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Abstract

Lubricants within an engine perform the important tasks of increasing engine
efficiency and lifetime of parts, dissipating heat and decreasing fuel consumption.
To help lubricating engine oils perform to the best of their ability different chemical
additives are blended into the oil; the amount of additives added is dictated by the
respective solubilities and the nature of any interactions between different additives.
Using a technology already utilised in the pharmaceutical, food and dye
industries this work presented in this thesis aims to increase the concentration of one
particular additive, a friction modifier (FM), within a model oil. Monodisperse
poly(methyl methacrylate) (PMMA) particles have been efficiently produced via
dispersion polymerisation in a non-aqueous continuous phase and, through the
incorporation of a co-solvent within the particle core, the encapsulation of FM inside
these particles has been demonstrated.
Work has been carried out to determine the factors which can be used to
reproducibly synthesise particles to a desirable size and degree of polydispersity.
The storage and release of FM from the particle core when it is required is an
important consideration in the action of these particles. The rate of release from the
core of particles has been studied to demonstrate the ability of these particles to act
as a FM reservoir, replenishing the additive as it is consumed.
An investigation of the action of particles produced, with and without FM
encapsulated, on the tribological behaviour of dodecane has been carried out using a
TE77 Cameron Plint tribometer. Analysis of the friction and wear results is
presented here and a possible mechanism for the action of the particles in the
tribological testing has also been suggested.
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Abbreviations

Please note chemical formulae are not including in this list;
Semiaxis of the contact ellipse in the transverse
a

direction

A

Exposed shell surface area

AIBN

Azobisisobutyronitrile

AISI

American Iron and Steel Institute

ATR-IR

Attenuated total reflectance – infrared

AW

Antiwear

b

Semiaxis in the direction of motion

C

Active concentration

d

Shell thickness

D

Diffusion coefficient

DLS

Dynamic light scattering

DPF

Diesel particulate filters

E’

Reduced Young’s modulus

EGR

Exhaust gas recirculation

EHL

Elastohydrodynamic lubrication

ELSD

Evaporative light scattering detector

EP

Extreme pressure

FM

Friction modifier

GC-MS

Gas chromatography - mass spectrometry

GMO

Glycerol mono-oleate

GPa

Gigapascals

-6GPC

Gel permeation chromatography

H

Partition coefficient

HL

Hdrodynamic lubrication

hmin

Minimum film thickness

HPLC

High performance liquid chromatography

HRC

Hardness

Hz

Hertz

IR

Infrared

k

Ellipticity parameter

LC-MS

Liquid chromatography – mass spectroscopy

µm

Micrometer

MeOH

Methanol

mm

Millimetre

MMA

Methyl methacrylate

MoDTC

Molybdenum dialkyldithiocarbamate

N

Newton

nm

Nanometre

OFM

Organic friction modifier

PDI

Polydispersity index

PDMS

Poly(dimethyl siloxane)

PDMS-MA

Methacrylate terminated poly(dimethyl siloxane)

PMMA

Poly(methyl methacrylate)

PS

Polystyrene

N.B.

Nota bene

R’

Reduced radius of curvature

Ra

Surface roughness

-7RI

Refractive index

rpm

Revolutions per minute

SAPS

Sulphated ash, phosphorus, sulphur

SCR

Selective catalytic reduction

SEM

Scanning electron microscopy

TEM

Transmission electron microscopy

THF

Tetrahydrofuran

U

Entraining surface velocity

UV

Ultraviolet

VI

Viscosity Index

W

Contact load

w.r.t.

With respect to

wt%

Weight percent

ZDDP

Zinc dialkyldithiophosphate

α

Pressure viscosity coefficient

ηo

Viscosity at atmospheric pressure of the lubricant

Ø

Diameter

µ

Coefficient of friction
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Chapter 1. Introduction

1.1 Engine tribology and lubricant additives

In a passenger car as much as 33% of the fuel is used in overcoming the
frictional forces within an engine, with as little as 12% of the total energy being used
to drive the wheels, with the exact breakdowns of these figures being proposed by
different authors [1-4]. The main energy losses in a passenger car were detailed by
Holmberg et al. in 2012 are shown below in Figure 1-1.
Pressure to increase the

fuel economy of passenger vehicles, lower the

emissions and increase the lifetime of engine parts has been growing over recent
years and has driven the development of new engine technologies and lubricants [5].

Figure 1-1. Breakdown of energy losses within a passenger car as reported by
Holmberg et al. [3].

To help engine oils and engines perform to the best of their ability different
chemical compounds are blended into the oil. There are many different types of
additives which are used, these can function either to enhance the lubricating
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engine from chemical, thermal or mechanical degredation [6-9]. At present the
amount of each additive which can be blended into an engine oil is dictated by the
solubility of each individual additive into that oil and desire to balance and control
additive-additive interactions [10-14]. As stricter regulations regarding engine
exhaust emissions (including, but not limited to, CO2 mass (mg/Km), NOx mass
(mg/Km) and particlulate mass (mg/Km)) are laid down [15], new technologies are
being developed to help meet these regulations. In order to do this and to help new
technologies perform correctly new additives and lubricant packages must be
developed [16, 17]. One such consideration is the move towards lubricant additive
packages with contain less sulphated ash (for example Zn, Mo, Mg containing
additives), phosphorus and sulphur (SAPS), all of which have a negative impact on
the operation of new components designed to reduce greenhouse gas emissions.
Here, the use of microencapsulation to increase the concentration of one
engine oil additive, in this case the organic friction modifier (FM) stearamide, which
can be blended into an engine oil is described. The FM used, as well as the particles
synthesised, all meet with low SAPS requirements making them suitable for
incorporation into future additive packages.

1.2 Microencapsulation as an additive reservoir in engines

The use of microencapsulation has been detailed in a wide variety of industries
including the pharmaceutical, food and dye industries among many others and as
such has been widely studied [18-20]. Reasons for microencapsulation can therefore
be quite varied and include; protection of the core from chemical reaction, oxidation
or degradation, protection from harsh environments or to allow the targeted and
controlled release of a substance from the core of a particle over a given time period
or under specific conditions (i.e. temperature, pH etc.) [21]. The particles prepared
here are designed to act as an ‘additive reservoir’ which will replenish the additive
concentration in the oil as it is consumed.
Currently, formulated engine oils contain about 0.3wt% of FM; this figure was
provided by Lubrizol and is based on their current, typical, fully formulated engine
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amount to at least 1wt% FM. Microencapsulated
oencapsulated FM would ideally be used as an
‘additive reservoir’, complementary to the amount of FM conventionally blended
into the finished engine oil which is being used. Figure 1-2 shows schematically the
proposed mechanism of the FM release from within the core of the particles into the
surrounding oil.

particles
Figure 1-2. Proposed mechanism of FM release from unbroken particles.

Particles have a core shell morphology; being comprised of a poly(methyl
methacrylate) (PMMA) shell and a methanol liquid core. FM is dissolved in
methanol before synthesis and incorporated into the core of the final particle as it
has preferential solubility in the methanol co-solvent
co solvent rather than the dodecane
continuous phase.
As FM dissolved conventionally in the oil is depleted,
leted, FM from inside the
polymer particle will diffuse out of the particle and maintain an equilibrium between
the two environments.
The PMMA shell of these microcapsules will also serve to protect the FM
from possible additive-additive
additive
interactions that may occur. While in this project
only one type of additive, the FM, is present in the model oil, dodecane, this will be
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oils in the future.

1.3 Aims and objectives of the study

In this study microencapsulation has been used with the overall aim of
increasing the amount of organic FM which can be blended into an engine oil. The
work focuses on the following objectives (in italics):
• Development of an efficient method of synthesising monodisperse PMMA
particles. The method used should ideally be suitable for eventual scale up
and be applicable to use in fully formulated engine oil. This will be achieved
via a dispersion polymerisation in a non-aqueous continuous phase.
• The development of particles containing encapsulated FM within the core of
the particle with the eventual aim of increasing the amount of FM which can
be blended into a finished, fully formulated engine oil. Encapsulation of FM
in particles via dispersion polymerisation using a suitable co-solvent will be
shown.
• Reproducible particle synthesis to a desirable size and degree of
polydispersity. Ideally particles should be capable of containing a large
amount of FM while not changing the final appearance of the oil. One of the
criteria stipulated by Lubrizol was that any particles used should not be
noticeable to the customer and the final appearance of any oil containing
these particles should not differ from those currently available. While larger
particles will be capable of carrying large amounts of FM they may however
be visible to the naked eye. Reduction of particle size towards 100nm reduces
the visibility of particles thus making the final product more desirable to the
customer. It will be the role of the formulator to choose the optimum particle
size and concentration when blending fully formulated engine oils containing
these particles. To make this process easier an investigation has been carried
out to determine the factors which can be used to control the final particle
size and polydispersity.
• To facilitate within the particle the storage of FM and release the FM from the
particle core when it is required. The rate of release of FM from within the
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FM reservoir, replenishing the additive as it is consumed within a model
tribological system.
• Determination of the effect of the particles produced on the lubricating action
of a model oil. Using dodecane as a model oil the effect of particle size
(between 130nm – 1.6µm), composition (solid PMMA particles, PMMA
particles with a methanol core and PMMA particles with a methanol core
which contain encapsulated FM), particle concentration (between 1wt% and
14wt%) and FM loading (0.1wt% in the total system to 3.1wt% in the total
system) on the friction and wear measured when dodecane is used as the
lubricating oil in tribological testing.

1.4 Thesis chapter outline

The chapters in this thesis will firstly look at the polymerisation of PMMA and
the analysis of the polymer particles synthesised, before moving onto the testing of
these particles tribologically.
Chapter two covers the background literature regarding tribology with
particular focus on the action of organic friction modifiers as engine oil additives.
The second half of this chapter is concerned with heterogeneous polymerisation
techniques which can be used to encapsulate active species with a suitable polymer
particle. This goes on to be discussed in detail in relation to microencapsulation via
dispersion polymerisation in a non-aqueous solvent.
Particle characterisation techniques which are relative to this thesis will be
discussed in Chapter three. This includes a brief overview of the methodology of
the techniques used to image and characterise the particles produced, testing the
tribological effect of particles synthesised on the friction reducing action of
dodecane and the analysis of the steel plates used in this tribological testing.
Chapter four details the synthesis of PMMA particles which have been
stabilised with a PDMS-MA steric stabiliser via a dispersion polymerisation in a
dodecane continuous phase. This goes on to look at a particle size study which
investigates the possibility of controlling final particle size and polydispersity by
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initial polymerisation mixture.
Presented in Chapter five is a FM release study which aims to investigate the
rate of diffusion of FM from within the core of unbroken particles into fresh
dodecane occurring due to the concentration gradient in the system. This will show
the potential of particles to replenish an oil as FM outside of the particles, which is
dissolved in the oil, is depleted. It will also demonstrate that an oil containing these
particles will be stable whilst in storage and that FM will not be released into the oil
as a function of time, i.e. once the oil is saturated FM will prefentially remain in the
core of the particle rather than in the surrounding phase.
Chapter six investigates the effect of particles on the tribological properties of
dodecane. This work compares the friction reducing and wear reduction properties
of pure dodecane and dodecane which has been traditionally blended with FM to
samples of dodecane containing solid PMMA particles, PMMA particles with
methanol liquid cores, and PMMA particles with methanol liquid cores which
contain the encapsulated FM. This work will also look at the effect of changing
particle concentration, changing particle size, particle composition, and FM loading
of the particles on the friction coefficient and wear measured.
A discussion of the main results obtained in given in Chapter seven. This will
include a mechanism for the action of the polymer particles in tribological testing
based upon literature available and presents SEM analysis of the steel plates used in
tribological testing in order to support this.
The main conclusions of the work are given in Chapter eight as well as
suggesting feasibility and possible future work.
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Chapter 2. Background Literature

2.1 Introduction

This chapter will give an overview of literature relevant to this project. This
will initially focus on engine tribology, the use of lubricants and details of the
various types of lubricant additives which can be found within a fully formulated
engine oil. The literature will then focus on a particular type of additive, the organic
friction modifier (FM), as this is the class of additive which is used in this project.
In the second part of this literature review the polymerisation of poly(methyl
methacrylate) (PMMA) is detailed and the main methods of heterogeneous
polymerisation are presented.
Lastly the use of nanoparticles, microparticles and microencapsulation in
lubrication applications is discussed.

2.2 Tribology

The word ‘tribology’ is derived from the Greek root words ‘tribos’, meaning
‘to rub’, and ‘logia’, meaning ‘to study’ and can literally be defined as the study of
friction, lubrication and wear between interacting surfaces in relative motion. In
1966 the word tribology was first used in a report which was written by a committee
headed by Professor H. Peter Jost, given to the United Kingdom government,
detailing the importance of education and research into lubrication and the impact
this would have upon industry. The ‘Jost Report’ estimated that, in the United
Kingdom alone, the potential savings that could be made from a better
understanding of tribological principles would total £515 million per annum (£8.1
billion, adjusted for inflation) and more recently has been estimated at over $40
billion per annum scaling up to become $1 trillion per annum worldwide [1, 3, 22].
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account frictional losses found in other types of engine or mechanical systems. It
should also be noted that these calculations were based on a total of 850 million
passenger cars worldwide, while in 2011 the actual number was estimated to have
increased to 1.015 billion passenger vehicles [23].
Today tribology is applied to many areas of science and engineering, can be
studied in relation to a broad range of topics and, due to the interdisciplinary nature
of tribology, can have many overlaps between the areas of interest [24, 25]. There
are also many instances in everyday life where tribology is encountered. In the 2009
paper “A Tribological Day” Dowson [26] details the tribological processes
encountered by people each day; from waking up and getting dressed through to
travelling to work and the interactions occurring between surfaces which allow life
to continue as normal.
Examples of industries where tribology is of interest include,
•

Computing – inside a modern day computer the interface between the head and
disk in a hard drive must remain narrow enough (<5nm) to enable the disk to be
read and recorded on by the head, allow the high speed of the disk while in
operation and to reduce the possibility of contamination [27, 28]. While outside
the computer casing the user interface can be studied by tribologsts in the form
of contacts between the computer and it’s user, an example of this would be the
contact between skin and touch pad [29].

•

Health – heart valves [30], contact lenses [31] and synovial joints, both ‘real’
and artificial [32], are all topics that are covered by biotribology which is
concerned with friction, lubrication and wear within biological systems.

•

Beauty – teeth brushing, hair combing and shaving can all be studied with the
aim of better understanding the interactions of humans and their surroundings
[26, 33].

•

Sport – once again this may have overlaps with other industries, the interactions
between a tennis ball and racket, snow and a ski and a swimmer and the
surrounding water can all be encompassed by the field of tribology [34, 35].

•

Space – the components within spacecrafts must be able to operate for long time
periods between servicing. These parts and the lubricants used must be able to
withstand a wide range of conditions as they operate on earth, through launch, in
space and, if necessary upon re-entry [36].
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Automotive – a four stroke internal combustion engine, shown in Figure 2-1,
has many moving components each of which have associated frictional losses
within an engine, for example, from the bearings found in the gearbox, between
cams and followers and between cylinder liners and piston rings.

Figure 2-1. The moving parts and basic cycle of a four-stroke engine [37].

Tribological losses within a car engine are of particular interest within the
work presented here where the overall aim is to develop a method of increasing the
concentration of a FM in a fully formulated engine oil [5]. In this project the action
of the piston moving within the cylinder will be modelled.

2.2.1 Lubrication and lubricant additives

In an engine the large number of moving parts and the many contacts between
surfaces mean that a large amount of friction is generated. This friction may be
beneficial or detrimental depending on the situation where it occurs. For example in
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brake pads and the brake discs in order to slow the car. However in other working
parts of an automotive engine, such as inside the engines cylinders, the desired
effect is to decrease the friction between the moving parts thus reducing the energy
used up and lost in overcoming that friction. When friction occurs here, it decreases
the efficiency of the engine through the loss of kinetic energy as heat and it can also
cause catastrophic wear of the rubbing parts, again leading to a loss of efficiency
and may lead to the ultimate failure of the engine parts. Lowering friction and wear
by the use of the correct lubrication increases the efficiency of the engine, increases
the lifetime of engine parts and decreases fuel consumption [38] and each of these
factors in turn leads to an economic saving to the user.
The many bearings and other moving parts within the engine all generate
friction which needs to be lowered in order to prevent energy being wasted as heat
and to stop wear of the parts. To prevent the generation of friction coatings can be
applied to the surfaces of the engine, or lubricant can be added to the engine in the
form of oils or greases. The addition of lubricants reduces wear between parts and
allows the heat generated to be dissipated through the bulk of the oil. Due to the fact
that different parts of the engine operate under different loads, and as such operate
under different lubrication regimes (detailed in Section 2.2.2), any lubricant used
must be able to operate under many different conditions. The design of a lubricant
which can satisfy the demands of each moving part involves some compromise over
the properties of that lubricant, and this is what the addition of lubricant additives
aims to tackle.
To help the lubricating oils and engines perform to the best of their ability,
different chemical compounds are blended into the oil. These chemical additives can
function either to enhance the lubricating performance of the base oil used or they
can protect the metallic surfaces of the engine.

2.2.1.1 Additive types and uses

There are many different classes of additives, all of which act to improve
lubrication, each additive achieving this in different ways. Some of the main
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well as some examples of their structure can be found in Appendix A.

2.2.2 Lubrication regimes

The lubrication regime of an oil describes the thickness of the fluid film found
between the moving components of a system. The Stribeck curve plots the
relationship between the coefficient of friction (µ) and the thickness of the lubricant
film formed (λ). This is demonstrated in Figure 2-2.

Figure 2-2.The Stribeck curve (red), showing the coefficient of friction (µ) as a
function of lubricant viscosity multiplied by shear velocity divided by the
applied load. Also shown here by the blue line is the corresponding film
thickness (h) found in each of the lubrication regimes [39].

In the hydrodynamic (HL) or full film lubrication regime a complete layer of
lubricant is present between the two surfaces due to viscous entrainment. The
asperities on the surfaces are completely separated; while friction coefficient may be
expected to drop in this situation this is not the case due to shear stresses arising
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itself and
nd so instead friction increases.
increases This
complete separation
aration of surfaces is shown in Figure 2-3 where the
t
lubricant
compressed between the surfaces is sufficient to support a load due to the amount of
pressure created. In some versions of the Stribeck curve the elastrohydrodynamic
lubrication (EHL) regime is also included, here surfaces are separated but other
physical phenomena such as elastic deformation of the surfaces can be found, this
makes characterisation of the film and the properties of the film much more
complex.. Under these conditions where there
there is a full lubricant film formation λ > 3.
Friction coefficients measured in systems operating in this lubrication regime can be
reduced below 0.002 [40].

Figure 2-3. In the hydrodynamic
hydrodynamic lubrication regime, both surfaces are separated by
a complete fluid layer. Direction
Direct
of surface movement is shown by the arrows.

The mixed lubrication
lubr
regime occurs between EHL/HL and boundary
lubrication regimes. During mixed lubrication the surfaces are separated by a fluid
film and there is negligible contact between asperities
ies on opposing surfaces (1.2 > λ
> 3), as shown in Figure 2-4.
2 This regime tends to be found in low speed, high load
conditions.
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Figure 2-4. Mixed lubrication regime where surfaces are separated by a lubricant
film and there are few asperity contacts. Direction of surface movement
indicated by the arrows.

Boundary lubrication forms under high load, low viscosity and low velocity
conditions and leads to a large amount of friction being generated due to the high
number of asperity-asperity contacts (λ < 1.2). This condition is true when the
roughness of the surface asperities is greater than the thickness of the lubricant film
formed. This is shown below in Figure 2-5. These points of contact cause some of
the asperities to break off as stick-slip mechanisms occur [41-43]. Boundary
lubrication also encompasses the study of chemical reactions at the surface, such as
those cited by Gates and Hsu [44] detailing the effects of sulphonate, phenate and
salicylate based compounds upon the tribofilms formed at the surface under
boundary conditions. The formation of tribofilms upon the surface is caused by the
high temperatures found at the asperities when they come into contact and can be
controlled by regulating the formulation of the base oil or the chemical additives
which are blended into it. The generation of tribofilms at the surface for the purpose
of friction modification tend to be sacrificial in nature, designed to protect the
surface from the shear stresses caused by the movement of the components [45].
The different lubrication regimes and where they can be found in different
components of an internal combustion engine are shown in a modified Stribeck
curve in Figure 2-6.
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Figure 2-5. Asperity–asperity
Asperity asperity contact under boundary lubrication. Direction of
surface movement indicated by arrows.

Figure 2-6. The lubrication
ubrication regimes (boundary, mixed,, elastrohydrodynamic and
hydrodynamic) formed under different film thicknesses [1]].
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Film thickness ratio is expressed as follows:
λ=

h
((Rms (Rms

.

Where,
λ = film thickness ratio
hmin = minimum film thickness
Rms = Root mean squared surface roughness (of each surface respectively)

The minimum film thickness, hmin, is calculated as follows:

Uη0
hmin
=3.63
R'
E' R'

0.68

(αE'

-0.073

W

0.49

E'R'

2

1-e-0.68k

Where,
hmin = minimum film thickness
R’ = reduced radius of curvature (m)
U = entraining surface velocity (m/s)
ηo = viscosity at atmospheric pressure of the lubricant (Pa)
E’ = reduced Young’s modulus (Pa)
α = pressure ~ viscosity coefficient (m2/N)
W = contact load (N)
k = ellipticity parameter defined as:
(k = a/b where; a = semiaxis of the contact ellipse in the transverse direction
(m) and b = the semiaxis in the direction of motion (m))
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2.2.3 Friction modifiers

FMs are a class of additive which are blended into fully formulated engine oils
and act by forming a protective layer over the surface of the substrate. The function
of adding a friction modifier (FM) is to reduce friction between two surfaces when
they are under conditions where a full liquid film has not formed between the sliding
surfaces, these conditions are known as boundary lubrication conditions. These FMs
can be inorganic species, such as molybdenum disulphide, which react directly with
the surface atoms, or organic molecules species, such as oleylamide or glycerol
mono-oleate (GMO) (Figure 2-7), which form adsorbed layers upon the surface.

Figure 2-7. Examples of organic friction modifiers for use in engine oils.

Organic friction modifiers, such as the one used in this project, were discussed
further in Section 2.2.3.1.
In molybdenum disulphide, an inorganic friction modifier, a protective layer is
formed over a metallic surface, lubricity is due to the crystalline nature of the
structure. Strong covalent bonds form within each layer of the MoS2 however the
bonds between the layers are weak with Van der Waals forces being present
between the sulphur atoms of each layer. These weaker bonds allow the layers to be
sheared apart leading to a reduction in friction [46]. This formation of a sacrificial
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are shown in Figure 2-8.

Figure 2-8. An example of an inorganic friction modifier, molybdenum disulphide,
and the layered structure it forms [47].

The FM supplied by Lubrizol is an organic type FM, which the following
literature review will now focus on. Analysis of the FM provided by Lubrizol is
detailed in Chapter 4.

2.2.3.1 Organic friction modifiers

Organic FM molecules, such as those shown in Figure 2-7, contain a polar
head group region and a non-polar tail region [48]. The polar head group is attracted
to the surface of metallic substrates through hydrogen bonding. The polar head
groups become anchored to the surface creating a monolayer while the non-polar tail
of each molecule remains solubilised in the lubricating oil and aligns perpendicular
to the surface. These tail portions are held in place next to each other by weak Van
der Waals forces, and the head groups remain held close by dipole-dipole
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film on the metal surface, the forces involved and molecular orientation are shown
in Figure 2-9.
Many layers are then formed on top of this initial layer in a head-head tail-tail
arrangement as shown in Figure 2-9. It should also be noted that this is the ideal
stacking situation and in reality there may also be some entanglement between the
non-polar chains the degree of which will be dependent on the length of the chain
itself. The alignment of the chains in these FM layers makes compression difficult
while the ease at which the bonds between these layers are broken makes shearing of
the chains occur when surfaces move parallel to the layer. The layers are also easily
reformed meaning that there is always a protective, sacrificial FM layer upon the
surface of the metal which can provide lower friction and prevent wear [45, 49].

Figure 2-9. Nature of the bonding at the substrate surface between molecules of
stearamide (left) and the organic multilayer formation (right).
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A study by Castle and Bovington [50], where carboxylic acid based FMs with
saturated, straight chain hydrocarbons are to be used to lubricate surfaces, it was
found that the length of the hydrocarbon chain has a direct effect on the molecules
friction reducing properties. Increasing the length of the hydrocarbon chain portion
of the friction modifier being used decreased the friction coefficient, which is shown
in Figure 2-10. Straight, fully saturated chains were found to be superior to
unsaturated chains in terms of friction reduction. This is most likely due to the
double bonds in unsaturated species hindering free movements of the chain. They
are also less stable than fully saturated chains and can react with other additives or
contaminants in the oil. A patent by Landry-Coltrain et al. [51] similarly describes
the formation of stearamide coatings in lubricating layers. In it they state that the
ideal length of the non-polar chain portion, of FMs with the general formula RCONH2, is between 16 to 22 carbons in length.

Figure 2-10. Effect of increasing hydrocarbon chain length on the boundary friction
coefficient of a FM [50].

In an engine, the lubricant is repeatedly exposed to high temperature and so
additives in the lubricant need to be stable enough to not lose functionality under
these conditions. Temperature is an important consideration in the testing of the
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occurs at higher temperatures destroying the layers which have been created. The
process of FM decomposition is an exothermic process this again defines the need
for strict temperature control in the testing carried out in this project. However the
breakdown of the molecule is not a factor in how effective the additive is at friction
reduction. This characteristic is useful as it shows that the activity of the FM will not
be destroyed by the polymerisation processes that will be used in this project during
the encapsulation of FM. In the book Lubricant Additives Chemistry and
Applications, Kenbeck and Bunemann [52] present a figure showing how the
friction coefficient of different organic friction modifiers is effected by changing the
operating temperatures during testing. Optimum working temperatures for FM
action during a low speed (0.03 m/s) pin-on-disc tribometer test are shown in Figure
2-11. The increase in friction coefficient with increasing temperature is linked to the
viscosity of the lubricant; at higher temperatures the viscosity of the oil decreases
and the oil becomes less able to support the applied load i.e. the film thickness
decreases. As seen earlier in this section, the decrease in film thickness leads to a
greater number of asperity-asperity contacts and therefore an increase in friction.

Figure 2-11. Coefficient of friction of reference oil RL 179/2 containing different
organic FMs (GMO, ‘OFM A’ and oleylamide) at different temperatures [52].
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mind. TE77 tests were carried out at 80˚C in order to optimise the performance of
the FM while keeping below the glass transition temperature of the chosen PMMA
polymer, which is 105˚C for atactic PMMA [53].

2.2.4 Additive–additive interactions

Chemical additives are incorporated into an engine oil in order to try and
overcome all the problems associated with formulating a lubricating oil for different
conditions. However adding additives provides another area for formulators to
consider in the form of additive-additive interactions, which may be antagonistic or
synergetic. One review of additive-additive interactions by Spikes [10] summarised
known interactions at the time, the results of this are reproduced in Table 2-1.

Table 2-1. Antagonistic and synergetic additive-additive interactions. Red =

VI improver
Pour point depressant
Detergent/ dispersant
Oxidation inhibitor
Corrosion inhibitor
Antiwear
Extreme pressure
Antifoam

Antifoam

Extreme
pressure

Antiwear

Corrosion
inhibitor

Oxidation
inhibitor

Detergent/
dispersant

Pour point
depressant

VI improver

antagonistic effect. Blue = synergic effect [10].
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developed. For every new additive developed new studies on the additive-additive
interactions need to be carried out.
The majority of literature looking at the additive-additive interactions of FMs
has focused on interactions involving inorganic FM, such as the interaction between
molybdenum dialkyldithiocarbamate (MoDTC) [54], a well known FM, and zinc
dialkyldithiophosphate (ZDDP) [11, 55], a common AW additive.
There are few examples of additive-additive interactions concentrating on
organic FM. One of the reasons for encapsulating the FM is to minimise the
potential of negative additive-additive interactions occurring as well as to ensure
that the concentration of FM in the oil is great enough to overcome competition
from other surface active species. As previously mentioned organic FMs function by
forming a protective, sacrificial layer on the surface of substrates but in some cases
there is a competition for the surface between the FM and other additives which
function via a similar mechanism.

•

Extreme pressure – friction modifier
EP additives also function by forming a surface layer, or tribolayer, on
asperities, leading to a competition between the two additives. The formation of
this tribolayer is governed by the polarities of both additives and whichever of
the two is most polar will be the one which forms a layer on the surface. EP and
FM additives protect the surface under different conditions so it is detrimental to
have one additive form a surface layer in conditions for which the other additive
is designed [10].

•

Antiwear – friction modifier
Antiwear additives are also considered as surface active additives and both AW
and FM operate under similar conditions. These additives can also undergo
competition to form a tribolayer on a surface. Due to their polar nature these
additives may also interact with each other in solution [12].
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2.2.5 Technological drivers for a change to organic FMs

As stricter regulations have come into place regarding the levels of exhaust
emissions new technologies have been developed to help meet these regulations.
New technologies include exhaust gas recirculation (EGR), selective catalytic
reduction (SCR) and diesel particulate filters (DPF).
EGR redirects a proportion, typically 5-15%, of warm exhaust gases back
towards the air intake where it combines with fresh air and enters the cylinders. This
method reduces the heat released by the engine due to the decreased availability of
oxygen during the combustion stage of the cylinder cycle. The lower temperature
reduces the formation of NOx species during combustion however this method does
increase the formation of diesel particulates [17, 56].
SCR converts NOx, by the injection of automotive grade urea into the stream
of exhaust gases, into less harmful N2 and H2O. This process is shown in Figure 212 [57, 58].

4NH3 + 4NO + O2 → 4N2 + 6H2 O
Figure 2-12. Formation of nitrogen gas and water vapour in selective catalytic
reduction.

DPFs work to remove soot and other particular matter from exhaust gases. As
trapped particulates will eventually block the DPF it is important that the filters are
cleaned regularly. DPFs continually regenerate by raising their operating
temperature to burn off particles that are trapped in the filter. Hydrocarbons are
easily burnt off but any metallic ash particles cannot be removed and will eventually
build up leading to clogging of the filter [16, 59].
Each of these new technologies changes the operating conditions of the engine
and this has led to the rise of lubricant additive packages which can be termed low
SAPS (low sulphated ash, phosphorus and sulphur). Ash is mainly present due to the
use of metal containing compounds in lubricants, with inorganic FMs being one of
the additives which are currently a source of metallic atoms. Switching from
inorganic FMs to organic FMs, such as the stearamide used in this project may be

- 49 the solution to formulating oils which are more compatible with the new
technologies.

2.3 Heterogeneous polymerisation

Polymerisation is the chemical process of linking small molecules, monomers,
to form a larger molecule, a polymer, made up ‘n’ number of repeating units [60].
Polymers may be made up of the same repeating monomer units or a mixture of
different monomer units, these are termed copolymers, and the degree of regularity
of these copolymers can be controlled during synthesis.

The basic process of

polymerisation is often represented as shown in Figure 2-13.

Figure 2-13. Basic polymerisation scheme. ‘n’ number of monomer units ‘M’
polymerises to form a polymer of repeating ‘M’ units of chain length ‘n’.

Polymerisation can be initiated in many ways including free radical reactions,
cationic reactions and anionic reactions. Of these initiation methods free radical
initiation is the one which corresponds to the method used in this project to prepare
suitable polymer particles [61].

2.3.1 Polymerisation of methyl methacrylate

Below is an example of a free radical polymerisation reaction (bond angles
distorted for clarity) using the methyl methacrylate (MMA) monomer and
azobisisobutyronitrile (AIBN) initiator, both of which have been used in the
production of polymer particles in this project. The first stage of the reaction is the
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identical free radical species (Figure 2-14).
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Figure 2-14. Generation of free radical species by breakdown of AIBN.

The free radical species generated can then be used to initiate the
polymerisation of the MMA. The free radical combines with one electron from the
double bond of the MMA while the other electron moves onto the alpha carbon.
This produces an active radical centre on the methyl methacrylate group which can
then continue growing. It should be noted that initiation may occur from the other
side of the alkene, in this case the radical would be located on the CH2 group
(Figure 2-15).
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Figure 2-15. Initiation of methyl methacrylate polymerisation by the free radical.

This active radical can attack other methyl methacrylate monomers producing
a growing polymer chain. This is termed the propagation step (Figure 2-16).

Figure 2-16. Propagation step where the chain continues to grow.

The final stage of polymer synthesis is the termination step. Termination can
typically occur in two ways; the combination of chains or the disproportionation of
chains. In a combination termination the free radical species of two growing
polymer chains come within close proximity of each other forming a new bond
between the two chains. Combination can also occur between the radical on a
growing chain and the radical of an initiator species (Figure 2-17).
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Figure 2-17. Termination via combination.

In a disproportionation termination the free radical of one polymer chain
removes an atom, most likely hydrogen, from another growing chain. This produces
two polymer chains; one of which is saturated and the other which has an
unsaturated terminal group (Figure 2-18).
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Figure 2-18. Termination via disproportionation.

In most polymerisation processes a combination of both termination steps can
occur within the same system. While polymerisation can occur until all monomer
has been consumed it is normally the case that growing chains will reach the
termination step before this happens. The exception to this is in the case of living
polymerisations where chains are prevented from terminating and the sequential
addition of more monomer allows polymerisation to continue at a controlled pace.
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2.3.2 Types of heterogeneous polymerisation

There are four common types of polymerisation which use free radical
initiation; bulk, emulsion, suspension and dispersion. Each of these four general
types can be further broken down into more specific classifications of
polymerisation. Bulk polymerisation is used in the creation of polymer monolith, for
example that used in molecular imprinted polymers [62], and will therefore not be
discussed further here. The other three types, which are classed as heterogeneous
polymerisations, will be described in detail in the following paragraphs.

2.3.2.1 Suspension polymerisation

Suspension polymerisation typically produces spherical polymer particles
greater than 1µm in diameter [60]. A thermo-sensitive initiator is solubilised in a
monomer and this monomer is then dispersed in an immiscible liquid continuous
phase. The droplets of monomer are mixed into a suspension by the use of agitation
and stabilisers and upon the addition of heat to this mixture, the polymerisation is
initiated. Droplet size in the monomer form is influenced by the dynamic
equilibrium between droplets coalescing and being broken apart again by the action
of the stirrer. The size of the final particles produced is dependent on the size of the
monomer droplets, therefore final particle size can be controlled by changing the
speed of agitation and the concentration of stabiliser [63]. The process of suspension
polymerisation is shown in Figure 2-19. This form of polymerisation is often
likened to a small scale bulk polymerisation occurring in each droplet and as such
kinetics of this polymerisation are often treated as bulk polymerisations.
Mass, or semi, suspension polymerisation is similar to suspension
polymerisation but involves two steps. In the first step a slow stirring speed is used
and polymerisation proceeds as it would in a bulk polymerisation reaction. Once a
pre-determined concentration of polymer has been reached agitation is increased and
the system undergoes suspension polymerisation as detailed previously. These two
steps can either be carried out in two separate reaction vessels, where monomer and
initiator used in step one are added to continuous phase and stabiliser in step two, or
can be carried out in situ in a single reactor. The latter was demonstrated by
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between the steps had on MMA polymerisation
ation in an aqueous system. It was found
that polymer size was dependent on the ratio of polymer to monomer upon entering
the suspension stage; higher ratios led to larger particles. In the same work it was
noted that in systems where the monomer concentration was low,
low the droplets would
be broken by the action of the stirrer creating even smaller, monodisperse droplets
while at higher concentrations it is still possible to burst these
the droplets but there is
also the possibility that the particles will deform and remain their original size
leading to a wide distribution of final particle sizes.

Figure 2-19. A. Monomer (orange) is insoluble in the continuous phase (blue).
Initiator (green) which is only soluble in the monomer phase is added. B. Upon
stirring monomer droplets are formed and are prevented from coalescing by
the use of stabiliser (black). C. When heated initiation and polymerisation
occur within the droplets resulting in the final polymer particles (red) the same
size as the initial monomer droplets.

Encapsulation by suspension polymerisation can be achieved by dissolving the
active to be encapsulated in the monomer.
monomer The active may be either dissolved
directly in the monomer or more typically the active will contain some degree of
functionalisation to aid solubility.
solubility. The polymerisation progresses as shown in
Figure 2-19 with the final polymer product having the active encapsulated within it
[65-67]. This process was demonstrated in PMMA by Duguet et al. [68] who
demonstrated the encapsulation of alumina particles by functionalising
functional
the surface of
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alumina was blended with the MMA which then underwent suspension
polymerisation to produce PMMA particles with an alumina core.
Creation of a core shell morphology is achieved by the use of an initiator
which, due to polarity of that initiator, breaks down and generates free radicals at the
interface between the monomer and the continuous phase [67] and is also dependent
on the minimum total free energy change [69-71]. In order to control particle size
distribution and prevent secondary nucleation a polymerisation inhibitor may be
added to the continuous phase [72], thus ensuring that polymerisation only occurs
within the monomer droplet.

2.3.2.2 Emulsion and miniemulsion polymerisation

Emulsion polymerisation generally results in particles less than 1µm and is
able to produce highly monodisperse spherical polymer particles. For emulsion
polymerisation a monomer is chosen which is only sparingly soluble in the
continuous phase. Any monomer which does not solubilise is held in emulsion
droplets surrounded by a stabiliser. The initiator, which is soluble in the continuous
phase, initiates the reaction by polymerising the small amount of monomer dissolved
in the continuous phase. Primary particles form within the micelles created by the
stabiliser, here they act as seed particles and continue to grow as monomer is
released from the droplets into the continuous phase. Due to the polymerisation
being initiated in the continuous phase the size of the particles produced is
dependent on the ratio between monomer and stabiliser. As with all the other free
radical polymerisation methods, the final particle size is also affected and can be
controlled by the temperature of the system, choice of reagents and concentration of
reagents [60, 63]. The emulsion polymerisation process is shown in Figure 2-20.
The use of non-aqueous solvents allows water sensitive reactions, oxidations
and catalytic processes to occur within the polymer mixture. Completely nonaqueous (oil in oil) emulsion polymerisations appear to have had little research focus
due to the difficulty of forming stable emulsions and finding two immiscible, nonaqueous solvents [73, 74].
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Figure 2-20. A. Initiator (green) and monomer (orange), which is slightly soluble,
are dissolved in the continuous
cont
phase (blue). Unsolubilised
ed monomer is held in
droplets by stabiliser (black). B. Upon
on heating and stirring stabilised
stabilis polymer
seeds form (red). Monomer moves from droplets into the continuous phase. C.
All monomer has been polymerized and final particles are formed.

Miniemulsions are so called because the emulsion droplets formed are much
smaller than those formed in emulsion polymerisations (1(1 10µm for emulsion
polymerisation compared to 0.01-0.5µm
0.01
for miniemulsion). Typically the initiation
step takes place within the emulsion droplets
droplets rather than in the continuous phase as
is the case in emulsion polymerisation.
polymerisation. The kinetics of this process, as well as other
possible initiation processes, were presented by Bechthold and Landfester [75], the
initiation process demonstrated in this study is shown Figure 2-221.

Figure 2-21. The droplet nucleation process typical of miniemulsion polymerisation
(adapted from
m Bechthold and Landfester [75]).
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and therefore need more stabiliser at their surface to create a stable emulsion. Since
there is no free stabiliser in the continuous phase there will be no micellular
formation. Seed particles which form in the solution must enter the monomer
droplets in order for polymerisation to take place. This process has been used
successfully in the preparation of biodegradable nanoparticles suitable for future
drug development [76-78].
Encapsulation by miniemulsion and is the subject of a number of reviews by
Landefester [79-81] and has been well documented for the encapsulation of both
organic and inorganic materials [80]. The active to be encapsulated is dissolved
within the monomer, leading to the formation of highly monodisperse particles. The
main advantage of miniemulsion over emulsion or dispersion polymerisation is the
great degree of control over the composition and size of the final polymer particles
formed. If the active is insoluble in the monomer, such as TiO2 in MMA detailed by
Haga et al. [82] or silver in styrene detailed by Quaroni and Chumanov [83],
functionalisation of the surface may be required. This however tends to result in
secondary nucleation of particles and aggregation and so encapsulation by emulsion
polymerisation tends to be the preferred method.
Given that the final application of the particles in this project is the
incorporation of particles into a fully formulated engine oil, emulsion
polymerisation has not been considered to be an appropriate technique to use in
particle production. Ideally, particles would be synthesised in base oil before
blending to produce a final, fully formulated engine oil. However the lack of
literature on oil in oil emulsion polymerisation, due in part to the difficulty of
synthesis, made this an undesirable approach. Despite the high degree of control and
the ability to produce particles within the desired size range miniemulsion in nonaqueous continuous phases does not appear to have been reported in the literature.

2.3.2.3 Dispersion polymerisation

Dispersion polymerisation results in the production of highly monodisperse
spherical polymer particles. Spherical particles have a higher elasticity than irregular
particles and are less likely to interact with surface asperities, making them highly
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polymerisation is that the monomer used is soluble in the reaction medium but the
corresponding polymer is insoluble and thus precipitates during the polymerisation
process to form a particle
particle seed. This seed then continues to grow until all monomer
is consumed [63, 84].
84 The use of polymeric stabiliserss prevents particle aggregation
throughout the process. The presence of these polymers on the surface of the final
particles provides colloidal stability in the continuous phase [85
85-90]. This process is
described schematically in Figure 2-22.

Figure 2-22. A – Stabiliser (black), initiator (green) and monomer (orange) are
dissolved in a continuous phase (light blue). B – Upon stirring and heating
primary particles form and grow in solution. C – When all of the monomer has
reacted polymerisation is complete. Polymer particles
particles (red) are prevented from
aggregating by surface stabiliser.

Although there appears to be much less literature reporting the production of
polymer particles by dispersion polymerisation in non-aqueous
non aqueous solvent than in
aqueous solvents it is not a recent invention [91]. This type of proceduce is routinely
used to producee polymer particles typically incorporated in coatings and paints and
thus has a history of being used in large scale synthesis [63, 71]
71 of the type which
would be required in producing particles suitable for use in lubrication formulation
in the future. In 1979 Dawkins and Taylor [92] detailed the polymerisation of
polystyrene (PS) in alkanes. The success of the redispersion
redispersion in different alkanes was
found to be dependent on the solubility of the poly(dimethyl siloxane) (PDMS)
stabiliser used in that alkane. In particular, if the PDMS stabiliser was not soluble in
the continuous phase, it would lead to flocculation of particles. This will be an
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final engine oil for tribology applications [93, 94].
The

dispersion

polymerisation

of

PMMA

in

hexane

using

a

methacryloxypropyl terminated poly(dimethyl siloxane) stabiliser was reported by
Klein et al. [85]. The use of a PDMS based stabiler and an alkane continous phase in
the polymerisation of MMA is a system similar to the one used in this project. The
effects of changing various factors of the polymerisation were then investigated. The
first variable investigated was the time allowed for the polymerisation. It was found
that the longer the reaction time the greater the yield of particles produced however
after a certain amount of time, in their case two hours, the increase in yield was
negligible. This is due to the abundance of monomer at the start of polymerisation
compared to the concentration of unreacted monomer at the end. The amount of time
a polymerisation will reach completion is dependent on the concentration of initiator
used to start the reaction and the concentration of monomer. This same pattern was
seen in the size of the particles produced. Particle diameter increased quickly within
the first two hours of the reaction and remained almost unchanged subsequently.

2.3.2.4 Heterogeneous polymerisation summary

While examples of other encapsulation methods can be found in literature, for
example interfacial polymerisation [95], coacevation [96] or spray drying [97], these
methods do not allow for fine control over final particle size or polydispersity. For
this reason heterogeneous polymerisation was chosen as a more suitable method of
encapsulation.
Each of the methods of heterogeneous polymerisation detailed here,
suspension, emulsion and dispersion polymerisations, can be used in encapsulation
of active species. All of the methods described in this section are capable of
producing spherical particles suitable for tribological applications. One of the
desired criteria when chosing a polymerisation method was the ability to
reproducibly synthesise particles below 100nm. The careful control of particle size,
alongside particle concentration, by the formulator of the final engine oil will be
used to control the visibility of particles used in fully formulated oil. Particles below
100nm diameter will have reduced visibility to the naked eye making any fully
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control of particles in this size range by suspension polymerisation is not possible
therefore this synthesis method was not used.
Emulsion polymerisation is dependent on both the presence of stabiliser
micelles and limited solubility of the monomer in the continuous phase and is
therefore less commonly achieved in non-aqueous systems. Additionally, only a few
examples of emulsion polymerisation for use in encapsulation exist in literature with
none of these examples being found in non-aquous environments.
Dispersion polymerisation has been chosen due to the ability to have great
control over the final particle size and polydispersity, which is advantageous in
producing particles down to 100nm in size which is discussed further in Chapter 4.
Dispersion polymerisation can be carried out in non-aqueous environments with the
possibility to easily transfer particles synthesised into a different non-aqueous
solvent if required. While not unique to dispersion polymerisation, this method of
synthesis also has the ability to scale up such polymerisations in order to increase
the volume of particles produced so as to be suitable for industrial applications.

2.4 Microencapsulation

The main advantages of microencapsulation can be summarized as such;
1. Transportation - this may mean making a chemical safe for its user to handle
or the transportation of a chemical to where it is needed, for example,
transportation of a drug active to exactly where it is needed within the human
body. In the case of engine oil additives this means delivering the FM to the
viscinity of the tribocontact where it is needed in a larger concentration
within the engine and allowing for its release into the precise area it is
needed.
2. Protection - chemical reaction, oxidation and degradation can all be limited
by the use of encapsulation. As previously mentioned, additive-additive
interactions may take place under certain conditions and at certain additive
concentrations. Encapsulation of the FM within a core shell structure will
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reducing action in an engine.
3. Allow for a controlled release - the method of release from a microcapsule
can be quite varied; there may be degradation of the polymer, diffusion of
the core through the shell into the outside environment or via a dialysis
reaction. Each of these may, in turn, be triggered by a number of different
stimuli, for example the external temperature, environmental pH, chemical
reaction or solubilisation. In this project the microcapsules aim to release the
FM into the engine oil as the FM which has been traditionally blended into
the oil itself is depleted. The microcapsules will therefore act as a ‘FM
reservoir’ to ensure that the concentration of FM is always present in the oil
to the maximum of the solubility of that FM without any human intervention.

2.4.1 Microencapsulation via dispersion polymerisation

To achieve the synthesis of microcapsules via dispersion polymerisation, an
immiscible co-solvent can be incorporated into the particle core. For this purpose,
the same system as detailed in Section 2.3.2.3 can be used, with the addition of a cosolvent which is immiscible with the continuous phase and, upon precipitation of the
polymer during the reaction process and growing of the particle seeds, will phase
separate into the particle core.
The co-solvent is added at the start of the synthesis alongside the
polymerisation mixture consisting of monomer, initiator, stabiliser and continuous
phase. This is then stirred and heated to initiate the polymerisation in the continuous
phase. Primary particles form in the continuous phase, the co-solvent is then
included within the particles where it resides preferentially than in the bulk. The
particle seeds, swollen with monomer and co-solvent, continue growing until all
monomer in the continuous phase is consumed. The microencapsulation process via
dispersion polymerisation is show in Figure 2-23.
When using this method of encapsulation to incorporate the FM into a liquid
core the following criteria must be met:
1. Co-solvent and continuous phase must be immiscible.
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co solvent but not soluble in the continuous
phase.
This will ensure that there is minimal
minimal mixing between the co-solvent
co
and the
continuous phase and that all of the FM is encapsulated along with the co-solvent.
co

stirring

∆

Figure 2-23. D – Continuous phase (containing stabiliser (black), initiator (green)
and monomer (orange)) and a co-solvent
co solvent (dark blue) are stirred and heated. E Primary particles are produced in solution. F - Co-solvent
solvent dissolves inside the
growing polymer particles. G – Polymer particles (red) are formed which
whi
contain co-solvent
solvent encapsulated within. Stabiliserss prevent aggregation.

Solubility testing has been carried out and it has been established that the FM
used in this project is highly soluble in methanol but has limited solubility in
dodecane, two solvents
vents which are immiscible. For this reason dodecane continuous
phase and methanol co-solvent
co
were chosen for the encapsulation process used in
the work presented here.

2.5 Use of microencapsulation for lubrication applications

The use of microcapsules in
in lubrication has been mainly focused on
encapsulation of the lubricating oil rather than separate components as is the
objective of this work.
work The microcapsules that have been detailed in literature thus
far can be classified as three types; firstly those which are resting upon the surface,
secondly those partially embedded in a surface and thirdly those fully embedded in a
surface.
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lubricant, which sit on the surface of an orthopaedic cast material which is used in
repairing broken bones, this is shown below in Figure 2-24. Chemicals mixed into
the material allow the adhesion of poly(vinyl alcohol) microcapsules to the surface,
typically nylon or rayon. The use of microencapsulation here prevents the surface
becoming too slippery to handle but, after rupturing the particles with light pressure
the cast can be kept pliable for long enough to mold tightly to the limb. A downside
to this approach however is that the microcapsules at the surface can be easily
ruptured in transit thus making the material unusable.

Figure 2-24. The end section of a cast material with microencapsulated lubricant
particles adhered to the surface of the cast [98].

Partially embedding the microcapsules into a surface may offer the protection
of the particles missing from the patent above however due to the particles
protrusion from the surface they are still easy to rupture. Guo et al. [99, 100]
followed this approach and reported a 53% decrease in specific wear rate with only a
1wt% addition of poly(melanine formaldehyde) particles to the surface of a polymer
composite. As the number of microcapsules incorporated into the surface was
increased wear continued to decrease but the incorporation of further particles was
found to be at the detriment of the strength of the surface itself. Investigation under
scanning electron microscope (SEM) showed that wear debris created upon
rupturing the particles became trapped in the cavities the microcapsules created in
the surface. This process is seen in Figure 2-25.
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Figure 2-25. Process of lubricant release and debris entrapment.

Fully embedding microcapsules into a metal substrate works on a similar
principle
rinciple as that detailed in the case
se of partial embedment, the stucture
st
of this is
shown in Figure 2-26.
2
As the two surfaces come into contact and wear starts to
occur the particles are no longer buried inside the substrate but are now closer to the
surface. Once the particles
pa
are at the surface they encounter shear stress from the
rubbing of the surfaces and the particles rupture thus preventing further wear of the
surfaces [101].. Once again wear debris becomes trapped in the cavities produced by
the loss of lubricant from the core of the microcapsules. Such a technology is only
really suitable for applications where the components
component will go a very long time
between services, such
such as in aerospace technologies. In systems where it is possible
to add lubricant externally these microcapsules would not be the preferred method of
lubrication as it requires wear which can
can be catastrophically damaging to the
component.

Figure 2-26. Microcapules,
crocapules, containing lubricant, fully embedded within a surface
which is released as wear occurs [101].

2.5.1. Use of nanoparticles and microparticles in lubrication

The majority of the literature concerning nanoparticles in lubricants focuses on
the use of particles, measuring between 10nm - 200nm, as solid lubricants or the use
of inorganic nanoparticles, such as SiO2, as the additive.. Nanoparticles used in
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those nanoparticles in the base oil [102-105]. Testing of these particles is typically
reported in EHL rather than boundary lubrication conditions such as those used in
the work presented here.
Titanium dioxide particles, studied by Kao and Lin [106], were shown to
provide the lowest friction coefficient measurements in paraffin oil at between 60˚C
and 95˚C. This is a similar temperature range as the one used in this project. As
previously stated the temperature used during TE77 tribology testing in the work
presented in this thesis was designed to be below the glass transition temperature of
PMMA (105˚C) and is also the optimum operating temperature of organic friction
modifiers.
Nanoparticles have also been reported to have the ability to have a ‘mending
effect’ on surfaces [107-109]. Luo et al. reported this phenomena in Al2O3/TiO2
nanocomposites where particles were deposited into the wear scar during four ball
testing repairing the surfaces damaged during the tribological testing [110].
The effect of adding different concentrations of fullerene nanoparticles was
reported by Lee et al. [111]. They found that, in disc-on-disc testing, the addition of
fullene reduced the friction coefficient below that measured in base oil at particle
concentrations as low as 0.01 volume %. This was achieved by to the reduction of
surface contacts due to the action of the fullerene.
Fullerene-like MoS2 particles have been the studied by Rabaso et al. [112] to
determine the effects of particle size and particle morphology on the wear produced.
They hypothesised that particles containing structural defects would be able to
penetrate breaks in a surface and more easily be broken down to produce a
protective tribofilm at the surface. However they found that spherical, nanoparticles,
measuring between 150nm and 300nm performed best when measuring friction and
wear generated in tribotesting due to the structure of these particles providing less
opportunity for interactions with other additives present in the oil or the surface
outside of the contact.
While many of the nanoparticles commonly reported in tribological
applications, such as SiO2, Ni and MoS2, are commonly reported to be in the range
of 10nm to 200nm it is often the case that aggregation of the particles occurs above
1.0wt% producing species much larger than reported [113-115]. Aggregation of
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which sterically stabilises the particles.
Much of the previous work carried out concludes that only low percentages of
nanoparticles need to be incorporated into an oil in order to produce lower friction
and antiwear effects. The exact concentration of particles required varies with type,
size and shape used. Their effect, whether positive or negative, is also strongly
dependent on the system used, i.e. the substrates, their surface roughness and factors
including load and testing speed [41, 42, 93, 102, 105, 111, 114, 116-124]. The
mechanism of friction and wear reduction will be discussed in Chapter 7.
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Chapter 3. Characterisation Techniques

3.1 Introduction

In this chapter a basic background to the particle analysis and tribological
equipment will be provided. This will also include detail on the particle structure
and the identification of the structure and location of the FM used, all of which can
be considered essential primary analysis upon which further characterisation is
based.

3.2 Particle analysis techniques

Particle analysis techniques has been focused upon the study of both solid and
liquid core particles. Analysis techniques were carried out both in and out of the
dodecane continuous phase.

3.2.1 Dynamic light scattering

Dynamic light scattering (DLS) is a popular techniques which can be used to
measure the size and size distribution of particles in colloidal suspensions in both
chemical and biological systems. This method employs the measurement of light
scattered by particles due to Brownian motion.
A Malvern Zetasizer™ Nano ZS was used to measure the hydrodynamic
diameter and polydispersity of the samples tested in this thesis. Samples to be
analysed by DLS are first shaken and sonicated in order to break apart any
aggregates that may have formed due to sample storage and to resuspend the PMMA
particles in the dodecane continuous phase; this ensures that particles are evenly
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sample, light which does not encounter any particles passes through the sample and
light which hits a particle undergoes Rayleigh scattering. Particles in solution
undergo Brownian motion, defined as the random movement of the particles in the
fluid cause by collisions between the particles and the medium they are in [125,
126], with smaller particles moving more than larger particles. Brownian motion
causes fluctuations in the intensity of the scattered light, this light will undergo
constructive or destructive interference, which once recorded by the Zetasizer can
then be used to determine the size and polydispersity of the PMMA particles
present. The refractive indices and densities of the polymer and the continuous
phase are used within the calculation to allow for effects of the materials used upon
the particle motion observed. The basic apparatus used for DLS is shown in Figure
3-1.

Figure 3-1. Apparatus used for dynamic light scattering (DLS) [127].

Ideally each photon measured by the detector the will only undergo a single
scattering event, in reality this is rarely the case and instead multiple scattering
events occur. Samples are tested using different concentrations of particles in
dispersant to overcome the effect concentration has on the size measured due to
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effect a plot of particle concentration in weight percent (wt%) versus measured
hydrodynamic particle diameter in nanometers (nm) has been produced for each
sample. This produces a straight line in monodisperse samples which, when
extrapolated to x = 0, gives an approximation of the particle size at infinite
dilution[128], a theoretical condition where only a single light scattering event is
recorded. An example of this is shown in Figure 3-2.
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Figure 3-2. Hydrodynamic diameter (nm) versus particle concentration (wt%) for a
dodecane sample containing solid, monodisperse PMMA particles measuring
~ 280nm diameter.

3.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a high resolution imaging technique
which in this thesis has been used to image both particle samples and the surface of
steel samples after tribological testing. Samples are tested under ultra high vacuum
and for this reason are in a dry environment. A beam of primary electrons is
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the sample. When these primary electrons hit the surface of the sample they are
either absorbed or reflected. The primary electrons which are reflected do so in a
distinctive pattern and are then received by a backscatter detector. Those electrons
which are absorbed excite the electrons at the sample surface, if these electrons gain
enough energy they are emitted from the sample. The intensity and pattern of these
secondary electrons is picked up by a secondary detector. When the signals from
both detectors are combined it produces an image of the point at which the beam
was initially focused. To produce an image of the entire surface area of the sample
the electron beam does not remain stationary but instead scans across the surface. To
magnify the image seen the electron beam scans across a smaller area [129, 130].
Figure 3-3 shows the apparatus used in SEM imaging.

Figure 3-3. Scanning electron microscopy apparatus [131].

Samples to be tested by SEM must first be mounted on a clean metallic stub or
onto a small glass, or silicone, slide attached to the top of a metal stub. Samples
mounted upon a glass slide are shown in Figure 3-4. Both of these mounting
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allows good conductance though the sample however if the surface of the stub is not
completely smooth the surface of the stub itself may be seen in the image produced.
Mounting onto glass provides a smoother background but doesn’t allow
conductance. To overcome this a thin layer of metal is painted between the stub and
the sample before a thin conductive layer is vapour deposited onto the sample
surface, this is particularly relevant when analyzing non-conductive samples such as
polymers [132].

Figure 3-4. SEM stubs inside the ultra high vacuum chamber.

When preparing the slide care should was taken not to scratch its surface.
Slides were cut on a clean surface and were only handled with tweezers. Once cut
they were rinsed with deionized water, decon and ethanol before being dried with a
N2(g) gun. Once the slide had been attached to the stub using double sided tape one
drop of the sample to be analysed was pipetted onto the slide. To avoid
contamination by dust the prepared stub was then attached into a stub holder before
being placed into a vacuum oven for 5 days to remove solvent from the sample.
When the sample was dry it was sputter coated with a thin layer of platinum
measuring 3nm thick.
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noted that the electron beam can cause damage to the polymer. To overcome this the
electron beam was focused away from the area of interest and quickly moved to the
area to be imaged, thus allowing a true image to be seen [64, 133-136]. An example
of the images obtained from SEM can be seen in Figure 3-5. Particles pack in a
hexagonal fashion but are in fact spherical. This slight shape change is due to the
effect of the drying process.

Figure 3-5. Scanning electron micrograph of poly(methyl methacrylate) particles
measuring ~ 1.5µm (measured by DLS). It should be noted that size of
particles when measured by DLS is carried out while the sample is in the
dodecane continuous phase while SEM is carried out on samples which have
had all solvent removed.

3.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is another analytical imaging
technique using an electron beam and can provide images of the internal structure of
the polymer particles being analysed. Unlike SEM, where the electrons are either
absorbed or reflected off the sample, in TEM the electrons are targeted through the
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through the sample, become retarded by the sample or may be scattered by the
sample. Whichever of these processes the electron undergoes effects the energy the
electron has as it continues on thought the TEM towards a fluorescent film where
the image is formed. Denser areas of the sample allow fewer electrons to pass
through and therefore appear darker in the final image and sparser areas allow a
greater number of electrons to pass though and thus appear lighter in the final image.
The image produced is them recorded by a camera [137-141]. The apparatus used in
TEM is shown in Figure 3-6.

Figure 3-6. Basic transmission electron microscopy apparatus [142].

3.2.4 Attenuated total reflectance-infrared

Infrared (IR) is used as a fingerprinting technique meaning that each sample
produces a characteristic spectra which can be compared to a library for easy
identification. Traditional IR requires the preparation of a nujol mull containing the
sample which is then sandwiched between two salt lenses. Attenuated total
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gives a very quick result.
The sample is placed upon a crystal and is held by an arm which is screwed
down to ensure complete contact. The IR beam is passed through the ATR crystal
and as the beam hits the inner surfaces it is reflected until it eventually passes out of
the crystal. At each point of reflectance some of the IR beam continues in a straight
line into the sample. This beam will be absorbed at certain wavelengths and the
beam becomes altered, or attenuated. The attenuated energy passes back into the
crystal and combines with the unaltered IR beam. The spectra produced by the
detector will show where the IR was absorbed by the sample [143]. This process is
shown briefly in Figure 3-7.

Figure 3-7. Basic principle of attenuated total reflectance – infrared [144].

The characterisation and location of FM used were studied using ATR-IR and
is detailed in Chapter 5. However when using ATR-IR in this project limitations
have been found when attempting to quantify the amount of FM in a sample.

3.2.5 High performance liquid chromatography

High performance liquid chromatography (HPLC) has instead been used to
determine the presence of FM and quantify the amount of FM in samples. This
process is detailed further in Chapter 5.
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a few microlitres of liquid sample is injected into this mobile phase and is carried
towards a HPLC column packed with chromatographic material, this is termed the
stationary phase. This column separates the sample into its various chemical
compounds, the mobile phase continues with ease through the column while the
different compounds are eluted from the column at different rates. The mobile phase
containing the, now separated, compounds continues to flow towards a detector. The
signal produced by the different compounds will differ from the mobile phase and
this will produce a corresponding peak on the computer data system. This computer
records the signal received by the detector over time. The separated chemicals will
reach the detector at different times depending on how well they were retained by
the column. Each peak is compared to a standard, which can either be internal or
external, containing a known amount of each compound to enable a quantification of
the chemical of interest in a sample of unknown concentration. Mobile phase which
has passed through the detector then travels towards a waste container for disposal
[62, 128, 145, 146]. The basic HPLC apparatus is shown in Figure 3-8.

Figure 3-8. A common high performance liquid chromatography system [147].

Each component of a HPLC system can be adapted to meet the needs of the
user. Some common variations are as follows:
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Sample injection may be manual, which more common in older machines,
or automatic sample injection, which is much more likely today.

•

Pre-columns may be used to filter the sample before it reaches the column.
This ensures that the column does not become clogged with species which
would not be easily eluted.

•

Different columns with different packing materials and lengths can be
employed dependent on the properties of the sample to be tested.

•

A column heater may be used to aid the elution of the sample from the
column.

•

Different types of detector may be used, for example ultraviolet (UV),
refractive index (RI) or evaporative light scattering detector (ELSD).

•

HPLCs can also be coupled with other analytical techniques, most
commonly with mass spectroscopy (LC-MS).

3.3 Plate analysis techniques

Analysis of the steel plates includes the measurement of the friction coefficient
of dodecane, and how this is affected by the addition of PMMA particles, as well as
the measurement of the wear caused by the tribological testing.

3.3.1 TE77
Tribological testing in this project was designed to replicate the contact
between a piston ring and the cylinder liner. The different areas of an engine have
different types of surfaces coming into contact and each of these contacts can be
modelled using the wide variety of tribometers available. The relevant tribometer is
chosen for it’s ability to accurately simulate the type of materials, lubrication regime
and contact in the particular area of interest.
Tribological testing in this was carried out using a Cameron Plint TE77 low
speed reciprocating test machine. The low speed Cameron Plint TE77 tribometer
comprises or a pin, or ball bearing, attached to a reciprocating arm which moves
across a stationary plate. This stationary plate is positioned within a heated oil bath.
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conditions at a range of temperatures and can be operated with different loads and
reciprocation frequency in order to simulate a wide variety of test conditions. In the
work presented here the pin held by the reciprocating arm represents the piston ring
and the stationary plate represents the cylinder liner. In an engine the piston ring
rubs against the unmoving cylinder liner during four stroke cycle of the cyclinder in
an engine. The TE77 apparatus is show in Figure 3-9.

Figure 3-9. TE77 test apparatus [148].

Prior to testing the removable components of the TE77 are placed into beaker
of acetone, sonicated for 15 minutes and are then allowed to dry. This removes any
oil, debris or polymer build up which may have been left behind by previous tests.
Pins and plates to be used in the testing are placed in separate beakers and undergo
the same cleaning procedure. The plate for testing is clamped into position inside a
stainless steel oil bath and this unit is then bolted onto a heating block. The heating
block is controlled via a thermocouple which is placed into the oil bath. The test pin
is clamped onto the reciprocating arm and is positioned using a spirit level to ensure
even contact across the centre of the plate. Once all components have been aligned
the desired lubricant is added to the oil bath. Load is applied using a cradle fixed
across the reciprocating arm this holds weights which are hung, using springs,

- 79 directly underneath the rig. The frictional force transducer measures the frictional
force generated horizontally while testing is underway. The entire system is
monitored and results are processed by LabView and Microsoft Excel.
In this thesis coefficients of friction reported are the average of 1000 data
points recorded over five minute intervals for a two hour test period. Once testing is
complete the pin and plate are removed from their respective holders and are rinsed
with heptane to remove excess lubricant and stored in aluminium foil. This ensures
that any film formed is not removed and that the possibility of atmospheric reactions
during storage is minimised. A photograph of the TE77 aparatus used in this project
is shown in Figure 3-10.

Cradle

Reciprocating arm

Thermocouple

Oil bath
Heating block

Force transducer
Figure 3-10. TE77 testing apparatus used in this project.

Testing conditions were chosen to stimulate the running conditions of the
piston ring and cylinder liner system working within the boundary lubrication
regime. The load, frequency and applied force were chosen to replicate boundary
lubrication conditions. The radius of the pin, the materials of the pin and plate and
the roughness of both were also chosen to achieve boundary lubrication and to
mimic the materials used in the engine. The operating temperature of testing carried
out was chosen to be within the working range of organic friction modifiers while
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conditions are detailed in Table 3-1

Table 3-1. Cameron Plint TE77 test conditions.
Pins

Cast iron (Ø 6mm, radius 10mm, 43-47 HRC)

Plates

AISI 52100 Steel (58-60 HRC)

Run Conditions

80˚C, 25Hz, 24.5N, 0.78GPa, 5mm stroke length

The software used in TE77 tribotesting analyses the friction generated in real
time but wear of the plates must be analysed once this testing is complete.

3.3.2 Interferometry

Wear analysis was conducted using scanning white light interferometry on a
Bruker NP FLEXTM interferometer. Interferometry is a non-contact, high precision
technique which can be used to analyze surface topography.
A light source is directed towards a beam splitter which produces two waves of
equal frequency, one of these waves will travel towards the surface of the sample to
be analysed, the other will travel towards an internal reference mirror. Upon meeting
the surface both of the beams are reflected, then become recombined and are sent
towards a detector (Figure 3-11). The detector measures the intensity of the light at
different points of the sample as it undergoes vertical scanning; the highest points on
the sample surface will be the first to cause interference (Figure 3-12). When the
waves are recombined they will either undergo constructive interference, which
happens when the waves are in phase, or destructive interference, which occurs
when the waves are out of phase. The intensity of the light is measured by the
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Figure 3-11. Schematic of the apparatus and beam pathways in a white light
interferometer [149]. N.B. Mirau interferometer refers to the position of the
reference surface in relation to the sample surface. In a Michelson
interferometer this reference would be positioned 90˚ to the sample [150].

Figure 3-12. Schematic showing the build up of a surface structure by vertical
scanning interferometry [150].
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detector as a function of time, this determines at what point the beams met the
respective surfaces, and corresponds to the sample height. When combined this is
used to produce a three-dimensional image of the surface [149-152].
The software used in analysis corrects for the influence of surface bias (eg.
curvature or tilt) and can also give information on wear volume and surface
roughness.

3.4 Summary

This chapter has provided an overview and a basic background to the main
analytical techniques used in this project. Attenuated total reflectance – infrared has
been used to determine the structure of the FM used in this project as that of
stearamide, this is discussed further in Section 5.4, and was also used to confirm the
presence of the FM inside particles. Through SEM and TEM analysis the particles
were shown to have a polymer shell – liquid core morphology, and is shown in
Section 5.3. All particles produced were spherical and the size of particles in each
sample and the polydispersity of each sample was confirmed using DLS.
Monodispersity is important as it allows for direct comparison of all particles in the
sample and ensures that all particles have an equal effect on the friction and wear
recorded. The release of encapsulated FM from within the core of particles was
recorded using HPLC and is further detailed in Chapter 5.
Plates were analysed by SEM to identify where the particles could be found on
unrinsed samples after TE77 testing and WYKO white light interferometry was
carried out on plates after testing to measure the surface topography and volume of
wear, results of this work are given in Chapter 6.
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Chapter 4. Investigation into the Effect of Changing the Initial
Polymerisation Recipe of Final PMMA Particle Size

4.1 Introduction

The technology developed in this project has the potential to improve the
performance of lubricating oils, however in order for it to be suitable for use in a
commercially available fully formulated engine oil certain key features of the
lubricating oil should remain unchanged from present specifications. One such
desired characteristic specified by Lubrizol is the the final appearance of the
lubricating oil should not change upon the addition of particles. Although this is
unlikely to affect the performance of the oil itself, it will affect the confidence of
customers in the product they are buying.
In data tables PMMA particles have a quoted refractive index of about 1.49,
this is different to that of the dodecane continuous phase which is 1.421 [153].
Particles which have a refractive index different to that of the continuous phase they
are in will scatter light very effectively thus causing suspensions to appear opaque.
One possible method of making the particles less visible in an oil would be to chose
a polymer which has the same, or very similar, refractive index as the oil it is
blended into.
Another possible method, and the one which will be investigated further in this
chapter is through careful control of the final particle size. Larger particles, above
100nm in size, will be visible when added to an engine oil but have the potential to
carry a large amount of FM within the particle core. Reducing the concentration of
particles required in an oil may also lead to a lowering in particle visibility. Smaller
particles, below 100nm diameter, can be less visible or even invisible, to the human
eye. However this may require a larger number of particles to be blended into the oil
to achieve the same overall increase in FM concentration. For this reason the choice
between particle size and particle concentration is essential; the ideal system is
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large concentration of FM in the particle core.
The investigation into factors which can be altered during synthesis with the
aim of controlling final particle size and polydispersity is therefore essential. This
has been carried out by altering the concentrations of the various components in the
initial polymerisation mixture, as shown in Table 4-1, or changing the physical
process involved in the particle production.
This chapter presents work carried out to synthesise solid PMMA particles,
containing no co-solvent or additive, with controllable final particle size and
polydispersities. This chapter thus describes the influence of a range of parameters
on the final particle size and demonstrates the ability of the dispersion
polymerisation process to enable good control of particle size down to diameters
approaching sub-100nm. The chapter then goes on to show the influence of adding a
co-solvent to the initial polymerisation mixture and the effect on the particle size
and polydispersity measured.

4.2 Synthesis of solid PMMA particles

The initial polymerisation mixture used to produce particles in this thesis is
detailed below in Table 4-1.

Table 4-1. Initial polymerisation mixture.
Monomer

Methyl methacrylate (MMA) (2.5 – 22.0wt% w.r.t. continuous
phase)

Initiator

Azobisisobutyronitrile (AIBN) (0.72-5.2wt% w.r.t. monomer)

Stabiliser

Methacrylate terminated poly(dimethyl siloxane) (PDMS-MA)
(7.4-109.0wt% w.r.t monomer)

Continuous phase

Dodecane

PDMS-MA, dodecane, AIBN and MMA were added, in this order, to a round
bottom flask which was then fitted to a refluxer. The whole system was then purged
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Subsequently the nitrogen source was removed and polymerisation was carried out
at 80˚C, 300rpm for 4 hours. Once polymerisation was complete the warm particle
suspension was filtered through a plug of glass wool to remove any aggregates that
may have formed. At the point of opening the reaction vessel, air enters the system
degrading the free radicals present and stopping the reaction. Unreacted monomer
and excess stabiliser were removed from the suspension through a cycle of
centrifugation, removal of dodecane from the supernatant and resuspension of the
particles in fresh dodecane.
A Malvern Zetasizer Nano ZS was used to measure the hydrodynamic
diameter and polydispersity of the resulting particle suspension.

4.2.1 Effect of changing monomer concentration

The amount of monomer used in the initial polymerisation mixture directly
changes the size and polydispersity of the polymer particles which are produced and
this is shown in Figures 4-1 and Figure 4-2.
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Figure 4-1. Effect of changing monomer concentration on particle size. Error bars
are included in all data.
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Figure 4-2. Effect of changing monomer concentration on polydispersity index.
Error bars are included in all data.

Particle seeds are formed within the first few minutes of the initiation step
during polymerisation and the resulting particles grow from these seeds.
Polymerisation is considered complete once all of the monomer in the reaction
vessel has been consumed, however in reality this is never truly the case as reactions
rarely achieve 100% conversion of monomer to polymer. The reaction here was
stopped after four hours, at this point the conversion rate was 83%. Using higher
concentrations of monomer in the initial polymerisation mixture results in larger
particles and the use of lower monomer concentrations in the initial polymerisation
mixture results in smaller particles. It can therefore be said that the amount of
monomer used in the polymerisation mixture has a direct effect on the size of
polymer particles which can be produced.
Monomers tend to be a good solvent for their own polymer, so higher
monomer concentrations also have the added effect of increasing the solvency of the
growing polymer in the continuous phase. This retards the precipitation of the
polymer meaning that the particle seeds created during the initiation process contain

- 87 polymers of longer chain length. The solvency changes throughout polymerisation
as the monomer is converted to polymer and these growing polymer chains
precipitate, this also has an effect on final particle size and polydispersity of those
particles. The dramatic increase in polydispersity with increasing monomer
concentration, which can be seen above 14wt% monomer concentration, is due to
this changing solvency. The increase in polydispersity with increasing monomer
concentrations can also be explained by the fact that size differences amongst
particles become more obvious when the particles have larger diameters [63, 154156].
All particles synthesized were spherical, ranging in size from 290nm to 2.9µm,
and, up to 13.8wt% monomer concentration, were highly monodisperse.
The expected increase in measured particle size and polydispersity with
increasing initial MMA concentration has been seen for this system. The particle
samples produced were imaged using SEM and are shown in Figures 4-3 and 4-4.

Figure 4-3. Scanning electron micrograph of smaller PMMA particles produced
using a lower concentration (5.5 wt% w.r.t continuous) of monomer [490nm,
PDI = 0.04]. N.B. Sizes quoted in the caption have been measured by DLS.
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Figure 4-4. Scanning electron micrograph of larger, more polydisperse particles
produced using a higher concentration (21.9 wt% w.r.t. continuous) of
monomer [2900nm, PDI = 0.7]. N.B. Sizes quoted in the caption have been
measured by DLS.

4.2.2 Effect of changing stabiliser concentration

The stabiliser used in the initial polymerisation mixture is a copolymer with a
poly(dimethyl siloxane) chain at one end of the molecule and a methacrylate group
at the other end. The methacrylate group is capable of incorporation by the growing
PMMA chains within the particle itself, this causes the PDMS portion of the
polymer to protrude from the surface of the polymer particle into the surrounding
dodecane [91]. The PDMS chain sterically stabilises the particles preventing the
aggregation of the polymer particles, which is a common problem when metallic
nanoparticles, such as TiO2 or WS2, are used as lubricant additives. The use of steric
stabilisers rather than using electrostatic stabilisation will allow the particles which
are created in dodecane to be transferred to other alkanes with no alteration to the
particles themselves. The mechanism of action of steric stabilisation is shown in
Figure 4-5.
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Figure 4-5. Steric repulsion between two particles caused by the polymeric chains
protruding from the surface of the dispersed particles.

Particles were synthesised using initial polymerisation mixtures containing
different amounts of stabiliser. The effect of this on the final particle size and
polydispersity is shown in Figure 4-6 and Figure 4-7.
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Figure 4-6. Effect of changing stabiliser concentration on particle size. Error bars
are included in all data.
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Figure 4-7. Effect of changing stabiliser concentration on polydispersity index.

Steric stabilisers of the type used here form a layer on the outer surface of the
PMMA particles which physically separates particles providing colloidal stability,
this prevents aggregation and flocculation of the particles. As the stabiliser is
physically bound to the surface the amount used in the polymerisation will have a
direct effect on the surface area of the particles and therefore on the size of the final
particles produced.
The amount of PDMS-MA stabiliser used in polymerisation has a direct effect
on the final size of the polymer particle produced. For a given volume of polymer,
smaller particles will have a larger surface area than larger particles. Smaller
particles therefore have a greater surface area which needs to be stabilised. If an
inadequate amount of PDMS-MA is available to the growing particle seeds these
seeds will aggregate, coming together to form larger particles. Aggregation is
effected by PDMS-MA concentration, low amounts of stabiliser may lead to
increased aggregation and an increase in the polydispersity of particle sizes seen in
the final product [157, 158]. It should be noted that while the change in
polydispersity here (Figure 4-7) may seem large it is in fact a much smaller
variation than can be seen when changing the monomer concentration (Figure 4-2).
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Figure 4-9 and Figure 4-10.

Figure 4-8. Scanning electron micrograph of larger PPMA particles produced using
a lower concentration (7.4wt % w.r.t monomer) of stabiliser [1660nm, PDI =
0.15]. N.B. Sizes quoted in the caption have been measured by DLS.

More important than the concentration of stabiliser used is the ratio of
stabiliser to monomer in the initial polymerisation system. If the amount of PDMSMA stabiliser is kept constant and the concentration of MMA monomer is increased,
the ratio between the surface area created during the initation step and the total
surface area that can be occupied by the stabiliser will decrease and this will once
again lead to the possibility of inducing aggregation of particle seeds. There are
currently very few studies in literature which explore the very large stabiliser to
monomer ratio and so this will be investigated further in Section 4.2.4.
The expected decrease in measured particles size and polydispersity with
increased PDMS-MA concentration has been seen in this system. All of the particles
synthesized were spherical and the particle morphology was unaffected by altering
the amount of stabiliser in the polymerisation mixture.
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Figure 4-9. Scanning electron micrograph of smaller particles produced using a
higher concentration (108.9wt % w.r.t. monomer) of stabiliser [310nm, PDI =
0.06]. N.B. Sizes quoted in the caption have been measured by DLS.

Figure 4-10. Scanning electron micrograph of smaller particles produced using a
higher concentration (108.9wt % w.r.t. monomer) of stabiliser [310nm, PDI =
0.06]. N.B. Sizes quoted in the caption have been measured by DLS.
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in MMA when using a polymeric stabiliser was independent of the amount of
stabiliser in the system and that kinetics were in fact greater affected by the number
of free radicals, from the breakdown of AIBN, present in the system. The effect of
AIBN on the final particle size is investigated in the next section.

4.2.3 Effect of changing initiator concentration

The initiation step of the work presented here begins with the breakdown of
AIBN which can occur by either thermal decomposition or photoinitiation. AIBN is
an explosive compound which decomposes at temperatures above 65˚C. The
initiation process used in the work presented here is via the thermal decomposition
of an AIBN molecule to generate two free radical containing 2-cyanoprop-2-yl
species, shown below in Figure 4-11, which can then go on to react with the C=C
portion of the MMA molecule, as detailed in Section 2.3.1.

Figure 4-11. Generation of two free radical species by breakdown of AIBN.

One molecule of AIBN initiator breaks down to produce two free radical
species, and thus using a higher concentration of AIBN will lead to the formation of
more free radicals in the system. Free radicals produced can undergo either initiate
the polymerisation of MMA or they be used in the termination of a growing PMMA
chain. Moad et al. [159] monitored the final location of the AIBN species in the
polymerisation of styrene by 13C labelling of the AIBN. They reported that only 5%
of the 2-cyanoprop-2-yl free radical species became involved in the termination of
polymer chains in solution this therefore means the majority of free radicals
produced go on to initiate the polymerisation in this case.
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Figure 4-12. Effect of changing initiator concentration on particle size. Error bars
are included in all data.
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Figure 4-13. Effect of changing initiator concentration on polydispersity index.
Error bars are included in all data.
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Increasing the amount of AIBN increases the number of free radical species
generated, having a greater number of free radicals in the reaction vessel will
produce a greater number of initiation events. Each initiation event can facilitate the
growth of a new polymer chain so, for a given amount of MMA monomer,
increasing the amount of AIBN will increase the number of low molecular weight
polymer chains in the polymerisation system. These chains will take a greater period
of time to become large enough to precipitate which delays the formation of particle
seeds. At the same time the stabiliser takes longer to become an active di-block
species and the number of growing chains present in the continuous phase increases
the likelihood of termination events occurring between the growing chains. The rate
of aggregation under these conditions is greater than the rate of stabiliser adsorption
so increasing the concentration of initiator produces larger particles containing low
molecular weight polymer chains [160, 161]. The broader particle size distribution is
due to the gradual change in solvency as the polymer chains become incorporated
into the growing particles.
The molecular weight of the final polymer produced was measured by gel
permeation chromatography (GPC), a form of HPLC where separation occurs due to
particle size. Testing was carried out using a Perkin Elmer, HPLC system with a RI
detector at 40˚C. A 4 PL gel 300 x 7.5 mm GPC column was heated to 40˚C was
used and all testing was carried out in a THF mobile phase under a 1.0mL/min flow
rate. High and low molecular weight polystyrene standards were used for
comparison. Samples were taken using an autoinjector fitted with a 300µL injection
loop. The testing was carried out by Emma Haywood at the Lubrizol test laboritories
in Hazelwood, UK. A plot of the molecular weight of the polymer chains versus
initiator concentration is presented in Figure 4-14.
The expected increase in measured particle size and polydispersity with
increased AIBN concentration has been seen for this system. Morphology of the
particles, as expected, is unaffected by the change in initiator concentration.
Examples of particles produced during these synthesis are shown in Figure 4-15 and
Figure 4-16.

Molecular Weight (Mw)
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Figure 4-14. Effect of changing initiator concentration on polymer chain molecular
weight.

Image 4-15. Scanning electron micrograph of larger PMMA particles produced
using a higher concentration (5.17wt % w.r.t monomer) of initiator [1180nm,
PDI = 0.14]. N.B. Sizes quoted in the caption have been measured by DLS.
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Figure 4-16. Scanning electron micrograph of smaller PMMA particles produced
using a lower concentration (0.72wt % w.r.t. monomer) of initiator [930nm,
PDI = 0.19]. N.B. Sizes quoted in the caption have been measured by DLS.

In the next section the effect of combining the above variables is investigated.

4.2.4 Increasing the stabiliser concentration and decreasing monomer
concentration

Investigating the effect of sequentially changing a single polymerisation
variable has found that smaller particles can be synthesised by:
•

Decreasing monomer concentration,

•

Increasing the stabiliser concentration or,

•

Decreasing the initiator concentration.

As these factors were shown to all lead to a decrease in the final particle size
produced some of these parameters were then combined with the aim of reducing
particle size further and if possible approach a target of 100nm. In order to achieve
this particle size the effect of decreasing monomer concentration while increasing

- 98 stabiliser concentration was investigated. Initiator concentration showed only a
slight effect on particle size and therefore was not tested incorporated into this
testing.

Table 4-2. Changing monomer concentration, keeping ratios unchanged.
Monomer
concentration

Stabiliser
concentration

Initiator
concentration

Hydrodynamic
diameter

Polydispersity
Index

(wt %)*

(wt %)†

(wt %)†

(nm)

7.2

322.6

5.7

180

0.04

5.0

322.3

5.7

130

0.10

2.5

321.5

5.8

150

0.11

* wt % w.r.t. continuous phase
†

wt % w.r.t. monomer

The effect of changing the monomer concentration while keeping the same
ratios of monomer to stabiliser and monomer to initiator have been looked at.
Having a high concentration of stabiliser increases the stability of particles with
larger surface areas. For a given amount of monomer, increasing the amount of
PDMS-MA stabiliser in the initial polymerisation mixture produces smaller final
particles. This effect has been pushed further by limiting the amount of monomer in
the mixture producing particles approaching 100nm in size. At this size particles
will be barely visible in an oil therefore making any fully formulated engine oil
containing those particles more desirable to customers.
An important consideration when chosing the polymerisation system in this
project and for chosing to synthesise particles via dispersion polymerisation was the
ability to scale up production of particles for use in industrial applications. With this
in mind testing was carried out which increased the amount of monomer in the
initial polymerisation mixture while keeping the monomer to stabiliser ratio
constant. This allowed for a greater yield of particles to be synthesised while
maintaining the desired low particle size. Particles produced in this testing are
shown in the following figures.
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Image 4-17. Scanning electron micrographs of PMMA particles measuring [180nm,
PDI = 0.04]. N.B. Sizes quoted in the caption have been measured by DLS.

Figure 4-18. Scanning electron micrographs of PMMA particles measuring [150nm,
PDI = 0.11]. N.B. Sizes quoted in the caption have been measured by DLS.
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Figure 4-19. Scanning electron micrographs of the smallest PMMA particles
produced so far [130nm, PDI = 0.10]. N.B. Sizes quoted in the caption have
been measured by DLS

4.3 Synthesis of PMMA particles with a methanol core.

Synthesis of the PMMA particles with a methanol core was carried out as
detailed in Section 4.2 with the addition of a co-solvent in the initial polymerisation
mixture. This co-solvent was required to be immiscible with the continuous phase
and once primary particles form this co-solvent is included within the particles
where it resides preferentially to the bulk. Polymerisation continues as before with
the final product being polymer particles with the co-solvent encapsulated. As
before, unreacted monomer and excess stabiliser were removed via the
centrifugation and redispersion steps. The details of this process are explained
further in Chapter 5.

- 101 When using this method of encapsulation to incorporate the FM into the liquid
core the following criteria must be met:
1. Co-solvent and continuous phase must be immiscible.
2. The FM must be soluble in the co-solvent but not soluble in the continuous
phase.
This ensures that there is minimal mixing between the co-solvent and the
continuous phase and that all of the FM is encapsulated along with the co-solvent.
Solubility testing was carried out establishing that FM is highly soluble in
methanol but has limited solubility in dodecane, these are two solvents which are
immiscible. For this reason dodecane continuous phase and methanol co-solvent
were chosen for the encapsulation process used in the work presented here.
Particles with a liquid core- polymer shell morphology were prepared by
dispersion polymerisation of MMA where dodecane was used as a continuous phase
and methanol was used as a co-solvent at various ratios. Particles prepared were
highly monodisperse and were controllably synthesised.

4.3.1 Effect of changing the ratio of continuous phase:co-solvent

A co-solvent is used in order to produce a core shell particle with a liquid core,
the morphology is which will be discussed further in Chapter 5. This co-solvent is
immiscible with the continuous phase and eventually becomes encapsulated in the
final polymer particle. Provided all co-solvent is encapsulated, changing the amount
of co-solvent used should change the size of the microcapsules produced. This also
alters the thickness of the particle wall, which can have further effects on the rate of
release of the FM through the particle shell. This release rate is examined in
Chapter 5. It is envisaged that the greater the volume of co-solvent used the thinner
the wall of the subsequent particle.
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Figure 4-20. Effect of changing the volume of co-solvent (total volume was kept
constant) on particle size. Error bars are included in all data.
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Figure 4-21. Effect of changing the volume of co-solvent (total volume was kept
constant) on polydispersity index. Error bars are included in all data.

- 103 This expected trend continued up to a 9:1 ratio of solvent: co-solvent. Particles
produced in this system, and which follow this trend, measure 877nm in diameter,
large enough to be used in the TE77 comparison testing. TEM testing showed that
the calculated theoretical wall thickness agreed with the measured wall thickness.
The theoretical wall thickness was calculated from the volumes of MMA and
methanol added at the start of the synthesis and the measured diameter (by DLS) of
the particles produced. The working for this calculation is found in Appendix B. An
example of the largest particles produced here is shown below in Figure 4-22
where the darker methanol core of the particle can be seen surrounded by the
PMMA shell.

Figure 4-22. Cryo-transmission electron micrograph of a PMMA particle produced
using a 5:1 continuous phase:co-solvent ratio [430nm, PdI = 0.07].
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polydispersity of the particles produced remains constant measuring around 0.1,
suggesting that the particle morphology has changed and solid particles are being
produced. This may be due to the particle walls becoming too thin to support this
structure; or possibly due to a change in solvency in the system with the addition of
methanol. In these particles not all co-solvent is encapsulated within the PMMA
particles produced. The reason for the reduction in particle size above a continuous
phase:co-solvent ratio of 6.5:1 was not examined here as it was outside the scope of
the project however could be investigated in future work. In this case these particles
were not chosen for testing by TE77 as the presence of methanol in the system could
be identified but not quantified. This would further lead to quantification problems
in particles which were synthesized using FM in the initial polymerisation mixture.

4.4. Summary

This study shows that it is possible to produce monodisperse, solid PMMA
particles in the size range 130nm to 2.8µm. This has been achieved by
systematically changing the concentrations of the various components used, while
keeping other variables constant, during the polymerisation. The greatest amount of
control over final particle size was seen when altering the amount of monomer used.
Lower monomer concentrations can be used to limit the growth of the particles by
starving the growing particle seeds of additional monomer needed to continue
growing. These studies also showed a significant influence of the concentration of
stabiliser used, which changed the amount of surface area that could be stabilised
during the initiation process. For a given monomer concentration the addition of
larger amounts of stabiliser enabables the synthesis of a greater number of particles
all of which have smaller particle diameters than those created using lower
concentrations of stabiliser. When these two parameters were altered at the same
time it was possible to reduce particle size down to 134nm, close to the size limits
set by Lubrizol. Particles at this size become more difficult to be seen by the human
eye and therefore will aid the work of formulators aiming to incorporate particles
into a final engine oil without changing the appearance of the oil from those

- 105 currently available which may adversely affect customers confidence in the product.
All of the particles shown here can be reproduced easily and reliably.
It has been shown that the yield of particles synthesized can be increased by
increasing the concentration of monomer and keeping the monomer to stabiliser
ratio at a constant. Producing particles via a dispersion polymerisation means this
system will have the ability to be scaled up with ease and therefore also have the
potential to produce a large volume of particles in a single synthesis which would
clearly be beneficial when producing these particles in in industry.
It is also possible to control particle size by changing the ratio of continuous
phase to co-solvent however this has some limitations due to wall thickness. While
this was not investigated here, as particles of the desired size for tribological testing
were produced before this point, this could be an area of further investigation to
determine why particle size doesn’t continue to grow above a 9:1 solvent to cosolvent ratio.
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Chapter 5. Investigation into the release rate of friction modifier
from intact core shell particles

5.1 Introduction

In order for the particles produced in this project to act as a reservoir for
friction modifier into a fully formulated oil, the particles should remain unbroken
and slowly leach out FM over the lifetime of the oil.
oil. This process is schematically
schematic
shown in Figure 5--1.

Figure 5-1. Proposal for FM release from unbroken particles.

In the majority of cases,
cases slow release of an active
ive ingredient from a particle or
capsule would occur at a rate driven by a range of factors including porosity of the
capsule shell, solubility of the active in the continuous phase and the concentration
difference between the core or the capsules and the continuous phase.
The typical relationship that describes such a process is referred to by Fick’s
Laws of diffusion [162
162] and can be expressed as follows:
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dC
(Cin -Cext
=A H D
dt
d
where
C is the concentration of the active
A is the exposed surface area of the shell
H is the partition coefficient
D is the diffusion coefficient
d is the thickness of the shell

In this case, the surface area exposed for release of the active, the diffusion
coefficient and the shell thickness are likely to remain constant throughout the
procedure. Thus the most likely source of slow release will be the difference in
concentration of the active between the core of the particle and the outside
continuous phase. As FM is consumed from the continuous phase by the action of
the tribological contact the difference in concentration between the continuous phase
and the particle core will increase thus driving an increase in the release rate of the
FM.
To achieve a polymer particle with a liquid core, in which the FM is
encapsulated, a co-solvent is added to the initial polymerisation mixture (Figure 223). This co-solvent is incorporated within the particle core as it preferentially wets
the precipitating polymer and is insoluble in the continuous phase [21, 133, 163].
To encapsulate the FM in the core of a particle the following criteria must be
met:
•

Continuous phase and co-solvent must be immiscible.

•

The FM should be soluble in the co-solvent but not in the continuous phase.

- 108 This should ensure that all co-solvent is encapsulated within the polymer
particles and all FM will be dissolved in that co-solvent rather than in the continuous
phase.

5.2 Synthesis of PMMA particles containing encapsulated FM for
release rate testing.

To produce particles with a PMMA shell and methanol core the initial
polymerisation mixture is changed slightly from that used to produce solid particles.
The components of this mixture are detailed in Table 5-1.

Table 5-1. Initial polymerisation mixture.
Monomer

Methyl methacrylate (MMA)

Initiator

Azobisisobutyronitrile (AIBN)

Stabiliser

Methacrylate terminated poly(dimethyl siloxane) (PDMS-MA)

Continuous phase

Dodecane

Co-solvent

Methanol

Additive

Stearamide (FM)

Liquid core - polymer shell particles loaded with FM were prepared by
dispersion polymerisation of MMA where dodecane was used as the continuous
phase and methanol was used as the co-solvent in a 9:1 ratio. Synthesis was carried
out as detailed in Chapter 4 with the FM initially dissolved in the methanol cosolvent used in the polymerisation process. As described previously, unreacted
monomer and excess stabiliser were removed via a centrifugation and redispersion
step, the dodecane removed in this process was then tested as the first cycle in the
following release study.
The samples used contained a total of 3.1wt% FM, encapsulated within the
particle core, in the system. Particles were highly monodisperse and were
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they where neither the largest (~2.6µm, not presented here) or the smallest (~340nm,
Section 4.3.1) and were comparible to the particles to be used in the TE77
tribological testing (detailed in Chapter 6).

5.3 Determination of particle morphology

The structure of the particles produced was analysed by cryo-TEM. In this
project samples to be tested were added to holey carbon grid, stained using 1%
uranyl acetate and excess liquid was then wicked away. The holey carbon grids were
S173-2 Quantifoil® R2/2, 300 mesh Cu supplied by Agar Scientific. These grids
have an regular hole structure which can be seen in Figure 5-2. This structure
allows for better wetting of the surface which can be hydrophilic or hydrophobic
dependent on the pre-treatment of the grids.

Figure 5-2. The regular hole structure of the Quantifoil® R2/2 holey carbon grids.

When imaged the majority of the particles added could be found within the
holes of the grid. As the system operates under a vacuum samples could not contain
liquid when they are analysed; this prevents a problem when imaging samples with a
liquid core. To overcome this and to image the internal structure of the particles
which have a liquid core (synthesis detailed in Chapter 4) samples can either be
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liquid core of the particles is first replaced with a resin and then the particles are
suspended in that same resin. The resin containing the particles is then thinly sliced,
allowing that samples to be viewed under the TEM producing a cross section of
those particles. In cryo-TEM particles are flash frozen preventing the liquid in the
sample from forming large crystals which may distort the observed particle shape.
This allowed for the observation of the samples hydrated in their nature state and not
distorted by any drying processes as is possible with imagining techniques such as
SEM. This is a large advantage in biological systems where this TEM method of
imaging is commonly used [141].
Dodecane containing PMMA particles with a methanol core (without FM)
were analysed by cryo-TEM as detailed above. The image in Figure 5-3 shows a
particle with a PMMA shell – methanol core morphology.

Figure 5-3. Cryo-transmission electron micrograph of a PMMA particle with a
methanol liquid core.

When carrying out TEM it is important to understand what is being seen may
actually be an optical illusion [164]. Figure 5-3 may be showing a core-shell
structure where the darker centre is the methanol core and the surrounding outline
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particle onto the carbon grid itself. To overcome this possibility,
possibili particles were
viewed at a 0˚ sample tilt and 25˚ tilt. A 25˚˚ tilt angle was chosen due to the
thickness of the ice obscuring the images at higher tilt angles. If the darker area in
the centre of the particle is due to the particle coming into contact with the surface of
the film then tilting the sample would result in the darker area appearing to move to
the side of the particle. If the particle has a true core-shell
core shell morphology the darker
region would remain in the centre of the particle once the sample
sampl is tilted. This is
shown in Figure 5--4.

Figure 5-4. Movement of the darker region of the particle imaged at different tilt
angles. If the darker region is due to the contact of the particle at the surface it
will appear to move within the particle when tilted. If the darker region is due
to a true core--shelll morphology it will stay central to the particle when tilted.
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particle was not obscured by a thick droplet of frozen dodecane. In the preparation
of the sample in Figure 5-3 excess dodecane was wicked away to allow clear
imaging of the particles. However this means that the possibility of the particles
settling on the grid surface had now arisen but this was overcome by tilting the
surfaces. The lower amount of dodecane present means that this image is much more
suitable for measuring particle shell thickness than those shown below. Images were
taken at a 0˚ tilt angle (Figure 5-5) and at 25˚ tilt angle (Figure 5-6). Analysing the
sample at different tilt angles confirmed that the structure was that of a polymer
shell with a liquid core. The images here appear less clear as these particles are
suspended within a droplet of frozen dodecane. The effect of this droplet affects the
clarity of the image however the polymer shell, here seen as the darker region, is
clearly visible with the lighter area in the middle being the methanol core of the
particle. The polymer shell allows fewer electrons to pass through the sample and
therefore appears darker in the final image. Which areas appear darker can also be
an effect of the staining method used which may explain the difference in darkness
between the core and the shell in the image above to those below. Due to the
thickness of the ice in the images below they are suitable for the determination of
particle morphology but not for use in the measurement of shell thickness.

Figure 5-5. Cryo-transmission electron micrograph of PMMA shell – methanol core
particles the image was taken with the samples at 0˚ sample insertion
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Figure 5-6. Cryo-transmission electron micrograph of PMMA shell – methanol core
particles the image was taken with the sample at 25˚ insertion.

5.4 Identification of the friction modifier supplied by Lubrizol

A sample of the FM to be used in this project was supplied by The Lubrizol
Corporation. Due to corporate confidentiality the data sheets provided with the FM
supplied show only the general chemical classification and safety data of the sample
but not the actual identification of the FM provided. The general chemical
classification given indicates that the FM is an alkenyl amide. This eliminates the
possibility of the FM being an inorganic species. Identifying the FM supplied is
important as it may allow for identification and possibly quantification of the FM
within the particle core and may also allow the FM to be measured in the oil or
possibly at the surface of the tribocontacts during or after tribological testing.
ATR-FTIR was used to determine the structure of the FM being used in this
project. This is shown below in Figure 5-7 and the assignment of the peasks seen in
this spectra is detailed in Table 5-2.
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Figure 5-7. ATR-FT
FTIR spectra for FM (“Lubrizol additive”) and the structure it
indicates.

Table 5-2.. Assignment of the main IR peaks in the FM spectra.
3357.80

-N-H

Stretch

Amide

3100-3500

2 bands

3183.53
2956.55

Unsubstituted have

-C-H

Stretch

Alkane

2850-3000

Strong

1658.02

C=O

Stretch

Amide

1640-1690

Strong

1630.93

-N-H

Bend

Amide

1550-1640

1363-1467

-C-H

Band

Alkane

1350-1480

2920.93
2850.58

Variable

Infrared analysis of the FM shows a large peak in the carbonyl region of its
spectra. This was confirmed as a peak used for identification by Lubrizol and from
the spectra it could be concluded that the structure of the FM was a hydrocarbon
chain with a polar amide group at one end.
The spectrum shows that the FM is an amide structure with a straight chain
alkane portion. Lubrizol have confirmed that the FM contains an
a amide group and
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of possible structures, both branched chain and straight chain, were generated. Only
one of the possible structures, stearamide, is produced and sold by Lubrizol for use
in lubricants as a friction modifier. Further testing of the sample by gas
chromatography– mass spectroscopy (GC-MS) and melting point analysis has
shown that the FM sample is highly likely to be stearamide. FTIR is considered a
fingerprinting analysis technique meaning that spectra generated can be compared to
spectra of known chemicals. Comparision of the FM spectra and the spectra of
stearamide confirmed that they were the same chemical species. Details of
stearamide are given in Table 5-3 and the structure is shown in Figure 5-8.

Table 5-3. MSDS data for stearamide [165].
Generic Name:

Stearamide

IUPAC Name:

Octadecanamide

Formula:

CH3(CH2)16CONH2

CAS Number:

124-26-5

Appearance:

Creamy solid

Melting Point:

102-104°C

Solubility:

Soluble in organic compounds. Insoluble in water

Stability:

Stable. Incompatible with strong acids, bases and oxidizing agents

Figure 5-8. Stearamide.

The structure of the stearamide molecule allows for the amide region to
become anchored to the metallic, or polymeric, surfaces through hydrogen bonding
while the non-polar, straight chain hydrocarbon portionremains solubilised in the
lubricating oil. The hydrocarbon chain aligns perpendicular to the surface and the
chain sections of separate molecules are held in close proximity by Van der Waals

- 116 forces. This allows for the molecule to form a sacrificial multilayer protecting the
surface from the rubbing action of the two opposing surfaces.

5.5. Identification of the friction modifier within PMMA particles

In order to determine whether the FM had become encapsulated within the
core of the PMMA particles synthesised (synthesis detailed in Chapter 4), the IR
spectra of PMMA, and methanol were obtained. These could then be compared to
the spectra of the FM shown in Figure 5-7.
There were two regions which were identified as possible fingerprint regions
which could be used to identify the presence of FM. The FM shows a split double
peak between 3000cm-1 and 3500cm-1, and a split peak at 1600cm-1 which are
unique to the sample. Figure 5-9 shows the combination of spectra for PMMA,
methanol and FM. All of the samples tested were in the dodecane continuous phase
in which they had been stored. Each type of particle produced (solid, methanol core
without FM and methanol core with FM) was tested.

Figure 5-9. IR spectra for PMMA particles containing increasing amount of FM.
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peak due to dodecane at 1700cm-1 which would affect the identification of the amide
peak of the FM (at ~1600cm-1). As methanol, seen in the blue spectra, is introduced
to the matrix a large broad peak begins to appear between 3000-3600cm-1. This
overlaps the double peak of the FM (at 3000-3500cm-1) and now makes this peak
unsuitable for FM identification. As the concentration of FM increases, seen in the
green spectra containing 7.58wt% FM, a shoulder develops on the dodecane peak
(~1700cm-1) which is due to the amide group of the FM. These spectra show that it
is possible to detect the presence of FM and that the FM has been encapsulated
successfully using IR techniques, however the complexity of the matrix comprising
of dodecane, PMMA, methanol and FM makes quantification of the FM
encapsulated difficult.

5.6 Determination of FM release rate by high performance liquid
chromatography

5.6.1 Development of HPLC method

Testing was carried out using a Perkin Elmer, high performance liquid
chromatography (HPLC), normal phase system with refractive index detector. A
Varian PLGel 3µm 100A 300 x 7.5mm GPC column (stationary phase) heated to
30˚C was used in all testing with tetrahydrofuran (THF) as the mobile phase and
samples were taken using an autoinjector fitted with a 20µL injection loop. THF was
used as all components were soluble in this solvent.
The following samples were also tested to determine retention times of the
various possible components;
•

FM (10wt%) in methanol

•

FM at saturation in dodecane

•

FM in THF
The chromatograms for these are shown in Figure 5-10, Figure 5-11 and

Figure 5-12. Retention times for all analytes are given in Table 5-4.
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Figure 5-10. High performance liquid chromatogram of FM (10wt%) in methanol.
FM = 8 minutes, methanol = 9.5 – 10 minutes.

Figure 5-11. High performance liquid chromatogram of dodecane saturated with
FM, in a THF mobile phase. FM = 8 minutes, dodecane = 9 minutes.
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Figure 5-12. High performance liquid chromatogram of FM in THF. FM = 8
minutes, THF = 10 minutes.

Table 5-4. Elution time for analytes in HPLC testing.
Analyte

Retention time

FM

8 minutes (positive peak)

Methanol

9.5 – 10 minutes (negative peak)

Dodecane

9 minutes (positive peak)

THF

10 minutes (positive peak)

Calibration standards were prepared of varying amounts (0.0001wt% –
10wt%) of FM in methanol. These were tested via HPLC using THF as a mobile
phase. The calibration curve produced is shown in Figure 5-13.
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Figure 5-13. Calibration curve for the detection of FM in methanol, using a THF
mobile phase. “Peak area” is the measured area underneath the peak and
corresponds to “amount” of FM added to the standard solutions.

The area underneath the peak, measured from the baseline to the top of the
peak is recorded and this corresponds to the amount of FM within a sample. A
smaller peak area therefore indicates a sample containing lower quantities of FM.
The area measured in each sample, of unknown FM concentration, is compared to
the calibration curve, produced using known concentrations of FM, giving the
amount of FM found in each sample being tested.

5.6.2 FM release testing

Once synthesised particles were centrifuged, supernatant dodecane was
removed and fresh dodecane was added to the particles which were then
resuspended and gently shaken for one hour exactly. The FM in the supernatant
dodecane was then extracted using large aliquots of warm methanol to ensure full
partitioning of the FM into the solvent. These were then tested by HPLC to
determine the concentration of FM released from the particles, into the continuous
phase, in one cycle. This process is shown in Figure 5-14.
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Figure 5-14. Each centrifugation and redispersion will be referred to as one cycle.

Testing was continued until a constant release amount was reached for each
cycle. Systems of this type typically show an initial ‘burst release’ followed by a
constant release rate until there is full depletion of the active. This experiment was
designed to test this behaviour.

5.6.3 Release rate of FM into fresh dodecane

Two cycle times were tested. The first set of tests had cycles of one hour in
duration, this was to ensure that the greatest amount of FM possible was being
released in each cycle. The second set of testing used cycles of 15 minutes duration,
this was the shortest time period possible due to the time taken to centrifuge the
sample, remove the supernatant and redisperse the sample. The shorter cycle time
was designed to determine how quickly the FM could be released from within the
core of the particle.
The cumulative total of FM released over the testing periods is shown in
Figure 5-15.
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Figure 5-15. Cumulative FM released (wt%) with each cycle. “Cycle” refers to the
amount of time the particles were dispersed in each aliquot of fresh dodecane.

Measurements found that the first cycle of testing contained between 12% and
15% of the FM which was added to the system in the initial polymerisation mixture
was removed during the first cycle. This amount of FM is equivilant to about
0.4wt% of FM in the continuous phase. When c = 0 this would correspond to the
synthesis of the particles when it is assumed that all FM in the system is being
encapsulated and concentration of the FM in the dodecane should equal zero.
All particles produced and subsequently tested for their tribological
characteristics undergo one cycle (c = 1) of centrifugation and redispersion after
synthesis to remove excess stabiliser and unreacted monomer. This means that in the
synthesis phase 85-88% of the FM added is actually encapsulated within the
particles. This may be due to the slight solubility of the FM in dodecane as well as
FM becoming associated with the excess stabiliser or unreacted monomer. The
amount of encapsulated FM is still high enough to dramatically raise the
concentration of FM above that which can be traditionally blended into dodecane
(0.004wt%).
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to be 0.007-0.014wt%. This is true for both the 15 minute tests and the one hour
tests respectively. This shows that 15 minutes is a sufficient amount of time to allow
the maximum concentration of FM to be released from within the particles.
The amount of FM released in each cycle is greater than the amount of FM
which can be solubilised in dodecane but is still within experimental error. Testing
and literature searches found that methanol and dodecane are immiscible and no data
or testing protocols could be found in order to test the solubility of methanol in
dodecane. Release of FM from the core is driven by the concentration gradient
between the core of the particles and the continuous phase. As the methanol and
dodecane are immiscible it should not be the case that the methanol is aiding the
transport of the FM into the dodecane by the methanol leaving the core of the
particle. It may be the case that some particles rupture during the centrifuge and
redispersion process, which may account for some increase in the FM measurement.
Assuming the maximum amount of FM possible is released at every cycle it
would take 160 cycles before all FM, added at the time of synthesis, was accounted
for.

5.7 Summary

It has been shown that particles are capable of releasing FM from their core
into fresh dodecane on thes basis of slow diffusion through the polymer particle
matrix. This demonstrates that slow release into the oily continuous phase of the
formulated lubricant could occur without the need for the particles to rupture. This
appears to be dependent on the concentration of FM in the dodecane, into the
environment outside of the particles. Saturation of FM in dodecane was found to be
higher (by up to 130%) in samples which had been exposed to centrifugal force than
were measured for dodecane saturated by traditional blending methods. The cause of
this needs further clarification but, due to issues surrounding the miscibility of
methanol and dodecane, was determined to be outside the scope of this project.
The release properties of FM from the core of the PMMA particles is
comparable with the release curves seen in the literature. This is due to the particles
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non-equilibrium in concentration of FM between the outside dodecane and the inner
methanol [166-170]. An example of the typical cumulative release profile over time
can be found in the analysis of peppermint oil released into hot water from gelatinegum Arabic microcapsules reported by Dong et al. [167]. While the release profiles
found in literature are not carried out via the same procedure as the centrifugation –
HPLC method used in this work the results do appear to be comparable with other
studies of concentration driven active release. Qiu et al. [171] studied the release
rate of ibuprofen from polyelectrolyte multilayer capsules and stated that the driving
factor in the rate of release was the solubility of the ibuprofen into the continuous
phase. This has also been found in this work where the limiting factors of the release
of FM into the fresh dodecane were found to be the solubility of FM into dodecane
with the possible aid of the limited solubility of methanol into the dodecane.
A high proportion (85-88%) of the FM in the initial polymerisation mixture is
encapsulated in the methanol core of the particles produced. This is sufficient to
increase the total amount of FM in the system beyond the current capabilities.
Traditionally blended engine oils contain about 0.3wt% of FM at present, if particles
containing encapsulated FM were used alongside this the amount of FM inside the
particles would be sufficient to sustain this level in the oil, keeping it topped up as
the FM is depleted.
Within an engine, or indeed in the tribometer testing, a different release
mechanism needs to be considered, that of particle breakage. This phenomenon is
tested in the following chapters.
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Chapter 6. Investigation into the tribological effect of PMMA
particles in a model oil

6.1 Introduction

Polymer particles have been produced which incorporate FM within a liquid
core and the rate of FM release from unbroken particles has been investigated. The
action of organic FM in model oils and fully formulated oils is well documented [93,
94, 102, 115, 120, 172]. It is now important to investigate the actions of the particles
themselves in a model oil dodecane and whether the particles improve friction and
wear seen in the system. A testing matrix was devised in order to investigate the
friction and wear reduction properties of;
1) Dodecane, here used as a model oil, containing no engine oil additives or
particles.
2) Dodecane fully saturated with FM. This represents the maximum
concentration of FM which can be blended into the model oil through
traditional blending methods.
3) Solid PMMA particles, which contain no FM, in dodecane. These have been
used to determine the effect of particle size. Particles measuring 150nm
(small), 850nm (medium) and 1600nm (large) have been tested.
4) Particles with a methanol core, which contain no FM , in dodecane.
5) Particles with a methanol core containing FM in dodecane. Here particles
measuring

~

1000nm

have

been

tested

which

concentrations of FM within their cores.

This is shown on the next page in Tables 6-1, 6-2 and 6-3.

contain

different
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containing no FM, in dodecane at different concentrations and different
hydrodynamic diameter. Each x signifies each two hour test carried out, for
that particular particle type.
Particle size

concentration

Particle

SOLID PARTICLES

1600nm

850nm

150nm

14wt%

xxx

xxx

xxx

7wt%

xxx

xxx

xxx

3wt%

xxx

xxx

xxx

1wt%

xxx

xxx

xxx

-

-

-

FM concentration

Table 6-2. Testing matrix for comparison of particles of solid PMMA particles,
PMMA particles with a liquid core containing no FM and PMMA particles
with a liquid core containing FM, all in dodecane at different particle
concentration. Note particle size remains constant within error. Each x
signifies each two hour test carried out, for that particular particle type.
Particle size

CHANGING PARTICLE
COMPOSITION

Solid PMMA

PMMA particles

PMMA particles

particles

with a methanol

with a methanol

core

core containing

concentration

Particle

FM
1600nm

1600nm

1600nm

14wt%

xxx

xxx

xxx

7wt%

xxx

xxx

xxx

3wt%

xxx

xxx

xxx

1wt%

xxx

xxx

xxx

-

-

7.7wt%

FM concentration
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Table 6-3. Testing matrix for comparison of PMMA particles with a liquid core
containing FM at the same particle size within error and different particles
loading. Note changing particle concentration also changes overall FM
concentration in the system. Each x signifies each two hour test carried out, for
that particular particle type.
Particle size

PARTICLES WITH A
METHANOL CORE
CONTAINING
1600nm

900nm

1100nm

14wt%

xxx

xxx

xxx

7wt%

xxx

xxx

xxx

3wt%

xxx

xxx

xxx

1wt%

xxx

xxx

xxx

7.7wt%

15.3wt%

32.2wt%

concentration

Particle

ENCAPSULATED FM

FM concentration

Tribological testing was carried out using a Cameron Plint TE77 low speed
reciprocating test machine. The TE77 tribometer comprises of a pin attached to a
reciprocating arm which moves across a stationary plate positioned within a heated
oil bath. Details and a schematic of the TE77 apparatus used in this project are given
in Chapter 3.
The materials and test conditions used are detailed below in Table 6-4.

Table 6-4. Cameron Plint TE77 test conditions.
Pins

Cast iron (Ø 6mm, radius 10mm, 43-47 HRC)

Plates

AISI 52100 Steel (58-60 HRC)

Run Conditions

80˚C, 25Hz, 24.5N, 0.78GPa, 5mm stroke length

- 128 Particles were synthesised as detailed in Chapter 4. All particle samples are
compared to pure dodecane (0wt% particles), which was used as a model oil, and
also dodecane fully saturated with FM (0wt% particles).
To produce dodecane fully saturated with FM (0wt% particles) incremental
amounts of FM were weighed into the dodecane, at room temperature, until no more
would dissolve. This is the traditional method of blending additives into an engine
oil and represents the amount of FM which can be blended into an oil currently; a
concentration which this work aims to improve upon. The maximum amount of FM
soluble in dodecane is about 0.004wt%.
Wear analysis was conducted using scanning white light interferometry on a
Bruker NP FLEX interferometer. All measurements were taken under vertical
scanning interferometry mode, scan speed 1, magnification 2.5x.

6.2 Effect of adding particles of different morphologies to dodecane

6.2.1 Friction

Here the tribological behaviour of dodecane which contains solid PMMA
particles, PMMA particles with a liquid methanol core or PMMA particles with a
liquid methanol core containing encapsulated FM are compared. Each sample is also
compared to pure dodecane and dodecane which is fully saturated with FM through
traditional blending methods. This has been carried out in order to determine the
effects of the PMMA particles themselves, what effect methanol has and also,
whether the presence of FM produces the desired decrease in friction over the
duration of the test (2 hours). Each of the tests has been carried out using the same
test parameters as described in Section 6.1 and was repeated at least 3 times. It
should be noted that, in the case of the FM loaded particles, the concentration of FM
changes as the concentration of particles changes.
Over the two-hour measurement, presented in Figure 6-1, the coefficient of
friction for the case of pure dodecane as the lubricant was consistently higher than
for any other sample. It also showed the largest fluctuation of any of the samples
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coefficient measured is reduced and appears to reach a steady state within the first
30 minutes of the test.
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Friction Coefficient (µ)
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0.14
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0.1
0.08
0.06
0.04
Pure dodecane
MeOH core particles (no FM)
Dodecane saturated with FM

0.02
0
0

20

40

Solid particles
FM loaded particles

60
80
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Figure 6-1. Friction coefficient (µ) over a time period of two hours. Pure dodecane
(red ♦), dodecane containing solid PMMA particles (14wt% particles) (purple
x), dodecane containing methanol core, no FM, PMMA particles (14wt%
particles) (black ●), dodecane saturated with FM (green

) and dodecane

containing particles with encapsulated FM (14wt% particles) (blue ▲). Each
plot is the average of three separate tests, carried out under identical
conditions, error bars are the standard deviation of the three tests.

All of the samples containing the PMMA particles recorded lower friction
coefficients than in the case of pure dodecane. The dodecane/ solid particle and the
dodecane/ methanol core particle samples contained no FM yet still reduced the
friction below that measured for pure dodecane. These results do not show any
significant effect of solid particles on friction reduction. This is not surprising as the
polymer used for the particles does not have any friction reducing properties itself.

- 130 The addition of FM containing particles to dodecane measured the lowest friction
coefficient of all samples and this will be explored further later in this chapter.

6.2.2 Wear

In Figure 6-2 wear results obtained from testing dodecane with solid and FM
containing particles are shown. Each result is the average wear volume measured of
three separate plates, carried out under identical conditions.
Solid particles
Pure Dodecane
FM Loaded Particles
Dodecane saturated with FM

1.E+07

Wear volume (µm3)

1.E+07
8.E+06
6.E+06
4.E+06
2.E+06
0.E+00
0

2

4
6
8
10
12
Particle Concentration (wt%)

14

Figure 6-2. Wear volume (µm3) of the steel plates after the two-hour test period.
Pure dodecane (red horizontal line [~9.7 x 106]), dodecane containing solid
particles (purple x), dodecane saturated with FM (green horizontal line [~5.9 x
106]) and dodecane containing particles with encapsulated FM (blue ▲)
(14wt% particles is equivalent to 3wt% FM. 7wt% particles = 1.5wt% FM.
4wt% particles = 0.8wt% FM and 1wt% particles = 0.3wt% FM). Each plot is
the average wear volume measured of three separate test plates, carried out
under identical conditions. It should be noted that the concentration of friction
modifier as the concentration of particles changes.
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those measured in pure dodecane (~9.7 x 106 ± 4 x 105 µm3). The effect of changing
the concentration of solid particles follows no systematic trend. It can be seen that
only a small amount of the solid PMMA particles needs to be blended into dodecane
in order to produce a dramatic reduction in wear volume. However, the largest drop
in measured wear volume can be seen in the samples containing the highest
concentration of particles.
The addition of FM (at saturation) to dodecane produces a lower wear volume
(~5.9 x 106 ± 7x 105 µm3) than measured for pure dodecane. A comparison of the
wear scar generated when pure dodecane is used compared and wear scar generated
when dodecane fully saturated with FM are used as lubricating oils is given below in
Figure 6-3. The wear scar of the sample containing FM (~1.1µm) is much shallower
than the sample which didn’t contain FM (~4.7µm).

Figure 6-3. [Top image] Depth of wear scar on a steel plate tested when dodecane is
used as a lubricating oil and [Bottom image] when dodecane fully saturated
with FM (0.004wt%) is used as a lubricating oil in TE77 testing.

- 132 The use of particles containing encapsulated FM significantly reduces the wear
recorded in all other samples, including for the case of a dodecane solution saturated
with FM. Samples containing these particles showed an 84% reduction in wear
when compared to dodecane fully saturated with FM and an 89% reduction in wear
compared to plates tested in pure dodecane. There appears to be very little variance
between samples of different particle concentration. This again shows that only a
small percentage of particles need be incorporated into dodecane to produce the
desired reduction in wear.
Examples of the wear scars seen for dodecane containing solid particles
(14wt%) and those generated for dodecane conatining particles with encapsulated
FM (14wt% particles, equivalent to 3wt% FM) are shown in Figures 6-4 and Figure
6-5. The wear scars here can be seen to be much shallower than when pure dodecane
(~4.7µm) can be used as a lubricating oil. The wear scar generated when dodecane
with solid particles appears deeper (~0.45µm) and better defined than the wear scar
imaged when dodecane with particles containing FM (~0.10µm) have been used.

Figure 6-4. 2D and 3D interferometry images of the wear scar of a plate tested when
dodecane with solid particles (14wt% particles) is used as a lubricating oil.

- 133 The black areas in Figure 6-5 are areas which have been masked from the
scanned image when measured the wear volume. Here the wear scar created during
testing was slightly off centre of the steel plate, meaning that the edge of the plate
could be seen in the interferometry scan. If these were not masked they would lead
to artificially high wear volumes being measured.

Figure 6-5. 2D and 3D interferometry images of the wear scar of a plate tested when
FM containing particles (14wt% particles; 3wt% FM) is used as a lubricating
oil in TE77 testing.

Organic friction modifiers and antiwear additives are both considered surface
active additives and operate under similar conditions. It may therefore be possible
that the organic friction modifier used in this study has some mild antiwear
properties [12].
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wear during testing than solid particles. This suggests that there is a synergy
between FM and PMMA used to form the particle shell which results in wear
reducing properties. This will be discussed further in the next chapter.

6.3 Effect of particle size

6.3.1 Friction

The two hour tests are considered to have reached a steady state during the last
30 minutes of the test. The friction coefficients during this steady state period are
averaged out for each sample and given in Figure 6-6. Each result is the average of
the last 30 minutes of the three separate tests and the error bar for each point is the
standard deviation of these 3 tests. Particle samples which were used to determine
the effect of particle size were all solid PMMA particles which contained no FM.
The solid particles tested measure 1600nm, 850nm and 150nm. It should be noted
that the stated friction coefficients for pure dodecane and dodecane saturated with
FM are for comparison only and contain no particles.
As expected, blending the FM into dodecane produces a friction coefficient
(0.0084 ± 0.003) lower than measured for the dodecane itself (0.139 ± 0.015).
At all particle concentrations tested the measured coefficient of friction is
higher than those measured for dodecane saturated with FM. The effect of changing
the concentration of solid particles used appears to follow no systematic trend. There
is little evidence in these samples that changing the concentration of particles used
has a significant effect on the friction measured. Particle size has a greater effect on
friction coefficient at higher particle concentrations and at the lowest particle
concentration (1wt%), in all samples, the friction coefficient measured is similar for
all three particle sizes, indicating that only a low concentration is necessary to
improve reliability and particle friction reduction regardless of particle size. As
stated previously, one of the desired characteristics for the synthesised particles in
this project was to produce particles as small as 100nm in order to make the particles
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deciding which particle size to incorporate.
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Figure 6-6. Friction coefficient (µ) during the last 30 minutes of the two hour tests,
error bars coloured for clarity. Pure dodecane (red (upper horizontal) line,
friction coefficient = 0.139, line is for comparison only, there are no particles
in this sample), dodecane containing 1600nm solid PMMA particles (purple
), dodecane containing 850nm solid PMMA particles (orange x), dodecane
containing 150nm solid PMMA particles (blue ●) and dodecane saturated with
FM (green (lower horizontal) line, friction coefficient = 0.084, line is for
comparison only, there are no particles in this sample).

Each sample was tested at the same particle concentrations but due to the
differing particles sizes each sample also contains a different number of particles.
Over the range studied, it seems that the number of particles in the system does not
have a direct effect on the friction coefficient measured, shown in Figure 6-7.
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Figure 6-7. Friction coefficient (µ) during the last 30 minutes of the two hour tests
versus number of particles in the sample. Pure dodecane (red (upper
horizontal) line, friction coefficient = 0.139, line is for comparison only, there
are no particles in this sample), dodecane containing 1600nm solid PMMA
particles (purple

), dodecane containing 850nm solid PMMA particles

(orange x), dodecane containing 150nm solid PMMA particles (blue ●) and
dodecane saturated with FM (green (lower horizontal) line, friction coefficient
= 0.084, line is for comparison only, there are no particles in this sample).

6.4 Effect of changing FM concentration encapsulated in particles

6.4.1 Friction

As seen in Figure 6-8 particles containing encapsulated FM have the potential
to reduce the measured coefficient of friction below that of dodecane fully saturated
with FM, which here represents the amount of FM which can be blended
traditionally. This suggests that a greater concentration of FM can be incorporated
into an oil when it is encapsulated within PMMA particles. The next stage of this

- 137 chapter is designed to study whether encapsulated greater amounts of FM can lead
to a corresponding decrease in friction coefficient. Particles were synthesized as
detailed in Chapter 4 using varying amounts of FM. It should be noted that the
concentration of FM changes as the concentration of particles changes.
For all samples containing particles with encapsulated FM tested the measured
coefficient of friction is lower than those measured for pure dodecane (0.139 ±
0.015). The effect of changing the concentration of particles used appears to follow
no systematic trend and once again there is little evidence in these samples that
changing the concentration of particles used has a significant effect on the friction
measured. For each particle sample the error is seen to decrease as the concentration
of particles decreases indicating that only a low concentration is necessary to
improve reliability and particle friction reduction.
The particles which contain the highest concentrations of FM encapsulated
within their core measured the lowest friction coefficients and in some cases reduced
the friction coefficient measured below those measured for dodecane fully saturated
with dodecane by traditional blending methods (0.0084 ± 0.003). It should be noted
that altering the particle concentration also alters the FM concentration within the
system directly. All of these samples have a FM concentration much higher than can
be blended by conventional means. When comparing the 3.5wt% and 14wt%
particle samples it can be seen that there has only been a small change in friction
meaning that only a relatively small concentration of particles is needed to reduce
friction. This is advantageous in terms of blending particles into a fully formulated
oil, as a lower concentration of particles will reduce the visibility of those particles
within the oil.
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Figure 6-8. Friction coefficient (µ) during the last 30 minutes of the two hour tests,
error bars coloured for clarity. Pure dodecane (red (upper horizontal) line,
friction coefficient = 0.139, line is for comparison only, there are no particles
in this sample), dodecane containing 1100nm ‘low’ FM loaded particles
(orange ●) (1wt% particles is equivalent to 0.1wt% FM. 3wt% particles =
0.2wt% FM. 7wt% particles = 0.4wt% FM and 14wt% = 0.7wt% FM),
dodecane containing 900nm ‘medium’ FM containing particles (purple x)
(1wt% particles = 0.1wt% FM. 3wt% particles = 0.4wt% FM. 7wt% particles
= 0.7wt% FM and 14wt% particles = 1.5wt% FM), dodecane containing
1100nm ‘high’ FM containing particles (blue ▲) (1wt% particles = 0.3wt%
FM. 3wt% particles = 0.8wt% FM. 7wt% particles = 1.5wt% FM and 14wt%
particles = 3.1wt% FM) and dodecane saturated with FM (green (lower
horizontal) line, friction coefficient = 0.084, line is for comparison only, there
are no particles in this sample).

The amount of FM encapsulated appears to have an influence on the friction
coefficient measured. Changing the concentration of particles produces a change in
the concentration of FM in the system being tested. As a consequence of this some
of the different samples tested in fact contained the same overall FM concentration.

- 139 Figure 6-9 shows the effect FM concentration has on the measured coefficient of
friction.
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Figure 6-9. Friction coefficient (µ) during the last 30 minutes of the two hour tests,
error bars coloured for clarity. Dodecane containing particles with
encapsulated FM. Particle concentrations correspond to the samples shown in
Figure 6-8.

The amount of FM encapsulated appears to have an influence on the friction
coefficient measured. Changing the concentration of particles produces a change in
the concentration of FM in the system being tested. As a consequence of this some
of the different samples tested contained the same overall FM concentration. Despite
these systems containing the same amount of FM those particles which contain the
most FM within their cores still measure the lowest friction coefficients. This again
shows that the number of particles does not have a direct effect on the friction
coefficient measured.
This shows that the inclusion of a low concentration of particles which contain
a high amount of encapsulated FM can produce lower coefficient of friction than a
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independent of the concentration of FM there is in the overall system. This suggests
that the delivery method of the FM may be dominated by the bursting of particles
and the quick delivery of FM where and when it is needed rather than the slow
leeching of FM from the particles over time as was the initial hypothesis.

6.4.2 Wear

Figure 6-10, shows the wear results obtained from particles containing
different concentration of FM encapsulated within their cores. Each result is the
average wear volume measured of three separate plates, carried out under identical
conditions.
At all particle concentrations measured the volume of wear was lower than
those measured in pure dodecane (~9.7 x 106 ± 4 x 105 µm3) and those of dodecane
fully saturated with FM (~5.9 x 106 ± 7x 105 µm3). The effect of changing the
concentration of particles, and thus the concentration of FM in the system, follows
no systematic trend. There appears to be little difference between particles
containing the various concentrations of FM and also little variance between
samples of different particle concentration. This suggests that while the organic
friction modifier being used may exhibit some mild antiwear properties, this has
reached a saturation point where the addition of further FM provides no advantage
to the wear reduction seen. Once again it can be seen that only a small amount of
these FM containing particles are needed in order to dramatically reduce the wear
volume.
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Figure 6-10. Wear volume (µm3) of the steel plates after the two-hour test period.
Pure dodecane (red horizontal line [~9.7 x 106]) (off y-axis scale), dodecane
containing ‘low’ FM particles (orange ●), dodecane containing ‘medium’ FM
particles (purple x) and dodecane containing ‘high’ FM particles (blue ▲).
Each plot is the average wear volume measured of three separate test plates,
carried out under identical conditions. It should be noted that the concentration
of friction modifier as the concentration of particles changes. FM
concentrations for each sample are as stated for Figure 6-8.

- 142 -

Chapter 7. Discussion

7.1 Introduction

Particles have been produced which can reduce the friction coefficient and
recorded wear associated with using a model oil, in this case dodecane, than is
possible through traditional blending techniques. This chapter will propose a
possible mechanism for the action of these particles and the release of FM from
within the core of these particles.

7.2 Particle optimisation

PMMA were synthesised controllably in a non-aqueous continuous phase via
a dispersion polymerisation. Solid PMMA particles were produced by the systematic
altering of the initial polymerisation mixture. This included changing the
concentration of monomer (MMA), stabiliser (PDMS-MA), initiator (AIBN)
respectively and then altering both the monomer and stabiliser together.
With the incorporation of a co-solvent into the initial polymerisation mixture
PMMA particles were created which had a polymer shell – liquid core morphology.
Size control of these particles was also investigated by changing the ratio of cosolvent to continuous phase in the initial polymerisation mixture. In doing this
control over particle size and polydispersity allowed for the synthesis of particles
below 100nm, which will be barely visible to the naked eye, and enable the
synthesis of larger particles (>1µm) capable of carrying large quantities of FM
within their cores and thus requiring fewer particles to be added to be blended into
the oil used. In addition to controlling the final particle size and concentration
blended into the final engine oil, particle visibility could be further improved by
matching the refractive indeces of the polymer being used and the oil. This would
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in Figure 7-1.

Figure 7-1. Demonstration of refractive index matching monitored with the use of
gridlines. A. Showing a polymer tube in air, with high distortion of the
gridlines, B. Polymer tube in a fluid which is a close refractive index match,
showing some distortion of the gridlines and C. Polymer tube in a refractive
index matched liquid, where no distortion of the gridlines is seen. Note:
distortion at the branch point in all samples is intentional in order to show the
position of the tube in the various liquids [179].

Particles produced were tested and optimised for the particular model system
and polymerisation method used in this project. Each part of the polymerisation
process and initial polymerisation mixture can be altered in order to produce
particles which may be suitable for incorporation into a base oil and eventually into
a fully formulated engine oil. Encapsulation of different additives, either inorganic
FMs (such as MoS2) or other additive types (for example antiwear) should be
possible via dispersion polymerisation as long as the co-solvent and continuous
phase used are immiscible and the additive is preferentially soluble in the co-solvent
rather than the continuous phase.
Dodecane samples which contained particles used in this project were shaken
and sonicated before TE77 testing in order to break apart and aggregates which may
have formed while in storage and to resuspend particles into the dodecane.
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stabilisers were used to prevent this from occurring. Settling may occur at certain
particle sizes due to the density of the particle compared to the density of the
dodecane it is in. To overcome the possibility of particles settling too quickly a cosolvent which has a similar density to the outer continuous phase could also be
considered. This would allow the particles to remain suspended in the oil for longer
without the need for shaking or stirring.
While the particles produced, oil used and additive encapsulated may all be
altered in order to optimise the final oil for the desired system, in this case the piston
ring and cylinder liner in an internal combustion engine, it should also be considered
that the FM-oil system presented here may be suitable for a different application, for
example in tribocontacts where one or more of the substrates is itself is a polymer.
This would eliminate any potential problems which may arise from polymer particle
debris collecting in the engine. Literature has shown that the incorporation of
polymer particles can be used in self healing systems to strengthen surfaces and
repair microscopic cracks in the substrate [98-101, 180-183].
Undisturbed particles will act as an FM reservoir, working in addition to the
FM blended into the continuous phase via traditional blending methods, releasing
FM from within their cores to replenish depleted FM from the continuous phase. It
has been determined that this leeching process can saturate fresh dodecane with FM
in 15 minutes or less. This indicated that the particles are capable of keeping the
additive concentration topped up efficiently.

7.3 Proposed mechanism of friction reduction

Literature suggests that when inorganic particles are used, either as an additive
or as a solid lubricant, a tribofilm is formed at the surface of the contacts or that the
particles can act as rolling bearings in order to physically separate the surfaces [42,
93, 102, 104, 105, 113-116, 184-188]. While a number of mechanisms of friction
reduction and wear reduction are proposed in these same works, care must be taken
in applying these to the particle system tested in this thesis. Mechanisms proposed in
literature are focused on metallic based nanoparticles with the majority working in
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particle concentrations [189, 190] lower than 0.1wt% to overcome the problem of
particle aggregation. A problem which is overcome in this study by the use of steric
stabilisers incorporated onto the particles surface.
In Chapter 6, it was shown that the addition of a relatively small
concentration of PMMA particles to dodecane is enough to dramatically reduce the
friction coefficient measured. Tribological test conditions chosen in this thesis were
designed to produce boundary lubrication. Particles were prevented from
aggregating by the incorporation of a polymeric based stabiliser (PDMS-MA) during
the synthesis of particles.

7.3.1 Scanning electron microscopy of the used steel plates

SEM testing of the steel plates, used during tribological testing, has been
carried out to determine the existence of a polymer film within the wear scar. When
exposed to the beam of electrons in electron microscopy PMMA will cross link and
become damaged, changing the appearance of the polymer. This phenomenon can
be advantageous in confirming the presence of a PMMA film; focusing the electron
beam in one area long enough for damage to occur to the polymer produces an area
which appears darker when compared to the area surrounding it. SEM analysis of
the plate showed the formation of these darker areas was possible inside the wear
scar all along the length of the scar but was not possible at any point outside of the
wear scar thus making it clear that a PMMA tribofilm is formed in the wear scar, but
not outside of it, during testing. The PMMA tribofilm only forms in the area of the
contact suggesting that the formation of this tribofilm is due to the action of the
contact. Formation of the PMMA tribofilm may account also for the wear reduction
seen in samples containing particles when compared to samples without particles.
Plots of friction coefficient versus particle concentration, both of solid particles
and those loaded with FM (Chapter 6), appeared to show a drop in friction
coefficient at two different particle concentrations (3.5wt% and 14wt%). This
suggests that there may be different friction reduction mechanisms taking place
dependent on the concentration of particles that are present in the dodecane.
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the formation of the tribofilm can be proposed. In the plates tested using pure
dodecane (0wt% particles) the direction of rubbing can be clearly seen. The plates
supplied have a known roughness which means that before testing is carried out
some scratches due to polishing can be seen on the surface of the plates. The
scratches present on the surface of the material before tribological testing can be
seen outside the wear scar but have been removed by the reciprocating action of the
pin moving across the surface of the plate creating the wear scar (Figure 7-2 and
Figure 7-3). Wear particles, characterised by their irregular shape and size, can be
seen across the plate. The majority of these wear particles are found near to the wear
scar.
At 1.5wt% solid particle concentration the film formed inside the wear scar is
not complete and intact particles can be seen outside the wear scar trapped in
scratches on the surface. This can be seen in Figure 7-4 and Figure 7-5
respectively. This process was also reported by Kao and Lin when using titanium
dioxide particles [106].

Figure 7-2. Scanning electron micrograph of outside the wear scar of steel plates
after tribological testing using pure dodecane (0wt% particles) as a lubricating
oil.
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Figure 7-3. Scanning electron micrograph of inside the wear scar of steel plates
after tribological testing using pure dodecane (0wt% particles) as a lubricating
oil.

Figure 7-4. Scanning electron micrographs of inside the wear scar after tribological
testing using dodecane containing 1.5wt% solid PMMA particles.
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Figure 7-5. Scanning electron micrographs of outside the wear scar after
tribological testing using dodecane containing 1.5wt% solid PMMA particles.

When 3.5wt% solid particles are tested a complete tribofilm forms, this is seen
by the disappearance of the polishing marks on the surface of the sample, and no
particles can be seen in the wear scar. This suggests that asperities on the surface
have been completely smoothed out by particles which have become trapped and
then broken in the contact and smoothed to produce a flat PMMA tribofilm.
When increasing the particle concentration up to 14wt%, a complete PMMA
tribofilm can be seen inside the wear scar and can be confirmed by systematic
damaging of the surface using the electron beam in SEM analysis. Outside of the
wear scar intact particles can be found across the surface (Figures 7-6 and Figure
7-7) but once again no damage can be casued to the surface by the electron beam as
no polymer tribofilm has formed here.
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Figure 7-6. Scanning electron micrographs of steel plates used in tribological testing
inside the wear scar (14wt% solid particles), polymer tribofilm can be
damaged by the electron beam.

Wear debris can be seen mixed with intact particles closer to the wear scar.
This suggests wear of the plate occurs before the formation of a polymer tribofilm
(Figure 7-8), further testing would need to be carried out in order to determine
whether this is indeed the case. The drop in friction coefficient at higher particle
concentration may therefore be due to the formation of a PMMA film working
alongside a further friction reducing mechanism deriving from these intact particles.
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Figure 7-7. Scanning electron micrographs of steel plates used in tribological testing
outside of the wear scar (14wt% particles), some particles remain on the
surface but no polymer tribofilm can be seen. Plates are rinsed with hexane
and dried at 40˚C for one week before testing by SEM.

Many theories have been suggested as to the mechanism taking place at higher
concentrations of particles, all of which focus on the physical separation of the two
sliding surfaces due to the action of the particles [104, 113, 184].
A number of studies of metallic nanoparticles suggest that a rolling mechanism
may be taking place alongside film formation [106], however this is unlikely to be
the case here as polymer particles will not have sufficient strength to support the
load applied.
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Figure 7-8. Scanning electron micrograph of steel plates after tribological testing.
Intact PMMA particles and wear debris found outside the wear scar.

7.3.2 Formation of polymer tribofilm

In all cases the addition of particles reduced both the friction coefficient and
measured wear volume when compared to both pure dodecane (0wt% particles) and
dodecane fully saturated with FM (0wt% particles). SEM analysis has confirmed the
formation of a polymer tribofilm within the wear scar. Similar mechanisms were
suggested, but not proven, for ZDDP coated metallic core nanoparticles by Li et al.
[191] and also bu Hu et al. [104] for lanthanum borate.
A schematic of the proposed action of the particles in the contact is shown in
Figure 7-9 below.
Section 6.4.1 shows that reduction of friction is linked to the amount of FM
encapsulated within the core of the particle being tested; those particles with higher
concentrations of FM encapsulated within the core exhibited the greatest decrease in
friction. This suggests that the delivery method of FM into the dodecane continuous
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FM to exactly where and when it is needed within the contact.

Figure 7-9. Proposed mechanism of friction and wear reduction in samples
containing solid particles.

Friction modifier layer

Figure 7-10. Proposed mechanism of friction and wear reduction in samples
containing FM-loaded particles. It should be noted that polymer tribofilm is
likely to form on both surfaces as is the FM layer.
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the action of the FM itself. The FM self assembles a tribolayer on the surface
through hydrogen bonding with the polymer film. Other FM molecules will align
head to head and tail to tail, dependent on the polarities of the uppermost layer of
FM, to form a protective multilayer characteristic or organic FMs. This multilayer,
which acts as a sacrificial layer, is removed by the action of the pin moving across
the surface of the plate, resulting in free FM in the dodecane continuous phase. This
FM then adheres onto the surface to reform the tribolayer which was removed,
shown in Figure 7-10.
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Chapter 8. Conclusions

8.1 Concluding remarks

This study has detailed work to synthesise and optimise poly(methyl
methacrylate) particles, produced via a dispersion polymerisation in a non-aqueous
continuous phase, and which with the addition of a co-solvent can be used to
encapsulate an organic friction modifier within a liquid core. Tribological testing of
these particles has been carried out to determine what affect the addition of these
particles to a model oil, in this case dodecane, has on the lubricating properties of
that oil.

It has been shown that solid PMMA particles can be synthesised with control
over the final particle size and polydispersity. This can be achieved by altering the
concentrations of the various components of the initial polymerisation mixture used
during polymerisation. Increasing the monomer (MMA) concentration in the initial
polymerisation mixture increases the size of PMMA particles produced. Increasing
the stabiliser (PDMS-MA) concentration leads to a decrease in particle size.
Increasing the initiator (AIBN) concentration also increases final particle size,
although the size change measured is less dramatic than when altering monomer or
stabiliser concentrations. The smallest particles were produced by combining the
effect of decreasing monomer concentration and increasing stabiliser concentration.
The particle yield can be increased, without altering the final particle size, by scaling
the initial polymerisation mixture to contain more monomer while keeping the ratio
of monomer to stabiliser constant.
Particles with a polymer shell-liquid core morphology have been produced by
the addition of co-solvent to the dispersion polymerisation mixture. Changing the
ratio of continuous phase to co-solvent can also control particle size however this
has some limitations due to the wall thickness of the particles produced.
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within the core of polymer particles by ensuring that the FM is preferentially soluble
in the core rather than in the continuous phase. Using a co-solvent in which the FM
is highly soluble gives the potential to increase the concentration of FM within the
particles, and in the oil, dramatically. Currently, formulated engine oils contain
about 0.3wt% of FM, this can be increased to at least 1 wt% by the addition of these
particles.
Particles have been synthesised which have the ability to act as an ‘additive
reservoir’, complementary to the amount of FM conventionally blended into the
finished engine oil, and thus keeping an equilibrium between the two environments.
A method of monitoring the release of FM from unbroken particles by HPLC
has been developed. Samples for this testing were obtained by centrifugation,
removal of supernatant liquid and then redispersing the particles in fresh dodecane.
This has shown that 85-88% of the FM added in the polymerisation stage is present
in the particle system after the removal of unreacted monomer and excess stabiliser.
It was found that 15 minutes was sufficient to saturate the fresh dodecane with FM
indicating that the particles can sufficiently keep the concentration of FM within the
dodecane topped up efficiently. The concentration of FM soluble in dodecane was
found to increase in the presence of particles; the cause of this needs further
clarification but, due to issues surrounding solubility, was determined to be outside
the scope of this project.

The effects of particle concentration, particle size, particle morphology and
concentration of encapsulated FM have all been investigated in this study. It has
been found that adding particles, either solid PMMA, PMMA with a methanol core
or PMMA with a methanol core containing encapsulated FM, can decrease the
friction coefficient below that of pure dodecane and in some cases can even decrease
the friction coefficient below those measured for dodecane which has been saturated
with FM via traditional blending methods. It has also been found that the addition of
particles, any type, can reduce the measured wear volumes when compared with
pure dodecane or the dodecane fully saturated with FM. The effects of friction and
wear reduction can be seen with the addition of only 1.5wt% concentration of
particles. This suggests that the delivery method of the FM may be dominated by the
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rather than the slow leeching of FM from the particles over time as was the initial
hypothesis.

A mechanism for friction and wear reduction has been proposed by analysis of
the steel plates which had been used in tribological testing by using SEM. When
exposed to an electron beam, such as that in scanning electron microscopy, PMMA
will cross-link and become damaged. This phenomenon has been used to confirm
the presence of a polymer tribofilm inside the wear scar. This damage cannot be
caused outside the wear scar indicating that the tribofilm is only formed by particles
being broken as they enter into the contact and therefore the polymer tribofilm
cannot be formed outside of the wear scar.

8.2 Suggestions for future work

In the process of this study some observations, which were deemed outside the
scope of the project, have been made and require further investigate to explain them
fully.
The concentration of FM measured in dodecane during the FM release study
was higher than should be soluble in dodecane by traditional blending. This may be
due to some limited solubility of methanol in dodecane. All data tables and literature
has stated the two are completely immiscible and over the course of this project it
has not been possibly to develop a method to test this. One possible method
investigated involves removing the desiccant from a standard desiccator and
replacing it with methanol. A beaker of dodecane would then be left in this
‘weticator’ for a week. This process has previously use by Infineum to add methanol
to base oil; after a month concentration of methanol was then measured using IR and
UV spectroscopy.
Ideally, a full evaluation of the proposed friction and wear reduction
mechanism should also be carried out. This includes, but is not limited to;
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A determination of the lowest particle concentration required in an oil in
order to reduce friction and wear.

•

Determinating when wear occurs in tribological testing.

•

Studying particles in different testing conditions.

An investigation of the lowest particle concentration which can be added to
dodecane to produce the desired decrease in friction and wear below measurements
seen for pure dodecane. It has been found that only 1.5wt% particle concentration
(with or without FM encapsulated) will decrease the friction and wear dramatically
but even lower concentrations should be investigated in order to find the optimum
concentration of particles to use. As previously stated one of the desired criteria
asked for by Lubrizol was that particles produced should not alter the current look of
fully formulated engine oils. The use of lower particle concentrations will reduce
visibility of particles in the oil improving the overall appearance of the oil.
Determining whether wear occurs on the plate before or after the formation of
a polymer tribofilm. It may be the case that the tribofilm forms then acts as a
sacrificial layer to protect the steel substrate from wear. Alternatively wear of the
plate may occur first and this is filled in with the polymer which then limits further
wear. Interferometry of the surface after testing could be carried out without
removal of the tribofilm then repeated after removal of the polymer from the
surface. The presence or absence of a wear scar after removing the tribofilm would
indicate at what point in testing wear a tribofilm is formed.
Testing of particles at different conditions to determine the optimum test
conditions for this system and what limitations and complications arise from the
addition of polymer particles into an engine oil. Current testing is carried out at 80˚C
in order to keep the PMMA under its glass transition temperature; this is below the
operating temperature of most engines and it is possible that particles may operate
differently if full engine testing was carried out. Testing of a range of operating
temperatures is possible with a TE77 tribometer. Carrying out testing of this variable
could be used to asses the suitability of particles in different systems. Examining the
effect of using different loading or frequency would also allow the optimum running
conditions of these particles in an engine. There are a wide range of tribometers
available which simulate the many varied types of tribological contacts present in
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determine the correct application in which the particles produced in this project
could be used. Particle composition, concentration and FM loading concentration
were all investigated in this project and the data collected here will be able to guide
the conditions used in future testing.
Tribological testing was carried out in this project over a two hour time period.
Longer tests should be carried out to determine the fate of the polymer particles and
FM over time. SEM imaging of plates after TE77 testing showed that, at higher
concentrations, some polymer particles remain intact after this time period. Carrying
out testing at longer periods would allow an analysis of whether all particles
eventually become consumed by the system or whether some remain intact and
continue acting as an ‘additive reservoir’.
Particles synthesised in this project have been able to release FM from
unbroken particles into fresh dodecane in as little as 15 minutes. This is another
aspect of which could be investigated and optimised dependant upon the system the
particles are to be used in. The testing carried out in this thesis shows that the
particles are capable of reducing friction and wear below that possible when pure
dodecane is used as a lubricating oil. If so desired the particles could be tuned to act
purely via the ‘additive reservoir’ mechanism by altering the synthesis and therefore
morphology of the particles. The creating of particles with thicker walls may retard
the leeching of FM from within the core into the depleted outer continuous phase.
Alternatively crosslinking of polymer chains in the particles may be used to achieve
the same effect. It should be noted that changing the morphology of the particles in
this way may alter the degree of polymer tribofilm formation which occurs during
testing. Again the testing presented in this project should be used to guide as to how
future testing should be carried out.

Particles have been optimised to encapsulate an organic friction modifier and
testing has been carried out to determine the effects of these particles on the
lubricating action of dodecane. It may be the case that the method of increasing
additive concentration presented here is better suited to different additives, or
different polymers or in tribological testing of the lubricating action of dodecane
with different substrates. Each of these could lead to a new test matrix surrounding
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morphology and additive loading have been determined.
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Appendix A
•

Antioxidants, as the name suggests, inhibit oxidation from occurring within the
oil [192]. Oxidation is defined as the loss of one or more electrons from a
chemical species and will take place more readily in high temperature, oxygen
rich conditions, such as those found in an engine, resulting in the formation of
acids. These acids can cause corrosion of metallic surfaces of engine
components leading to the decreased performance of the engine. As well as
increasing the overall acidity of the oil these acids can go on to react with other
species that may be within the oil and can lead to an increase the oil viscosity.
Antioxidants can prevent the effects of oxidation from occurring by either,
-

reacting with the oxidising agent so oxidation cannot occur or

-

reacting with the products to form less reactive compounds.

Antioxidants are commonly either organometallic based or organic, oil soluble
chemicals, these are typically phenol or amine based. Example antioxidant
structures are shown in Figure A-1.

Figure A-1. Common examples of antioxidant additives used in engine oil
formations.
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The pour point of an oil is measured as 3°C above the temperature at which the
oil will stop flowing [48]. Pour point depressants are added to lubricants in order
to lower the temperature of the pour point and allow the lubricant to flow at
lower temperatures. At low temperatures wax crystals can form in an oil and
once they form these crystals will then assemble in an end to end arrangement
which creates crystalline sheets in the oil. Pour point depressants are polymers
which can react at the growing edge of the wax crystals preventing the formation
of these wax crystals at too low a temperature. In doing this they allow the
formation of small wax crystals but sterically hinder the formation of larger wax
crystals which would inhibit the flow of the oil. Without the addition of pour
point depressants wax crystals over 100µm have been recorded. Pour point
depressants tend to have a comb polymer like structure, with side chains of
differing length; longer side chains are capable of reacting with the wax and
shorter side chains control the degree of these reactions [193].

•

Antiwear (AW) additives work under low to moderate loads and ambient
temperatures to reduce wear by forming a surface tribolayer on asperities. A
tribolayer is defined as the layer formed by the action of a sliding contact. This
type of additive is often closely linked to extreme pressure (EP) additives. As the
name suggests EP additives operate under more severe load, speed and
temperature conditions than AW additives. EPs therefore have to be able to
prevent more serious types of surface damage than AW additives [188, 194]. In
some cases additives can perform as an AW or EP additive dependent on the
conditions they are under at the time. Examples of this type of additive include
tricresyl phosphate and zinc dialkyldithiophosphate as shown in Figure A-2.
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Figure A-2. Example antiwear/extreme pressure additives.

•

During routine movements of the engine, the lubricating oil will be agitated and
as a result of this gas will become dissolved in the oil, and this gas can lead to
the production of a foam. The gases in the foams can cause oxidation of the oil
producing harmful species and increasing oil viscosity, and they can also cause
incomplete lubricant films to form between surfaces. To prevent foams from
forming and the problems associated with this foam formation anti-foaming
agents are added to the oil [195]. Surfactants are commonly used as anti-foaming
agents in order to decrease the surface tension between the oil/gas interface and
thus causing any bubbles formed to burst.

•

Detergents work in two ways; they neutralize any undesirable chemical species
present within the oil, such as acids and ketones, to form inorganic salts, they
then go on to act as a surfactant, suspending these salts in the oil, preventing the
deposition of salts on surfaces [196, 197] as shown in Figure A-3. The generic
formulae for detergent molecules are given in Figure A-4.

- 163 -

Figure A-3. Micellular action of detergents to suspend unwanted chemical species
found in oil [196].

Figure A-4. Generic structures of detergents molecules [196].

•

Dispersants play a similar key role to those of detergents in oils. The addition of
dispersants ensures that surfaces remain deposit free by keeping foreign particles
in the oil such as sludge, dirt and wear particles in suspension. Dispersants and
detergents differ by their chemical nature. While dispersants have a higher
molecular weight than detergents, they do not have the capability to neutralise
acidic species in the way detergents do and unlike detergents they contain no
metallic species [196].
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•

Viscosity index improvers are added to ensure that the viscosity of oil will
remain the same at high temperatures as it does at low temperatures. At higher
temperatures, such as those which can be found in engines, the viscosity of oil
will decrease; this can lead to an incomplete lubricant film between the surface
and their asperities, which in turn will lead to an increase in wear. Viscosity
index improvers tend to be straight chain, high molecular weight polymers such
as poly(methacrylate) or copolymers, for example olefin copolymer, both of
which are shown in Figure A-5, however recently star polymers have also been
used [198].

Figure A-5. Examples of viscosity index improvers.
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Appendix B

From the known amount of MMA and methanol added to the reaction vessel at
the start of the synthesis.
#$%&'( ))* + #$%&'( )(,- = .$/0% 1$%&'( $2 0%% 304/56%(7
Using the particle diameter, measured by DLS, it is possible to work out the
radius of one particle.
850'(/(4
= :0;5&7
2
This can then be used to work out the volume of one particle.
4 ?
>4 = #$%&'( $2 1 304/56%(
3
We now know the total volume of all the particles and the total volume of a
single particle and so can now work out the total number of polymer particles in the
system.
.$/0% 1$%&'( $2 0%% 304/56%(7
= A&'B(4 $2 304/56%(7
#$%&'( $2 1 304/56%(
It is now possible to calculate the volume of methanol which should be found
in the core of one particle.
#$%&'( $2 )(,= #$%&'( $2 )(,- 5C 1 304/56%(
A&'B(4 $2 304/56%(7

- 166 From this it is possible to calculate the radius of the methanol core of the
particle.
:0;5&7 $2 )(,- 6$4( 5C 1 304/56%( = D
E

#$%&'( $2 )(,- 5C 1 304/56%(
4
3>

The difference between the radius of the methanol core and the radius of the
measured particle will be the theoretical thickness of the PMMA shell.
:0;5&7 $2 1 304/56%( − :0;5&7 $2 /ℎ( )(,- 6$4( $2 1 304/56%(
= .ℎ($4(/560% 7ℎ(%% /ℎ56HC(77
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Appendix C
Rhelogical data is presented here demonstrating the role of the particles used
in this project on the viscosity of dodecane. Viscosity testing was carried out using a
Malvern Kinexus Pro running the Malvern rSpace software. Pure dodecane and
dodecane with particles which have a methanol core at 14wt% particles
concentration were tested. In liquids containing particles viscosity varies with the
concentration of particles in suspension and the size of those particles. In samples
containing larger particles or high concentrations of particles there will be a greater
number of interactions between the particles and this will therefore increase the
viscosity of the liquid. Particles chosen for this testing were 1600nm in diameter;
these were the largest particles used in TE77 testing. In demonstrating that particles
of this size have no effect on the viscosity of the pure dodecane it can be confirmed
that the particles used in this project do not alter the viscosity and therefore the
lubrication regime under which the samples are being tested. The particle
concentrations chosen in these rheometry tests were chosen as the highest and
lowest particles concentrations which were tested using the TE77. Showing that the
particles concentration is also not sufficiently high to alter the recorded viscosity of
the dodecane.
Samples were tested at a constant temperature of 80˚C, the same temperature
as TE77 testing which was chosen to be below the glass transition temperature of the
PMMA polymer, at differing shear rates. This is shown on the below in Figure C-1.
It can be seen that pure dodecane and the dodecane containing particles
showed very little difference in viscosity and were within error of each other. The
samples of dodecane containing particles were at the highest concentration and the
largest particles tested in tribological testing. Knowing the behaviour of particles
and how they can alter the viscosity of a liquid, dependant on size and concentration
of the particles used, it can be concluded that the samples containing smaller
particles and those samples containing lower concentrations should not alter
dodecane viscosity.
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Figure C-1. Steady state viscosity at different shear stresses (Pa) at 80˚C. Pure
dodecane (blue ♦), dodecane containing 1600nm particles with a methanol
core (red ).
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