements that resulted from the chemical reaction between

ZDDP and silicon surface.

Sulfur is detected only at 2h and 150 °C, see Fig. 4-6. S2s at 226.6 eV is fitted
with one peak and assigned to ZnS [167], which is also confirmed by the Zn2p
peak. The S2s peak is diminished with the increase of time and temperature

which means that sulfur in ZnS is dissociated.

Zinc is detected at both conditions; 150 °C (2 hours) and 175 °C (6 hours),
and Zn2p is scanned at the high resolution region. Fig. 4-7 presents the Zn2p
peaks, fitted into two peaks (Zn2p 3/2 and Zn2p 1/2). At lower temperature
the Zn2 p3/2 at 1022 ev is assigned to ZnS [168] which is in agreement with
the sulfur assignment. The increase of both time and temperature lead to a
shift the peak by 0.6 eV which means that the chemical state has been

changed.
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Figure 4-6: S2s peak for (a) silicon before experiment, (b) ZDDP

thermal film formed at 2h and 150 °C and (c) ZDDP thermal film
formed at 6h and 175 °C.

This shifting is as a result of the oxidation of Zn and the new peak is assigned
to ZnO [168]. The Zn2p of ZnO and ZnS are close to each other (1022 eV and
1022.6 eV) respectively; in this chapter the XPS results of Zn and S have been
used to suggest that there is a change from ZnS to ZnO.

P2s is also detected at both conditions as shown in Fig. 4-8. However,
phosphorus already exists in the n-type silicon. In order to distinguish between
phosphorus created by the thermal film and phosphorus element that exists
in the substrate; both the intensity ratio of P2s to Si2s and the binding energy
are utilized. The intensity ratio of P2s to Si2s, that existed due to plasmon
effect, is 0.5 and the binding energy of P2s is 187.7 eV which is in agreement
with [148].

After the formation of the thermal film; both the silicon plasmon peak and the
phosphorus peak are diminished. Two new peaks are obtained at 188.6 eV
and at 191.5 eV. The interpretation of these two peaks is done using
information from FTIR results and the available data in [148]. The first peak at
188.6 eV can be assigned to phosphate as shown in FTIR results. The second
peak at 191.5 eV can be assigned to P-O-Si which is in agreement with [148],
FTIR results in the current study and FTIR results in [163].
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Figure 4-7: Zn2p peak for (a) ZDDP thermal film formed at 2h and
150 °C and (b) ZDDP thermal film formed at 6h and 175 °C.
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Figure 4-8: P2s peak for (a) silicon before experiment, (b) ZDDP

thermal film formed at 2h and 150 °C and (c) ZDDP thermal
film formed at 6h and 175 °C.
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4.3.3 PP Thermal Film

Using ATR-FTIR, the thermal film of PP could not be detected under any of
the applied conditions (as shown in Fig.4-2). This means that the created film
is not thick enough to be detected by FTIR. The sampling depth of the ZnSe
crystal is about 1.66 um [169].

SEM-EDS is used in order to characterize the topography of the silicon
surface before test and after the formation of PP thermal films under various
circumstances as shown in Figs. 4-9. and 4-10. It is clear that PP creates a
thermal film. The SEM results confirm that a few changes occur in the surface

morphology, especially, when the temperature is increased to 175 °C.

EDS results in Fig. 4-10 shows that the presence of oxygen and carbon is
significantly increased in the silicon surface after the generation of PP thermal
film. However, phosphorus still could not be detected and a more surface

sensitive technique was employed to confirm the formation of PP thermal film.

XPS results confirm that there is a thermal film present at the lowest applied
temperature with the lowest period; 150 °C and 2h. The film is detected by
comparing P2s peak (Figure 11) with silicon substrate before the formation of
thermal film. Again, as observed in the ZDDP thermal film, phosphorus
element and Si2s related peaks are diminished compared with the P2s peak
for silicon before the formation of thermal film.

Two peaks are obtained at 150 °C, 2h with their binding energies are 188.6
eV and 191.5 eV respectively. The former can be assigned to phosphate
comparable to a ZDDP thermal film. The second peak at 191.5 eV is assigned
to P-O-Si[148]. Only one peak at 191.5 eV is obtained in the second examined
condition, 175 °C and 6h which means that P-O-Si solely exists at this

condition.
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Figure 4-9: Surface morphology of (a) Si substrate before test; (b) Si
in PP 150 °C 2h; (c) Siin PP 175 °C 2h; (d) Siin PP 150 °C 6h
(e) Siin PPIL 175 °C 6h and (f) Si in PPIL 150 °C 24h.
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Figure 4-10: The EDS results of PP thermal film at 150 °C and for 24 h.



-72-

196 194 192 190 188 186 184 182 180 178 176
BE (eV)

Figure 4-11: P2s peak for (a) silicon before experiment, (b) PP
thermal film formed at 2h and 150 °C and (c) PP thermal film

formed at 6h and 175 °C.

4.3.4 The Durability of Thermal Films

The durability of PP and ZDDP thermal films is investigated in order to
understand their roles in the reduction of friction and wear coefficients. The
experiments are conducted in the presence of PAO lubricant for silicon before
the generation of the thermal film, silicon containing the PP thermal film and
silicon containing the ZDDP thermal film. The results of friction coefficients are
presented in Figs. 4-12 and 4-13. The former one presents the average values

and the latter one presents the evolution of friction coefficient during test.

It is clear that the PP thermal film decreases friction coefficient by about 30%
while the ZDDP thermal film leads to an increase by about 30%. In order to
understand the reason behind this finding; both the morphology and the
chemistry of films must be considered. Thicker and patchy film is created by
ZDDP (see Figs. 4-4 and 4-9) causes an increase in the friction coefficient. In
addition, the presence of zinc particles might be also involved. The PP thermal

film is thinner and consists of phosphorus based compounds only.
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Figure 4-12: Friction coefficient behaviour during experiment.
Fig. 4-13 presents the friction coefficient evolution with the sliding distance.
For the ZDDP thermal film, a high friction coefficient is obtained at the
beginning and then the value is gradually decreased and becomes closer to
the friction coefficient of silicon substrate before the generation of the thermal

film. This behaviour suggests that the film exhibits high friction coefficient.
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The decrease of friction coefficient with distance means that the destruction

of film leads to decrease friction coefficient.

For the PP thermal film, a slight fluctuation in the friction coefficient is
observed. This behaviour suggests that also a patchy film exists. However,
the absence of zinc and the presence of a phosphorus based film decreased
the friction coefficient. Lastly, the friction coefficient of silicon before the
generation of thermal film shows a more stable behaviour than silicon
containing the PP thermal film and lower values than silicon containing ZDDP

thermal film.

Wear coefficients of the three samples are depicted in Fig. 4-14. The value of

the wear coefficient is calculated by using the following equation:

wear volume

. It is clear that both films result

wear coef ficient =
ff applied load X sliding distance

in a substantial reduction in the wear coefficients. PP and ZDDP thermal films
lead to decrease wear coefficient by about 75% and 85% respectively.

The presence of ZDDP thermal film shows the highest reduction in the wear
coefficient. This can be resulted due its higher thickness in comparison with

PP thermal film. In addition, the chemistry of film is also effective. The
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Figure 4-14: The wear coefficients of silicon surfaces before and after

the formation of thermal films.
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presence of zinc oxide might enhance the durability of the ZDDP thermal film.
In contrast, the highest wear coefficient is obtained in the clear silicon sample
due to the absence of any protective layer that can offer an anti-wear
protection.

Lastly, the surface morphologies of the three samples are showed in Fig. 4-
15. The ZDDP thermal film can be seen easily while PP thermal film cannot
be recognized. This finding means that a transparent film is created. However,
it is clear that the PP thermal film provides a considerable reduction in the
wear coefficient. The presence of thermal film in both additives provides a
considerable reduction against wear. ZDDP provides higher protection due to
its higher thickness. In addition, film chemistry might also has a significant

role.

Figure 4-15: Surface morphologies of: (a) Silicon substrate without before

the formation of thermal film, (b) silicon substrate contains PP

thermal film and (c) silicon substrate contains ZDDP thermal film.
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4.4 Discussion

4.4.1 Film Formation Mechanism

The ZDDP thermal film formation mechanism seems to follow the same
mechanism as presented in [170] for a steel surface. Consequently, at 150 °C
for 2h; three layers are formed which are ZnS (Figs. 4-66b and Figs. 4-7a),
phosphate (Fig. 4-8b) and P-O-Si layers (Fig. 4-8b). The increase of time and
temperature to 175°C for 6h shows that ZnS layer is replaced by ZnO as the
sulfur peak is diminished as depicted in Fig. 4-6¢ and the Zn2p peak is shifted
by 0.6 eV (Fig. 4-7b). This finding is confirmed when 6 spots are scanned by
XPS for two silicon samples in the same conditions (175 °C for 6h). Further,
the increase in time and temperature leads to an increase in the ratio of Si-O-
P to phosphate which suggests the phosphate transformed to Si-O-P.

The formation mechanism of PP thermal film is summarized in Fig. 4-16. The
reaction between PP and silicon surface at 150 °C for 2h results in the
formation of phosphate and P-O-Si layers within the bulk of the thermal film
(Fig. 4-11b). The increase of time and temperature to 175 °C and 6h seems
to create a single layer thermal film consisting of P-O-Si as presented in Fig.
4-11c. This finding suggests that the phosphate layer is transforming to P-O-
Si with the increase of time and temperature.

Despite the differences between the components of ZDDP and PP thermal
films; both resulting phosphorus species being bond to the silicon surface as
shown in Fig. 4-8 and Fig.4-11.

Temperature
150 °C > 175 °C
Si-O-P )
Si-O-P
Phosphate —»
Silicon Silicon
Time
2 hours . 5 hours

Figure 4-16: PP thermal film formation mechanism.
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4.4.2 Film Thickness

Phosphonium phosphate thermal film remains undetectable by ATR-FTIR and
EDS even at the longest time 24h and 150 °C. However, XPS results confirm
the formation of the thermal film even at the shortest time of 2h and the lowest
temperature of 150 °C. In contrast, ZDDP thermal film is detected by EDS and
FTIR in three different conditions; 150 °C 24h, 175 °C 2h and 175 °C 6h (see
Fig. 4-3). Therefore, it is clearly seen from the results that ZDDP thermal films
are thicker than PP thermal films. The lower decomposition temperature of
ZDDP additives compared to PP [171] can lead to a higher adsorption of
ZDDP molecules to react with the silicon substrate which leads to form thicker

films.

Formation of a thin thermal film by PP can also be related to the absence of
metal cation, such as Zn?* in ZDDP, to feed the chemical reaction. This means
that the chemical reaction is not sustainable and PP reacts with silicon when
they are in direct contact. To check the validity of this assumption, the time is
increased into 24 hours but the film is still not thick enough to be detected by
both ATR-FTIR and EDS. This finding is in agreement with the recent finding
by Zhou at al [172] when the formation mechanism of PP tribofilm is studied
and it is found that PP tribofilm formation is unsustainable unless a positive

cation is provided from wear debris.

4.4.3 Tribological Behaviour

The generated thermal films of both additives result a reduction in the wear
coefficient as shown in Fig. 4-14. This can be a confirmation to the ability of
both additives to be employed as anti-wear additives. However, the higher
thickness of the ZDDP thermal film results in a better anti-wear performance
than the PP thermal film. Besides, the PP thermal film shows a reduction in
the friction coefficient while the ZDDP thermal film shows an increasing in the
friction coefficient when both are compared with silicon before the generation

of thermal film.

These can be correlated to both films’ morphologies and films’ chemistries.
Phosphorus moieties of both films are very comparable. This can suggest that
the presence of zinc oxide provides ZDDP thermal film higher protection

against wear.
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However, for the same reason, the increase of friction coefficient might be
resulted. Lastly, as concluded in section 4.1.1, again the presence of zinc in
ZDDP results a higher film thickness than PP which lead to provide higher

protection against wear.

4.5 Conclusions
A comparative study has been done to investigate the reactivity of oil-soluble
IL and ZDDP with silicon surfaces at elevated temperatures and the following

conclusions are obtained:

e Both additives have been reacted with silicon surfaces and form
thermal film. However, the morphology and chemistry are quite
different.

e Both additives have formed P-O-Si as a result of the chemical reaction
between phosphorus and the silicon surface.

e The increase of time and temperature results in an increase in the
ZDDP thermal film thickness and film homogeneity.

e For ZDDP the film chemistry, the increase of temperature lead to a
change in the chemical state of Zn from ZnS to ZnO due to the
dissociation of S and also an increase in the ratio of reacted
phosphorus to adsorbed phosphorus.

e For the PP film chemistry, the increase of temperature lead to the
adsorption of phosphorus being prevented and therefore only P-O-Si
existed.

e The above findings confirm that, in contrast to ZDDP, the formation of
the PP thermal film is not sustainable due to the absence of a positive
ion that can feed the reaction to sustain it.

e The PP thermal film shows a considerable reduction in both friction and
wear coefficients. However, The ZDDP thermal film shows a higher
reduction in the wear coefficient.

e The ZDDP thermal film shows an increase in the friction coefficient in
comparison with silicon substrate before the formation of the thermal

film.
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5. Chapter 5: Oil-soluble IL to lubricate silicon
5.1 Introduction

PP IL is soluble in non-polar lubricants and it has been proposed to be an
effective alternative to ZDDP. Previously, PP has shown a better anti-wear
performance than ZDDP only at certain conditions (high temperature and for
long distances) [23, 28, 29, 162]. The lubrication mechanism of both additives
needs to be understood. This will help to understand the reason behind the

superior anti-wear performance of PP.

In this work, the tribological performance and the lubrication mechanism of PP
are compared with ZDDP when lubricating silicon at various tribological
conditions. Contact pressure, sliding distance and temperature are varied. A
micro scale study is conducted using a nanotribometer (NTR); a steel ball
against a silicon plate are employed as a tribopair. The selection of the
tribopair aims to simulate the working of engines since silicon showed a very
comparable tribological behaviour to aluminium-silicon alloy that is usually

used in engines (in the manufacturing of cylinders) [155].

The results show that both additives provide a considerable reduction in both
friction and wear coefficients. The reduction of wear coefficient is mainly
controlled by the formation of tribofilm. ZDDP creates a thicker tribo/thermal
film due to its higher reactivity which leads to a better anti-wear performance.
However, ZDDP is depleted faster than PP. The depletion of ZDDP causes a
decrease in the formation rate of its tribofilm. Therefore, PP provides a better

tribological behaviour once the depletion of ZDDP starts.

This chapter is divided mainly into six sections as follows: chapter overview,

introduction, experimental conditions, results, discussion and conclusions.

5.2 Experimental Conditions

The stroke length and velocity are kept constants; 2mm and 2 mm/s
respectively. In contrast, four contact pressures are applied to reveal the
influence of the contact pressure on the lubrication mechanism; 220 MPa, 474
MPa, 597 MPa and 700 MPa, see Table 5-1.



-80 -

The calculation of the contact pressure and in addition to the calculation of
both contact radius and lambda ratio are conducted based on the formula of
Hamrock and Dowson [37] (see subsection 3-4-4). The contact radius is
varied from 6 to 9 ym while lambda ratio is varied from 0.0045 to 0.006, which

means that all experiments are conducted at the boundary lubrication regime.

Three sliding distances are applied which are 3.6 m, 14.4 m and 36 m at a
constant contact pressure (700 MPa), see table 5-2. Temperature is also
varied from the room temperature (25 °C) to high temperature (80 °C) at a
constant contact pressure (700 MPa) and sliding distance (14.4 m). The
selection of the maximum applicable contact pressure aims to obtain the most

severe conditions that promote the formation of tribofilm.

The friction coefficient was measured in-situ by calculating the ratio of the
friction force to the normal force. Each experiment is repeated at least two

times and in most cases three times.

Table 5-1: The applied conditions to examine the formation mechanism of

tribofilm for PP and ZDDP at various contact pressures.

1 220 0.0058 6 14.4 25
2 474 0.0049 13 14.4 25
3 597 0.0047 16 14.4 25

4 700 0.0045 19 14.4 25
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Table 5-2: The applied conditions to examine the formation mechanism of

tribofilm for PP and ZDDP at various sliding distances.

1 700 0.0058 6 3.6 25
2 700 0.0049 13 14.4 25
3 700 0.0047 16 36 25

Table 5-3: The applied conditions to examine the formation mechanism of

tribofilm for PP and ZDDP at various temperatures.

1 700 0.0058 6 14.4 25
2 700 0.0049 13 14.4 80
5.3 Results

The results are divided into three parts as follows; the effect of contact
pressure, the effect of temperature and the effect of sliding distance.

5.3.1 Effect of Contact Pressure

5.3.1.1 Friction Coefficient
Friction coefficient is depicted in Figs. 5-1 and 5-2 when the former presents
the average values and the latter demonstrates its evolution during
experiments. It can be seen in average that the increase of the applied contact
pressure leads to a decrease in the friction coefficient for PAO. This results
from the reduction of surface roughness [173]. Adding PP leads to a decrease
in friction coefficient and this reduction is decreased with the increase of

contact pressure.
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Adding ZDDP leads to a decrease in friction coefficient. Apart from the results
at 220 MPa, the friction coefficients of both additives are comparable for the

rest contact pressures.
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Figure 5-1: The average friction coefficient under various contact

pressures.

The evolution of friction coefficient is also considered. PP demonstrates the
highest stability at all contact pressures. In contrast, PAO shows the highest
fluctuation. ZDDP implies a high fluctuation at the lowest contact pressure and
a stable behaviour at the other contact pressures. This fluctuation can be as

a result of the presence of wear debris (the presence of third body).

For PAO, the highest fluctuation is obtained at the highest contact pressure
while the highest stability is obtained at contact pressure 474 MPa. The
relationship between friction coefficient stability and the presence of wear

debris will be evaluated by presenting wear track morphology.
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Figure 5-2: Evolution of friction coefficient during experiment at

contact pressure: (a) 220 MPa, (b) 474 MPa, (c) 597 MPa

5.3.1.2 Wear Coefficient

Surface morphology is characterized using 3D optical microscopy including
the quantification of wear volume. Fig. 5-3 depicts the wear coefficients for
the examined lubricants. No measurable wear can be detected at the lowest
contact pressure of 220 MPa. It is clear that both additives demonstrate a
considerable reduction in the wear coefficient in comparison with neat PAO.
However, ZDPP implies higher reduction in the wear coefficient than PP at

all contact pressures.
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Figure 5-3: Wear coefficient at various contact pressures.

Fig. 5-4 presents a 3D view for surface morphology of silicon surfaces at the
highest contact pressure. It can be clearly seen that the highest wear occurs
when silicon is lubricated by neat PAO, as expected. Adding ZDDP decreases
wear volume and the transference of material from the counter body; steel

ball. PP also shows a significant reduction in the wear volume.

Figure 5-4: A 3D view for wear tracks at contact pressure 700MPa when
lubricate with: (a) Neat PAO. (b) PAO+PP and (c) PAO+ZDDP.

Surface morphologies of wear tracks confirm that ZDDP provides better anti-
wear performance than PP. The lowest wear depth is obtained when PP is
added while the highest one is obtained when neat PAO is utilized. The width

of wear track is also decreased when either PP or ZDDP is added.
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5.3.1.3 Surface Chemistry
SEM-EDS is employed to evaluate surface chemistry for all samples and two
spots are scanned; inside and outside wear track. Fig. 5-5 shows the scanned
points (SEM images) for three samples at the maximum contact pressures.
The same elements are obtained at the wear tracks for the rest two contact

pressures.

The results demonstrate that only silicon, carbon and oxygen exist in all
samples at all scanned spots. This finding suggests that the tribofilm is either
not created or created but it is not thick enough to be detected by EDS.
However, the only difference between the spots inside and outside wear track
is the weight percentage of oxygen. The presence of oxygen is decreased
inside wear track (See table 5.4). This reduction can be resulted from the
destruction of the silicon oxide layer due to wear. Further, the absence of iron
from wear track means that either no iron transfers into silicon or only a very

small amount is transferred.

Figure 5-5: SEM images for wear tracks of silicon substrates when lubricated
by: (a) neat PAO, PAO+PP and PAO+ZDDP.
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Table 5-4: EDS results (atomic percentages) at contact pressure 700 MPa.

Lubricant Inside wear track Outside wear track
Silicon percentage 99% | Silicon percentage 98.8%
PAO Carbon percentage 0.8% | Carbon percentage 0.8%
Oxygen percentage 0.2% | Oxygen percentage 0.4%
Silicon percentage 71.8% | Silicon percentage 71.3%
Carbon percentage 22% Carbon percentage
PAO+PP Oxygen percentage 6.2% 22.4%
Oxygen percentage 6.3%
Silicon percentage 72% Silicon percentage 71%
Carbon percentage Carbon percentage 20%
PAOTEDEE 19.5% Oxygen percentage 9%
Oxygen percentage 8.5%

To check the formation of tribofilm; XPS is employed and only samples that
lubricated by PAO+ZDDP and PAO+PP are examined since the formation of
tribofilm is expected to be formed as a result of the reaction/adsorption of
additives. For ZDDP, referring to its structure (see section 3-3), three elements
can reveal the formation of tribofilm which are zinc, phosphorus and sulfur.

Fig. 5-6 presents XPS results for zinc.

It is clear that zinc exists inside the wear track which suggests that the tribofilm
forms. The obtained peak of Zn 2p3/2 at 1022.6 eV can be assigned to ZnO
[168]. XPS results for sulfur are shown in Fig. 5-7. No sulfur can be detected
inside wear tracks at various conditions. This finding suggests that either
sulfur is not included in the formation of tribofilm or it might be formed but then

removed by rubbing (adsorbed at the top of the tribofilm).
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Figure 5-6: XPS results for Zn2p from inside wear track for samples
lubricated by ZDDP at; (a) contact pressure 700 MPa, 25 °C and
sliding distance 14.4 m, (b) contact pressure 700 MPa, 80 °C and
sliding distance 14.4 m and (c) contact pressure 700 MPa, 25 °C

and sliding distance 36 m.

Fig. 5-7 demonstrates XPS results for P2s before the experiment and inside
the wear tracks that resulted at various tribological conditions. Phosphorus is
scanned and the ratio of P2s to Si2s is calculated for silicon substrate before
experiments since the n-type silicon contains phosphors. The ratio of P2s to
Si2s is about 0.5 before experiment. The significant increase of this ratio is
correlated to the increase of the phosphorus content inside wear track that
comes from the formation of tribofilm. The results confirm that the tribofilm is
formed by both additives at various conditions. The formation of tribofilm not
only increases the presence of phosphorus but also results a new peak at
191.5 eV which is assigned to P-O-Si [148].
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pressure 700 MPa, 25 °C and sliding distance 14.4 m, (c) ZDDP tribofilm
at contact pressure 700 MPa, 80 °C and sliding distance 14.4 m and (d)
ZDDP tribofilm at contact pressure 700 MPa, 25 °C and sliding distance
36 m, (e) PP tribofilm at contact pressure 700 MPa, 25 °C and sliding
distance 14.4 m, (f) PP tribofilm at contact pressure 700 MPa, 80 °C and
sliding distance 14.4 m and (g) PP tribofilm at contact pressure 700 MPa,
25 °C and sliding distance 36 m.

5.3.2 Effect of Temperature
5.4.2.1 Friction Coefficient

The increase of temperature from room temperature (RT) to high temperature
(HT), from 25 °C to 80 °C, leads to an increase in the friction coefficient of the
sample lubricated by ZDDP. In contrast, it decreases in the sample lubricated
by PP. Fig. 5-8 and 5-9 depict the effect of increasing temperature on the
average friction coefficient and the evolution of friction coefficient during

experiments respectively.
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The increase of friction coefficient of ZDDP can be correlated to the increase
of the tribofilm thickness. The XPS results support this finding (see Figs. 5-6
a and b). In contrast, the increase of phosphorus content in PP tribofilm
(phosphorus and P-O-Si) leads to decrease friction coefficient (see Figs. 5-7
e and f). This finding is also in agreement with the results of the friction
coefficient of ZDDP and PP thermal films in the previous chapter (see section
4.3.4).
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Figure 5-8: The average friction coefficients for PAO+ZDDP and PAO+PP
at room temperature and at high temperature.
It is clear that the increase of temperature does not show a considerable effect

on the stability of friction coefficients of both additives (see Fig. 5-9 and 5-2d).

The friction coefficients of both additives tend to decrease with sliding distance
which can be related to either the reduction of surface roughness or the

formation/destruction of tribofilm.
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Figure 5-9: The evolution of friction coefficients for both PAO+ZDDP and
PAO+PP at high temperature (80 °C).

5.4.2.2 Wear Coefficient
The increase of temperature causes a significant reduction in the wear
coefficients of both additives as presented in Fig. 5-10. This reduction can be
resulted due to the increase of the tribofilm formation rate. The increase of
temperature leads to generating of the thermal film by both additives on silicon
as presented in chapter 4. A higher reduction in wear coefficient is obtained
by ZDDP which is expected since it is able to generate thicker thermal film
and thus provide higher protection against wear (see section 4.4). In addition,
the higher protection against wear of ZDDP thermal film (as presented in
chapter 4) can justify this higher anti-wear performance (than PP) at higher

temperature.
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5.4.2.3 Surface Chemistry

Only XPS is employed to detect the formation of tribofilm since the film was
undetectable by EDS. Figs. 5-6b and 5-8c confirm the formation of ZDDP
tribofilm. The increase of temperature leads to increase the thickness of the
tribofilm since the ratio of Zn 2p3/2 to Si 2s is increased. In addition, the ratio
of P2s to Si 2s increases as well. However, the obtained results by XPS
suggested that the films’ chemistry are the same since the related peaks of
both zinc and phosphorus are obtained at the same binding energy. In
addition, sulfur is still not existed. This could again suggest that it has been
destructed as a result of rubbing (since it has been obtained in the thermal
film).

For PP, the results also suggest that the thickness of tribofilm increases with
temperature since the ratio of P2s to Si 2s shows a significant increase (see
Figs. 5-8 e and f). The ratio of P-O-Si to phosphorus also increases which
suggests that the formation of Si-O-P increases with temperature (see Figs.
5-7 e and f).



-92.-

5.3.3 Effect of Sliding Distance
5.4.3.1 Friction Coefficient

The effect of sliding distance is investigated by applying three distances; 3.6
m, 14.4 m and 36 m to investigate the reason behind the fluctuation of friction
coefficients and examine the durability of the generated tribofilms. Fig. 5-11
presents the average friction coefficients values for both additives at the
aforementioned sliding distances. It can be seen clearly that both additives
exhibit a comparable friction coefficients. However, ZDDP friction coefficient

is slightly lower than PP (consider the error bars).

The increase of sliding distance from 3.6 m to 14.4 m shows an increase in
the friction coefficients. The further increase of sliding distance to 36 m leads
to a slight decrease in the friction coefficient of ZDDP while PP implies a
comparable value to that obtained at 14.4 m. This can be correlated to the
formation of tribofilm. The first increase in the sliding distance (to 14.4m)
suggests an increase in the film thickness. Then, the further increase might
lead to decrease the tribofilm thickness due to the depletion of ZDDP. This
hypothesis will be either confirmed or refuted based on the results of surface

chemistry (tribofilm formation mechanism).
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Figure 5-11: The average friction coefficients for both additives at various

sliding distances.
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The evolution of friction coefficients of both additives over 36 m of sliding is
shown in Fig. 5-12. The friction coefficient of ZDDP starts with a low value and
then increases until it reaches about 0.145 and then becomes quite stable.
PP friction coefficient starts higher than ZDDP and increases slightly till reach
about 0.165 and then decreases and becomes 0.125 at the end of the test (at
36 m of sliding). Again, this behaviour can be correlated to the formation
mechanism of tribofilm and will be discussed in details in the discussion

section.
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Figure 5-12: Friction coefficient evolution of both additives at

three various sliding distances.

5.4.3.2 Wear coefficient
Fig. 5-13 depicts wear coefficients of both additives at two sliding distances
(14.4 m and 36 m). No wear could be detected at the lowest sliding distance
(3.6 m). A considerable reduction in the wear coefficient results from the
increase of sliding distance to 36 m (wear volume is increased). This can be
correlated to the formation of thicker tribofilm that leads to a higher protection
against wear. PP shows higher wear protection than ZDDP at the highest

sliding distance (36 m).
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This might be resulted due to the depletion of ZDDP with time since it shows
higher reactivity (thicker tribo/thermal film) in addition to its lower
concentration in PAO (see section 3.3.1). This finding is in agreement with the
results of friction coefficient.
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Figure 5-13: Wear coefficient behaviour of both additives at two various

sliding distances.

5.4.3.3 Surface Chemistry
Referring to the XPS results in Figs. 5-6, 5-7 and 5-8. Sulfur again could not
be detected (see Fig. 5-7c). It is clear that the thickness of ZDDP tribofilm
decreases with the increase of sliding distance since the ratio of Zn 2p3/2 to
Si 2s decreases (see Fig. 5-6¢) and the ratio pf P2s to Si2s decreases (see
Fig. 5-8d). In contrast, the results suggest that the thickness of PP tribofilm
increases when the ratio of P2s to Si2s increases (see Fig. 5-8g). This finding
confirms that the first increase in the sliding distance increases the formation
rate of ZDDP tribofilm. The further increase leads to decrease the formation
rate of ZDDP tribofilm. This can be correlated to the depletion of ZDDP from
the bulk lubricant (ZDDP+PAO). In contrast, due to the higher concentration
of PP and in addition to its lower tribofilm formation rate; the increase of sliding

distance increases tribofilm thickness.
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5.4 Discussion

5.5.1 Friction Coefficient
Friction coefficient can be mainly controlled by viscosity, surface roughness
and the presence of third bodies that result from either the formation of
tribofilm or wear debris [109, 173]. The effect of viscosity is negligible in this
particular study since all lubricants exhibit the same viscosity; they have been
measured and represented in [7]. Surface roughness shows a considerable

effect on friction coefficient of neat PAO only (see table 5-5).

For neat PAO, the reduction of surface roughness leads to a decrease in
friction coefficient and vice versa. This confirms that in the absence of any
additive, the friction coefficient is mainly controlled by surface roughness. On
the other hand, the lowest friction coefficients for both PAO+PP and
PAO+ZDDP are obtained at contact pressure 474 MPa when the highest
surface roughnesses exist. This finding supports that the formation of tribofilm
controls the friction coefficient of PAO+PP and PAO+ZDDP rather than

surface roughness.

The high stability of friction coefficient during experiments for both additives in
comparison with PAO (see Fig. 5-2) suggests that no significant wear debris
exists between the rubbed surfaces. The presence of wear debris causes a
high fluctuation in the friction coefficient [173]. This means that the tribofilm is
created and lead to decrease wear which results a reduction in the production
of wear debris. The results of both wear coefficients and XPS confirms this
finding when the wear coefficient is decreased and both additives create

tribofilms.

The increase of ZDDP tribofilm thickness leads to increase friction coefficient
(see Figs. 5-1, 5-9 and 5-12). The results of XPS confirm this finding. The
increase of film thickness resulted by the increase of temperature leads to
increase friction coefficient (see Figs. 5-1, 5-9, 5-8b and 5-8c). In contrast, the
increase of temperature decreases friction coefficient of PP. These two
findings can be correlated to the mechanical properties and the tribological

behaviour of their films.
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Table 5-5: Surface roughness inside wear track at various contact

Lubricants 474 MPa 597 MPa 700 MPa
PAO 80 nm +5nm 168 nm £7nm 150 nm £5nm
PAO+ZDDP 73 nm £8nm 37 nm *4nm 35 nm x3nm
PAO+PP 68 nm +5nm 47nm £8nm 18 nm £1nm

5.5.2 Wear Coefficient
Wear coefficient is mainly controlled by viscosity and the formation of tribofilm.
The viscosities of three lubricants are exactly same [7]. For neat PAO, wear
coefficient increases when contact pressure increases from 474 MPa to 597
MPa and a further increase in contact pressure to 700 MPa shows a

comparable wear rate to that obtained at 597 MPa.

Adding either ZDDP or PP demonstrates a significant reduction of both wear
width and wear depth. The formation of tribofilm by both additives reduces
wear coefficient (see Figs. 5-3 and 5-8). This finding is confirmed when the
increase of temperature leads to increase tribofilm thickness of both additives
which causes a decrease in the wear coefficients of both additives (see Figs.
5-3, 5-8b, 5-8c, 5-8e and 5-8f). The increase of sliding distance leads to
decrease ZDDP tribofilm thickness and thus results in an increase in the wear
coefficient (see Figs. 5-3, 5-8c and 5-8d).

These findings and in addition to the previous findings in the previous chapter
and in [28, 162] suggests that ZDDP can form thicker tribofilm. However,
ZDDP can be depleted faster than PP due its higher tribo/thermal film
formation rate that resulted from the presence of zinc cation. The findings of
the previous chapter and [28] confirmed that the formation of thermal/tribo film
by PP is limited to the presence of either a direct contact with cationic surface
or wear debris. In contrast, the presence of zinc in ZDDP leads to higher
formation rate of thermal/tribo film. The higher reduction in wear by PP at
elevated temperature (more sever condition) in [162] and at the highest sliding
distance in this study confirms the faster depletion of ZDDP from the bulk oil
(PAO+ZDDP).
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5.5.3 Lubrication Mechanism
The relationship between the formation of tribofilm and the tribological
behaviour of both additives. ZDDP tribofilm decreases friction coefficient in
comparison with the neat PAO. However, the increase of ZDDP tribofilm leads
to increase friction coefficient (see Figs 5-12, 5-6a and 5-6b). On the other
hand, PP shows a reduction in friction coefficient in comparison with neat
PAO. The increase of PP tribofilm demonstrates a comparable friction

coefficient.

The difference of the relation between tribofilm and friction coefficient can be
resulted from the difference in the films’ chemistries. The formation of tribofilm
decreases wear coefficient in both additives. The increase of tribofilm
thickness decreases wear coefficient and vice versa. The reduction of friction
coefficient that resulted from the formation of the tribofilm can be correlated to

the reduction of the production of wear debris.

5.5 Conclusions

An experimental investigation has been conducted to compare between the
tribological performance and the lubrication mechanism of PP and ZDDP
when added into PAO to lubricate silicon substrate. Contact pressure,
temperatures and sliding distance have been varied. The main conclusions

are:

e Both additives provide a considerable reduction in the friction
coefficient.

e Both additives exhibit comparable friction coefficients.

e Both additive enhance the stability of friction coefficient during
experiments.

e The friction coefficient of neat PAO is mainly controlled by surface
roughness.

e The formation of tribofilm controls the friction coefficient of PAO+PP
and PAO+ZDDP.

e Both additives provide a substantial reduction in the wear coefficient.

e ZDDP exhibits lower wear coefficient than PP at all conditions except
at the highest sliding distance.
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The depletion of ZDDP from the bulk oil is faster than PP due to not
only its lower concentration in PAO but also due to the self-limited
tribo/thermal film formation in PP.

The superior anti-wear performance of PP than ZDDP at certain
condition(s) is most probably resulted due to the faster depletion of
ZDDP from the bulk lubricant rather than due to its higher viscosity.
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6. Chapter 6: Thermal stability of neat ILs and their
reactivity with the silicon surfaces at elevated

temperature

6.1 Introduction

The main aim of lubricants is to enhance the tribological performance of the
interacting surfaces in terms of reducing both wear and friction, managing
energy dissipation and extending the lifetime of tribopairs. In the boundary
lubrication regime, the formation of the protective layer controls the tribological
performance (wear and friction coefficients). The protective layer can result
from either the chemical/physical adsorption or chemical reaction of
lubricant/additives with the interacting surfaces [39, 40]. To understand the
formation mechanism of the protective film, the formation of thermal film in the
absence of any tribological motion needs to be understood [174]. The
reactivity of lubricant/additive with the solid surface at elevated temperature is
strongly related to its thermal decomposition mechanism [174]. In addition, the
thermal stability of lubricants needs to be defined in order to understand their

working temperature limit [31].
Thus, the thermal stability of five ILs will be analysed in this chapter.

As mentioned in subsection 3.3, the selection of ILs aims to cover the effect
of IL chemistry. After that, the reactivity of these ILs with the silicon surfaces

at elevated temperature is investigated.

Silicon is the dominant material in the manufacturing of MEMS [24]. ILs are

suggested to be the potential lubricants for MEMS [3-6].

Both static and dynamic thermal stabilities will be investigated in the first part
of this chapter. FTIR and TGA are used for the static and the dynamic thermal
stability respectively. Then, in the second part, the formation mechanism of

the thermal film is studied at various temperatures and time intervals.
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6.2 Experimental Conditions

In the dynamic thermal decomposition experiments, temperature is increased
at a rate of 10 °C/min, which is the recommended heating rate in the literature
[175]. The starting temperature is 55 °C and in addition, air is utilized to
maintain the same environment at both the static and the dynamic thermal

decomposition experiments.

In the static thermal decomposition experiments, both time and temperature
are varied. Two temperatures are used (80 °C and 100 °C) for three periods
(2 hours, 5 hours and 24 hours), see table 6-1. The same amount of IL is used
in all experiments (2 ml). ILs are placed in the glass beakers. Then, a hot plate
is utilized for the heating process when the pre-set temperature is maintained
by using a feedback signal (see subsection 3.2.1). The error is about + 2 °C.
The hot plate is placed in a well ventilated place to exhaust the produced

fumes directly.

The applied conditions to generate the thermal films are presented in Table 6-
2. Four conditions are applied to reveal the influence of both time and
temperature on the thermal film formation process. The formation procedure

is illustrated in subsection 3.4.2.

Table 6-1: The applied conditions in the static thermal decomposition

experiments.

1 80 2
2 80 5
3 80 24
4 100 2
5 100 5
6 100 24
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Table 6-2: The applied conditions to generate the thermal films.

Condition number Temperature (°C) Time (hours)
1 80 2
2 80 5
3 80 24
4 100 2

Lastly, the durability of the generated thermal films is examined by applying a
50 mN load in a dry contact condition. A borosilicate ball is rubbed against
silicon plate containing a thermal film. The results of friction and wear

coefficients are used to evaluate the durability of the generated thermal films.
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6.3 Results

6.3.1 Thermal Decomposition of ILs

6.3.1.1 Dynamic Thermal Decomposition

The results of the dynamic thermal decomposition of the examined ILs are
depicted in Fig. 6-1.

The effect of anion chain length is evaluated by comparing between EMIM
ESU (both chains are ethyl) and EMIM OSU (cation chain is ethyl and anion
chain is octyl).

The effect of cation chain length is evaluated by comparing between EMIM
ESU and BMIM OSU (cation chain is butyl and anion chain is octyl). The
results demonstrate that decreasing of either cation or anion chain length
increases the dynamic thermal stability of IL. This can be as a result of the

decrease of the stability of carbocation [61].
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Figure 6-1: Dynamic thermal decomposition of the examined ILs to reveal

the effect of: (a) anion chain length, (b) cation chain length, (c) cation
type and (d) anion type.
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The effect of anion chain length is significantly higher than cation chain length
(see Figs. 6-1a and 6-1b). This finding is expected since the increase of anion
chain length (from ethyl to octyl) is higher than that applied for cation chain
length (from ethyl to butyl).

The effects of both the anion type and the cation type are considered by
comparing EMIM ESU with PSU and EMIM EP respectively. Previous findings
showed that the correlation between either anion type or cation type and the
thermal stability cannot be determined precisely. Some ions (anion/cation)
demonstrated a significant influence while other ions did not demonstrate any
influence [176, 177]. However, in this study, both anion and cation
demonstrate a considerable effect on the thermal stability. It is observed that
the presence of phosphorus as either a cation (phosphonium cation) or anion
(phosphate anion) instead of imidazolium or sulfate respectively, decreases
the dynamic decomposition temperature (see Fig. 6-1). This finding is in
agreement with the previous study that compared phosphonium with
imidazolium when both were combined with a halogenic anion [177].

Both the onset temperature and the decomposition temperature are
considered. The former is obtained when only a slight reduction in mass is
detected which suggests that the decomposition is just started (see Fig. 6-2).
The highest reduction in the mass was defined as the decomposition

temperature [178] as presented in Fig. 6-2.

It is clear that the ILs’ chemistry has a considerable effect not only on the
decomposition temperature but also on the onset temperature (see Fig. 6-2).
Longer cation or anion chain length appears to lead to a decrease in the
decomposition temperature while there is no significant effect on the onset
temperature. In addition, sulfate anion and imidazolium cation show a lower
onset temperature in comparison with phosphate anion and phosphonium
cation respectively (see Fig. 6-2).

Previous studies reported that the use of TGA to study the dynamic thermal
decomposition of ILs can provided an overestimation for their thermal stability
[139, 179]. In other word, the thermal decomposition can be started in a
temperature by far lower than that estimated by TGA.
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Figure 6-2: First derivative of the weight loss against surface
temperature curve for: (a) EMIM ESU, (b) EMIM OSU, (c) BMIM

OSU, (d) PSU and (e) EMIM EP.
Thus, the static thermal decomposition experiments are utilized in this study

to obtain complementary information.

6.3.1.2 FTIR Results at Room Temperature

IR spectra for the examined ILs are depicted in Fig. 6-3. The analysis starts
with EMIM ESU, because it is the only IL in this study that is widely analysed
in the literature [139]. Table 6-3 demonstrates the assigned peaks for EMIM
ESU, and all peaks are in agreement with [139, 140]. It can be clearly seen in
Fig. 6-3 that the variation of anion chain length plays a more significant role
than cation chain length. The intensities of peaks related to the hydrocarbons
are increased with the increase of either anion or cation chain length (see Fig.
6-3).
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Figure 6-3: IR spectra of five ILs at room temperature; (a) spectra between
4000 cm and 2000 cm™* and (b) spectra between 2000 cm* and 650

cm.
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Table 6-3: The assigned peaks for EMIM ESU at room temperature.

Intensity | Wave number cm- Assigned to
1
w 3150 HCCH ring
m 3100 CHs(N) HCH
w 2980 H-C-H
w 2940 CHsz HCH
w 2900 Ring CH3 HCH sym str
m 1574 CH3-N or CH2-N
w 1468 N-CH3 symmetric vibration
w 1380 C-H stretching, CH3 (N) bending
w 1360 CH2 (N) or CHs (N) stretching
w 1330 CHz2 (N) stretching
S 1215 S-O stretching
S 1170 (N) with CH2 or CH3s
w 1110 SO4 asymmetric vibration
m 1060 O-C
s 1015 C-0O-SO0s stretching, S=0 stretching
w 960 C-C stretching, CH bending
s 912 C-0O-S0s
w 847 CCH bending
S 757 C-0O-S-0 bending
m 729 S-0 stretching
w 705 In plane bending resulted from

imidazolium ring; CH3(N), CH2(N).
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Referring to the Beer-Lambert law [138]; the increase of intensity (decrease
the transmissivity) has a linear relationship with molar concentration. This
means that the reduction of peaks’ intensity suggests a reduction of the

concentration of their related chemicals.

The increase of anion chain length leads to a decrease in the intensity
(concentration) of both sulfate and imidazolium related peaks, as expected. In
contrast, the intensities of the peaks related to chain lengths; such as C-C, C-
H and CH-CH are increased. This finding is expected since the chain length
is increased and the concentration of these bonds is increased. The same
behaviour is obtained as a result of the increase of cation chain length (see
Fig. 6-3).

Changing cation type from imidazolium to phosphonium leads to a full
diminishing of imidazolium related peaks, as expected. Five new peaks are
detected and assigned to the phosphonium cation. Three peaks are assigned
to P-CH3 at 1421 cm™ asymmetric vibration, 1313 cm! symmetric vibration
and 939 cm rocking vibration. For the last two peaks, the one at 729 cm is
assigned to P-C stretching vibration and the second one at 1090 cm-1 is
assigned to the asymmetric stretching of P-C. Besides, the rest of the peaks
are assigned to either sulfate anion or hydrocarbons exist. However, a new
peak at 2825 cm! appears and is assigned to the stretching of OCHs that
exists in methyl sulfate. The assignment of all these peaks are made based

on the available data in [135].

Changing anion type from sulfate to phosphate leads the sulfate-related peaks
being eliminated, as expected. Five new peaks appear; four of them are
related to phosphate anion. The assignment of the phosphate related peaks
are as follows: P-O stretching at 776 cm*, P-O-C symmetric stretching at 933
cm?, P-O-C asymmetric stretching at 1050 cm™, P=0 at 1240 cm-. Further,
the last peak is assigned to OH. The OH related peak can be as a result of
the water content. Again, the assignments of all these peaks are made based

on the available data in [135].
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6.3.1.3 FTIR Results After Heating Process

ILs are heated up to 80 °C for 2 and 5 hours. The IL colour was changed to

black after 30 minutes of heating (see Fig. 6-4).

The change of colour from transparent to black is a reported feature of the
oxidation of lubricants [180]. In addition, a partial decomposition is observed
when the intensity of anion and/or cation related peaks are decreased. The
increase of time from 2 hours to 5 hours leads to a further decrease of anion
and/or cation related peaks. The temperature is also increased to 100 °C for
2 and 5 hours. The results show that the increase of temperature also leads
to a decrease of anion and/or cation related peaks. This finding suggests the

increase of either time or temperature increases the amount of the

decomposed species.

Figure 6-4: ILs after heating them into 80 °C and for 2 hours.

Fig. 6-5 presents the IR spectra of ILs after heating them to 100 °C for five
hours. Starting from BMIM OSU, a broad weak peak was obtained between
3400 and 3600 cm™. This peak is assigned to OH [179]. This is likely to result
from the decomposition of IL as pointed out in [139]. Subsequently, the
intensities of peaks related to imidazolium and hydrocarbon peaks, CH3-CH:2
and CHs-HCH, are increased which means that their molar concentrations are
increased. In contrast, three peaks related to the sulfate anion are diminished
which are SO4 at 1110 cm™ and at 912 cmt, C-O-S-O and S=0 at 757 cm™.
This means that the decomposition process starts in the sulfate anion. This

finding is in agreement with the previous studies [139, 181].
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Decreasing cation chain length is expected to increase thermal stability of IL,
based on TGA results (see Fig. 6-1b).

As expected, only one peak related to sulfate anion is diminished while the
rest sulfate related peaks still exist with a considerable reduction in their
intensities (see Fig. 6-5). In contrast, cation and hydrocarbon related peaks
are increased. Similarly, the decrease of anion chain length leads to increase
the thermal stability (see Fig. 3-5). This finding is again in agreement with TGA
results (see Fig. 6-1a).

Changing anion type from sulfate to phosphate leads to an increase in the
stability of IL. Thus, in EMIM EP no peaks are neither diminished nor produced
due to the heating process (see Fig. 6-5). This outcome is in agreement with
TGA results since the onset temperature of EMIM ESU is lower than EMIM
EP (see Fig. 3-1d). However, a slight reduction in the intensities of the

hydrocarbon related peaks occurs.

In addition, a noticeable increase of the intensity of OH related peak is
observed. This finding suggests that a partial decomposition occurs in the

anion/cation chain.

Changing cation type shows a slight influence on the static thermal stability.
Again, only sulfate peak intensities are decreased (see Fig. 6-5). Further, a
new peak appears at 1160 cm* which is assigned to methyl sulphoxides [135].
This suggests that the change of cation from imidazolium to phosphonium
leads to higher oxidation as a result of heating. The phosphonium cation
related peaks are almost the same before and after the heating process (see
Fig. 6-5). These findings suggest that the anion has a more significant role in

the thermal decomposition process than cation.

To investigate the influence of time and temperature on the decomposition
process, BMIM OSU after exposure to various conditions is analysed, since it
exhibits the lowest static thermal stability. Fig. 6-6 depicts the FTIR spectra
for BMIM OSU at room temperature, after heating to 80 °C for 2 and 5 hours
and after heating to 100 °C for 5 hours. The variation is mainly observed in
sulfate related peaks rather than imidazolium ones. The intensity of OH peak
increased with the increase of either time or temperature which confirms that

this peak results from the decomposition process as reported before in [139].
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The increase of either time or temperature leads to a reduction in the intensity
(concentration) of the decomposed species (sulfate). It is obvious that the

increase of temperature is more significant than time.

This could suggest that the increase of temperature increases the
decomposition rate. The slight effect of longer exposure can be as a result of
the increase of the amount of the decomposed species at constant

decomposition rate.
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Figure 6-5: IR spectra of five ILs after heating into 100 °C for five
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2000 cm* and 650 cm-2,
6.3.2 Reactivity of ILs with Silicon Surface at Elevated
Temperature.
6.3.2.1 Thermal Decomposition of ILs in the Presence of
Silicon Surface
The thermal decomposition process of the examined ILs is investigated in
details at the previous subsection (6.4.1). In addition, the effect of the
presence of the silicon substrate on the decomposition process is investigated
in this study. Fig. 6-7 presents the FTIR spectra of BMIM OSU at room
temperature, high temperature (100 °C for 2h) and at high temperature (100
°C for 2h) in the presence of the silicon substrate. The assignments of all

peaks can be found in the previous section (see table 6-3).

Basically, the heating process leads to a decrease in the intensities of anion
(sulfate) related peaks while the intensities of cation (imidazolium) related

peaks increase.
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The FTIR results of the previous section (in the absence of silicon) suggest
that the decomposition starts from the anion which leads to a decrease in the
concentration of anion moieties and increase the concentration of cation

moieties.

It is clear that the presence of silicon substrate decreases the intensities
(concentration) of cation (imidazolium) related peaks at 3150 cm, 3100 cm*t
and 1574 cm (see Fig.6-7a). In contrast, the intensities of anion (sulfate)
related peaks increase (see Fig. 6-7b). The rest of the peaks that are assigned
to hydrocarbons show comparable intensities in both cases; either in the

presence or absence of silicon.

These results suggest that the presence of silicon catalyses the cation to
decompose. The increase of the intensities of anion-related peaks can be as
a result of the reduction of the intensities of cation-related peaks. For the rest
of the ILs, a similar behaviour is obtained since the presence of silicon also
catalyses the decomposition of the phosphonium cation in PSU and the
imidazolium cation in EMIM EP.
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Figure 6-7: FTIR spectra for BMIM OSU IL at room temperature, 100
°C for 2h (HT) in the absence of silicon substrate and 100 °C for
2h (HT Si) in the presence of silicon substrate for (a) wave
number between 4000 and 2000 cm* and (b) wave number
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6.3.2.2 Thermal Film Chemistry

FTIR is employed to detect the formation of thermal film by scanning silicon
sample before and after the generation of thermal films. However, the same
spectra are obtained in both cases which means that the film is not thick
enough to be detected by FTIR at the employed setup (see Fig. 6-8).
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Figure 6-8: FTIR results for silicon substrate before after the

generation of thermal films of all examined ILs.
XPS is then utilized to detect the formation of the thermal films and define their

chemistry. The formation of the thermal films is detected based on the
presence of either cation or anion elements; nitrogen, phosphorus and sulfur.
However, phosphorus exists in the n-type silicon and thus the ratio of P2s to
Si2s is calculated for silicon substrate before the generation of thermal film.
The increase of this ratio means that phosphorus content is increased due to
the formation of the thermal film.

For imidazolium sulfate ILs, both nitrogen and sulfur elements are scanned at
high resolution regions when the former comes from the imidazolium cation
and the latter comes from the sulfate anion. Fig. 6-9 presents XPS results of
N1s for all imidazolium based ILs. It is clear that the thermal films generate
from the first applied condition (80 °C for 2 hours).
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N1s peaks are obtained from all imidazolium based ILs and are fitted with two
peaks. The first peak is at 399.8 eV and the second one is at 401.6 eV. The

former is assigned to SiNxOy and the latter to the nitrogen-containing

hydrocarbons. The slight increase of the binding energy of SiNxOy peak can

be as a result of the increase of the oxygen content. These assignments are

in agreement with [182].
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Figure 6-9: N1s peaks for: (a) EMIM ESU at 80 °C 2h, (b) EMIM ESU at
100 °C 2h, (c) BMIM OSU at 100 °C 5h, (d) EMIM OSU at 80 °C 2h,
(e) EMIM OSU at 100 °C 2h, (f) EMIM OSU at 100 °C 5h, (g) BMIM
OSU at 100 °C 2h, (h) EMIM EP at 100 °C 2h, (i) EMIM ESU at 100
0C 5h, (j) EMIM OSU at 100 °C 5h, (k) BMIM OSU at 100 °C 5h and
() EMIM EP at 100 °C 5h.
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It is clear that the increase of either the cation chain length or the anion chain
length leads to increase in the ratio of SINxOy to nitrogen contains organics
(increase the amount of the reacted nitrogen). This finding suggests that the
increase of anion/cation chain length leads to an increase in the reactivity of
IL. The change of the anion from sulfate to phosphate decreases the ratio of
SiNxOy-related peak to nitrogen-containing hydrocarbons-related peak. This
finding suggests that the reactivity of the imidazolium cation is higher when it
is combined with the sulfate anion rather than the phosphate anion. The
increase of either time or temperature also leads to a decrease in the ratio of
SiNxOy-related peak to nitrogen-containing organic-related peak. This
suggests that the increase of time and/or temperature leads to increase the
adsorption rate in a rate higher than the reaction.
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Figure 6-10: S2s peaks for: (a) EMIM ESU, (b) EMIM OSU, (c)

BMIM OSU and (d) PSU.
S2s is scanned to detect the presence of the anion-related moieties in the

thermal films of imidazolium sulfate ILs. The decomposition of sulfate at the

applied temperatures is occurred (see Fig. 6-7).
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However, the S2s peak is detected only in one spot out of three scanned
spots. Fig. 6-10 depicts the obtained peaks for S2s in the thermal films
generated at 100 °C and for 5h. It can be seen that only one peak at 232.8 eV
is obtained. It is assigned to SOz [115]. A peak with the same binding energy
is obtained at the rest applied conditions with lower intensity ratio (S2s to Si2s
ratio). This finding suggests that SO3 adsorbs to the silicon surface after the
decomposition process. The intensities of the SOs-related peaks are
decreased as a result of the decomposition process (see table 6-3 and Fig. 6-
5).

As expected, the increase of either anion chain length or cation chain length
increases the adsorption rate due to the increase of the decomposition rate.
SOsdiminishes when the cation is changed from imidazolium to phosphonium.
This finding is in agreement with the thermal decomposition results when
phosphonium sulfate IL shows higher thermal stability than imidazolium

sulfate.

Fig. 6-11 presents the XPS results of P2s peaks of silicon before the
generation of the thermal film and after the generation of PSU and EMIM EP
thermal films at 80 °C 2h, 100 °C 2h and 100 °C 5h. The intensity ratio of P2s
to Si2s for silicon before the generation of thermal film is 0.5. The generation
of thermal film results in an increase in the intensity ratio of P2s peak to Si2s
peak which suggests that a surplus of phosphorus exists after the formation
of the thermal film. This finding means that phosphorus adsorbs onto silicon.
In addition, a new peak at 191.5 eV forms which is assigned to phosphorus
that bonded with silicon through oxygen, Si-O-P [148]. The increase of
temperature leads to an increase in the intensity ratio of Si-O-P to phosphorus
peak which suggests the increase of temperature increases the formation
process of Si-O-P (see Fig. 6-11). The increase of time from 2h to 5h at 100
°C leads to an increase in the intensity ratio of P2s peak to Si2s in PSU while
Si2s is totally diminished in EMIM EP. This can be as a result of the increase

of the adsorption rate of phosphorus.



CPS

CPS

CPS

1300

1350

1200 Increase

- 118 -

210004

19500

18000

1100

1000

temperature

13504

1200

>

1400

1300

1200

1100 ] ! !

198 196 194 192 190 168 186 184 182 180 178 176

BE (eV)

198 196 194 192 190 188 186 184 162 180 176 176

BE (eV)

Increase time

1200

1050

198 196 194 102 190 186 186 184 162 180 176 176

BE (eV)

Figure 6-11: P2s peak for: (a) silicon before experiment, (b)
EMIM EP 80 °C 2h, (c) EMIM EP 100 °C 2h, (d) EMIM EP 100
°C 5h, (e) PSU 80 °C 2h, (f) PSU 100 °C 2h and (g) PSU 100

6.3.2.3 Therm

al Film Morphology

Film morphology is characterized by AFM since it could not be detected by

White Light Interferometry due to its transparency. Fig. 6-12 depicts the

morphology of silicon before after the formation of the thermal films. It is

obvious that thin films are created by ILs; below 10 nm. However, both

thickness and consistency are effected by IL chemistry.

It is clear that homogenous films are created with comparable thicknesses.

However, the sulfate anion presents thinner film than the phosphate anion

when both are combined with imidazolium. The phosphonium cation

demonstrates thinner film than the imidazolium cation when both are

combined with the sulfate anion. The increase of either anion chain length or

cation chain length also leads to increase film thickness.
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Figure 6-12: The surface morphology of (a) silicon before formation of thermal
film and for thermal films that formed at 100 °C for 5 hours for: (b) EMIM
ESU, (c) EMIM OSU, (d) BMIM OSU, (e) EMIM EP and (f) PSU.
6.3.2.4 Thermal Films Durability
A tribological motion has been applied to examine the durability of the created
films. The results of friction and wear coefficients are presented in Fig. 6-13
and Fig. 6-14 respectively. It is obvious that the friction coefficients of all
samples are very comparable (see Fig. 6-13). This might be as a result of the
low thickness of the generated films (see Fig. 6-12).
The results of wear show that the presence of thermal film can provide a
reduction in the wear coefficient in comparison with silicon sample without any
thermal film.
It is clear that BMIM OSU presents the thermal film with the highest durability.
A considerable reduction is also obtained the PSU thermal film. The wear
coefficients for the rest three ILs thermal films are very comparable and
slightly less than that obtained in the silicon without thermal film (see Fig. 6-
14).
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Figure 6-13: Friction coefficients for silicon before and after the
generation of ILs’ thermal films.
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Figure 6-14: Wear coefficients for silicon before and after the

generation of ILs’ thermal films.

Lastly, it is clear that the increase of either anion or cation chain length
enhances the durability of the generated film. The increase of cation chain

length shows a more significant effect.
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In terms of the effect of the anion type, the generated films that resulted from
both anions (sulfate and phosphate) show a comparable durability. The effect
of cation is more obvious and phosphonium cation’s thermal film shows a

more durability than imidazolium one (in EMIM ESU).

6.4 Discussion

6.4.1 Comparison Between Dynamic and Static Thermal

Decomposition

The use of TGA (in non-isothermal mode) to predict the thermal stability of ILs
can result in an overestimation for their stability as also pointed out in [139,
179]. The use of FTIR to assess the thermal stability of ILs can provide more
accurate results. The partial thermal decomposition can be captured by the
static thermal dec

omposition (using FTIR).

However, the results of both techniques show that the thermal decomposition
of ILs is strongly affected by IL chemistry. Consequently, the increase of either
cation or anion chain length results in a reduction of the thermal stability of ILs
in both techniques. In addition, phosphate anion is more stable than sulfate
anion. This finding suggests that TGA overestimates the decomposition
temperature but it can provide a good prediction when it is utilized for

comparison purposes.
6.4.2 Thermal Decomposition Mechanism

The decomposition mechanisms are obtained from the static decomposition
results. For imidazolium sulfate ILs, decomposition starts from the anion (see
Figs. 6-5 and 6-15). The decomposition process starts when the
concentrations (intensities) of the sulfate-related peaks decrease. The second
step is the breaking of anion chain length when SO4 and C-O-S-O peaks are

diminished.
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For EMIM EP, the decomposition only occurs in the hydrocarbons since a
slight reduction in their intensities was observed. The increase of the intensity
of OH peak confirmed that a partial decomposition occurs in the hydrocarbons
(See Fig. 6-5). Besides, PSU IL demonstrates a partial decomposition in the
sulfate anion results a formation of methyl sulphoxides (See Fig. 6-5). This

suggested that the decomposed sulfur is bonded with CHs instead of O.
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Figure 6-15: Thermal decomposition mechanism for: (a) EMIM ESU, (b)

EMIM OSU and (c) BMIM OSU.
6.4.3 Effect of Time and Temperature on the Decomposition

Process

The increase of either time or temperature demonstrates an increase in the
concentration of the decomposed species. However, the increase of
temperature demonstrates a higher influence than time, see Fig. 6-6. This
finding suggests that at a particular temperature, the decomposition has a
particular rate, and the increase of temperature leads to increase the
decomposition rate. This finding is in agreement with Arrhenius equation [183]
since it states that the rate constant is increased with temperature. The
increase of time leads to an increase in the concentration of the decomposed

bonds due to the increase of their amount at constant decomposition rate.
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6.4.4 Film Formation Mechanism

For the imidazolium sulfate ILs, Fig. 6-16 summarizes the formation
mechanism of their thermal films. The process starts when ILs are partially
decomposed after heating them to 80 °C. Referring to Figs 6-7 and 6-8, SOs3
results from the partial decomposition of anion moiety adsorbs into silicon
surface. Nitrogen results from the partial decomposition of the cation moiety
and both adsorbs to and reacts with the silicon surface to form nitrogen-

containing organic species and SiNxOy respectively (see Figs. 6-7 and 6-10).

The increase of either time or temperature leads to an increase in the ratio of
SiNxOy peak to nitrogen-containing organic species peak. This suggests that
the increase of the formation of SiNxOy is higher than the adsorption of
nitrogen-containing hydrocarbons.
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Figure 6-16: The formation mechanism of thermal film of imidazolium

based ILs.

The formation mechanism of PSU thermal film is presented in Fig. 6-17. For
both temperatures the anion moiety could not be detected. This finding is

expected since PSU showed a higher thermal stability than imidazolium
sulfate (see Figs. 6-1 and 6-3).

Phosphorus that comes from phosphonium cation reacts with and adsorbs to
silicon (see Fig. 6-11).
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The increase of either time or temperature increases the ratio of the adsorbed
phosphorus to the Si2s. In addition, the increase of temperature increases the
intensity ratio of Si-O-P related peak to P2s peak. However, the increase of

time show a contrasting behaviour since it leads to increases the deposition
of phosphorus.
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Figure 6-17: The formation mechanism of thermal film of PSU.

Fig 6-18 demonstrates the formation mechanism of EMIM EP thermal film.
From the first applied temperature, 80 °C, both the imidazolium cation and the
phosphate anion react with and adsorb to the silicon surface. These
processes lead to format of a thermal film consisting of P, Si-O-P, SiNxOy

and nitrogen-containing organic species (see Figs 6-9 and 6-10).
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Figure 6-18: The formation mechanism of thermal film of EMIM EP.
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The increase of either time or temperature shows a comparable ratio of the
adsorbed nitrogen to the reacted nitrogen (SiNxQy). In contrast, the increase
of either time or temperature increases the ratio of P2s to Si2s which means
that the adsorption of phosphorus increases.

The increase of temperature from 80 °C 100 °C leads to increase the ratio of
Si-O-P to P2s which means the formation rate of Si-O-P increases with
temperature. However, the increase of time from 2h to 5h leads to decrease
the ratio of Si-O-P to P2s which suggests that the formation of Si-O-P is limited

as pointed out in chapter four.
6.4.5 Effect of IL Chemistry on the Formation of the Thermal Film.

The variation of ILs chemistry plays a crucial role in the formation mechanism
and the chemistry of the generated thermal films. Starting from the effect of
anion/cation chain length; its increase results in an increase in the reactivity
of IL. This can be correlated to the reduction of the thermal stability of IL as a
result of increasing anion/cation chain length (see Fig. 6-2). However, the
same species are obtained in all imidazolium sulfate ILs regardless to the

anion/cation chain length.

Besides, the variation of anion type being substantial; in contrast to the sulfate
anion, the phosphate anion demonstrates an ability to react with silicon and
form Si-O-P film in addition to the adsorption of phosphorus under all the
applied conditions. However, imidazolium cation shows higher reactivity when
it is combined with the sulfate anion rather than the phosphate anion. Fig. 6-9
confirms that when the ratio of SINxOy to nitrogen-containing organic species
is higher in the EMIM ESU thermal film than EMIM EP thermal film. In addition,
the ratio of N1s peak to Si2s peak is slightly higher in the EMIM ESU.

The variation of cation type is again crucial and affects the formation
mechanism of thermal film and its chemistry. Both the reactivity of cation and
the ability of anion (sulfate) to adsorb into silicon are effected. Both cations
demonstrate their reactivity with silicon and also their ability to be adsorbed
into silicon. However, SOs is only detected when sulfate combines with
imidazolium (see Fig. 6-10). This can be correlated to the higher thermal
stability of PSU than EMIM ESU (see Fig. 6-2).
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In addition, the chemistry of IL has a considerable effect of the durability of the

generated film (see Fig. 6-14).

These findings together confirm that IL chemistry is crucial and the
combination of anion-cation is also crucial. Sulfate showed higher reactivity
when combined with imidazolium rather than phosphonium and imidazolium

showed higher reactivity when combined with sulfate rather than phosphate.

6.5 Conclusions

In this chapter, both thermal stability and the reactivity of five ILs have been
investigated. In addition, the influence of IL chemistry on their thermal stability
and their reactivity has been considered. The following conclusions have been

drawn:

e TGA provides an overestimation to the onset temperature of ILs.
However, it provides an acceptable prediction to the effect of IL
chemistry on their thermal decomposition.

e The increase of either cation chain length or anion chain length
decreases the thermal stability of IL due to the decrease of the stability
of carbocation.

e Both anion type and cation type influence on the thermal decomposition
mechanism of IL. However, anion is more crucial in the determination
of the thermal decomposition of IL.

e Phosphate anion is more stable than sulfate anion when both are
combined with imidazolium cation.

e The decomposition is started from the anion rather than cation.

e The increase of temperature increases the thermal decomposition rate.

e All ILs have reacted with silicon surface and a thin thermal film has
been created, a few nano meters.

e IL chemistry is crucial in the determination of the reactivity of IL, thermal
film chemistry and the thermal film thickness.

e The increase of anion/cation chain length lead to enhance the reactivity
of IL and then increase thermal film thickness.

¢ Phosphate anion showed higher reactivity than sulfate anion.
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e The combination of anion-cation is also crucial since SO3 is only
obtained when sulfate combined with imidazolium and higher amount
of nitrogen is obtained when imidazolium combined with sulfate rather

than phosphate.



- 128 -

7. Chapter 7: Lubrication mechanism of neat ILs in
various tribological conditions

7.1 Introduction

The use of neat ILs as potential lubricants is not feasible in many applications
due to their high cost. They have been recommended to be used as potential
lubricants mainly in two applications; to lubricate MEMS or to lubricate moving
parts in space vehicles. A small amount is required in the former application
and the high cost can be afforded in the latter application [3-6]. In this chapter,
silicon based materials are employed and a micro scale study is conducted to
simulate the working of MEMS [109, 115].

Despite the large number of previous studies that examined the tribological
performance of ILs, the relationship between their tribological performance
and tribofilm formation ability is still not fully understood. Further, the relation
between ILs’ chemistry and their tribological behaviour is not fully understood.
Previous studies focused mainly on the investigation of the tribological
performance of various ILs (propose various ILs to lubricate various tribopairs)
[3-6].

Some previous macro-scale studies considered the relation between the ILs’
chemistry and their tribological performance. For instance, several studies
[24-27] found that the increase of the cation chain length enhances the
tribological performance of ILs. Other studies examined the effect of either

anion or cation type.

They found that the halogen-free anions showed better tribological
performance than halogenic ones. The phosphonium cation exhibited a lower
friction coefficient than imidazolium [26, 107]. However, it should be noted that
the occurrence of tribocorrosion processes in the previous studies due to the
use of the halogenic ILs can affect the comparison (halogenic ILs show high
friction and wear coefficients). To reveal the influence of anion/cation type,
both ILs must be non-halogenic. Furthermore, there is a contrast in the
literature whether the formation of tribofilm is started by either cation [24] or
anion [26, 90]. Therefore, this study is conducted to reveal the effect of IL

chemistry on their tribological performance and their ability to form a tribofilm.
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To understand the relationship between the formation of tribofilm and the
tribological behaviour (lubrication mechanism); a various tribological
conditions are applied. The formation/destruction of the tribofilm that might
result from the increase/decrease of contact pressure, sliding distance or
temperature. In addition, the friction and wear coefficients and their

relationship with the formation of tribofilm will be studied as well.

Therefore, this chapter will investigate the effect of IL chemistry on their
lubrication mechanism at various conditions. The chapter is divided into three
parts. The first one will illustrates the effect of contact pressure by applying for
various contact pressures. The second one will present the effect of sliding
distance by applying three various sliding distances. The last part will
demonstrate the influence of temperature by applying two various

temperatures.
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7.2 Experimental Conditions

The viscosity is measured at temperatures ranging from 20 to 70 °C. The
tribological experiments are conducted by applying a reciprocating motion
using NTR with a ball-on-plate configuration.

For all experiments; the following parameters are kept constants: the sliding
velocity is 2 mm/s, sliding amplitude is 2 mm and the lubrication regime is
boundary (all calculations are provided in subsection 3.4.4). Table 7-1
presents the applied conditions in the investigation of the effect of contact

pressure.

Table 7-1: The applied conditions to investigate the effect of contact

pressure on the lubrication mechanism.

1 142 6 14.4 25
2 306 13 14.4 25
3 386 16 14.4 25
4 451 19 14.4 25

Then, based on the results of the effect of contact pressure; the effect of

sliding distance is conducted at contact pressure 386 MPa, see table 7-2.

Lastly, the effect of temperature is conducted by applying high temperature
experiments using the bespoke design described in 3.2.2. Table 7-3 presents
the applied conditions. Again, the selection of contact pressure is made based

on the results of the effect of contact pressure.
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Table 7-2: The applied conditions to investigate the effect of sliding

distance on the lubrication mechanism.

Table 7-3: The applied conditions to investigate the effect of temperature

on the lubrication mechanism.

7.3 Results
The results are divided into three main sections. The effect of contact
pressure, sliding distance and temperature on the lubrication mechanism and

they will be presented in the sections 7.3.1, 7.3.2 and 7.3.3 respectively.

7.3.1 Viscosity
The IL viscosities are measured across a temperature range between 20 and
70 °C and the results are presented in Fig. 7-1. The results reveal that ILs’
viscosities decrease with the increase of temperature. On the other hand, the
increase in chain length of either cation or anion, increases the viscosity due

to the increase of both Van der Waals forces and ions’ weight [184].

Furthermore, the results show that the phosphonium cation and phosphate
anion exhibit a higher viscosity than imidazolium cation and sulfate anion

respectively. This is expected due to their higher ions’ weight.
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Figure 7-1: ILs viscosity at various temperatures.

7.3.2 Effect of Contact Pressure

7.3.2.1 Friction

Friction coefficients of ILs at various contact pressures are presented in Fig.
7-2. The friction coefficients of all lubricants fluctuate, i.e. either increases or
decreases, with the increase in contact pressure. This can be related to the

either flattening of the rubbed surfaces [173] or formation of a tribofilm [109].

The results indicate that the increase in chain length of anion or cation leads
to a significant reduction in the friction coefficient. This reduction is decreased
with the increase in the applied contact pressure. The results also show that
anion type and cation type have a considerable effect on friction coefficient
especially at the lowest contact pressure. This can be related to the
considerable influence of IL viscosity at the lowest contact pressure (see Figs.
7-1 and 7-2).

At the lowest contact pressure, the phosphate anion shows a lower friction
coefficient than the sulfate anion. However, at higher contact pressures, a

comparable friction coefficient for both anions are obtained.
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The phosphonium cation exhibits a lower friction coefficient than imidazolium
cation especially at the lowest contact pressure. The increase in contact
pressure decreases the difference between the friction coefficients of both
cations (phosphonium and imidazolium) though the former continued to

maintain its lower friction.

The behaviour of friction coefficients over the sliding distance is presented in
Fig. 7-3. As mentioned in section 3.4, each experiment has been repeated at
least two times and in most cases three times. The presented friction
coefficients are the average of at least two tests (see Fig.7-3 the behaviour of
EMIM ESU friction coefficient at 142 MPa). The increase in the chain length
of either cation or anion results in a higher stability in the friction coefficient
(less fluctuation). The phosphate anion shows higher stability in friction
coefficient than sulfate anion at the lowest contact pressure (see Fig. 7-3a).
However, at higher contact pressures, the sulfate anion exhibits higher

stability than the phosphate anion (see Fig. 7-3a, b and c).
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Figure 7-2: Friction coefficient values for five ILs at various contact

pressures.
The phosphonium cation shows higher stability in friction coefficient than the
imidazolium cation under all contact pressures except at the highest one (451
MPa) when imidazolium exhibits a higher stability.
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The friction coefficient behaviour is affected by the presence of third bodies
between the interacting surfaces. These can be either wear debris or a formed
tribofilm. The presence of wear debris causes a rapid increase in friction
coefficient which can be followed by a considerable decrease when debris are
removed from the wear track [185]. The continuous fluctuation in friction
coefficient suggests that the production of wear debris from silicon surface is
still ongoing through the whole test (see Fig. 7-3). This behaviour in silicon
was also obtained in [155].
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Figure 7-3: Variation of friction coefficient with sliding distance at various
contact pressures; (a) 142 MPa, (b) 306 MPa, (c) 386 MPa and 451 MPa.

The instability in the friction coefficient might be also influenced by surface
roughness. Table 7-4 presents the obtained average surface roughness

values inside wear tracks.
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It is obvious that friction coefficient does not controlled by surface roughness.
Surface roughness values increase with contact pressure despite the

reduction of friction coefficient with the increase of contact pressure.

Table 7-4: The average surface roughness inside wear tracks.

Contact Pressure EMIM EMIM BMIM U EMIM
MPa ESU OoSuU OoSsuU EP
306 6.0 nm 5.5nm 5.5nm 15.0nm | 8.0nm
+0.6 +0.3 +0.25 +0.9 +0.5
386 10.0 nm 6.5 nm 4,0 nm 12.0nm | 5.0nm
+0.8 +0.4 +0.1 +1.0 +0.1
451 16.0 nm 7.0 nm 11.0 nm 15.0nm | 9.0 nm
+1.2 +0.15 +0.8 +0.6 +0.7
7.3.2.2 Wear

Surface morphology is characterized using 3D optical microscopy including
the quantification of wear volume. No wear was detected at the lowest contact
pressure. However, the higher contact pressures significantly alter the wear
performance of ILs. Fig. 3.4 presents the wear coefficients for five ILs. The
results clearly show that the longer the chain length of either cations or anions,
the lower the wear of the system. Furthermore, the phosphonium cation
showed lower wear coefficient than imidazolium at the lowest and moderate
contact pressures (306 and 386 MPa). On the other hand, imidazolium shows
lower wear coefficient at the highest contact pressure (451 MPa). In terms of
the effect of anion type, phosphate anion also shows lower wear coefficient
than sulfate anion at both low and moderate contact pressures (306 and 386
MPa). However, the sulfate anion IL shows lower wear coefficient than the IL

with the phosphate anion at the highest contact pressure (451 MPa).

It is clear that the lowest wear coefficient for three of the tested ILs (BMIM
OSU, EMIM EP and PSU) is obtained at the moderate load (386 MPa). This

might suggest that at this contact pressure the tribofilm exists.
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For EMIM ESU and EMIM OSU, the lowest wear rate is observed at the
highest contact pressure, which suggests that the required load to form a
tribofilm higher than the other tested ILs. The results of surface chemistry will

either confirm or refute this hypothesis.
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Figure 7-4: Wear coefficient values for five ILs at various contact pressures.
The surface morphology of the surfaces tested with EMIM ESU and EMIM EP
ILs are shown in Figs. 7-5 and 7-6, respectively. The results show that the
increase in contact pressure increases the width of the wear track, as
expected. However, the depth of wear tracks decreases with the increases of
contact pressure in EMIM ESU and EMIM OSU (see Fig. 7-5).

The highest depth of the wear track appears to occur at low contact pressure
(306 MPa) in the case of BMIM, PSU EMIM EP. Although, the lowest depth of
the wear track appears to occur at (386 MPa).
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Figure 7-5: Surface topography of wear track for samples lubricated by
EMIM ESU IL.

Further increase in contact pressure to 451 MPa leads to a slight increase in
the wear track depth (see Fig. 7-6). This finding confirms that the highest
reduction in the wear depth is obtained at the moderate contact pressure (386
MPa) for BMIM OSU, PSU and EMIM EP.

306 MPa ,

0.651 um I 9

Figure 7-6: Surface topography of wear track for samples lubricated by
EMIM EP IL.
7.3.2.3 Surface Chemistry

Samples showing a discernible wear track (all samples except those at the
lowest contact pressure) are scanned by XPS to check the formation of the

tribofilm.
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The detection of these tribofilms is performed by scanning N 1s, S 2s and P
2s elements. The imidazolium sulfate ILs contain N and S elements, PSU

contains P and S elements and EMIM EP contains N and P elements.

Starting from imidazolium sulfate ILs, both S2s and N1s were scanned for the
samples tested under three different contact pressures. The results show that
tribofilm cannot be detected for all ILs at 306 MPa; since neither N1s nor S2s
are picked up (see Figs 7-7 and 7-8). The increase in contact pressure to 386
MPa results in a detectable tribofilm only in BMIM OSU. The N1s peak
confirms the presence of a tribofilm (see Fig 7-7 (f)). The existence of N 1s at
399.6 eV can be assigned to SiNxOy [182].

However, an S2s peak is still not detected in imidazolium sulfate ILs. Fig. 7-8
shows the typical signal obtained for all the scanned samples. In addition, the
further increase in contact pressure to 451 MPa shows that no tribofilm is

detected since neither S2s nor N1s are picked up (see Figs 7-7 and 7-8).
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Figure 7-7: XPS results of N1s for samples lubricated by

imidazolium sulfate ILs.
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In addition to the presence of a Si2s peak that results from the plasmon effect
in silicon, the n-type silicon contains phosphorus. Therefore, the ratio of P2s
to Si2s is calculated for silicon wafer before the tribological experiments to
compare it with the ratio observed inside the wear track (see Fig. 7-9). The
increase of P2s to Si2s ratio suggests that phosphorus inside the wear track
can be assigned to the formation of a tribofilm. The XPS data acquired inside
the wear tracks of both PSU and EMIM EP at 306 MPa indicates that the ratio
of P2s to Si2s remains constant before after the test. The increase in contact
pressure to 386 MPa results in a significant increase in the ratio of P2s to Si2s
(see Fig. 7-10). The further increase in contact pressure to 451 MPa results
in a reduction in the ratio of P2s to Si2s inside the wear track for both PSU
and EMIM EP.

However, the ratio is still higher than that for the silicon before the tribological
test (See Fig. 7-10).
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Figure 7-8: XPS result of S2s peak for all imidazolium sulfate ILs
and phosphonium sulfate IL at three contact pressures; 306,
386 and 451 MPa.
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Figure 7-9: P2s peaks for silicon before test and inside the wear tracks of
samples lubricated by either EMIM EP or PSU.

It is suggested that this is due to the increased removal of the tribofilm. The
P2s peak at 187.8 eV for both EMIM EP and PSU is assigned to phosphorus

element that is chemically/physically adsorbed into the silicon surface [186].
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Figure 7-10: P2s to Si2s ratio for silicon before test and inside wear tracks of
samples lubricated by either PSU or EMIM EP.
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7.3.3 Effect of Sliding Distance

7.3.3.1 Friction
The friction coefficient is measured at three different sliding distances, 3.6 m,

14.4 m and 36 m. Fig. 7-11 presents the final friction coefficients. At the lowest
sliding distance (3.6 m) the highest friction coefficient is obtained by EMIM
ESU while the lowest value is obtained by EMIM OSU. In terms of the effect
of ILs’ chemistry; the only negligible effect is the cation chain length. In
contrast, the increase of anion chain length, the use of phosphonium cation
instead of imidazolium or the use of phosphate anion instead of sulfate anion

leads to decrease friction coefficient.

The increase of sliding distance to 14.4 m causes a significant increase in the
friction coefficients of EMIM ESU and EMIM EP. A considerable increase is
also obtained in EMIM OSU and PSU while only a slight increase is obtained
in BMIM OSU. This increasing is expected due to the initiation of wear that
results an increase in the surface roughness and might result a wear debris
as well [109, 173].

The effect of ILs’ chemistry is clear at this condition (14.4 m). The increase of
either cation chain length or anion chain length decreases friction coefficient.
Cation type shows a significant effect when phosphonium cation exhibits lower
friction coefficient than imidazolium cation. Besides, anion type shows only a
slight effect when phosphate anion and sulfate anion exhibit comparable

friction coefficients.

Further increase of sliding distance to 36 m demonstrates a comparable
friction coefficients for EMIM ESU and PSU. Besides, friction coefficient is
reduced in EMIM OSU, EMIM EP and EMIM OSU. The reduction in EMIM
OSU is higher than that obtained in BMIM OSU. This finding means that the
increase of cation chain length causes an increasing in the friction coefficient
at the highest sliding distance. Sulfate anion exhibits lower friction coefficient
than phosphate and the increase of anion chain length still shows a clear

reduction in friction coefficient.
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Figure 7-11: Friction coefficient at various sliding distances.

The evolution of friction coefficient is depicted in Fig. 7-12. It is clear that the
effect of ILs’ chemistry is oblivious even at the first 3.6 m. A stable friction
coefficients are obtained for all ILs. At this sliding distance, the influence of
cation type and cation chain length are negligible while anion type and anion
chain length show a considerable influence. Phosphate anion exhibits lower
friction coefficient than sulfate. The highest instability observes when the
sliding distance between 3.6 m to 14.4 m. This can be related to the increase
of surface roughness that resulted from the scratch and the presence of wear
debris that resulted from wear [109, 173].

For both sliding distances (14.4 m and 36 m), the increase of anion chain
length increases the stability of friction coefficient while the increase of cation
chain length shows a slight decrease in the stability of friction coefficient at the
longest sliding distance. The phosphonium cation depicts a higher stability
than the imidazolium while both the sulfate anion and the phosphate anion

depict a comparable stability.
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Figure 7-12: Friction coefficient behaviour at three various sliding
distances.
The first increase of sliding distance (from 3.6 m to 14.4 m) leads to a
significant increase in the surface roughness (see Table 7-5). This could justify
the significant increase of the friction coefficient after increasing the sliding

distance from 3.6 m to 14.4 m.

The further increase in the sliding distance to 36 m shows a substantial
increase in the surface roughness while comparable friction coefficients are
obtained (see Fig 7-11 and Table 7-5.)

Table 7-5: Surface roughness inside wear tracks at various sliding
distances.

3.6 0.2 nm 0.2 nm 0.2 nm 0.2 nm 0.2 nm
+0.05 nm | ¥0.05nm | £0.05nm | £0.05nm | +0.05 nm

14.4 10 nm 6.5n 4 nm 12 nm 5nm
+1.5nm 0.5 nm 0.5 nm +2 nm +2 nm
36 50 nm 13 nm 13 nm 27 nm 90 nm

+4 nm +2 nm +1 nm +4 nm +6 nm
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7.3.3.2 Wear

At the lowest sliding distance (3.6m) no wear can be detected. Fig. 7-13
depicts wear coefficients for five ILs at two various sliding distances. Wear is
detected in all ILs when sliding distance is increased to 14.4 m. The increase
of either anion chain length or cation chain length causes a substantial
decrease in wear coefficient. Anion type also implies a crucial influence when
phosphate anion exhibits by far lower wear coefficient than sulfate anion.
Cation type again plays a significant role in the determination of wear
coefficient when phosphonium cation shows lower wear coefficient than

imidazolium.

Further increase in sliding distance to 36 m causes a reduction in the wear
coefficient in all ILs. However, wear volume is increased slightly and the
reduction is occurred due to the increase of sliding distance (see the equation
of wear coefficient 7.1). This increasing in sliding distance reduces the
influence of cation chain length. However, the increase of cation chain length
still shows a reduction in wear coefficient. The effect of anion type also
decreases but phosphate anion still exhibits lower wear coefficient than sulfate
anion. In contrast, the influence of anion chain length grows and the reduction
of wear coefficient is increased in comparison with the previous sliding
distance (14.4 m). Cation type is the only parameter that implies comparable

influence and phosphonium cation still demonstrates lower wear coefficient.
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Figure 7-14: Wear coefficient at various sliding distances.
The increase of wear volume results from the increase of both wear depth and
wear width. The increase of wear depth will lead to increase wear width since
the penetration of the counter face (borosilicate ball) increases with sliding
distance. Fig. 7-14 depicts a 3-dimensional view for the surface morphology
of EMIM ESU to show the increase of wear volume that results from the

increase o sliding distance.

Figure 7-13: A 3D view of surface morphology and wear track for: (a) EMIM
ESU after 14.4 m of sliding and (b) EMIM ESU after 36 m of sliding.

7.3.3.3 Surface Chemistry

In order to reveal whether the tribofilm is formed or not; three elements are
scanned at high resolution region (N1s, S2s and P2s), even if they are not

detected in the survey scan.
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The presence of phosphorus refers to the presence of either phosphonium
cation or phosphate anion and the presence of sulfur and nitrogen refer to the

presence of sulfate anion and imidazolium cation respectively.

Tribofilm is not detected in the samples lubricated by EMIM ESU and EMIM
OSU at both sliding distances, since neither N1s nor S2s is detected (see Figs
7-15 and 7-16). In contrast, nitrogen is detected at both sliding distances in
BMIM OSU. At 14.4 m only one peak is obtained at 399.8 eV (see Fig.7-15a)
which is assigned to SiNxOy [182].

The increase of sliding distance to 36 m a new peak is obtained at 401.7 eV
(see Fig. 7-15b) which is assigned to nitrogen contains organic compounds
[182]. However, no sulfur is detected for BMIM OSU.
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Figure 7-15: XPS scan of N1s inside wear track for samples lubricated
by: (a) BMIM OSU at sliding distance 14.4 m, (b) BMIM OSU at
sliding distance 36 m and (c) typical result of EMIM ESU, EMIM OSU

and EMIM EP at both sliding distances.
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The surface chemistry analysis for samples lubricated by either PSU or EMIM
EP are also conducted. The results show that neither sulfur from PSU nor
nitrogen from EMIM EP can be detected at both sliding distances (see Figs.
3-6 and 3-7). However, phosphorus element is detected which results from
phosphonium cation in PSU and phosphate anion in EMIM EP at both sliding
distances (see Fig. 3-8). Due to the presence of phosphorus in the n-type
silicon, the ratio of P2s to Si2s is calculated for silicon surface before
experiment. This ratio is compared with that obtained inside wear track and
its increase means that the extra phosphorus content occurs due to the

formation of tribofilm.
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Figure 7-16: Typical result of XPS scan of S2s inside wear track of all

imidazolium sulfate ILs and PSU at both sliding distances.

At a lower sliding distance (14.4 m), only adsorbed phosphorus is detected for
both ILs (PSU and EMIM EP) since the ratio of P2s to Si2s increases as
presented in Fig. 7-17. The increase of sliding distance to 36 m shows a
comparable ratio of P2s to Si2s in EMIM EP (see Fig. 7-17). Besides, the
increase of sliding distance in PSU results a significant increasing in the ratio
of P2s to Si2s and also a new peak is appeared at 191.5 eV. This peak can

be assigned to P-O-Si which is in agreement with [148].
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Figure 7-17: P2s peaks for: (a) silicon before experiment, (b) inside

wear track of sample lubricated by EMIM EP at distance 14.4 m,
(c) inside wear track of sample lubricated by PSU at distance 14.4
m, (d) inside wear track of sample lubricated by EMIM EP at

distance 36 m and (e) inside wear track of sample lubricated by

7.3.4 Effect of Temperature

7.3.4.1 Friction

The effect of temperature is studied by comparing the results at room
temperature (25 °C) with the results at high temperature (80 °C). Fig. 7-18
presents the results of the final friction coefficients for all ILs at two
temperatures. The increase of temperature leads to increase friction
coefficients of four ILs which are BMIM OSU, EMIM ESU, EMIM EP and PSU.
Besides, for EMIM OSU a comparable friction coefficients are obtained at both

temperatures.

The increase of temperature leads to increase the role of anion chain length
on determination of friction coefficient. At high temperature, a higher reduction

in the friction coefficient is resulted due to the increase of anion chain length.
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In contrast, the influence of cation chain length decreases with the increase
of temperature. At high temperature, a lower reduction in friction coefficient is

resulted due to the increase of cation chain length.

In terms of the influence of cation type, phosphonium cation still exhibits lower
friction coefficient than imidazolium. In contrast, in terms of the influence of
anion type, sulfate anion shows a lower friction coefficient than phosphate

anion after the increase of the temperature.
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Figure 7-18: Friction coefficient values for five ILs at various contact
pressures.
A considerable increasing in the surface roughnesses as a result of the
increase of temperature is observed (see Table 7-6). This could contribute in
the increase of friction coefficients. However, in EMIM OSU, the friction
coefficient is decreased after the increase of temperature despite the
considerable increase of surface roughness. This finding, again, confirms that
the surface roughness might effect on friction coefficient but it is not the only

factor that control it.
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Table 7-6: Surface roughness inside wear tracks at two temperatures.

Temperature | EMIM ESU | EMIM OSU BMIM OSU PSU EMIM
EP

25°C 10nm 6.5 nm 4 nm 12 nm 5nm

+2 nm +1 nm +1.5nm +1.5nm +2 nm

80 °C 100 nm 10 nm 13 nm 37 nm 50 nm

+6 nm +2 nm +3 nm +2 nm +8 nm

The behaviour of friction coefficients during the experiments is demonstrated

in Fig. 7-19. It can be seen clearly that the increase of temperature decrease

the stability of friction coefficients for all the examined ILs. However, for EMIM

ESU, the sudden increasing after about 6 m of sliding is disappeared. This

behaviour is related to both the formation of tribofilm and the presence of wear

debris, as discussed before. Lastly, at high temperature, the fluctuation of

friction coefficients are comparable for all the examined ILs regardless to their

chemistry.
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Figure 7-19: Variation of friction coefficient with sliding distance at: (a)

at room temperature (25 °C) and (b) at high temperature (80 °C).
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7.3.4.2 Wear

The results of wear coefficients for the examined ILs at both temperatures are
depicted in Fig. 7-20. It is clear that the wear coefficients for EMIM ESU, EMIM
EP and PSU increase with the increase of temperature. In contrast, the wear
coefficients of both EMIM OSU and BMIM OSU decrease with the increase of

temperature.

Besides, the influence of anion chain length is more significant at high
temperature. A higher reduction in the wear coefficient is obtained as a result

of the increase of anion chain length.

Besides, the influence of cation chain length decreases with the increase of
temperature. However, the increase of cation chain length still results a

reduction in the wear coefficient.

In terms of the effect of anion type and cation type; phosphate anion and
phosphonium cation still show lower wear coefficients than sulfate anion and

imidazolium cation respectively.
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Figure 7-20: Wear coefficient values for five ILs at temperatures.

The morphologies of wear tracks are also analysed. Fig. 7-21 presents the
wear track morphologies of samples lubricated by either EMIM OSU or PSU
at both conditions (room and high temperatures). These samples are selected
since the highest reduction and the highest increasing of wear volume are
obtained in EMIM OSU and PSU respectively.
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It is obvious that both the width and the depth of wear tracks are decreased
with the increase of temperature for the sample lubricated by EMIM OSU (see
Fig.7-21a and 7-21b). In contrast, the increase of temperature leads to
increase both wear track width and depth for the sample lubricated by PSU
(see Fig. 7-21c and 7-21d). Further, for PSU, a flatter wear track is observed
which suggests that the tribofilm is destructed. This finding will be either
confirmed or refuted by the results of surface chemistry in the next section.
Lastly, the morphologies of the rest samples have a comparable behaviour to

that presented for PSU.

Figure 7-21: Surface morphologies for: (a) sample lubricated by EMIM

(b)

0.247 um I

0.611 um

EI B58 um

OSU at room temperature, (b) sample lubricated by EMIM OSU at
high temperature, (c) sample lubricated by PSU at room temperature
and (d) sample lubricated by PSU at high temperature.
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7.3.4.3 Surface Chemistry

Again, the following elements are scanned in high resolution region: N1s, S2s
and P2s. The results show that no tribofilm can be detected inside the wear
track of the samples that lubricated by either EMIM ESU or EMIM OSU (see
Figs. 7-22 and 7-23). In contrast, the tribofilm is detected inside the wear track
of the samples that lubricated by BMIM OSU (see Fig. 7-22). The chemistry
of the tribofilm is changed with the increase of temperature. A new peak is
obtained at 401.6 eV that is assigned to the presence of nitrogen contains
hydrocarbons as assigned before in [182]. For PSU, the sulfur is still

undetectable even after the increase of temperature (see Fig. 7-23).
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Figure 7-22: XPS results of N1s peak for: (a) sample lubricated by
BMIM OSU at room temperature, (b) sample lubricated by BMIM
OSU at high temperature and (c) The typical N1s peak for the
samples that lubricated by EMIM ESU, EMIM OSU and EMIM EP at
both temperatures.
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The ratio of P2s to Si2s decreases and it becomes same as that obtained in
silicon sample before the experiment (see Fig. 7-24d). This finding suggests
that the tribofilm is totally destructed. In similar manner, for EMIM EP, both the
anion and cation moieties cannot be detected (see Figs 7-22c and 7-24e).
This finding also suggested that the tribofilm is destructed after heating

process.

7.4 Discussion

7.4.1 Friction Coefficient
Friction coefficient is greatly affected by surface roughness, viscosity and the
presence of either a protective layer (tribofilm) or wear debris [27, 49, 187].
Silicon surface roughness is measured for all the samples inside and outside

the wear tracks.

As presented in tables 7-4, 7-5 and 7-6 there is no clear correlation between
the final friction coefficients and the average surface roughness values. This
finding suggests that the influence of both the viscosity and tribofilm formation

are more crucial in the determination of the friction coefficient.

The effect of viscosity is also not obvious except at the lowest contact pressure
(see Figs. 7-1, 7-2, 7-11 and 7-18). The lowest friction coefficient is obtained
by BMIM OSU that exhibits the highest viscosity and vice versa for EMIM ESU.
For the other contact pressures (where wear is high), the effect of viscosity is
strongly decreased. This suggests that in this regime the wear is dominating
the friction coefficient. Despite their lower viscosities, EMIM ESU and EMIM
OSU show a lower friction coefficient than EMIM EP and PSU respectively.
These findings suggest that the viscosity might effect on the friction coefficient
only at the lowest contact pressure. In addition, the increases of IL viscosity
as a result of increasing their anion/cation chain length also contributes in the

reduction of friction coefficient.

Lastly, the formation of tribofilm has an impact on the friction coefficient as
well. The lowest friction coefficient of BMIM OSU, EMIM EP and PSU is
obtained when a tribofilm is detected at a contact pressure of 386 MPa. The
decrease in the tribofilm thickness of PSU and EMIM EP at the highest contact
pressure (451 MPa) seems to increase the friction coefficient.
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In addition, the increase of BMIM OSU tribofilm thickness leads to increase its
friction coefficient (see Figs. 7-11, 7-18, 7-15, and 7-22). This would also
confirm that the formation of tribofilm has a substantial influence on the friction
coefficient.

7.4.2 Wear and Lubrication Mechanism

Wear is mainly affected by the reactivity of ILs with silicon to form a tribofilm
which reduces the wear coefficient [23]. The surface chemistry results indicate
that the minimum wear coefficient (for BMIM OSU, EMIM EP and PSU) is
obtained when a tribofilm is detected on the rubbing surfaces (See Figs 7-4,
7-7f and 7-9). The results show that the lower the thickness of the tribofilm the
higher the wear of the system (see Figs. 7-4, 7-10). For the rest of ILs, i.e.
EMIM ESU and EMIM OSU, wear coefficient continuously decreases by
increasing the contact pressure or sliding distance. However, no tribofilm is
detected by XPS.

These findings suggest that the wear coefficient is significantly controlled by
the reactivity of the ILs and their tribofilms formation. The formation of the
tribofilm decreases both the wear and friction coefficients. The minimum wear
coefficient for BMIM OSU, EMIM EP and PSU are observed at contact
pressure 386 MPa. At this contact pressure, the largest tribofilm thickness is
formed on the surface for PSU and EMIM EP. This observation suggests that
the tribofilm formation rate is considerably higher than the removal rate. This
finding is in a high agreement with the previous finding by Yagi et al [15] when

they studied the lubrication mechanism of ammonium IL.

For EMIM ESU and EMIM OSU, the wear coefficient is continuously
decreasing by increasing the contact pressure, which might be related to the
increase of the formation rate of the tribofilm. However, it could not be
detected because the removal rate is still higher than formation rate. This
suggestion is in agreement with [67] when they examined a few
bis(trifluoromethylsulfonyl)amide based ILs. In addition, the increase of sliding
distance/temperature (increase the severity of the contact) leads to decrease
the wear coefficient of EMIM OSU (see Figs. 7-13 and 7-20). This can again
confirm the proposed assumption (the formation rate increases with severity

but it is still lower than the formation rate).
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These findings suggest that the tribofilm formation process starts with the
decomposition of ILs on the surface followed by either a chemical reaction or
a chemical/physical adsorption on silicon surface. This finding is supported by
XPS results since only anion/cation moiety can be detected inside wear
tracks. In addition, this suggestion is also confirmed by previous studies; e.g.
in [90] only anion moieties are detected inside wear track and in [24] only

cation moieties are detected inside wear track.

The formation of the tribofilm seems to start by either cation or anion moieties
depending on the combination of anion-cation. For both BMIM OSU and PSU
the formation starts from cation moieties while it starts from anion moieties for
EMIM EP (see Figs. 7-7, 7-8 and 7-9). This might be related to the reactivity
of the elements that anion/cation consisted of. In other word, the formation of
tribofilm seems to be started after the decomposition of IL and followed by a
reaction/adsorption of either anion or cation moiety. The more reactive moiety
will start the reaction/adsorption process. This finding can reveal the reason
behind the conflict in the literature since the formation of the tribofilm was

reported to be controlled by cation moiety in [24] or anion moiety in [26, 90].

7.5 Conclusions

A comprehensive study have been conducted to investigate the effect of ILs’
chemistry of their lubrication mechanism. The formation mechanism of the
tribofilm and its influence on the tribological performance at various conditions

have been examined. The following conclusions are drawn:

e |Ls’ chemistry is crucial in the determination of their tribological
behaviour due to their significant influence on both ILs’ viscosity and
ILs’ reactivity.

e The increase of either anion or cation chain length leads to enhance
the tribological performance.

e The phosphate anion shows better tribological performance than
sulfate anion at all conditions except at high contact pressure (from 386
MPa and higher).

e The phosphonium cation shows better tribological performance than
imidazolium cation under all the examined conditions.

e Wear coefficient is controlled by the formation of tribofilm.
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e The phosphonium cation exhibits higher reactivity than imidazolium
cation at all the examined conditions.

e The phosphate anion exhibits higher reactivity than sulfate anion under
all conditions except at high contact pressure (higher than 386 MPa).

e The formation of the tribofilm can be started from either the anion
moiety or cation moiety. It depends on the chemistry of the both ions

and their combination.
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8. Chapter 8: Discussion

8.1 Chapter Overview

This chapter aims to make a link between the findings of the previous results
chapters and proposes the lubrication mechanism of ILs. This is achieved by
linking the formation of ILs thermal films and the formation of ILs tribofilms. In
other words, the full story of the lubrication mechanism can be obtained when
the results of both thermal and tribofilms are linked and discussed. Based on
this discussion, the full story of the effect of ILs chemistry on their lubrication

mechanism is presented.

8.2 The Link between Thermal and Tribo Films of Neat ILs (The
Lubrication Mechanism of IL as Potential Lubricant To Lubricate
MEMS)

The thermal decomposition of ILs starts from the anion which suggests that IL
firstly decomposes and then the anion moiety, the cation moiety or both
moieties reacted/adsorbed into the surface (see Fig. 6-15). This finding is
confirmed by the results of the formation of thermal films when both moieties
are detected in EMIM EP and only the cation moieties in PSU (see Figs. 6-17
and 6-18). In addition, the detected tribofilms only result from the
reaction/adsorption of either anion moiety (in EMIM EP) or cation moiety (in
BMIM OSU and PSU) as depicted in Figs. 7-7 and 7-9. The previous findings
also confirmed this finding since the obtained tribofilm consisted of only cation
moiety in [24] or anion moiety in [26, 90].

Herein, it is believed that the ILs decompose firstly and then react/adsorb with
the silicon surfaces. The tribological behaviour is mainly controlled by the
formation of the tribo/thermal film that results from the reaction/adsorption of
ILs.

Fig. 8-1 shows the relationship between the formation of tribofilm and the
tribological behaviour of ILs. It is obvious that the lowest friction and wear
coefficients are obtained when the tribofilm is detectable. The lowest wear and
friction in Fig. 8-1b confirm this finding. In contrast, the absence of tribofilm

causes a higher wear and friction (see Fig 8-1a and 8-1c).
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Figure 8-1: The relationship between the formation of the tribofilm and the
tribological performance of ILs at various contact pressures: (a) at
306 MPa, (b) at 386 MPa and (c) at 451 MPa.

The tribofilm can be only detected when the formation rate of the tribofilm is
higher than the destruction rate. This finding has been pointed out before in
[15] and [67]. This can be occurred when either IL is highly reactive and the
formation rate is very high or the generated tribofilm is durable.

The durability of the thermal films is examined (see Fig. 6-14). It is clear that
the films resulted from EMIM ESU, EMIM OSU and EMIM EP have a
comparable durability. Besides, BMIM OSU film has the highest durability and
PSU has higher durability than the other three ILs.
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This can completely justify the detection of BMIM OSU tribofilm since it is
highly reactive and highly durable (refereeing to the thickness and durability
of its thermal film in chapter 6).

The increase of contact pressure, sliding distance or temperature results
either an increasing or a decreasing in the tribofilm thickness. This can be
assigned again to the relationship between the formation rate and the
destruction rate of the tribofilm. The increase of contact pressure from 386
MPa to 451 MPa (see Fig. 8-1) results a decreasing in the friction and wear
coefficients of EMI ESU and EMIM OSU. This suggests that the increase of
contact pressure increases the formation rate of the tribofilm, but it is still lower
than the destruction rate which makes them undetectable.

To check the validity of this finding (the relationship between the formation
and destruction rate of tribofilm), a more sever conditions are applied. Fig. 8-
2 depicts the relationship between the formation rate of the tribo and the
thermal films and the tribological performance of ILs at various temperatures
and sliding distances. The results again confirm that the increase of the
severity of the applied conditions can lead to increase both the formation and

the destruction rate of the tribofilm.

It can be seen that the increase of the severity of the tribological conditions
increases the formation rate of tribofilm (see the results of BMIM OSU in Fig.
8-2a and 8-2b). However, the destruction rate of tribofilm also increases with
the severity of the tribological conditions (see the results of PSU in Fig. 8-2a
and 8-2b). This finding suggests that there is an optimum condition that the
formation rate of tribofilm is higher than the destruction rate. The use of a low
severity might be not enough to make the formation rate of the tribofilm higher
than the destruction rate. In contrast, the use of a high severity increases the

destruction rate of the tribofilm and make it higher than the formation rate.

These findings all together lead to propose that the formation of the
thermal/tribo film starts after the partial decomposition of IL. The formation
might be started from either the anion moieties or the cation moieties. This
mainly depends on the IL chemistry (i.e., which ion is more reactive). The
formation of the thermal/tribofilm enhances the tribological performance.
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Figure 8-2: The relationship between the formation of the tribofilm and the
tribological performance of ILs at various conditions: (a) at 386 MPa,
sliding distance 14.4 ma and 25 °C, (b) at 386 MPa, sliding distance 36
m and 25 °C and (c) at 386 MPa, sliding distance 14.4m and 80 °C.
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8.3 Effect of Neat ILs Chemistry on Their Lubrication Mechanism

ILs chemistry is crucial in determining of the tribological performance since
both ILs viscosity and reactivity are substantially influenced by their chemistry.
The viscosity and reactivity show a considerable effect on the friction
coefficient (see Figs. 7-1, 8-1 and 8-2). In addition, the reactivity of ILs

indicates a significant effect on the wear coefficient (see Figs. 8-1 and 8-2).

Several studies showed that the increase in the chain length of either the
cation or the anion enhances the tribological performance of ILs in terms of
decreasing both friction coefficient and wear [24, 49, 52, 90]. However, the
reason behind that is still not well understood. For halogenic ILs, the increase
in the chain length of either the cation or the anion causes a reduction in
tribocorrosion which leads to decrease wear volume [49, 52]. In this study, for
halogenic-free ILs, the longer in the chain length of either the cation or anion
the higher the IL viscosity, thermal film durability and reactivity (see Figs. 7-1,
8-1, 6-14 and 8-2). This behaviour will enhance the tribological behaviour of

the lubricated tribopairs.

The cation type is also important in the determination of the tribological
performance. For instance, the phosphonium cation shows lower friction
coefficient than imidazolium at all the tested conditions (see Figs. 8-1 and 8-
2). The phosphonium cation demonstrates higher viscosity, more durable
thermal film and higher reactivity than imidazolium cation (see Figs. 6-14, 7-
1, 8-1 and 8-2). Therefore, the phosphonium cation also exhibits lower wear
coefficient. However, the imidazolium cation exhibits lower wear coefficient
than the phosphonium cation at only one condition (451 MPa, 14.4 m and 25
°C). Nevertheless, it was pointed out by several studies [24, 107] that the
cation type does not demonstrate a considerable effect on the tribological
performance of ILs. Imidazolium and pyridinium were used in those two
studies when both cations contain nitrogen atom. This can be the reason

behind the comparable tribological performance in those two cations.

The anion type also have a substantial effect on the performance of ILs as
lubricants. Apart from the effect of tribocorrosion that might be occurred in

halogenic anions [23].
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In this study both anions are halogen-free, and the results show that the anion
type has a significant role on the tribological performance of ILs (see Figs. 8-
1 and 8-2). The phosphate anion exhibits higher reactivity and viscosity than
sulfate anion. However, the durability of the thermal films of both ILs is
comparable. The phosphate anion shows superior tribological performance in
comparison with the sulfate anion. However, the sulfate anion shows better

tribological performance at only one condition (451 MPa, 14.4 m and 25 °C).

In addition, IL chemistry controls the tribofilm formation mechanism. The
presence of either nitrogen (in BMIM OSU tribofilm) or phosphorus (in PSU
tribofilm) rather than sulfur suggests that the tribofilm formation starts first in
the cation. However, the presence of phosphorus rather than nitrogen (in
EMIM EP tribofilm) suggests that the formation starts in the anion. This finding
again confirms that the tribofilm formation mechanism mainly depends on the
IL chemistry in addition to the combination of anion-cation. This conclusion
explains the contrast in the literature whether the reaction is started by cation
[24] or by anion [26, 90].

8.4 The Link between Thermal and Tribo Films of Qil-Soluble IL (The
Lubrication Mechanism of Oil-Soluble IL).

Firstly, the results of the formation of thermal films confirmed two main

findings:

e ZDDP can form thicker thermal film than PP since the formation of PP
thermal film is self-limited (see Figs. 4-4 and 4-9).

e Fig. 8-3 shows that the thermal films of both additives can provide a
considerable reduction in wear. However, ZDDP thermal film can
provide better anti-wear performance but it exhibits higher friction

coefficient.

These two findings can help to define the mechanism of the anti-wear
mechanism of both additives. The higher protection of ZDDP thermal film
means that ZDDP protective film is more durable. Similarly, ZDDP tribofilm
provides a higher protection against wear at various contact pressures (see
Fig. 8-4).
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The increase of contact pressure increases the formation rate of the tribofilms
for both additives. However, ZDDP shows higher protection against wear at
both contact pressures. These findings are in agreement since the thicker
and the more durable thermal/tribo film by ZDDP leads to a better anti-wear

performance.

Silicon surface @ Silicon+PP thermal film ® Silicon+ZDDP thermal film
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Figure 8-3: The tribological properties of PP and ZDDP thermal films.
PP thermal film shows lower friction coefficient than ZDDP one (see Fig. 8-3).
This has been assigned to the effect of film chemistry (the presence of zinc in
ZDDP thermal film). ZDDP still shows a higher reduction in wear after the
increase of temperature to 80 °C. This finding is in contrast to the previous
findings in [162]. However, the applied sliding distances in [162] is 4000 m
while only 14.4 m is applied in the current study. Besides, for PP, a lower

friction coefficient is obtained after the increase of temperature.

This can be related to the increase of the tribofilms thicknesses (ZDDP and
PP). This increase lead to decrease wear (the presence of wear debris) and
thus the friction coefficient in PP is decreased. In contrast, the increase of
ZDDP tribofilm thickness leads to a slight increase in friction coefficient. This
can be resulted from the high friction nature of ZDDP protective film (see Fig.
8-3).
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Figure 8-4: The relationship between the ZDDP and PP tribofilms
formation with their tribological behaviour at: (a) 597 MPa and (b) at
700 MPa.

After that, the increase of sliding distance reveals a new behaviour (see Fig.
8-5). PP shows a better anti-wear performance after increasing the sliding
distance (from 14.4m to 36m). This results from the depletion of ZDDP.

The higher tribofilm formation rate of ZDDP causes a faster depletion. Thus,
PP shows a higher protection against wear. Another confirmation to this
finding, Qu et al in [162] reported that the tribofilm that lubricated by
PAO+ZDDP got failure after 400 m of sliding while PP kept the system working
for 4000 m.
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Lastly, after these findings the differences between the lubrication
mechanisms of PP and ZDDP can be identified. Both additives react with the
silicon surfaces and form an anti-wear layer (tribo/thermal film). The formation
rate of ZDDP thermal/tribo film is higher and thus a thicker film can be obtained
(see Figs. 4-4, 4-9 and 5-8). As a result, ZDDP provides a higher protection
against wear. However, the higher formation rate leads to a faster depletion
in ZDDP form the bulk lubricant (PAO+ZDDP) than PP from the bulk lubricant
(PAO+PP). This finding can clarify and confirm the previous findings in [23,
28, 29, 162] when PP showed a better anti-wear performance at certain

conditions.
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9. Chapter 9: Conclusions and Future Work

9.1 Conclusions

A wide study has been conducted to understand the lubrication mechanism of
ILs when they are used as either additives or potential lubricants. In order to
understand the lubrication mechanism: the formation of thermal films, the
durability of thermal films and the formation of tribofilms at various conditions

are studied.

At the first part of this study; the use of oil-soluble IL as additive has been
compared with the common anti-wear additive ZDDP when lubricating
engines. Thus, steel against silicon in ball on plate configuration is used.

Both anti-wear additives have reacted and formed thermal films. However,
ZDDP is capable to form thicker and more durable thermal film than PP at the
same applied conditions. This results from the chemistry of ZDDP since the
presence of zinc (as a metallic cation) can feed the reaction of the formation
of thermal film. In contrast, away from the silicon surface, there is no positive
cation to sustain the formation of the PP thermal film (after the decomposition
process). In addition to its higher thickness, the presence of zinc at the ZDDP
thermal film results a more durable film. The same behaviour has been
observed for the formation of the tribofilms at various tribological conditions.
The formation of the thermal/tribo films controls the tribological performance
of both additives. The thicker thermal/tribo films leads to a better anti-wear

performance.

These lead to make ZDDP provide better anti-wear performance than the oil-
soluble IL. Nevertheless, the higher formation rate of thermaltribo films of
ZDDP causes a faster depletion. Thus, at particular conditions, especially after
long sliding distance and at sever conditions the oil-soluble IL might show

better tribological performance (due to the depletion of the ZDDP).
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After that, the lubrication mechanism of ILs as potential lubricants is studied
when lubricating MEMS. Thus, borosilicate ball against silicon in ball on plate
configuration is used. Five ILs have been used in order to reveal the influence

of ILs chemistry on their lubrication mechanism.

The use of FTIR to assess the thermal stability of ILs is more accurate than
TGA. The partial decomposition can be noticed and the decomposition
mechanism can be studied. All ILs have been decomposed before the
formation of the thermal/tribo film. Despite the high reactivity of the examined
ILs with the silicon surfaces, since they form thermal films at all conditions, the
resulted films are very thin and they are not durable. Thus, the films have been
destructed by the tribological motion. The films has been detected after the
test only when the formation rate of the tribofilm is higher than the destruction
rate. The higher formation rate of the tribofilm leads to a better tribological
performance since the presence of the tribofilm reduces both friction and wear

coefficients.

In terms of the influence of the ILs chemistry, the longer anion/cation chain
length leads to a better tribological performance due to not only the higher
viscosity but also due to the higher reactivity. The anion type and the cation
type are very crucial in the determination of the tribological performance.
Thus, the more reactive anion/cation moiety can provide better triological
performance. This will lead to a high formation rate of the tribofilm and therefor

better tribological performance.
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9.2 Future Work

Several studies can be conducted in the future which can be linked with the

obtained results in this study, as follow:

The use of IL to coat silicon substrate and compare the results with the
use of IL as liquid lubricant. The use of coating instead of liquid lubricant
is easier to be applied in MEMS. This work will be started in a
collaboration with another research group.

Manufacturing MEMSs and lubricate them with IL. This can result a
correlation between the results of nanotribometer and the real MEMS.
This work will be started once the manufacturing process is offered by
one of the MEMSs’ manufacturers.

The use of ILs as microcapsules in the base lubricant can offer many
advantages. The insolubility issue will be solved and the release
mechanism can be controlled. This work is already undergoing.

Verify the contact area by loading the ball on the surface and measure
the real area of contact.

Conduct an in-situ study through the use of synchrotron in order to
observe the formation of the tribofilm in-situ.

MD simulation for prediction of the effect of anion/cation chain length
on the reactivity of ILs. The results can be validated by comparing them

with the available experimental data.

Lastly, apart from this study, ILs can be used to lubricate the compressors in

the vapour compression systems. The high polarity of ILs will make them

highly soluble in the refrigerants. In addition, the non-flammable, low vapour

pressure and high thermal conductivity are strongly desirable in the vapour

compression systems.
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11. Appendix 1: XPS data process

CasaXPS has been used to process XPS results, and the following steps
show the full process:

1- The process starts with the scan of the survey, as follows:
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2- All peaks have been scanned at the high resolution region. Some
other peaks has been scanned at the high resolution (those expected
but have not been shown on survey).

|5 | ClsScan | MlsScan | MalsSc.. | OlsScan | P2p Scan | S2p Scan | 5i2p Scan | JETEH |

3- The calibration process has been made based on the binding energy
of the C1s peak when it is shifted to 285 eV. This process is applied
for all peaks.
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4- Shirley back ground was applied.
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5- The Full Width Half Maximum was kept the same for all peaks during

the curve fitting for each element.
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6- Then, all data was export to the OriginPro in order to plot it and

present it.
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