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Abstract

Lubricants within an engine perform the importaagkis of increasing engine
efficiency and lifetime of parts, dissipating heaid decreasing fuel consumption.
To help lubricating engine oils perform to the bafstheir ability different chemical
additives are blended into the oil; the amountadidves added is dictated by the

respective solubilities and the nature of any axtgons between different additives.

Using a technology already utilised in the pharmécal, food and dye
industries this work presented in this thesis amnscrease the concentration of one
particular additive, a friction modifier (FM), witthh a model oil. Monodisperse
poly(methyl methacrylate) (PMMA) particles have beefficiently producedvia
dispersion polymerisation in a non-aqueous contisuphase and, through the
incorporation of a co-solvent within the particlere, the encapsulation of FM inside

these particles has been demonstrated.

Work has been carried out to determine the factdmech can be used to
reproducibly synthesise particles to a desiralie sind degree of polydispersity.
The storage and release of FM from the particlee aghen it is required is an
important consideration in the action of theseiplad. The rate of release from the
core of particles has been studied to demonstnatahility of these particles to act

as a FM reservoir, replenishing the additive @s donsumed.

An investigation of the action of particles proddicevith and without FM
encapsulated, on the tribological behaviour of dade has been carried out using a
TE77 Cameron Plint tribometer. Analysis of the tidn and wear results is
presented here and a possible mechanism for thenact the particles in the
tribological testing has also been suggested.
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Please note chemical formulae are not includingimlist;

Semiaxis of the contact ellipse in the transverse

a direction

A Exposed shell surface area

AIBN Azobisisobutyronitrile

AlSI 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
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Gel permeation chromatography
Partition coefficient

Hdrodynamic lubrication

Minimum film thickness

High performance liquid chromatography
Hardness

Hertz

Infrared

Ellipticity parameter

Liquid chromatography — mass spectroscopy
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Methanol
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Methyl methacrylate

Molybdenum dialkyldithiocarbamate
Newton
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Organic friction modifier

Polydispersity index

Poly(dimethyl siloxane)

Methacrylate terminated poly(dimethyl sibme)
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Reduced radius of curvature

Surface roughness
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Refractive index

Revolutions per minute

Sulphated ash, phosphorus, sulphur
Selective catalytic reduction
Scanning electron microscopy
Transmission electron microscopy
Tetrahydrofuran

Entraining surface velocity
Ultraviolet
Viscosity Index

Contact load

With respect to

Weight percent

Zinc dialkyldithiophosphate
Pressure viscosity coefficient
Viscosity at atmospheric pressure of the lubricant
Diameter

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 fuelad irs overcoming the
frictional forces within an engine, with as littks 12% of the total energy being used
to drive the wheels, with the exact breakdownsheké figures being proposed by
different authors [1-4]. The main energy losses ipassenger car were detailed by

Holmberget al.in 2012 are shown below Figure 1-1

Pressure to increase the fuel economy of passevejacles, lower the
emissions and increase the lifetime of engine paats been growing over recent

years and has driven the development of new engaiologies and lubricants [5].

EXHAUST
33%
Useless
energy
losses 108l
energy
FUEL COOLING losses
ENERGY 299,
100%
ENGINE
11.5%
MECHA- FRICTION P
NICAL =) | LOSSEs = == }-----
POWER 33% ROLLING ENERGY
38% RESIST. 11.5% |:> TO MOVE
______ BRAKES 5% THE CAR
AIR DRAG 5% AIR DRAG 5% 21.5%

Figure 1-1. Breakdown of energy losses within a passengerasareported by
Holmberget al.[3].

To help engine oils and engines perform to the bésheir ability different
chemical compounds are blended into the oil. Treeee many different types of
additives which are used, these can function eitbeenhance the lubricating
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performance of the base oil being used or to ptdtez metallic surfaces of the
engine from chemical, thermal or mechanical dedreda6-9]. At present the
amount of each additive which can be blended int@ragine oil is dictated by the
solubility of each individual additive into thatl@nd desire to balance and control
additive-additive interactions [10-14]. As stricteegulations regarding engine
exhaust emissions (including, but not limited td).Gmass (mg/Km), NQ mass
(mg/Km) and particlulate mass (mg/Km)) are laidvdd15], new technologies are
being developed to help meet these regulationsrder to do this and to help new
technologies perform correctly new additives anbrikant packages must be
developed [16, 17]. One such consideration is thgentowards lubricant additive
packages with contain less sulphated ash (for ebardp, Mo, Mg containing
additives), phosphorus and sulphur (SAPS), all bictv have a negative impact on

the operation of new components designed to regremnhouse gas emissions.

Here, the use of microencapsulation to increasecthrecentration of one
engine oil additive, in this case the organic foctmodifier (FM) stearamide, which
can be blended into an engine oil is described.AMeaused, as well as the particles
synthesised, all meet with low SAPS requirementsinga them suitable for

incorporation into future additive packages.

1.2 Microencapsulation as an additive reservoir irengines

The use of microencapsulation has been detailadnide variety of industries
including the pharmaceutical, food and dye indast&damong many others and as
such has been widely studied [18-20]. Reasons foroencapsulation can therefore
be quite varied and include; protection of the dooen chemical reaction, oxidation
or degradation, protection from harsh environmemtso allow the targeted and
controlled release of a substance from the coeeprticle over a given time period
or under specific conditions (i.e. temperature, giel) [21]. The particles prepared
here are designed to act as an ‘additive reserwgdirth will replenish the additive

concentration in the oil as it is consumed.

Currently, formulated engine oils contain about@% of FM; this figure was

provided by Lubrizol and is based on their curréypjcal, fully formulated engine
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oil. Using microencapsulation, the aiof this project has been increase this
amount to at least 1wi FM. Microencapsulated FM would ideally be used a:
‘additive reservoir’, complementary to the amouhtFd/ conventionally blende
into the finished engine «which is being usedrigure 1-2 show: schematically the
proposed mechanism of the FM release " within the core othe particles into the

surrounding oil.

Co-solvent core
with FM
dissolved o

FM is FM slowly diffuses out
encapsulated within a of an area of high concentration (inside
polymer particle the particle) to an area of low

concentration (outside the particle).

Figure 1-2.Propose mechanism of FM release from unbroken part.

Particles have a core shell morphology; being cisedr of apoly(methyl
methacrylate) (PMMA) shell and a methanol ligicore. FM is dissolved i
methanol before synthesis and incorporated intoctite of the final particle as
has preferential solubility in the methanol-solvent rather than the dodec:

continuous phase.

As FM dissolvedconventionally in the oil is dégted, FM from inside th
polymer particle will diffuse out of the particleaé maintain an equilibrium betwe:

the two environment

The PMMA shell of these microcapsules will alsoveeto protect the FN
from possible additiv-additive interactions thahay occur. While in this proje:

only one type of additive, the FM, is present ia thodel oil, dodecane, this will |
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an important consideration when using this techgylim fully formulated engine

oils in the future.

1.3 Aims and objectives of the study

In this study microencapsulation has been used with overall aim of
increasing the amount of organic FM which can entéd into an engine oil. The

work focuses on the following objectives (in italc

* Development of an efficient method of synthesisimanodisperse PMMA
particles The method used should ideally be suitable fanayal scale up
and be applicable to use in fully formulated engiieThis will be achieved
via a dispersion polymerisation in a non-aqueous nantis phase.

* The development of particles containing encapsdl&i®l within the core of
the particlewith the eventual aim of increasing the amounEdIf which can
be blended into a finished, fully formulated engoike Encapsulation of FM
in particlesvia dispersion polymerisation using a suitable co-saiweill be
shown.

* Reproducible particle synthesis to a desirable siazed degree of
polydispersity. Ideally particles should be capable of containengarge
amount of FM while not changing the final appeaeantthe oil. One of the
criteria stipulated by Lubrizol was that any pdescused should not be
noticeable to the customer and the final appearaficany oil containing
these particles should not differ from those cuiyeavailable. While larger
particles will be capable of carrying large amouwnit$M they may however
be visible to the naked eye. Reduction of parsie towards 100nm reduces
the visibility of particles thus making the finalgoluct more desirable to the
customer. It will be the role of the formulatordboose the optimum particle
size and concentration when blending fully formedaengine oils containing
these particles. To make this process easier astigation has been carried
out to determine the factors which can be usedotdral the final particle
size and polydispersity.

» To facilitate within the particle the storage of Fiid release the FM from the

particle corewhen it is required. The rate of release of FMrfraithin the
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particles will be studied to demonstrate the cdpglnf particles to act as a
FM reservoir, replenishing the additive as it imm&omed within a model
tribological system.

» Determination of the effect of the particles progldion the lubricating action
of a model oil.Using dodecane as a model oil the effect of partgike
(between 130nm — 1uén), composition (solid PMMA particles, PMMA
particles with a methanol core and PMMA particleshwa methanol core
which contain encapsulated FM), particle conceiuma(between 1wt% and
14wt%) and FM loading (0.1wt% in the total systemm3t1wt% in the total
system) on the friction and wear measured when code is used as the

lubricating oil in tribological testing.

1.4 Thesis chapter outline

The chapters in this thesis will firstly look aetholymerisation of PMMA and
the analysis of the polymer particles synthesibediore moving onto the testing of

these patrticles tribologically.

Chapter two covers the background literature regarding trigglowith
particular focus on the action of organic frictiorodifiers as engine oil additives.
The second half of this chapter is concerned wiledogeneous polymerisation
techniques which can be used to encapsulate aspizeies with a suitable polymer
particle. This goes on to be discussed in detaiéiation to microencapsulatiomna

dispersion polymerisation in a non-aqueous solvent.

Particle characterisation techniques which aretivelao this thesis will be
discussed irChapter three. This includes a brief overview of the methodolagy
the techniques used to image and characterise dtieles produced, testing the
tribological effect of particles synthesised on thetion reducing action of
dodecane and the analysis of the steel platesingbis tribological testing.

Chapter four details the synthesis of PMMA particles which hdween
stabilised with a PDMS-MA steric stabilisgra a dispersion polymerisation in a
dodecane continuous phase. This goes on to loak @rticle size study which

investigates the possibility of controlling finahmicle size and polydispersity by
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varying the concentration of monomer, stabiliseitjator and co-solvent used in the

initial polymerisation mixture.

Presented ilChapter five is a FM release study which aims to investigaée th
rate of diffusion of FM from within the core of umdien particles into fresh
dodecane occurring due to the concentration gradietime system. This will show
the potential of particles to replenish an oil & &utside of the patrticles, which is
dissolved in the oll, is depleted. It will also denstrate that an oil containing these
particles will be stable whilst in storage and thit will not be released into the oll
as a function of time, i.e. once the oil is satenlaEM will prefentially remain in the

core of the particle rather than in the surroundiihgse.

Chapter six investigates the effect of particles on the trigidal properties of
dodecane. This work compares the friction redu@ngd wear reduction properties
of pure dodecane and dodecane which has beenidredly blended with FM to
samples of dodecane containing solid PMMA particleMMA particles with
methanol liquid cores, and PMMA particles with neethl liquid cores which
contain the encapsulated FM. This work will alsokaat the effect of changing
particle concentration, changing particle sizefipl@ composition, and FM loading

of the particles on the friction coefficient andaweneasured.

A discussion of the main results obtained in gire@hapter seven This will
include a mechanism for the action of the polymartiples in tribological testing
based upon literature available and presents SEWsia of the steel plates used in

tribological testing in order to support this.

The main conclusions of the work are givenGhapter 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 literaturdeeant to this project. This
will initially focus on engine tribology, the usd tubricants and details of the
various types of lubricant additives which can band within a fully formulated
engine oil. The literature will then focus on atmandar type of additive, the organic

friction modifier (FM), as this is the class of ade which is used in this project.

In the second part of this literature review théypwrisation of poly(methyl
methacrylate) (PMMA) is detailed and the main mdthoof heterogeneous

polymerisation are presented.

Lastly the use of nanoparticles, microparticles androencapsulation in
lubrication applications is discussed.

2.2 Tribology

The word ‘tribology’ is derived from the Greek roebrds ‘tribos’, meaning
‘to rub’, and ‘logia’, meaning ‘to study’ and caiterally be defined as the study of
friction, lubrication and wear between interactisgrfaces in relative motion. In
1966 the word tribology was first used in a repalich was written by a committee
headed by Professor H. Peter Jost, given to thdedriKingdom government,
detailing the importance of education and researtth lubrication and the impact
this would have upon industry. The ‘Jost Reportineated that, in the United
Kingdom alone, the potential savings that could fa&de from a better
understanding of tribological principles would tof®15 million per annum(£8.1
billion, adjusted for inflation) and more recentias been estimated at over $40

billion per annunscaling up to become $1 trilligmer annumworldwide [1, 3, 22].
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This calculation was based on the loses in passeage only and does not take into
account frictional losses found in other types oflise or mechanical systems. It
should also be noted that these calculations wasedon a total of 850 million
passenger cars worldwide, while in 2011 the actuahber was estimated to have

increased to 1.015 billion passenger vehicles [23].

Today tribology is applied to many areas of scieacd engineering, can be
studied in relation to a broad range of topics ahg to the interdisciplinary nature
of tribology, can have many overlaps between teasof interest [24, 25]. There
are also many instances in everyday life wherelwipy is encountered. In the 2009
paper “A Tribological Day” Dowson [26] details th#&ibological processes
encountered by people each day; from waking up geiting dressed through to
travelling to work and the interactions occurringieeen surfaces which allow life

to continue as normal.
Examples of industries where tribology is of instr@clude,

* Computing — inside a modern day computer the iaterfoetween the head and
disk in a hard drive must remain narrow enough (gbto enable the disk to be
read and recorded on by the head, allow the higledmf the disk while in
operation and to reduce the possibility of contatiom [27, 28]. While outside
the computer casing the user interface can beestualy tribologsts in the form
of contacts between the computer and it's useexample of this would be the
contact between skin and touch pad [29].

» Health — heart valves [30], contact lenses [31] aybvial joints, both ‘real’
and artificial [32], are all topics that are cowkrby biotribology which is
concerned with friction, lubrication and wear withiiological systems.

» Beauty — teeth brushing, hair combing and shavary al be studied with the
aim of better understanding the interactions of &osnand their surroundings
[26, 33].

» Sport — once again this may have overlaps withratitstries, the interactions
between a tennis ball and racket, snow and a s#i arswimmer and the
surrounding water can all be encompassed by tlkedfdribology [34, 35].

» Space — the components within spacecrafts mudblee@operate for long time
periods between servicing. These parts and théchriis used must be able to
withstand a wide range of conditions as they opevatearth, through launch, in

space and, if necessary upon re-entry [36].
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* Automotive — a four stroke internal combustion @egishown inFigure 2-1,
has many moving components each of which have @adsdcfrictional losses
within an engine, for example, from the bearingsnfh in the gearbox, between

cams and followers and between cylinder linersgatbn rings.

Internal combustion engine
Camshaft
Intake Comprcsaion Combustion Exhaust bcarmg#bush

Camshaft

Small end
bush _|
i Connecting

:/’ rod

Flywheel | |

Cylinder
block

=

Main bearings Connecting rod bearings Main bearings
www substech.com

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

Tribological losses within a car engine are of ipatar interest within the
work presented here where the overall aim is teeligya method of increasing the
concentration of a FM in a fully formulated engimie[5]. In this project the action

of the piston moving within the cylinder will be whelled.

2.2.1 Lubrication and lubricant additives

In an engine the large number of moving parts &ednany contacts between
surfaces mean that a large amount of friction isegated. This friction may be
beneficial or detrimental depending on the situatidere it occurs. For example in
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the brakes of a car it is beneficial to increase dmount of friction between the
brake pads and the brake discs in order to slowcéineHowever in other working
parts of an automotive engine, such as inside tiggnes cylinders, the desired
effect is to decrease the friction between the mgarts thus reducing the energy
used up and lost in overcoming that friction. Wifigetion occurs here, it decreases
the efficiency of the engine through the loss oiekic energy as heat and it can also
cause catastrophic wear of the rubbing parts, agaiting to a loss of efficiency
and may lead to the ultimate failure of the engiads. Lowering friction and wear
by the use of the correct lubrication increaseseffieiency of the engine, increases
the lifetime of engine parts and decreases fuetwmption [38] and each of these

factors in turn leads to an economic saving touses.

The many bearings and other moving parts within ¢hgine all generate
friction which needs to be lowered in order to m®tvenergy being wasted as heat
and to stop wear of the parts. To prevent the geioer of friction coatings can be
applied to the surfaces of the engine, or lubricamt be added to the engine in the
form of oils or greases. The addition of lubricareduces wear between parts and
allows the heat generated to be dissipated thrthebulk of the oil. Due to the fact
that different parts of the engine operate undfemnt loads, and as such operate
under different lubrication regimes (detailedSection 2.2.2, any lubricant used
must be able to operate under many different camdit The design of a lubricant
which can satisfy the demands of each moving padlves some compromise over
the properties of that lubricant, and this is wtiet addition of lubricant additives
aims to tackle.

To help the lubricating oils and engines perforntte best of their ability,
different chemical compounds are blended into thelfbese chemical additives can
function either to enhance the lubricating perfanoeaof 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,oalivhich act to improve

lubrication, each additive achieving this in difat ways. Some of the main
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additive categories, the applications and mode paration of these additives, as

well as some examples of their structure can bedonAppendix A.

2.2.2 Lubrication regimes

The lubrication regime of an oil describes thekhess of the fluid film found
between the moving components of a system. ThebeSki curve plots the
relationship between the coefficient of friction) @nd the thickness of the lubricant

film formed @.). This is demonstrated Figure 2-2

1) Mixed
lubrication
h—_/i
\--sf-’ “\;—Q_—-
i i ¥ e

[I1) Hydrodynamic
lubrication

I) Boundary
lubrication

Friction coefficient (p)

Pl
!

2
\

<>
=

Film Thickness (h)

Velocity x Viscosity
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Figure 2-2The Stribeck curve (red), showing the coefficieftfriction (1) as a
function of lubricant viscosity multiplied by shes&elocity divided by the
applied load. Also shown here by the blue linehs torresponding film

thickness (h) found in each of the lubrication negs [39].

In the hydrodynamic (HL) or full film lubricatioregime a complete layer of
lubricant is present between the two surfaces dueitcous entrainment. The
asperities on the surfaces are completely sepanateld friction coefficient may be

expected to drop in this situation this is not tase due to shear stresses arising
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between the surfaces and the liquid it and so instead friction increa:. This
complete segration of surfaces is shown iFigure 2-3 where he lubricant
compressed between the surfaces is sufficientgpasta load due to the amount
pressure createdln some versions of the Stribeck curve the elagttoddynamic
lubrication (EHL) regimeis also included, here surfaces are separated thet
physical phenomena such as elastic deformatiohestrface can be found, this
makes characterisation of the film and propertiesof the film much more
complex Under these conditions where le is a full lubricant film formatioA > 3.
Friction coefficients measured in systems operatintis lubrication regime can |
reduced below 0.00[40].

=

e

Figure 2-3.In the tydrodynamic lubrication regime, both surfaces @masated b

a complete fluid layer. Direion of surface movement shown bythe arrows.

The mixed lukication regime occursbetween EHL/HL and bounda
lubrication regimes. During mixed lubricat the surfaces are separated by a fl
film and there is negligiblcontact between aspees on opposing surfac (1.2 >A
> 3), as shown ifrigure 2-4. Thisregime tends to be found in low speed, high |

conditions.
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I

Figure 2-4. Mixed lubrication regime where surfaces are sdpdray a lubricant

film and there are few asperity contacts. Directiminsurface movement

indicated by the arrows.

Boundary lubrication forms under high load, lowodsity and low velocity
conditions and leads to a large amount of fricti@ing generated due to the high
number of asperity-asperity contacts € 1.2). This condition is true when the
roughness of the surface asperities is greaterttiethickness of the lubricant film
formed. This is shown below iRigure 2-5. These points of contact cause some of
the asperities to break off as stick-slip mechamisneccur [41-43]. Boundary
lubrication also encompasses the study of chemgeadtions at the surface, such as
those cited by Gates and Hsu [44] detailing theat$f of sulphonate, phenate and
salicylate based compounds upon the tribofilms &mfmat the surface under
boundary conditions. The formation of tribofilmsampthe surface is caused by the
high temperatures found at the asperities when tlo@ye into contact and can be
controlled by regulating the formulation of the &asl or the chemical additives
which are blended into it. The generation of trilm$ at the surface for the purpose
of friction modification tend to be sacrificial inature, designed to protect the

surface from the shear stresses caused by the neov@fthe components [45].

The different lubrication regimes and where thep & found in different
components of an internal combustion engine arevshio a modified Stribeck

curve inFigure 2-6.



Figure 2-5. Asperity-asperity contact under boundary lubrication. Dimettof
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hydrodynamic) formed under different film thicknes[1].
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Film thickness ratio is expressed as follows:

hmin
= (Rms?(Rms,)2)08

Where,
A = film thickness ratio
hmin = minimum film thickness

Rms = Root mean squared surface roughness (ofseafette respectively)

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

0.68 -0.073
Prmin -3.63 (%) ((xE')O'49( W ) (1_e-0.68k)

R’ E'R®

Where,

hmin = Minimum film thickness

R’ = reduced radius of curvature (m)

U = entraining surface velocity (m/s)

No = Viscosity at atmospheric pressure of the lulti¢Ra)
E’ = reduced Young’'s modulus (Pa)

o = pressure ~ viscosity coefficient {N)

W = contact load (N)

k = ellipticity parameter defined as:

(k = a/b where; a = semiaxis of the contact ellipséhe transverse direction
(m) and b = the semiaxis in the direction of motjor))
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2.2.3 Friction modifiers

FMs are a class of additive which are blended fully formulated engine oils
and act by forming a protective layer over the atefof the substrate. The function
of adding a friction modifier (FM) is to reducedtion between two surfaces when
they are under conditions where a full liquid filras not formed between the sliding
surfaces, these conditions are known as boundhbrication conditions. These FMs
can be inorganic species, such as molybdenum disi@pwhich react directly with
the surface atomgyr organic molecules species, such as oleylamidglyaerol
mono-oleate (GMO)Kigure 2-7), which form adsorbed layers upon the surface.

0]

HzN\)I\/\/\/\/W

(£)-1-aminononadec-10-en-2-one
(Oleylamide)

Jooe— e
HO/Y\O

OH

Glycerol mono-oleate (GMO)

Figure 2-7.Examples of organic friction modifiers for useeingine oils.

Organic friction modifiers, such as the one usethis project, were discussed
further inSection 2.2.3.1.

In molybdenum disulphide, an inorganic friction nfe, a protective layer is
formed over a metallic surface, lubricity is due ttee crystalline nature of the
structure. Strong covalent bonds form within eayet of the Mo% however the
bonds between the layers are weak with Van der $V&aices being present
between the sulphur atoms of each layer. Theseewdrinds allow the layers to be

sheared apart leading to a reduction in frictio8][4 his formation of a sacrificial
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layer is common amongst inorganic friction modgieThe bond lengths of M@S

are shown irFigure 2-8.

| 154A
1.54 A

3.08A

1.54 A

1.54 A

3.08A

a=3.15A c=12.30A
o Sulfer atom . Molyvbdenum atom

Figure 2-8. An example of an inorganic friction modifier, mblyenum disulphide,

and the layered structure it forms [47].

The FM supplied by Lubrizol is an organic type FMhich the following
literature review will now focus on. Analysis ofettFM provided by Lubrizol is
detailed inChapter 4.

2.2.3.1 Organic friction modifiers

Organic FM molecules, such as those showirigure 2-7, contain a polar
head group region and a non-polar tail region [#8 polar head group is attracted
to the surface of metallic substrates through hyenobonding. The polar head
groups become anchored to the surface creatingnalmeer while the non-polar tail
of each molecule remains solubilised in the lultnngaoil and aligns perpendicular
to the surface. These tail portions are held icglaext to each other by weak Van
der Waals forces, and the head groups remain higge cby dipole-dipole
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interactions, combined these forces provide theils&ation required to from a thin
film on the metal surface, the forces involved amalecular orientation are shown
in Figure 2-9.

Many layers are then formed on top of this initegler in a head-head tail-tail
arrangement as shown kgure 2-9. It should also be noted that this is the ideal
stacking situation and in reality there may alsosbme entanglement between the
non-polar chains the degree of which will be dependn the length of the chain
itself. The alignment of the chains in these Fiela makes compression difficult
while the ease at which the bonds between thesedaye broken makes shearing of
the chains occur when surfaces move parallel tdatyer. The layers are also easily
reformed meaning that there is always a protecteerificial FM layer upon the
surface of the metal which can provide lower faotand prevent wear [45, 49].

Van der Waals forces

——

NON-POLAR
REGION

Dipole-
Dipole
interactions
POLAR
REGION
Hydrogen
bonding H

Figure 2-9.Nature of the bonding at the substrate surfacedstwnolecules of

stearamide (left) and the organic multilayer forima{right).
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A study by Castle and Bovington [50], where carboxscid based FMs with
saturated, straight chain hydrocarbons are to led ts lubricate surfaces, it was
found that the length of the hydrocarbon chain éakrect effect on the molecules
friction reducing properties. Increasing the lengttthe hydrocarbon chain portion
of the friction modifier being used decreased tieibn coefficient, which is shown
in Figure 2-1Q Straight, fully saturated chains were found to dagerior to
unsaturated chains in terms of friction reductidhis is most likely due to the
double bonds in unsaturated species hinderingrfreeements of the chain. They
are also less stable than fully saturated chaidscan react with other additives or
contaminants in the oil. A patent by Landry-Coltrat al. [51] similarly describes
the formation of stearamide coatings in lubricatiagers. In it they state that the
ideal length of the non-polar chain portion, of FMgh the general formula R-
CONH;, is between 16 to 22 carbons in length.

013 |

0.12 o 0.1 mass%
0.11 ¥ 1 mass%
0.10
0.09
0.08
0.07
0.06

0.05 + - Ty Py 1|
Lauric Palmitic Arachidic Lignoceric

C,. C
(C:a) Myristic (C1o) Stearic (Cao) Behenic (Cad)

(Cya) (Cya) (Cy)

Boundary friction coefficient

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

In an engine, the lubricant is repeatedly exposetigh temperature and so
additives in the lubricant need to be stable endighot lose functionality under

these conditions. Temperature is an important demnation in the testing of the
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effectiveness of an FM, for example desorptionh&f EM from the metal surface
occurs at higher temperatures destroying the layhish have been created. The
process of FM decomposition is an exothermic podbis again defines the need
for strict temperature control in the testing aadrout in this project. However the
breakdown of the molecule is not a factor in hofectfve the additive is at friction
reduction. This characteristic is useful as it shdlat the activity of the FM will not
be destroyed by the polymerisation processes thidbevused in this project during
the encapsulation of FM. In the book Lubricant Adis Chemistry and
Applications, Kenbeck and Bunemann [52] presentigaré showing how the
friction coefficient of different organic frictiomodifiers is effected by changing the
operating temperatures during testing. Optimum wwgrktemperatures for FM
action during a low speed (0.03 m/s) pin-on-digmoineter test are shown kigure
2-11 The increase in friction coefficient with incré@ag temperature is linked to the
viscosity of the lubricant; at higher temperatutles viscosity of the oil decreases
and the oil becomes less able to support the appdiad i.e. the film thickness
decreases. As seen earlier in this section, theedse in film thickness leads to a

greater number of asperity-asperity contacts aecktbre an increase in friction.

e —— ==
0.10 ﬁ‘\'\
R

0.09 4 .

Friction coefficient f (-)
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006 T T T T T T T T T
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Temperature (°C)

‘ —+—RL 179/2 ——+ 0.5% GMO —— + 0.5% OFM A —@—+ 0.5% Oleylamide ‘

Figure 2-11 Coefficient of friction of reference oil RL 179(bntaining different
organic FMs (GMO, ‘OFM A’ and oleylamide) at difeart temperatures [52].
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Testing conditions used in this project@mapter 6 were chosen with this in
mind. TE77 tests were carried out at 80°C in otdeoptimise the performance of
the FM while keeping below the glass transition gemature 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 engitein order to try and
overcome all the problems associated with formogaé lubricating oil for different
conditions. However adding additives provides aeothrea for formulators to
consider in the form of additive-additive interacis, which may be antagonistic or
synergetic. One review of additive-additive intgians by Spikes [10] summarised

known interactions at the time, the results of #rsreproduced ihable 2-1

Table 2-1. Antagonistic and synergetic additive-additive iatg¢ions. Red =

antagonistic effect. Blue = synergic effect [10].
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This article is now over 20 years old and many ae\itives have since been
developed. For every new additive developed newiassuon the additive-additive

interactions need to be carried out.

The majority of literature looking at the additiadditive interactions of FMs
has focused on interactions involving inorganic FRMch as the interaction between
molybdenum dialkyldithiocarbamate (MoDTC) [54], a&lWwknown FM, and zinc
dialkyldithiophosphate (ZDDP) [11, 55], a common Aadditive.

There are few examples of additive-additive inteoss concentrating on
organic FM. One of the reasons for encapsulatirgg FM is to minimise the
potential of negative additive-additive interacgoaccurring as well as to ensure
that the concentration of FM in the oil is greabegh to overcome competition
from other surface active species. As previousintmaed organic FMs function by
forming a protective, sacrificial layer on the sund of substrates but in some cases
there is a competition for the surface betweenRReand other additives which

functionvia a similar mechanism.

* Extreme pressure — friction modifier

EP additives also function by forming a surfaceelayor tribolayer, on
asperities, leading to a competition between the additives. The formation of
this tribolayer is governed by the polarities ottbadditives and whichever of
the two is most polar will be the one which formksger on the surface. EP and
FM additives protect the surface under differemtditions so it is detrimental to
have one additive form a surface layer in condgitor which the other additive
is designed [10].

* Antiwear — friction modifier
Antiwear additives are also considered as surfatieeaadditives and both AW
and FM operate under similar conditions. These taddi can also undergo
competition to form a tribolayer on a surface. Daetheir polar nature these

additives may also interact with each other in sofu[12].
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2.2.5 Technological drivers for a change to organiEMs

As stricter regulations have come into place reiggrdhe levels of exhaust
emissions new technologies have been developecelp rheet these regulations.
New technologies include exhaust gas recirculat{B®R), selective catalytic
reduction (SCR) and diesel particulate filters (PPF

EGR redirects a proportion, typically 5-15%, of maexhaust gases back
towards the air intake where it combines with frastand enters the cylinders. This
method reduces the heat released by the engintodhe decreased availability of
oxygen during the combustion stage of the cylindgle. The lower temperature
reduces the formation of NGpecies during combustion however this method does
increase the formation of diesel particulates B,

SCR converts NQ by the injection of automotive grade urea inte ftream
of exhaust gases, into less harmfulawd BO. This process is shown kgure 2-
12[57, 58].

4NH; + 4NO + Q — 4N+ 6H,0

Figure 2-12.Formation of nitrogen gas and water vapour incsele catalytic

reduction.

DPFs work to remove soot and other particular méitten exhaust gases. As
trapped particulates will eventually block the DiP¥s important that the filters are
cleaned regularly. DPFs continually regenerate Ilaysing their operating
temperature to burn off particles that are trappedhe filter. Hydrocarbons are
easily burnt off but any metallic ash particlesrmatnbe removed and will eventually
build up leading to clogging of the filter [16, 59]

Each of these new technologies changes the opgraimditions of the engine
and this has led to the rise of lubricant addifpaekages which can be termed low
SAPS (low sulphated ash, phosphorus and sulphgh.idAmainly present due to the
use of metal containing compounds in lubricantshwiorganic FMs being one of
the additives which are currently a source of nietadtoms. Switching from

inorganic FMs to organic FMs, such as the steararagkd in this project may be
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the solution to formulating oils which are more quatible with the new

technologies.

2.3 Heterogeneous polymerisation

Polymerisation is the chemical process of linkingad molecules, monomers,
to form a larger molecule, a polymer, made up ‘nimier of repeating units [60].
Polymers may be made up of the same repeating memamts or a mixture of
different monomer units, these are termed copolgmand the degree of regularity
of these copolymers can be controlled during syithe The basic process of

polymerisation is often represented as showiigre 2-13

Mo JFMJr

Figure 2-13. Basic polymerisation scheme. ‘n’ number of monoreits ‘M’

polymerises to form a polymer of repeating ‘M’ @nd@f chain length ‘n’.

Polymerisation can be initiated in many ways ingtgdree radical reactions,
cationic reactions and anionic reactions. Of thiesgation methods free radical
initiation is the one which corresponds to the rodthised in this project to prepare

suitable polymer particles [61].

2.3.1 Polymerisation of methyl methacrylate

Below is an example of a free radical polymerigatieaction (bond angles
distorted for clarity) using the methyl methacrgla(MMA) monomer and
azobisisobutyronitrile (AIBN) initiator, both of wth have been used in the

production of polymer particles in this project.€Tfirst stage of the reaction is the
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decomposition of AIBN by addition of heat or radat to form N and two

identical free radical specieBigure 2-14).

N
/}\ N &
c N
N

Azobisisobutyronitrile

N
N Z
Q /'/D C/ A or hv N\ + 2 . c
£ N < \N
NF W

Figure 2-14 Generation of free radical species by breakdofvkiBN.

The free radical species generated can then be wsedhitiate the
polymerisation of the MMA. The free radical comksneith one electron from the
double bond of the MMA while the other electron raswonto the alpha carbon.
This produces an active radical centre on the netleghacrylate group which can
then continue growing. It should be noted thatiatidtn may occur from the other
side of the alkene, in this case the radical wdwdlocated on the GHgroup
(Figure 2-15.
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Figure 2-15 Initiation of methyl methacrylate polymerisatiby the free radical.

This active radical can attack other methyl metjlate monomers producing

a growing polymer chain. This is termed the propiagastep Figure 2-16).
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Figure 2-16.Propagation step where the chain continues to grow.

The final stage of polymer synthesis is the tertmastep. Termination can
typically occur in two ways; the combination of atgor the disproportionation of
chains. In a combination termination the free radispecies of two growing
polymer chains come within close proximity of eamther forming a new bond
between the two chains. Combination can also obaiween the radical on a

growing chain and the radical of an initiator spsdfigure 2-17).
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Figure 2-17.Termination via combination.

In a disproportionation termination the free ratiich one polymer chain
removes an atom, most likely hydrogen, from anogiiewing chain. This produces
two polymer chains; one of which is saturated ahd other which has an

unsaturated terminal groupigure 2-18).
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Figure 2-18.Termination via disproportionation.

In most polymerisation processes a combinationodi bermination steps can
occur within the same system. While polymerisatam occur until all monomer
has been consumed it is normally the case that iggowhains will reach the
termination step before this happens. The exceptiahis is in the case of living
polymerisations where chains are prevented frommiteating and the sequential
addition of more monomer allows polymerisation émtnue at a controlled pace.
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2.3.2 Types of heterogeneous polymerisation

There are four common types of polymerisation whicde free radical
initiation; bulk, emulsion, suspension and dispmrsiEach of these four general
types can be further broken down into more specifiassifications of
polymerisation. Bulk polymerisation is used in tireation of polymer monolith, for
example that used in molecular imprinted polymé&2],[ and will therefore not be
discussed further here. The other three types,hwhrie classed as heterogeneous

polymerisations, will be described in detail in folowing paragraphs.

2.3.2.1 Suspension polymerisation

Suspension polymerisation typically produces spglérpolymer particles
greater than 1um in diameter [60]. A thermo-sevsiinitiator is solubilised in a
monomer and this monomer is then dispersed in amisoible liquid continuous
phase. The droplets of monomer are mixed into pesauson by the use of agitation
and stabilisers and upon the addition of heat i® rhixture, the polymerisation is
initiated. Droplet size in the monomer form is ughced by the dynamic
equilibrium between droplets coalescing and beiuddn apart again by the action
of the stirrer. The size of the final particles ¢uoed is dependent on the size of the
monomer droplets, therefore final particle size bancontrolled by changing the
speed of agitation and the concentration of s&#ili63]. The process of suspension
polymerisation is shown irFigure 2-19 This form of polymerisation is often
likened to a small scale bulk polymerisation octgrin each droplet and as such

kinetics of this polymerisation are often treatealk polymerisations.

Mass, or semi, suspension polymerisation is simitar suspension
polymerisation but involves two steps. In the fsgtp a slow stirring speed is used
and polymerisation proceeds as it would in a bulk/merisation reaction. Once a
pre-determined concentration of polymer has beached agitation is increased and
the system undergoes suspension polymerisatioretadedl previously. These two
steps can either be carried out in two separatgiogavessels, where monomer and
initiator used in step one are added to continyhase and stabiliser in step two, or

can be carried ouin situ in a single reactor. The latter was demonstrated b
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Jahanzaet al.[64], who investigated what effect changing the timinghaf switch

between the steps had MMA polymerisation in an aqueous system. It was fo

that polymer size wadependenbn the ratio of polymer to monomer uj entering
the suspension staghigher ratios led to larger particles. In the sammek it was

noted that in systems where the monomer conceortratas lov, the droplets would
be broken by the action of the stiricreating even smaller, monodisperse drog

while at higher concentrations it is still possilbbeburst thsedroplets but there is
also the possibility that the particles will deforamd remain their original si:
leading to a wide distribution of fir particle sizes.

DN AR 05 ﬁ.":g\"
ss38shsersses i (J3°
stirring 5{, L’J\ .'.ov\
= T %5&.@??’{; "
S :‘L’g J\;-é':\ 5.5 4
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Figure 2-19. A. Monomer (orange) is insoluble in the continuousseghé&lue)
Initiator (green) which is only soluble in the moner phase is addeB. Upon
stirring monomer droplets are formed and are prexeeifrom coalescing b
the use ofstabilise (black). C.When heated initiation anpolymerisation

occur within the droplets resulting in the finalyuer particles (red) the sar
size as the initial monomer drople

Encapsulation by suspension polymerisation carcheged bydissolving the
active to be encapsulated in the monc. The activemay be either dissolved
directly in the monomer or more typically the aetiwill contain some degree
functionalisation to aid solubili. The polymerisation progress@as shown in
Figure 2-19with the final polymer product having the activecapsulated withi it
[65-67]. This process was demonstrated in PMMA by Ducet al. [68] who

demonstrated the encapsulation of alumina partydsinctionaising the surface of
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the the alumina using 3-(trimethoxysilyl)propylmathylate. The functionalised
alumina was blended with the MMA which then undartvesuspension

polymerisation to produce PMMA particles with aoraina core.

Creation of a core shell morphology is achievedthiy use of an initiator
which, due to polarity of that initiator, breakswtoand generates free radicals at the
interface between the monomer and the continuoasepf67] and is also dependent
on the minimum total free energy change [69-71]oider to control particle size
distribution and prevent secondary nucleation arpelisation inhibitor may be
added to the continuous phase [72], thus ensuhagpdolymerisation only occurs

within the monomer droplet.

2.3.2.2 Emulsion and miniemulsion polymerisation

Emulsion polymerisation generally results in padescless than 1um and is
able to produce highly monodisperse spherical pelymarticles. For emulsion
polymerisation a monomer is chosen which is onlgarisggly soluble in the
continuous phase. Any monomer which does not dadebis held in emulsion
droplets surrounded by a stabiliser. The initiatanjch is soluble in the continuous
phase, initiates the reaction by polymerising tina@lsamount of monomer dissolved
in the continuous phase. Primary particles formhinithe micelles created by the
stabiliser, here they act as seed particles andincento grow as monomer is
released from the droplets into the continuous @h&sie to the polymerisation
being initiated in the continuous phase the sizeth@ particles produced is
dependent on the ratio between monomer and s&biks with all the other free
radical polymerisation methods, the final partislee is also affected and can be
controlled by the temperature of the system, chofaeagents and concentration of

reagents [60, 63]. The emulsion polymerisation @ssds shown ifigure 2-20

The use of non-aqueous solvents allows water $emsiactions, oxidations
and catalytic processes to occur within the polymexture. Completely non-
aqueous (oil in oil) emulsion polymerisations apgeahave had little research focus
due to the difficulty of forming stable emulsionsdafinding two immiscible, non-

agueous solvents [73, 74].
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Figure 2-20.A. Initiator (green) and monomer (orange), whiclslightly soluble,
are dissolved in the ccdnuous phase (blue). Unsolubdismonomer is held in
droplets bystabilise (black). B. Upn heating and stirring stabed polymer
seeds form (red). Monomer moves from droplets théocontinuous phase.

All monomer has been polymerized and final particee formec

Miniemulsionsare so called because the emulsion droplets formnednuct
smaller than those formed in emulsion polymerisetiql-10um for emulsion
polymerisation compared to 0-0.5um for miniemulsion)Typically the initiation
step takes place within the emulsioloplets rather than in the continuous phas
is the case in emulsion polymerisa. The kinetics of this process, as well as o
possible initiation processes, were presenteBechthold and Landfes! [75], the

initiation process demonstrated in this study mwat Figure 2-21.

'mﬂhfh

999

Figure 2-21.Thedroplet nucleation process typical of miniemulspwtymerisatior
(adapted fron Bechthold and Landfes [75]).
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For a given volume of monomer, smaller dropletsehaVarger surface area
and therefore need more stabiliser at their surfaczeate a stable emulsion. Since
there is no free stabiliser in the continuous phtmre will be no micellular
formation. Seed particles which form in the solatimust enter the monomer
droplets in order for polymerisation to take pladéis process has been used
successfully in the preparation of biodegradableoparticles suitable for future

drug development [76-78].

Encapsulation by miniemulsion and is the subjéa aumber of reviews by
Landefester [79-81] and has been well documentedhi® encapsulation of both
organic and inorganic materials [80]. The activeb® encapsulated is dissolved
within the monomer, leading to the formation offligmonodisperse particles. The
main advantage of miniemulsion over emulsion opelision polymerisation is the
great degree of control over the composition amd sf the final polymer particles
formed. If the active is insoluble in the mononmrch as TiQin MMA detailed by
Hagaet al. [82] or silver in styrene detailed by Quaroni aBdumanov [83],
functionalisation of the surface may be requirebdisThowever tends to result in
secondary nucleation of particles and aggregatmmhsa encapsulation by emulsion
polymerisation tends to be the preferred method.

Given that the final application of the particles this project is the
incorporation of particles into a fully formulateegngine oil, emulsion
polymerisation has not been considered to be amopppte technique to use in
particle production. Ideally, particles would benthesised in base oil before
blending to produce a final, fully formulated engimil. However the lack of
literature on oil in oil emulsion polymerisationue in part to the difficulty of
synthesis, made this an undesirable approach. fedbgi high degree of control and
the ability to produce particles within the desigde range miniemulsion in non-

aqueous continuous phases does not appear to bengdported in the literature.

2.3.2.3 Dispersion polymerisation

Dispersion polymerisation results in the productafnhighly monodisperse
spherical polymer particles. Spherical particlegeha higher elasticity than irregular
particles and are less likely to interact with aod asperities, making them highly
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suited to tribological applications. The general principleehind dispersio

polymerisationis that the monomer used is soluble in the reagtiedium but the

corresponding polymer is insoluble and thus préaips during thqpolymerisation

process to form a ticle seed. This seed then continues to grow @afitinonome!

is consumed [6384]. The use of polymeric stabiliseprevents particle aggregati

throughout the process. The presence of these podyon the surface of the fir

particles provides colloidal stability in the conibus phas[85-90]. This process is
describedschematically irFigure 2-22
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Figure 2-22. A — Stabiliser(black), initiator (green) and monomer (orange)
dissolved in a continuous phase (light blue)— Upon stirring and heatin
primary particles form and grow in solution—When all of the monomer hi
reacted polymerisation is complete. Polymer ples (red) are prevented frc
aggregating by surfacstabiliser.

Although there appears to be much less literateperting the production «
polymer particles by dispersion polymerisation ian-aqueous solvent than
agueous solvents it is not a recinvention [91].This type of proceduce is routine
used to produe polymer particles typically incorporated in cogs and paints ar
thus has a history of being used in large scal¢hegrs[63, 71] of the type which
would be required in producing particles suitalde dse in lubrication formulatio
in the future.In 1979 Dawkins and Taylo[92] detailed the polymerisation
polystyrene (PS) in alkanes. The success of thispersion in different alkanes w
found to be dependent on the solubility of poly(dimethyl siloxane) (PDM:¢
stabiliser usedth that alkaneln particular, if the PDMStabilise was not soluble in

the continuous phas it would lead to flocculation oparticles. This will be a
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important consideration when transferring partighesduced in this project to the

final engine oil for tribology applications [93, P4

The dispersion polymerisation of PMMA in hexane ngsi a
methacryloxypropyl terminated poly(dimethyl siloxanstabiliser was reported by
Klein et al [85]. The use of a PDMS based stabiler and aanalkcontinous phase in
the polymerisation of MMA is a system similar tetbne used in this project. The
effects of changing various factors of the polysa&tion were then investigated. The
first variable investigated was the time allowedtfoe polymerisation. It was found
that the longer the reaction time the greater bkl \of particles produced however
after a certain amount of time, in their case twawrk, the increase in yield was
negligible. This is due to the abundance of monoatehe start of polymerisation
compared to the concentration of unreacted monatidae end. The amount of time
a polymerisation will reach completion is dependamthe concentration of initiator
used to start the reaction and the concentratianafomer. This same pattern was
seen in the size of the particles produced. Part@dmeter increased quickly within

the first two hours of the reaction and remainedast unchanged subsequently.

2.3.2.4 Heterogeneous polymerisation summary

While examples of other encapsulation methods eafobnd in literature, for
example interfacial polymerisation [95], coacevatj®6] or spray drying [97], these
methods do not allow for fine control over finalrfiele size or polydispersity. For
this reason heterogeneous polymerisation was chaxs@nmore suitable method of

encapsulation.

Each of the methods of heterogeneous polymerisatietailed here,
suspension, emulsion and dispersion polymerisagticans be used in encapsulation
of active species. All of the methods describedthis section are capable of
producing spherical particles suitable for tribotad applications. One of the
desired criteria when chosing a polymerisation methvas the ability to
reproducibly synthesise particles below 100nm. Géeful control of particle size,
alongside particle concentration, by the formulatbrthe final engine oil will be
used to control the visibility of particles usedfuly formulated oil. Particles below

100nm diameter will have reduced visibility to thaked eye making any fully
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formulated engine oil containing those particlesendesirable to the customer. The
control of particles in this size range by suspamgiolymerisation is not possible

therefore this synthesis method was not used.

Emulsion polymerisation is dependent on both thesg@mce of stabiliser
micelles and limited solubility of the monomer ihet continuous phase and is
therefore less commonly achieved in non-aqueousmsygs Additionally, only a few
examples of emulsion polymerisation for use in @saéation exist in literature with

none of these examples being found in non-aquouisoeMments.

Dispersion polymerisation has been chosen due dcalility to have great
control over the final particle size and polydisigr, which is advantageous in
producing particles down to 100nm in size whickliscussed further i€hapter 4.
Dispersion polymerisation can be carried out in-agoeous environments with the
possibility to easily transfer particles synthedisaeto a different non-aqueous
solvent if required. While not unique to disperspolymerisation, this method of
synthesis also has the ability to scale up sucknpedisations in order to increase
the volume of particles produced so as to be deitédr industrial applications.

2.4 Microencapsulation

The main advantages of microencapsulation can imensuized as such;

1. Transportation - this may mean making a chemidal fea its user to handle
or the transportation of a chemical to where itneeded, for example,
transportation of a drug active to exactly wheiis iteeded within the human
body. In the case of engine oil additives this nsedelivering the FM to the
viscinity of the tribocontact where it is needed anlarger concentration
within the engine and allowing for its release irthe precise area it is
needed.

2. Protection - chemical reaction, oxidation and ddgti@n can all be limited
by the use of encapsulation. As previously mentipredditive-additive
interactions may take place under certain conditiand at certain additive

concentrations. Encapsulation of the FM within aecshell structure will
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protect the FM from any unwanted reactions whickeaf its friction
reducing action in an engine.

3. Allow for a controlled release - the method of asle from a microcapsule
can be quite varied; there may be degradation efptiiymer, diffusion of
the core through the shell into the outside envirent or via a dialysis
reaction. Each of these may, in turn, be triggdred number of different
stimuli, for example the external temperature, emmental pH, chemical
reaction or solubilisation. In this project the nmoicapsules aim to release the
FM into the engine oil as the FM which has beediti@nally blended into
the oil itself is depleted. The microcapsules \tfierefore act as a ‘FM
reservoir’ to ensure that the concentration of BMilivays present in the oil
to the maximum of the solubility of that FM withcarty human intervention.

2.4.1 Microencapsulationvia dispersion polymerisation

To achieve the synthesis of microcapsulesdispersion polymerisation, an
immiscible co-solvent can be incorporated into plagticle core. For this purpose,
the same system as detailedbiection 2.3.2.3an be used, with the addition of a co-
solvent which is immiscible with the continuous gpaand, upon precipitation of the
polymer during the reaction process and growinghef particle seeds, will phase

separate into the particle core.

The co-solvent is added at the start of the syrghedongside the
polymerisation mixture consisting of monomer, etidir, stabiliser and continuous
phase. This is then stirred and heated to initteéegpolymerisation in the continuous
phase. Primary particles form in the continuoussphahe co-solvent is then
included within the particles where it resides preftially than in the bulk. The
particle seeds, swollen with monomer and co-solveohtinue growing until all
monomer in the continuous phase is consumed. Theamcapsulation procesga

dispersion polymerisation is showhigure 2-23

When using this method of encapsulation to incafsothe FM into a liquid
core the following criteria must be met:

1. Co-solvent and continuous phase must be immiscible.
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2. FM must be soluble in the -solvent but not soluble in the continuc
phase.
This will ensure that there isinimal mixing between the ~solvent and the

continuous phase and thatof theFM is encapsulated along with the-solvent.

g v fot @
D E F G
Figure 2-23.D — Continuous phase (containitstabiliser(black), initiator (green
and monomer (orange)) and &solvent (dark blue) are stirred and heate-
Primary particles are produced in solut F - Cosolvent dissolves insi the
growing polymer particlesG — Polymer particles (red) are formed ch

contain cosolvent encapsulated withiStabilises prevent aggregatio

Solubility testin¢ has been carried out and it has bestablished th the FM
used in this proje is highly soluble in methanol but has limited sality in
dodecane, two seénts which are immiscible. For this reason dodeaamtinuou:
phase and methanol -solvent were chosen fdhe encapsulation process usel

the work presented he

2.5Use of microencapsulation for lubrication applicatons

The use of microcapsulesn lubrication has been mainlfocused on
encapsulation of the lubricating oil rather tharpssate components as is !
objective of this wor. The microcapsules that have belatailed in literature thi
far can be classified as three typfirstly those whichare resting upc the surface,
secondly thoseartially embedded in a surface atiirdly those¢ fully embedded in a

surface.
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A patent by Williamsoret al.[98] details the use of microcapsules, containing
lubricant, which sit on the surface of an orthopa@dst material which is used in
repairing broken bones, this is shown belowrigure 2-24 Chemicals mixed into
the material allow the adhesion of poly(vinyl alobhmicrocapsules to the surface,
typically nylon or rayon. The use of microencapsala here prevents the surface
becoming too slippery to handle but, after ruptgiine particles with light pressure
the cast can be kept pliable for long enough todntightly to the limb. A downside
to this approach however is that the microcapsatethe surface can be easily

ruptured in transit thus making the material uniesab

/
]
7.

Figure 2-24. The end section of a cast material with microesubgted lubricant

particles adhered to the surface of the cast [98].

Partially embedding the microcapsules into a seriaay offer the protection
of the particles missing from the patent above h@wvedue to the particles
protrusion from the surface they are still easyrupture. Guoet al. [99, 100]
followed this approach and reported a 53% decrieesigecific wear rate with only a
1wt% addition of poly(melanine formaldehyde) pdescto the surface of a polymer
composite. As the number of microcapsules incotpdranto the surface was
increased wear continued to decrease but the ioatipn of further particles was
found to be at the detriment of the strength ofdhdace itself. Investigation under
scanning electron microscope (SEM) showed that weeris created upon
rupturing the particles became trapped in the msvihe microcapsules created in

the surface. This process is seefRigure 2-25
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Lubricant iz Gapeule burste and Wear particles become entraped
ancapsu ated within a lubrican: is raleased in the cavity and lubricant prevents
aolymer particle mare czpsules from rupturing

Figure 2-25.Process of lubricant release and debris entrap

Fully embedding microcapsules into a metal substibrks on a simile
principle as that detailed the ca&e of partial embedment, theucture of this is
shown inFigure 2-26. As thetwo surfaces come into contact and wear star
occurthe particles are no longer buried inside the satesbut are now closer to t
surface. Once the rticles are at the surface they encoursieear stre: from the
rubbing of the surfac and the particles rupture thus preventing furtheamof the
surfaces [101]Once again wear debris becomes trapped in theesaproduced b
the loss of lubricant from the core of timicrocapsules. Such a technology is ¢
really suitable for applications where the compds will go a very long time
between services, sh as in aerospace technologies. In systems whesgdassible
to add lubricant externally these microcapsulesldvaot be the preferred method
lubrication as it requires wear whichn be catastrophically damaging the

component.

Figure 2-26. Microcapules, containing lubricant, fully embeddedhimi a surface

which is released as wear occ [101].

2.5.1.Use of nanoparticles and microparticles in lubricaion

The majority of the literature concerning nanopdes in lubricants focuses
the use of particles, measuring between 1- 200nm, as solid lubricants the use

of inorganic nanoparticles, such as ,, as the additiveNanoparticles used
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engine oils often require surface modification ndey to increase the solubility of
those nanoparticles in the base oil [102-105]. ifgsof these particles is typically
reported in EHL rather than boundary lubricatiomditions such as those used in
the work presented here.

Titanium dioxide particles, studied by Kao and L[ik06], were shown to
provide the lowest friction coefficient measurenseint paraffin oil at between 60°C
and 95°C. This is a similar temperature range asotie used in this project. As
previously stated the temperature used during TEBdlogy testing in the work
presented in this thesis was designed to be bédlewglass transition temperature of
PMMA (105°C) and is also the optimum operating tenagure of organic friction

modifiers.

Nanoparticles have also been reported to haveltieyao have a ‘mending
effect’ on surfaces [107-109]. Luet al. reported this phenomena in ®L/TiO,
nanocomposites where particles were depositedtiaovear scar during four ball

testing repairing the surfaces damaged duringribeldgical testing [110].

The effect of adding different concentrations olleiene nanoparticles was
reported by Leet al.[111]. They found that, in disc-on-disc testingg taddition of
fullene reduced the friction coefficient below thraeasured in base oil at particle
concentrations as low as 0.01 volume %. This veasesed by to the reduction of
surface contacts due to the action of the fullerene

Fullerene-like Mo$ particles have been the studied by Raletsal. [112] to
determine the effects of particle size and partistephology on the wear produced.
They hypothesised that particles containing stmattdefects would be able to
penetrate breaks in a surface and more easily bkebrdown to produce a
protective tribofilm at the surface. However thewrid that spherical, nanopatrticles,
measuring between 150nm and 300nm performed best wieasuring friction and
wear generated in tribotesting due to the struatfirhese particles providing less
opportunity for interactions with other additivesegent in the oil or the surface

outside of the contact.

While many of the nanoparticles commonly reported tribological
applications, such as SIONi and Mo$, are commonly reported to be in the range
of 10nm to 200nm it is often the case that aggregaif the particles occurs above

1.0wt% producing species much larger than repofld®-115]. Aggregation of
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PMMA particles in this project is prevented by thee of PDMS-MA stabiliser

which sterically stabilises the patrticles.

Much of the previous work carried out concludeg thdy low percentages of
nanoparticles need to be incorporated into annodrder to produce lower friction
and antiwear effects. The exact concentration dighas required varies with type,
size and shape used. Their effect, whether posdiveegative, is also strongly
dependent on the system used, i.e. the substtiagéssurface roughness and factors
including load and testing speed [41, 42, 93, 1015, 111, 114, 116-124]. The

mechanism of friction and wear reduction will bealissed iltChapter 7.
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Chapter 3. Characterisation Techniques

3.1 Introduction

In this chapter a basic background to the partésialysis and tribological
equipment will be provided. This will also includietail on the particle structure
and the identification of the structure and locatis the FM used, all of which can
be considered essential primary analysis upon wificther characterisation is

based.

3.2 Particle analysis techniques

Particle analysis techniques has been focused thegostudy of both solid and
liquid core particles. Analysis techniques wereriedr out both in and out of the
dodecane continuous phase.

3.2.1 Dynamic light scattering

Dynamic light scattering (DLS) is a popular techugg which can be used to
measure the size and size distribution of partigiesolloidal suspensions in both
chemical and biological systems. This method engplitne measurement of light
scattered by particles due to Brownian motion.

A Malvern Zetasizer™ Nano ZS was used to measuee hydrodynamic
diameter and polydispersity of the samples testedhis thesis. Samples to be
analysed by DLS are first shaken and sonicated rderoto break apart any
aggregates that may have formed due to samplegstarad to resuspend the PMMA

particles in the dodecane continuous phase; thssirea that particles are evenly
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dispersed throughout the continuous phase. A lagdrsource is directed into the
sample, light which does not encounter any padipl@sses through the sample and
light which hits a particle undergoes Rayleigh wratg. Particles in solution
undergo Brownian motion, defined as the random mm@re of the particles in the
fluid cause by collisions between the particles #me medium they are in [125,
126], with smaller particles moving more than largarticles. Brownian motion
causes fluctuations in the intensity of the scatteight, this light will undergo
constructive or destructive interference, whichemnecorded by the Zetasizer can
then be used to determine the size and polydispeosi the PMMA particles
present. The refractive indices and densities ef gblymer and the continuous
phase are used within the calculation to allowedects of the materials used upon
the particle motion observed. The basic apparadesd tor DLS is shown ifigure
3-1
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Figure 3-1. Apparatus used for dynamic light scattering (D[13)7].

Ideally each photon measured by the detector thleonly undergo a single
scattering event, in reality this is rarely the ecamd instead multiple scattering
events occur. Samples are tested using differentesdrations of particles in

dispersant to overcome the effect concentrationdmashe size measured due to
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increased likelihood of multiple scatterings ath@gconcentrations. To combat this
effect a plot of particle concentration in weighgrgent (wt%) versus measured
hydrodynamic particle diameter in nanometers (ni@ been produced for each
sample. This produces a straight line in monodspesamples which, when
extrapolated to x = 0, gives an approximation of tharticle size at infinite

dilution[128], a theoretical condition where onlysimgle light scattering event is

recorded. An example of this is showrFigure 3-2
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Figure 3-2. Hydrodynamic diameter (nm) versus particle conagian (wt%) for a
dodecane sample containing solid, monodisperse PMisidicles measuring

~ 280nm diameter.

3.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a high resmiuimaging technique
which in this thesis has been used to image batiiclgasamples and the surface of
steel samples after tribological testing. Samptestested under ultra high vacuum

and for this reason are in a dry environment. Anbea primary electrons is
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generated by an electron gun and focused, witluigkeof lenses, onto the surface of
the sample. When these primary electrons hit thitacel of the sample they are
either absorbed or reflected. The primary electnwhgh are reflected do so in a
distinctive pattern and are then received by a eatker detector. Those electrons
which are absorbed excite the electrons at the leasopface, if these electrons gain
enough energy they are emitted from the sample.ifiteasity and pattern of these
secondary electrons is picked up by a secondasctet When the signals from
both detectors are combined it produces an imagbeeopoint at which the beam
was initially focused. To produce an image of thére surface area of the sample
the electron beam does not remain stationary Istéda scans across the surface. To
magnify the image seen the electron beam scanssaeremaller area [129, 130].
Figure 3-3 shows the apparatus used in SEM imaging.

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

Samples to be tested by SEM must first be mounteal dean metallic stub or
onto a small glass, or silicone, slide attachedhotop of a metal stub. Samples
mounted upon a glass slide are shownFigure 3-4. Both of these mounting
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techniques have advantages and disadvantages. iMgputitectly onto the stub
allows good conductance though the sample howétee isurface of the stub is not
completely smooth the surface of the stub itsel ima seen in the image produced.
Mounting onto glass provides a smoother background doesn’'t allow
conductance. To overcome this a thin layer of mstphinted between the stub and
the sample before a thin conductive layer is vapdeposited onto the sample
surface, this is particularly relevant when analgznon-conductive samples such as
polymers [132].

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

When preparing the slide care should was takentmaicratch its surface.
Slides were cut on a clean surface and were omglbd with tweezers. Once cut
they were rinsed with deionized water, decon ahdredl before being dried with a
N2 gun. Once the slide had been attached to theustimg double sided tape one
drop of the sample to be analysed was pipetted dhéo slide. To avoid
contamination by dust the prepared stub was thected into a stub holder before
being placed into a vacuum oven for 5 days to remsoslvent from the sample.
When the sample was dry it was sputter coated witthin layer of platinum

measuring 3nm thick.
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SEM is a common technique used in polymer analysigever it should be
noted that the electron beam can cause damage polymer. To overcome this the
electron beam was focused away from the area efast and quickly moved to the
area to be imaged, thus allowing a true image tedem [64, 133-136]. An example
of the images obtained from SEM can be seeRigure 3-5. Particles pack in a
hexagonal fashion but are in fact spherical. Thghsshape change is due to the

effect of the drying process.

Figure 3-5. Scanning electron micrograph of poly(methyl methiate) particles
measuring ~ 1;om (measured by DLS). It should be noted that sike o
particles when measured by DLS is carried out wthike sample is in the
dodecane continuous phase while SEM is carrieconwamples which have

had all solvent removed.

3.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is anothewalgtical imaging
technique using an electron beam and can providgesiof the internal structure of
the polymer particles being analysed. Unlike SENdere the electrons are either
absorbed or reflected off the sample, in TEM thexiebns are targeted through the
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sample under ultra high vacuum. Electrons targatethe sample can either pass
through the sample, become retarded by the samplaay be scattered by the
sample. Whichever of these processes the electrdargoes effects the energy the
electron has as it continues on thought the TEMatd# a fluorescent film where
the image is formed. Denser areas of the sampbavdiewer electrons to pass
through and therefore appear darker in the finagenand sparser areas allow a
greater number of electrons to pass though andappsar lighter in the final image.
The image produced is them recorded by a camei&f43]. The apparatus used in
TEM is shown inFigure 3-6.
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Figure 3-6. Basic transmission electron microscopy apparfd4a].

3.2.4 Attenuated total reflectance-infrared

Infrared (IR) is used as a fingerprinting techniqneaning that each sample
produces a characteristic spectra which can be awmdpto a library for easy
identification. Traditional IR requires the prepaya of a nujol mull containing the
sample which is then sandwiched between two saltele Attenuated total
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reflectance-infrared (ATR-IR) requires no, or vdityle sample preparation and

gives a very quick result.

The sample is placed upon a crystal and is heldrbgrm which is screwed
down to ensure complete contact. The IR beam isgoathrough the ATR crystal
and as the beam hits the inner surfaces it isateffieuntil it eventually passes out of
the crystal. At each point of reflectance somehefliR beam continues in a straight
line into the sample. This beam will be absorbeaeatain wavelengths and the
beam becomes altered, or attenuated. The atteneasydy passes back into the
crystal and combines with the unaltered IR beanme $pectra produced by the
detector will show where the IR was absorbed bystmaple [143]. This process is
shown briefly inFigure 3-7.

Sample in contact

\ \ To Detector :
Infrared ATR

Beam Crystal
Figure 3-7. Basic principle of attenuated total reflectandefrared [144].

The characterisation and location of FM used wéardied using ATR-IR and
is detailed inChapter 5. However when using ATR-IR in this project limitats
have been found when attempting to quantify thetarhof FM in a sample.

3.2.5 High performance liquid chromatography

High performance liquid chromatography (HPLC) hastead been used to
determine the presence of FM and quantify the amob@rFM in samples. This

process is detailed further @hapter 5.
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Fresh solvent, termed the mobile phase, is pumpedigh the HPLC system,
a few microlitres of liquid sample is injected intuis mobile phase and is carried
towards a HPLC column packed with chromatographatemal, this is termed the
stationary phase. This column separates the sampeits various chemical
compounds, the mobile phase continues with easeighrthe column while the
different compounds are eluted from the columniffer@nt rates. The mobile phase
containing the, now separated, compounds contittuésw towards a detector. The
signal produced by the different compounds wilfetiffrom the mobile phase and
this will produce a corresponding peak on the caepdata system. This computer
records the signal received by the detector ovee.tiThe separated chemicals will
reach the detector at different times dependindp@mn well they were retained by
the column. Each peak is compared to a standargthwdan either be internal or
external, containing a known amount of each comgdarenable a quantification of
the chemical of interest in a sample of unknownceoitration. Mobile phase which
has passed through the detector then travels tevaamdaste container for disposal
[62, 128, 145, 146]. The basic HPLC apparatusasvshin Figure 3-8.
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Figure 3-8. A common high performance liquid chromatographstem [147].

Each component of a HPLC system can be adapteceéd the needs of the

user. Some common variations are as follows:
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e Sample injection may be manual, which more comnmoalder machines,
or automatic sample injection, which is much mdakely today.

* Pre-columns may be used to filter the sample bafaeaches the column.
This ensures that the column does not become diogife species which
would not be easily eluted.

» Different columns with different packing materiadéd lengths can be
employed dependent on the properties of the satojile tested.

* A column heater may be used to aid the elutionhef $ample from the
column.

» Different types of detector may be used, for exampltraviolet (UV),
refractive index (RI) or evaporative light scattgridetector (ELSD).

* HPLCs can also be coupled with other analyticalhnégues, most

commonly with mass spectroscopy (LC-MS).

3.3 Plate analysis techniques

Analysis of the steel plates includes the measunéwfehe friction coefficient
of dodecane, and how this is affected by the amtdibf PMMA particles, as well as

the measurement of the wear caused by the trikzdbtgsting.

3.3.1 TE77

Tribological testing in this project was designed replicate the contact
between a piston ring and the cylinder liner. Tifeedent areas of an engine have
different types of surfaces coming into contact aagh of these contacts can be
modelled using the wide variety of tribometers &lde. The relevant tribometer is
chosen for it's ability to accurately simulate tgpe of materials, lubrication regime

and contact in the particular area of interest.

Tribological testing in this was carried out usiagcameron Plint TE77 low
speed reciprocating test machine. The low speede@amPlint TE77 tribometer
comprises or a pin, or ball bearing, attached tecyprocating arm which moves

across a stationary plate. This stationary plafmstioned within a heated oil bath.
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TE77 testing allows for the study of friction aneéav under dry sliding or lubricated
conditions at a range of temperatures and can beatgal with different loads and
reciprocation frequency in order to simulate a wideety of test conditions. In the
work presented here the pin held by the reciprogadrm represents the piston ring
and the stationary plate represents the cylindhr.liln an engine the piston ring
rubs against the unmoving cylinder liner duringrfetroke cycle of the cyclinder in

an engine. The TE77 apparatus is shoWwigure 3-9,

Normal contact forca

Roller
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Lubricant level P oscillating drive
(when used) Hold-down - s
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" specimen

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

Prior to testing the removable components of th&T&re placed into beaker
of acetone, sonicated for 15 minutes and are thewed to dry. This removes any
oil, debris or polymer build up which may have béeft behind by previous tests.
Pins and plates to be used in the testing are ¢bleceeparate beakers and undergo
the same cleaning procedure. The plate for tessiméamped into position inside a
stainless steel oil bath and this unit is thendablinto a heating block. The heating
block is controlledvia a thermocouple which is placed into the oil bathe Test pin
is clamped onto the reciprocating arm and is pwsé#i using a spirit level to ensure
even contact across the centre of the plate. Ohoeraponents have been aligned
the desired lubricant is added to the oil bath.d_saapplied using a cradle fixed

across the reciprocating arm this holds weightsctwhare hung, using springs,
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directly underneath the rig. The frictional forgartsducer measures the frictional
force generated horizontally while testing is umey. The entire system is

monitored and results are processed by LabViewMinsoft Excel.

In this thesis coefficients of friction reportedeathe average of 1000 data
points recorded over five minute intervals for atiour test period. Once testing is
complete the pin and plate are removed from tlesipective holders and are rinsed
with heptane to remove excess lubricant and storetlminium foil. This ensures
that any film formed is not removed and that thegtality of atmospheric reactions
during storage is minimised. A photograph of the/ Tlparatus used in this project

is shown inFigure 3-10
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Figure 3-10.TE77 testing apparatus used in this project.

Testing conditions were chosen to stimulate theningy conditions of the
piston ring and cylinder liner system working withthe boundary lubrication
regime. The load, frequency and applied force vetresen to replicate boundary
lubrication conditions. The radius of the pin, thaterials of the pin and plate and
the roughness of both were also chosen to achiewadary lubrication and to
mimic the materials used in the engine. The opagatmperature of testing carried

out was chosen to be within the working range gfaic friction modifiers while
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being below the glass transition temperature of BFMMA used. Operating

conditions are detailed ifiable 3-1

Table 3-1.Cameron Plint TE77 test conditions.

Pins Cast iron (@ 6mm, radius 10mm, 43-47 HRC)
Plates AISI 52100 Steel (58-60 HRC)
Run Conditions 80°C, 25Hz, 24.5N, 0.78GPa, 5mnksttength

The software used in TE77 tribotesting analysedribgon generated in real

time but wear of the plates must be analysed drisddsting is complete.

3.3.2 Interferometry

Wear analysis was conducted using scanning wigtd Interferometry on a
Bruker NP FLEX™ interferometer. Interferometry is a non-contadghhprecision

technique which can be used to analyze surfacegtapby.

A light source is directed towards a beam spliteich produces two waves of
equal frequency, one of these waves will travelas the surface of the sample to
be analysed, the other will travel towards an imaereference mirror. Upon meeting
the surface both of the beams are reflected, tleeorhe recombined and are sent
towards a detectoF{gure 3-11). The detector measures the intensity of the laght
different points of the sample as it undergoesicadrscanning; the highest points on
the sample surface will be the first to cause fatence Figure 3-12. When the
waves are recombined they will either undergo cacsitve interference, which
happens when the waves are in phase, or destruatederence, which occurs

when the waves are out of phase. The intensitigefight is measured by the
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detector as a function of time, this determinesvhat point the beams met the
respective surfaces, and corresponds to the samepyht. When combined this is

used to produce a three-dimensional image of tHas[149-152].

The software used in analysis corrects for theuerfte of surface bias (eg.
curvature or tilt) and can also give information wear volume and surface

roughness.

3.4 Summary

This chapter has provided an overview and a bastikdround to the main
analytical techniques used in this project. Atteaddotal reflectance — infrared has
been used to determine the structure of the FM usetthis project as that of
stearamide, this is discussed furtheBecttion 5.4 and was also used to confirm the
presence of the FM inside particles. Through SEM 8BM analysis the particles
were shown to have a polymer shell — liquid corephology, and is shown in
Section 5.3 All particles produced were spherical and the s particles in each
sample and the polydispersity of each sample wasfiroted using DLS.
Monodispersity is important as it allows for direcmparison of all particles in the
sample and ensures that all particles have an edfeat on the friction and wear
recorded. The release of encapsulated FM from mvithe core of particles was
recorded using HPLC and is further detaile€hmapter 5.

Plates were analysed by SEM to identify where #mtigdes could be found on
unrinsed samples after TE77 testing and WYKO whdét interferometry was
carried out on plates after testing to measurestintace topography and volume of

wear, results of this work are given@mapter 6.
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Chapter 4. Investigation into the Effect of Changimg the Initial
Polymerisation Recipe of Final PMMA Particle Size

4.1 Introduction

The technology developed in this project has theemg@l to improve the
performance of lubricating oils, however in order it to be suitable for use in a
commercially available fully formulated engine aertain key features of the
lubricating oil should remain unchanged from présgpecifications. One such
desired characteristic specified by Lubrizol is the final appearance of the
lubricating oil should not change upon the additadnparticles. Although this is
unlikely to affect the performance of the oil ifset will affect the confidence of

customers in the product they are buying.

In data tables PMMA particles have a quoted refradndex of about 1.49,
this is different to that of the dodecane contirmi@hase which is 1.421 [153].
Particles which have a refractive index differamttat of the continuous phase they
are in will scatter light very effectively thus ing suspensions to appear opaque.
One possible method of making the particles les®bha in an oil would be to chose
a polymer which has the same, or very similar,actfve index as the oil it is

blended into.

Another possible method, and the one which wilinwestigated further in this
chapter is through careful control of the finaltpe size. Larger particles, above
100nm in size, will be visible when added to aniea®il but have the potential to
carry a large amount of FM within the particle cdReducing the concentration of
particles required in an oil may also lead to adong in particle visibility. Smaller
particles, below 100nm diameter, can be less @sibleven invisible, to the human
eye. However this may require a larger number digles to be blended into the oil
to achieve the same overall increase in FM conagair. For this reason the choice

between particle size and particle concentratiorssential; the ideal system is
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considered to have small (<100nm) particles thatlkarely visible which carry a

large concentration of FM in the particle core.

The investigation into factors which can be altededing synthesis with the
aim of controlling final particle size and polydesgity is therefore essential. This
has been carried out by altering the concentratdriBe various components in the
initial polymerisation mixture, as shown imable 4-1, or changing the physical

process involved in the particle production.

This chapter presents work carried out to synigesolid PMMA patrticles,
containing no co-solvent or additive, with contablle final particle size and
polydispersities. This chapter thus describes tifleence of a range of parameters
on the final particle size and demonstrates thelityabpf the dispersion
polymerisation process to enable good control afigla size down to diameters
approaching sub-100nm. The chapter then goes sinoiw the influence of adding a
co-solvent to the initial polymerisation mixturedathe effect on the particle size

and polydispersity measured.

4.2 Synthesis of solid PMMA particles

The initial polymerisation mixture used to prodyzarticles in this thesis is
detailed below ifmable 4-1

Table 4-1.Initial polymerisation mixture.

Monomer Methyl methacrylate (MMA) (2.5 — 22.0wt%rw.continuous
phase)

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

Stabiliser Methacrylate terminated poly(dimethybsane) (PDMS-MA)

(7.4-109.0wt% w.r.t monomer)

Continuous phase Dodecane

PDMS-MA, dodecane, AIBN and MMA were added, in thrgler, to a round

bottom flask which was then fitted to a refluxehelwhole system was then purged
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with Ny, in an ice bath, while stirring at 300 revolutigres minute for 30 minutes.
Subsequently the nitrogen source was removed alythpadsation was carried out
at 80°C, 300rpm for 4 hour®nce polymerisation was complete the warm patrticle
suspension was filtered through a plug of glasslwmoemove any aggregates that
may have formed. At the point of opening the reactiessel, air enters the system
degrading the free radicals present and stoppiagdhction. Unreacted monomer
and excess stabiliser were removed from the sugpertirough a cycle of
centrifugation, removal of dodecane from the sugimt and resuspension of the

particles in fresh dodecane.

A Malvern Zetasizer Nano ZSvas used to measure the hydrodynamic

diameter and polydispersity of the resulting p&tsuspension.

4.2.1 Effect of changing monomer concentration

The amount of monomer used in the initial polymeren mixture directly
changes the size and polydispersity of the polypaeticles which are produced and

this is shown irFigures 4-1andFigure 4-2
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Figure 4-1. Effect of changing monomer concentration on pkrtsize. Error bars

are included in all data.
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Figure 4-2 Effect of changing monomer concentration on pislyersity index.
Error bars are included in all data.

Particle seeds are formed within the first few n@suof the initiation step
during polymerisation and the resulting particlesowg from these seeds.
Polymerisation is considered complete once allha monomer in the reaction
vessel has been consumed, however in realitygmsver truly the case as reactions
rarely achieve 100% conversion of monomer to polyrmid&e reaction here was
stopped after four hours, at this point the conwersate was 83%. Using higher
concentrations of monomer in the initial polymetisa mixture results in larger
particles and the use of lower monomer concentratio the initial polymerisation
mixture results in smaller particles. It can therefbe said that the amount of
monomer used in the polymerisation mixture has ractlieffect on the size of

polymer particles which can be produced.

Monomers tend to be a good solvent for their ovalymper, so higher
monomer concentrations also have the added effésti@asing the solvency of the
growing polymer in the continuous phase. This dathe precipitation of the

polymer meaning that the particle seeds createiagltine initiation process contain
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polymers of longer chain length. The solvency clesntiproughout polymerisation
as the monomer is converted to polymer and thessvigg polymer chains

precipitate, this also has an effect on final géetsize and polydispersity of those
particles. The dramatic increase in polydispersiith increasing monomer

concentration, which can be seen above 14wt% mongcorentration, is due to
this changing solvency. The increase in polydispensith increasing monomer

concentrations can also be explained by the faat sive differences amongst
particles become more obvious when the particle® h@rger diameters [63, 154-
156].

All particles synthesized were spherical, rangimgize from 290nm to 2.9n,

and, up to 13.8wt% monomer concentration, werelhigionodisperse.

The expected increase in measured particle size pamhgbispersity with
increasing initial MMA concentration has been séanthis system. The patrticle

samples produced were imaged using SEM and arersimdvigures 4-3and4-4.

Figure 4-3. Scanning electron micrograph of smaller PMMA &8s produced
using a lower concentration (5.5 wt% w.r.t contiasipof monomer [490nm,
PDI = 0.04]. N.B. Sizes quoted in the caption hbgen measured by DLS.
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Figure 4-4. Scanning electron micrograph of larger, more pslyerse particles
produced using a higher concentration (21.9 wt%.twgontinuous) of
monomer [2900nm, PDI = 0.7]. N.B. Sizes quotedhie taption have been
measured by DLS.

4.2.2 Effect of changing stabiliser concentration

The stabiliser used in the initial polymerisationxtare is a copolymer with a
poly(dimethyl siloxane) chain at one end of the esale and a methacrylate group
at the other end. The methacrylate group is capathlecorporation by the growing
PMMA chains within the particle itself, this causdee PDMS portion of the
polymer to protrude from the surface of the polymarticle into the surrounding
dodecane [91]. The PDMS chain sterically stabilides particles preventing the
aggregation of the polymer particles, which is anpwn problem when metallic
nanoparticles, such as TiOr WS, are used as lubricant additives. The use of steric
stabilisers rather than using electrostatic stsdtilon will allow the particles which
are created in dodecane to be transferred to aelkanes with no alteration to the
particles themselves. The mechanism of action @ficsstabilisation is shown in
Figure 4-5.
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Figure 4-5. Steric repulsion between two particles causedhbypblymeric chains

protruding from the surface of the dispersed piagic

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

Steric stabilisers of the type used here form ardayn the outer surface of the
PMMA patrticles which physically separates partigeviding colloidal stability,
this prevents aggregation and flocculation of ttetiples. As the stabiliser is
physically bound to the surface the amount usetthénpolymerisation will have a
direct effect on the surface area of the partialed therefore on the size of the final
particles produced.

The amount of PDMS-MA stabiliser used in polymei@mahas a direct effect
on the final size of the polymer particle produceédr a given volume of polymer,
smaller particles will have a larger surface arkantlarger particles. Smaller
particles therefore have a greater surface areahwieeds to be stabilised. If an
inadequate amount of PDMS-MA is available to thewgng particle seeds these
seeds will aggregate, coming together to form langarticles. Aggregation is
effected by PDMS-MA concentration, low amounts o&bdiser may lead to
increased aggregation and an increase in the [splglity of particle sizes seen in
the final product [157, 158]. It should be notedatthwhile the change in
polydispersity here Higure 4-7) may seem large it is in fact a much smaller

variation than can be seen when changing the monocomeentrationKigure 4-2).
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Examples of the particles produced during theséhegis are shown iRigure 4-8,
Figure 4-9 andFigure 4-10.

1 pm

—

Figure 4-8. Scanning electron micrograph of larger PPMA platiproduced using
a lower concentration (7.4wt % w.r.t monomer) afbgiser [1660nm, PDI =

0.15]. N.B. Sizes quoted in the caption have beeasured by DLS.

More important than the concentration of stabilissed is the ratio of
stabiliser to monomer in the initial polymerisatigystem. If the amount of PDMS-
MA stabiliser is kept constant and the concentratbMMA monomer is increased,
the ratio between the surface area created duhegnitation step and the total
surface area that can be occupied by the stabik8edecrease and this will once
again lead to the possibility of inducing aggregatof particle seeds. There are
currently very few studies in literature which ex@ the very large stabiliser to

monomer ratio and so this will be investigatedtartinSection 4.2.4

The expected decrease in measured particles sidepalydispersity with
increased PDMS-MA concentration has been seendrsyistem. All of the particles
synthesized were spherical and the particle moggyowas unaffected by altering

the amount of stabiliser in the polymerisation miegt
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Figure 4-9. Scanning electron micrograph of smaller particlesdpced using a
higher concentration (108.9wt % w.r.t. monomeryiabiliser [310nm, PDI =
0.06]. N.B. Sizes quoted in the caption have beeasured by DLS.

Gl

Figure 4-10. Scanning electron micrograph of smaller partiggesduced using a
higher concentration (108.9wt % w.r.t. monomerstabiliser [310nm, PDI =
0.06]. N.B. Sizes quoted in the caption have beeasured by DLS.
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Jiang et al.[157] reported that the rate of the the dispergiolymerisation in
in MMA when using a polymeric stabiliser was indegent of the amount of
stabiliser in the system and that kinetics wertaat greater affected by the number
of free radicals, from the breakdown of AIBN, pneisin the system. The effect of

AIBN on the final particle size is investigatedtire next section.

4.2.3 Effect of changing initiator concentration

The initiation step of the work presented here hegvith the breakdown of
AIBN which can occur by either thermal decompositar photoinitiation. AIBN is
an explosive compound which decomposes at tempesatabove 65°C. The
initiation process used in the work presented Inexga the thermal decomposition
of an AIBN molecule to generate two free radicahtaming 2-cyanoprop-2-yl
species, shown below faigure 4-11 which can then go on to react with the C=C
portion of the MMA molecule, as detailed$ection 2.3.1

N Z
g’h C/ A or hv N . c

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

One molecule of AIBN initiator breaks down to produtwo free radical
species, and thus using a higher concentrationBNAwill lead to the formation of
more free radicals in the system. Free radicaldyred can undergo either initiate
the polymerisation of MMA or they be used in thentmation of a growing PMMA
chain Moad et al. [159] monitored the final location of the AIBN spes in the
polymerisation of styrene byC labelling of the AIBN. They reported that only 5%
of the 2-cyanoprop-2-yl free radical species became iramlw the termination of
polymer chains in solution this therefore means thajority of free radicals

produced go on to initiate the polymerisation iis ttase.
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Increasing the amount of AIBN increases the nundferee radical species
generated, having a greater number of free radicalhe reaction vessel will
produce a greater number of initiation events. Hattiation event can facilitate the
growth of a new polymer chain so, for a given antoah MMA monomer,
increasing the amount of AIBN will increase the rognof low molecular weight
polymer chains in the polymerisation system. Tradsens will take a greater period
of time to become large enough to precipitate whilelays the formation of particle
seeds. At the same time the stabiliser takes lotdrecome an active di-block
species and the number of growing chains preseihieirtontinuous phase increases
the likelihood of termination events occurring beém the growing chains. The rate
of aggregation under these conditions is greatar the rate of stabiliser adsorption
SO increasing the concentration of initiator praekitarger particles containing low
molecular weight polymer chains [160, 161]. Thedaker particle size distribution is
due to the gradual change in solvency as the polym&ns become incorporated

into the growing particles.

The molecular weight of the final polymer produceds measured by gel
permeation chromatography (GPC), a form of HPLC retseparation occurs due to
particle size. Testing was carried out using a iRdekmer, HPLC system with a Rl
detector at 40°C. A 4 PL gel 300 x 7.5 mm GPC columas heated to 40°C was
used and all testing was carried out in a THF neopiase under a 1.0mL/min flow
rate. High and low molecular weight polystyrene ndrds were used for
comparison. Samples were taken using an autoimjétiexd with a 300uL injection
loop. The testing was carried out by Emma Haywddte Lubrizol test laboritories
in Hazelwood, UK. A plot of the molecular weight tife polymer chains versus

initiator concentration is presentedrigure 4-14

The expected increase in measured particle size pahgblispersity with
increased AIBN concentration has been seen forsyssem. Morphology of the
particles, as expected, is unaffected by the changnitiator concentration.
Examples of particles produced during these syiglaae shown ifrigure 4-15and
Figure 4-16
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Image 4-15. Scanning electron micrograph of larger PMMA péescproduced
using a higher concentration (5.17wt % w.r.t mongnoé initiator [1180nm,
PDI = 0.14]. N.B. Sizes quoted in the caption hbagen measured by DLS.
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Figure 4-16. Scanning electron micrograph of smaller PMMA pé#escproduced
using a lower concentration (0.72wt % w.r.t. monon@ initiator [930nm,
PDI = 0.19]. N.B. Sizes quoted in the caption hagen measured by DLS.

In the next section the effect of combining theabwariables is investigated.

4.2.4 Increasing the stabiliser concentration ande&treasing monomer
concentration

Investigating the effect of sequentially changingsiagle polymerisation

variable has found that smaller particles can Imth®gised by:

» Decreasing monomer concentration,
* Increasing the stabiliser concentration or,

» Decreasing the initiator concentration.

As these factors were shown to all lead to a deer@athe final particle size
produced some of these parameters were then codhhiitle the aim of reducing
particle size further and if possible approachrgegof 100nm. In order to achieve
this particle size the effect of decreasing monoowrcentration while increasing
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stabiliser concentration was investigated. Initiabmncentration showed only a

slight effect on particle size and therefore was$ tested incorporated into this

testing.

Table 4-2.Changing monomer concentration, keeping ratiohanged.

Monomer Stabiliser Initiator Hydrodynamic | Polydispersity
concentration | concentration | concentration | diameter Index

(wt %)* (wt %)’ (wt %)’ (nm)

7.2 322.6 5.7 180 0.04

5.0 322.3 5.7 130 0.10

25 3215 5.8 150 0.11

*wt % w.r.t. continuous phase

T wt % w.r.t. monomer

The effect of changing the monomer concentrationenvkeeping the same
ratios of monomer to stabiliser and monomer toiatot have been looked at.
Having a high concentration of stabiliser increafes stability of particles with
larger surface areas. For a given amount of monomereasing the amount of
PDMS-MA stabiliser in the initial polymerisation rtiire produces smaller final
particles. This effect has been pushed furtheiirhitihg the amount of monomer in
the mixture producing particles approaching 100nnsize. At this size particles
will be barely visible in an oil therefore makingyafully formulated engine oil
containing those particles more desirable to custem

An important consideration when chosing the polysation system in this
project and for chosing to synthesise partisiiesdispersion polymerisation was the
ability to scale up production of particles for usendustrial applications. With this
in mind testing was carried out which increased @h@unt of monomer in the
initial polymerisation mixture while keeping the nwmer to stabiliser ratio
constant. This allowed for a greater yield of w8 to be synthesised while
maintaining the desired low particle size. Particlgoduced in this testing are

shown in the following figures.
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Image 4-17.Scanning electron micrographs of PMMA particlesaswing [180nm,
PDI = 0.04]. N.B. Sizes quoted in the caption hagen measured by DLS.

Figure 4-18.Scanning electron micrographs of PMMA particlesamging [150nm,
PDI = 0.11]. N.B. Sizes quoted in the caption hagen measured by DLS.



- 100 -

Figure 4-19. Scanning electron micrographs of the smallest PMiddxticles

produced so far [130nm, PDI = 0.10]. N.B. Sizestgdadn the caption have
been measured by DLS

4.3 Synthesis of PMMA patrticles with a methanol cae.

Synthesis of the PMMA particles with a methanolecovas carried out as
detailed inSection 4.2with the addition of a co-solvent in the initiadlpmerisation
mixture. This co-solvent was required to be imnikxiwith the continuous phase
and once primary particles form this co-solventinsluded within the particles
where it resides preferentially to the bulk. Polyisetion continues as before with
the final product being polymer particles with the-solvent encapsulated. As
before, unreacted monomer and excess stabilisere wemoved via the
centrifugation and redispersion steps. The detailghis process are explained
further inChapter 5.
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When using this method of encapsulation to incafeothe 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 nailge in the continuous
phase.

This ensures that there is minimal mixing betwelea to-solvent and the

continuous phase and that all of the FM is encapsdlalong with the co-solvent.

Solubility testing was carried out establishingttkd/ is highly soluble in
methanol but has limited solubility in dodecanessin are two solvents which are
immiscible. For this reason dodecane continuousehand methanol co-solvent

were chosen for the encapsulation process usée iwark presented here.

Particles with a liquid core- polymer shell morpbgy were prepared by
dispersion polymerisation of MMA where dodecane wsead as a continuous phase
and methanol was used as a co-solvent at varidigs.réarticles prepared were

highly monodisperse and were controllably synthessis

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

A co-solvent is used in order to produce a cordl glaeticle with a liquid core,
the morphology is which will be discussed furtheChapter 5. This co-solvent is
immiscible with the continuous phase and eventuadgomes encapsulated in the
final polymer particle. Provided all co-solventeiscapsulated, changing the amount
of co-solvent used should change the size of tlwarapsules produced. This also
alters the thickness of the particle wall, whicln teve further effects on the rate of
release of the FM through the particle shell. Trekease rate is examined in
Chapter 5. It is envisaged that the greater the volume ed@went used the thinner

the wall of the subsequent patrticle.
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Figure 4-20. Effect of changing the volume of co-solvent (totalume was kept

constant) on particle size. Error bars are includeall data.
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Figure 4-21.Effect of changing the volume of co-solvent (totalume was kept

constant) on polydispersity index. Error bars acduded in all data.
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This expected trend continued up to a 9:1 ratisabfent: co-solvent. Particles
produced in this system, and which follow this temeasure 877nm in diameter,
large enough to be used in the TE77 comparisomg¢esSIEM testing showed that
the calculated theoretical wall thickness agreeth \the measured wall thickness.
The theoretical wall thickness was calculated frdm volumes of MMA and
methanol added at the start of the synthesis andhrasured diameter (by DLS) of
the particles produced. The working for this catioin is found inPAppendix B. An
example of the largest particles produced hereh@sva below in Figure 4-22
where the darker methanol core of the particle banseen surrounded by the
PMMA shell.

Figure 4-22.Cryo-transmission electron micrograph of a PMMAté produced
using a 5:1 continuous phase:co-solvent ratio [A80dl = 0.07].
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Above this ratio particle size decreases down tdwaB40nm while the
polydispersity of the particles produced remainastant measuring around 0.1,
suggesting that the particle morphology has charageti solid particles are being
produced. This may be due to the particle wallsobeog too thin to support this
structure; or possibly due to a change in solvandhe system with the addition of
methanol. In these particles not all co-solvenengapsulated within the PMMA
particles produced. The reason for the reductiopaiticle size above a continuous
phase:co-solvent ratio of 6.5:1 was not examined he it was outside the scope of
the project however could be investigated in futnogk. In this case these particles
were not chosen for testing by TE77 as the presehoethanol in the system could
be identified but not quantified. This would furtHead to quantification problems
in particles which were synthesized using FM inithigal polymerisation mixture.

4.4. Summary

This study shows that it is possible to produce odisperse, solid PMMA
particles in the size range 130nm to 2.8um. This Heen achieved by
systematically changing the concentrations of thgous components used, while
keeping other variables constant, during the potisagon. The greatest amount of
control over final particle size was seen whenriggethe amount of monomer used.
Lower monomer concentrations can be used to lin@tgrowth of the particles by
starving the growing particle seeds of additionadnomer needed to continue
growing. These studies also showed a significaffitence of the concentration of
stabiliser used, which changed the amount of seréaea that could be stabilised
during the initiation process. For a given monoroencentration the addition of
larger amounts of stabiliser enabables the syrgledsa greater number of particles
all of which have smaller particle diameters thdmose created using lower
concentrations of stabiliser. When these two patarsevere altered at the same
time it was possible to reduce particle size dowri34nm, close to the size limits
set by Lubrizol. Particles at this size become naliifecult to be seen by the human
eye and therefore will aid the work of formulat@isning to incorporate particles

into a final engine oil without changing the appeere of the oil from those
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currently available which may adversely affect oostrs confidence in the product.

All of the particles shown here can be reproduaeilyand reliably.

It has been shown that the yield of particles sgsited can be increased by
increasing the concentration of monomer and keegiiegmonomer to stabiliser
ratio at a constant. Producing particiea a dispersion polymerisation means this
system will have the ability to be scaled up widse and therefore also have the
potential to produce a large volume of particlesiigingle synthesis which would
clearly be beneficial when producing these paiabein industry.

It is also possible to control particle size by mfiag the ratio of continuous
phase to co-solvent however this has some limitatitue to wall thickness. While
this was not investigated here, as particles ofddsired size for tribological testing
were produced before this point, this could be ara af further investigation to
determine why particle size doesn’t continue towgibove a 9:1 solvent to co-

solvent ratio.
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Chapter 5. Investigation into the release rate of friction modfier
from intact core shell particles

5.1Introduction

In order for the particles produced in this projéxtact as a reservoir fi
friction modifier into & fully formulated oil,the particles should remain unbrok
and slowly leach out FM over the lifetime of thé. This process is schemaally

shown inFigure 5-1.

Co-solvent core
with FM
dissolved Q

FM s FM slowly diffuses out
encapsulated within a of an area of high concentration (inside
polymer particle the particle) to an area of low

concentration (outside the particle).

Figure 5-1 Proposal for FM release from unbroken partis

In the majority of cas, slow release of an ae¢ ingredient from a particle «
capsule would occur at a rate drivby a range of factors includi porosity of the
capsule shell, solubility of the active in the ¢oabus phase and the concentrai

difference between the core or the capsules andafittnuous phas

The typical relationship that describes such agseds referred to by Fick
Laws of diffusion L6z] and can be expressed as follows:
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dC (Cin'cext)
—=AXHXD ——
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 relefatiee active, the diffusion
coefficient and the shell thickness are likely samain constant throughout the
procedure. Thus the most likely source of slowastewill be the difference in
concentration of the active between the core of plasticle and the outside
continuous phase. As FM is consumed from the coatia phase by the action of
the tribological contact the difference in concatitn between the continuous phase
and the particle core will increase thus drivingimerease in the release rate of the
FM.

To achieve a polymer particle with a liquid core, which the FM is
encapsulated, a co-solvent is added to the impb&fmerisation mixtureKigure 2-
23). This co-solvent is incorporated within the partictee as it preferentially wets

the precipitating polymer and is insoluble in tle@ttnuous phase [21, 133, 163].

To encapsulate the FM in the core of a particlefttiewing criteria must be
met:

» Continuous phase and co-solvent must be immiscible.

* The FM should be soluble in the co-solvent butindhe continuous phase.
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This should ensure that all co-solvent is encapsdlavithin the polymer
particles and all FM will be dissolved in that aav&nt rather than in the continuous

phase.

5.2 Synthesis of PMMA patrticles containing encapsated FM for

release rate testing.

To produce particles with a PMMA shell and methagole the initial
polymerisation mixture is changed slightly fromtthaed to produce solid particles.
The components of this mixture are detailed@amble 5-1

Table 5-1 Initial polymerisation mixture.

Monomer Methyl methacrylate (MMA)

Initiator Azobisisobutyronitrile (AIBN)

Stabiliser Methacrylate terminated poly(dimethybsane) (PDMS-MA)
Continuous phase Dodecane

Co-solvent Methanol

Additive Stearamide (FM)

Liquid core - polymer shell particles loaded wittM Fwere prepared by
dispersion polymerisation of MMA where dodecane waed as the continuous
phase and methanol was used as the co-solverfi:ih ratio. Synthesis was carried
out as detailed ifChapter 4 with the FM initially dissolved in the methanol co-
solvent used in the polymerisation process. As riest previously, unreacted
monomer and excess stabiliser were remoxiach centrifugation and redispersion
step, the dodecane removed in this process wastélsead as the first cycle in the
following release study.

The samples used contained a total of 3.1wt% FMagpgsulated within the

particle core, in the system. Particles were hightpnodisperse and were
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controllably synthesised to the size of 760 - 890ms particle size was chosen as
they where neither the largest (4208, not presented here) or the smallest (~340nm,
Section 4.3.] and were comparible to the particles to be usedhe TE77

tribological testing (detailed iG@hapter 6).

5.3 Determination of particle morphology

The structure of the particles produced was andlyse cryo-TEM. In this
project samples to be tested were added to holdyocagrid, stained using 1%
uranyl acetate and excess liquid was then wickeadyalWhe holey carbon grids were
S173-2 Quantifoil® R2/2, 300 mesh Cu supplied byaA§cientific. These grids
have an regular hole structure which can be seeRigare 5-2 This structure
allows for better wetting of the surface which daa hydrophilic or hydrophobic
dependent on the pre-treatment of the grids.

L iy i
a 0 ©
Figure 5-2.The regular hole structure of the Quantifoil® RBey carbon grids.

When imaged the majority of the particles addeddde found within the
holes of the grid. As the system operates undercawmn samples could not contain
liquid when they are analysed; this prevents alprolwhen imaging samples with a
liquid core. To overcome this and to image thermde structure of the particles
which have a liquid core (synthesis detailedCimapter 4) samples can either be
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fixed within a resin or can be frozen using liguidrogen. When using a resin the
liquid core of the particles is first replaced wahresin and then the particles are
suspended in that same resin. The resin contathengarticles is then thinly sliced,
allowing that samples to be viewed under the TEMdpcing a cross section of
those patrticles. In cryo-TEM particles are flastzén preventing the liquid in the
sample from forming large crystals which may distbe observed particle shape.
This allowed for the observation of the samplesratat! in their nature state and not
distorted by any drying processes as is possillle miagining techniques such as
SEM. This is a large advantage in biological systemmere this TEM method of
imaging is commonly used [141].

Dodecane containing PMMA particles with a methaoote (without FM)
were analysed by cryo-TEM as detailed above. TheganinFigure 5-3 shows a
particle with a PMMA shell — methanol core morphmpio

Figure 5-3. Cryo-transmission electron micrograph of a PMMAtise with a

methanol liquid core.

When carrying out TEM it is important to understantiat is being seen may
actually be an optical illusion [164Figure 5-3 may be showing a core-shell

structure where the darker centre is the metham@ and the surrounding outline
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being the PMMA shell ¢ the dark centre may be caused by the settling ®
particle onto the carbon grid itself. To overcc this possibilty, particles were
viewed at a O°sample til and 25° tilt. A 25 tilt angle was chosen due to i
thickness of the ice obscuring the images at higjlieaingles.If the darker area in
the centre of the particle is due to the partideing into contacwith the surface of
the film thentilting the sample would result in the darker aappearing to move 1
the side of the particle. If the particle has atoore-shell morphology the dark
region would remain in the centre of the partiche® the same is tilted. This is

shown inFigure 5-4.

If darker areas are due to contact
of the particle on the holey carbon film:

25 degree tilt 0 degree tilt 25 degree tilt

If darker areas are due to a
true core-shell morphology:

25 degree tilt 0 degree tilt 25 degree tilt

Figure 5-4. Movement of the darker region of the particle inthge different tilt
angles. If the darker region is due to the comththe particle at the surface
will appear to move within the particle when tiltdtithe darker region is dt

to a true coreshel morphology it will stay central to the particléhen tilted
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It is worth noting that the image seerFigure 5-3appears much clearer as here the
particle was not obscured by a thick droplet oké&mw dodecane. In the preparation
of the sample inFigure 5-3 excess dodecane was wicked away to allow clear
imaging of the particles. However this means tihat possibility of the particles
settling on the grid surface had now arisen but thés overcome by tilting the
surfaces. The lower amount of dodecane presentsribanthis image is much more
suitable for measuring particle shell thicknessittheose shown below. Images were
taken at a 0° tilt anglé={gure 5-5) and at 25° tilt angleHigure 5-6). Analysing the
sample at different tilt angles confirmed that 8teucture was that of a polymer
shell with a liquid core. The images here appess ldear as these particles are
suspended within a droplet of frozen dodecane.€ffeet of this droplet affects the
clarity of the image however the polymer shell,eheeen as the darker region, is
clearly visible with the lighter area in the middieing the methanol core of the
particle. The polymer shell allows fewer electraagpass through the sample and
therefore appears darker in the final image. Wiaicdas appear darker can also be
an effect of the staining method used which maylarghe difference in darkness
between the core and the shell in the image abovihdse below. Due to the
thickness of the ice in the images below they aitalsle for the determination of

particle morphology but not for use in the measweiof shell thickness.

Figure 5-5.Cryo-transmission electron micrograph of PMMA $heinethanol core

particles the image was taken with the sample$ sa@iple insertion
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Figure 5-6. Cryo-transmission electron micrograph of PMMA $heiethanol core

particles the image was taken with the sample air@grtion.

5.4 Identification of the friction modifier supplied by Lubrizol

A sample of the FM to be used in this project wagpsied by The Lubrizol
Corporation. Due to corporate confidentiality tregadsheets provided with the FM
supplied show only the general chemical classificeand safety data of the sample
but not the actual identification of the FM prowideThe general chemical
classification given indicates that the FM is akealyl amide. This eliminates the
possibility of the FM being an inorganic speciederitifying the FM supplied is
important as it may allow for identification andgsibly quantification of the FM
within the particle core and may also allow the Edbe measured in the oil or

possibly at the surface of the tribocontacts dudngfter tribological testing.

ATR-FTIR was used to determine the structure of EMe being used in this
project. This is shown below Figure 5-7 and the assignment of the peasks seen in
this spectra is detailed rable 5-2
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Figure 5-7. ATR-FTIR spectra for FM (“Lubrizol additive”and the structure it
indicates.

Table 5-2 Assignment of the main IR peaks in the FM spe

3357.80 -N-H Stretch Amide 3100-3500 Unsubstitutedhave
3183.53 2 bands

2956.55 -C-H Stretch Alkane 2850-3000 Strong

2920.93

2850.58

1658.02 C=0 Stretch Amide 1640-1690 Strong

1630.93 -N-H Bend Amide 1550-1640

1363-1467 | -C-H Band Alkane 1350-1480| Variable

Infrared analysis of the FM shows a le peak in the carbonyl region its

spectra. This was confirmed as a peak used fotifabation by Lubrizo and from
the spectra it could bconcluded that the structure of the FM was a hyahtmen

chain with a polar amide group at one

The spectrum shows that the FM is an ai structurewith a straight chai

alkane portionLubrizol have confirmed that the FM contairn amide group and
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that the FM structure contained 18 carbon atom@gdJhis information a number
of possible structures, both branched chain araigsir chain, were generated. Only
one of the possible structures, stearamide, isymed and sold by Lubrizol for use
in lubricants as a friction modifier. Further testi of the sample by gas
chromatography— mass spectroscopy (GC-MS) and ngelpioint analysis has
shown that the FM sample is highly likely to beeasamide. FTIR is considered a
fingerprinting analysis technique meaning that sjpegenerated can be compared to
spectra of known chemicals. Comparision of the AMctra and the spectra of
stearamide confirmed that they were the same claénspecies. Details of

stearamide are given rable 5-3and the structure is shownHigure 5-8,

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

Generic Name: Stearamide

IUPAC Name: Octadecanamide

Formula; CH(CH,)1sCONH;,

CAS Number: 124-26-5

Appearance: Creamy solid

Melting Point: 102-104°C

Solubility: Soluble in organic compounds. Insolulievater

Stability: Stable. Incompatible with strong acidases and oxidizing agents

o]

/\/\/\/\/\/\/\/\)J\NH

Figure 5-8. Stearamide.

2

The structure of the stearamide molecule allows tf amide region to
become anchored to the metallic, or polymeric,a@$ through hydrogen bonding
while the non-polar, straight chain hydrocarbontiparemains solubilised in the
lubricating oil. The hydrocarbon chain aligns pewieular to the surface and the
chain sections of separate molecules are heldosegbroximity by Van der Waals
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forces. This allows for the molecule to form a #gagal multilayer protecting the
surface from the rubbing action of the two opposugaces.

5.5. Identification of the friction modifier within PMMA patrticles

In order to determine whether the FM had becomemndated within the
core of the PMMA particles synthesised (synthesited inChapter 4), the IR
spectra of PMMA, and methanol were obtained. Tleegdd then be compared to
the spectra of the FM shown kingure 5-7.

There were two regions which were identified asspgae fingerprint regions
which could be used to identify the presence of Hie FM shows a split double
peak between 3000¢mand 3500cii and a split peak at 16008mwhich are
unique to the sampldzigure 5-9 shows the combination of spectra for PMMA,
methanol and FM. All of the samples tested werthendodecane continuous phase
in which they had been stored. Each type of parppebduced (solid, methanol core
without FM and methanol core with FM) was tested.

00 1
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80 1
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100 T - .
| PMMA + MeOH ’—W.-l Y W\ A
0 | +1.19%FM 1('
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100 1
! PMMA + MeOH
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Figure 5-9.IR spectra for PMMA particles containing increasargount of FM.
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In the top spectra, coloured orange, the PMMA idet@ne sample showed a
peak due to dodecane at 1700amhich would affect the identification of the amide
peak of the FM (at ~1600¢th As methanol, seen in the blue spectra, is intred
to the matrix a large broad peak begins to appeawden 3000-3600ctn This
overlaps the double peak of the FM (at 3000-350fcamd now makes this peak
unsuitable for FM identification. As the concenwatof FM increases, seen in the
green spectra containing 7.58wt% FM, a shouldeeld@s on the dodecane peak
(~1700cnt) which is due to the amide group of the FM. Thesectra show that it
is possible to detect the presence of FM and te&tRM has been encapsulated
successfully using IR techniques, however the cerigyl of the matrix comprising
of dodecane, PMMA, methanol and FM makes quantiioa of the FM
encapsulated difficult.

5.6 Determination of FM release rate by high perfamance liquid
chromatography

5.6.1 Development of HPLC method

Testing was carried out using a Perkin Elmer, hmgrformance liquid
chromatography (HPLC), normal phase system withactive index detector. A
Varian PLGel 3um 100A 300 x 7.5mm GPC column (stetry phase) heated to
30°C was used in all testing with tetrahydrofurditlif) as the mobile phase and
samples were taken using an autoinjector fitteth @i2@QL injection loop. THF was

used as all components were soluble in this salvent

The following samples were also tested to determ@tention times of the

various possible components;

* FM (10wt%) in methanol
* FM at saturation in dodecane
e FMin THF
The chromatograms for these are showrFigure 5-10, Figure 5-1l1and

Figure 5-12 Retention times for all analytes are giveable 5-4
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Figure 5-10 High performance liquid chromatogram of FM (10Wti# methanol.

FM = 8 minutes, methanol = 9.5 — 10 minutes.
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Figure 5-11 High performance liquid chromatogram of dodecaatrated with

FM, in a THF mobile phase. FM = 8 minutes, dodeca8aminutes.
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Figure 5-12 High performance liquid chromatogram of FM in THFM = 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 ansou0.0001wt% -—
10wt%) of FM in methanol. These were testéal HPLC using THF as a mobile

phase. The calibration curve produced is showkignre 5-13
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Friction modifier concentraion vs. measured response

Peak area

Amount

Figure 5-13 Calibration curve for the detection of FM in maatlol, using a THF
mobile phase. “Peak area” is the measured areanguatb the peak and
corresponds to “amount” of FM added to the standatdtions.

The area underneath the peak, measured from tledingaso the top of the
peak is recorded and this corresponds to the am@iuRtM within a sample. A
smaller peak area therefore indicates a sampleaicomg lower quantities of FM.
The area measured in each sample, of unknown Fiectration, is compared to
the calibration curve, produced using known comegioins of FM, giving the

amount of FM found in each sample being tested.

5.6.2 FM release testing

Once synthesised particles were centrifuged, sapmmh dodecane was
removed and fresh dodecane was added to the partishich were then
resuspended and gently shaken for one hour exddtly. FM in the supernatant
dodecane was then extracted using large aliquotgaain methanol to ensure full
partitioning of the FM into the solvent. These wehen tested by HPLC to
determine the concentration of FM released fromphsicles, into the continuous

phase, in one cycle. This process is showFiguire 5-14
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Repeat

1 CYCLE

Redisperse
particles

centrifuge, extract FM
from supernatant
dodecane using MeOH
and then test by
HPLC

Figure 5-14 Each centrifugation and redispersion will be mefd to as one cycle.

Testing was continued until a constant release ammeas reached for each
cycle. Systems of this type typically show an alitburst release’ followed by a
constant release rate until there is full depletbthe 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 téstd cycles of one hour in
duration, this was to ensure that the greatest amoliFM possible was being
released in each cycle. The second set of tegiad cycles of 15 minutes duration,
this was the shortest time period possible duehéotime taken to centrifuge the
sample, remove the supernatant and redisperseathgles The shorter cycle time
was designed to determine how quickly the FM cdddreleased from within the

core of the particle.

The cumulative total of FM released over the t@stoeriods is shown in
Figure 5-15
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Figure 5-15 Cumulative FM released (wt%) with each cycle. €&y refers to the

amount of time the particles were dispersed in edighiot of fresh dodecane.

Measurements found that the first cycle of testiogtained between 12% and
15% of the FM which was added to the system inirtti@l polymerisation mixture
was removed during the first cycle. This amountFdd is equivilant to about
0.4wt% of FM in the continuous phase. When ¢ =i6 #mwould correspond to the
synthesis of the particles when it is assumed #flaEM in the system is being

encapsulated and concentration of the FM in theedaxde should equal zero.

All particles produced and subsequently tested foeir tribological
characteristics undergo one cycle (c = 1) of ckmgation and redispersion after
synthesis to remove excess stabiliser and unreasb@dmer. This means that in the
synthesis phase 85-88% of the FM added is actuatiyapsulated within the
particles. This may be due to the slight solubitfythe FM in dodecane as well as
FM becoming associated with the excess stabilisenrmeacted monomer. The
amount of encapsulated FM is still high enough t@ndhtically raise the
concentration of FM above that which can be traddlly blended into dodecane
(0.004wt%).
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The amount of FM being released from the partiglesach cycle was found
to be 0.007-0.014wt%. This is true for both themute tests and the one hour
tests respectively. This shows that 15 minutessigficient amount of time to allow
the maximum concentration of FM to be released fwathin the particles.

The amount of FM released in each cycle is greai@n the amount of FM
which can be solubilised in dodecane but is stithinm experimental error. Testing
and literature searches found that methanol andaogk are immiscible and no data
or testing protocols could be found in order ta td® solubility of methanol in
dodecane. Release of FM from the core is driverthgy concentration gradient
between the core of the particles and the contisyzthase. As the methanol and
dodecane are immiscible it should not be the chaethe methanol is aiding the
transport of the FM into the dodecane by the meath#&aving the core of the
particle. It may be the case that some particlggure during the centrifuge and

redispersion process, which may account for somrease in the FM measurement.

Assuming the maximum amount of FM possible is isd€aat every cycle it
would take 160 cycles before all FM, added at the tof synthesis, was accounted

for.

5.7 Summary

It has been shown that particles are capable easalg FM from their core
into fresh dodecane on thes basis of slow diffugfmough the polymer particle
matrix. This demonstrates that slow release ineodlly continuous phase of the
formulated lubricant could occur without the need the particles to rupture. This
appears to be dependent on the concentration ofirFkhe dodecane, into the
environment outside of the particles. SaturatiofrMfin dodecane was found to be
higher (by up to 130%) in samples which had begrosed to centrifugal force than
were measured for dodecane saturated by traditmeatling methods. The cause of
this needs further clarification but, due to isssesrounding the miscibility of

methanol and dodecane, was determined to be out®deope of this project.

The release properties of FM from the core of thMdMA particles is

comparable with the release curves seen in thatitee. This is due to the particles
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obeying Fick’s Law whereby the addition of frestddoane to the system creates an
non-equilibrium in concentration of FM between théside dodecane and the inner
methanol [166-170]. An example of the typical cuative release profile over time
can be found in the analysis of peppermint oilasézl into hot water from gelatine-
gum Arabic microcapsules reported by Datal. [167]. While the release profiles
found in literature are not carried ot the same procedure as the centrifugation —
HPLC method used in this work the results do appedre comparable with other
studies of concentration driven active release. €ial. [171] studied the release
rate of ibuprofen from polyelectrolyte multilayeapsules and stated that the driving
factor in the rate of release was the solubilitytred ibuprofen into the continuous
phase. This has also been found in this work wtrerdimiting factors of the release
of FM into the fresh dodecane were found to besthiability of FM into dodecane

with the possible aid of the limited solubility wfethanol into the dodecane.

A high proportion (85-88%) of the FM in the initipblymerisation mixture is
encapsulated in the methanol core of the partigtesluced. This is sufficient to
increase the total amount of FM in the system bdytre current capabilities.
Traditionally blended engine oils contain aboutd% of FM at present, if particles
containing encapsulated FM were used alongsidethieismmount of FM inside the
particles would be sufficient to sustain this leirethe oil, keeping it topped up as
the FM is depleted.

Within an engine, or indeed in the tribometer tegtia different release
mechanism needs to be considered, that of patirdakage. This phenomenon is

tested in the following chapters.



- 125 -

Chapter 6. Investigation into the tribological effet of PMMA

particles in a model oil

6.1 Introduction

Polymer particles have been produced which incatgoFM within a liquid
core and the rate of FM release from unbroken @astihas been investigated. The
action of organic FM in model oils and fully fornatéd oils is well documented [93,
94, 102, 115, 120, 172]. It is now important togstigate the actions of the particles
themselves in a model oil dodecane and whethepdhtcles improve friction and
wear seen in the system. A testing matrix was éelvia order to investigate the

friction and wear reduction properties of;

1) Dodecane, here used as a model oil, containingnge oil additives or
particles.

2) Dodecane fully saturated with FM. This represente tmaximum
concentration of FM which can be blended into thedet oil through
traditional blending methods.

3) Solid PMMA particles, which contain no FM, in dodee. These have been
used to determine the effect of particle size.i€lag measuring 150nm
(small), 850nm (medium) and 1600nm (large) haven hested.

4) Particles with a methanol core, which contain no FMdodecane.

5) Particles with a methanol core containing FM in eahe. Here particles
measuring ~ 1000nm have been tested which contaiferemht

concentrations of FM within their cores.

This is shown on the next pageTiables 6-1, 6-2and6-3.



- 126 -

Table 6-1. Testing matrix for comparison of particles of soRMMA particles,

containing no FM, in dodecane at different conadiins and different

hydrodynamic diameter. Each x signifies each twarhest carried out, for

that particular particle type.

SOLID PARTICLES Particle size
1600nm 850nm 150nm

14wt% XXX XXX XXX
c
@]

o B TWt% XXX XXX XXX
o S
= [

s 9 3wt% XXX XXX XXX
o =
(@]

© 1wt% XXX XXX XXX

FM concentration - - -

Table 6-2. Testing matrix for comparison of particles of soRMMA particles,

PMMA particles with a liquid core containing no Fahd PMMA particles
with a liquid core containing FM, all in dodecané different particle

concentration. Note particle size remains constaithin error. Each X

signifies each two hour test carried out, for faticular particle type.

CHANGING PARTICLE Particle size
COMPOSITION Solid PMMA | PMMA particles| PMMA particles
particles with a methanol| with a methanol
core core containing
FM
1600nm 1600nm 1600nm
14wt% XXX XXX XXX
c
o
o B Twt% XXX XXX XXX
o =
= [
s 3 3wit% XXX XXX XXX
o c
@]
© Iwt% XXX XXX XXX
FM concentration - - 7. 7wt%
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Table 6-3. Testing matrix for comparison of PMMA particles it liquid core

containing FM at the same particle size within emad different particles

loading. Note changing particle concentration aldtanges overall FM

concentration in the system. Each x signifies @achhour test carried out, for

that particular particle type.

PARTICLES WITH A Particle size
METHANOL CORE
CONTAINING
ENCAPSULATED EM 1600nm 900nm 1100nm
14wt% XXX XXX XXX
C
(@]
o B Twt% XXX XXX XXX
[SI-—]
=] cC
g 3wit% XXX XXX XXX
a c
(@]
© 1wt% XXX XXX XXX
FM concentration 7. 7wt% 15.3wt% 32.2wt%

Tribological testing was carried out using a CameRdint TE77 low speed
reciprocating test machine. The TE77 tribometer mases of a pin attached to a
reciprocating arm which moves across a stationkate positioned within a heated
oil bath. Details and a schematic of the TE77 agpgrused in this project are given

in Chapter 3.

The materials and test conditions used are dethéémlv inTable 6-4

Table 6-4.Cameron Plint TE77 test conditions.

Pins

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

Plates

AISI 52100 Steel (58-60 HRC)

Run Conditions

80°C, 25Hz, 24.5N, 0.78GPa, 5mnksttength
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Particles were synthesised as detaile€lvapter 4. All particle samples are
compared to pure dodecane (Owt% particles), whiak used as a model oil, and

also dodecane fully saturated with FM (Owt% pagsgl

To produce dodecane fully saturated with FM (Owt&G6tiples) incremental
amounts of FM were weighed into the dodecane,@hrtemperature, until no more
would dissolve. This is the traditional method ¢éruling additives into an engine
oil and represents the amount of FM which can lead#d into an oil currently; a
concentration which this work aims to improve up®he maximum amount of FM

soluble in dodecane is about 0.004wt%.

Wear analysis was conducted using scanning wigtd Interferometry on a
Bruker NP FLEX interferometer. All measurements avéaken under vertical
scanning interferometry mode, scan speed 1, magtidn 2.5x.

6.2 Effect of adding particles of different morphobgies to dodecane

6.2.1 Friction

Here the tribological behaviour of dodecane whidmtains solid PMMA
particles, PMMA particles with a liquid methanolrecor PMMA patrticles with a
liquid methanol core containing encapsulated FMcarapared. Each sample is also
compared to pure dodecane and dodecane whichyssatbrated with FM through
traditional blending methods. This has been caraetin order to determine the
effects of the PMMA particles themselves, what @ffenethanol has and also,
whether the presence of FM produces the desirededse in friction over the
duration of the test (2 hours). Each of the tesss lteen carried out using the same
test parameters as describedSection 6.1and was repeated at least 3 times. It
should be noted that, in the case of the FM logmeticles, the concentration of FM

changes as the concentration of particles changes.

Over the two-hour measurement, presente#figure 6-1, the coefficient of
friction for the case of pure dodecane as the ¢anti was consistently higher than
for any other sample. It also showed the largesttdlation of any of the samples
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tested. As expected, when dodecane is fully sadravith FM the friction
coefficient measured is reduced and appears th r@ateady state within the first

30 minutes of the test.
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# Pure dodecane X Solid particles
0.02 1 @MeOH core particles (no FM) A FM loaded particles

0 Dodecane saturated with FM
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Figure 6-1. Friction coefficient |1) over a time period of two hours. Pure dodecane
(red ¢), dodecane containing solid PMMA patrticles (14wg#sticles) (purple
X), dodecane containing methanol core, no FM, PMIgkticles (14wt%
particles) (blacke), dodecane saturated with FM (gre®p and dodecane
containing particles with encapsulated FM (14wttipkes) (blue A). Each
plot is the average of three separate tests, damoet under identical
conditions, error bars are the standard deviatidheothree tests.

All of the samples containing the PMMA particlesoeded lower friction
coefficients than in the case of pure dodecane.dbiiecane/ solid particle and the
dodecane/ methanol core particle samples contamoe&M vyet still reduced the
friction below that measured for pure dodecane.s€heesults do not show any
significant effect of solid particles on frictioeduction. This is not surprising as the

polymer used for the particles does not have aiatidn reducing properties itself.
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The addition of FM containing particles to dodecameasured the lowest friction

coefficient of all samples and this will be expldrferther later in this chapter.

6.2.2 Wear

In Figure 6-2 wear results obtained from testing dodecane vatid and FM
containing particles are shown. Each result isatherage wear volume measured of

three separate plates, carried out under iderdaraditions.

X Solid particles
e Pure Dodecane
A FM Loaded Particles

1.E+07 % Dodecane saturated with FM
2
El 8.E+06 -
£
S 6.E+06 -
(@]
>
I
O 4.E+06 -
=

2.E+06 - -

i X %
O.E+OO ; T T T T T T T
0 2 4 6 8 10 12 14

Particle Concentration (wt%)

Figure 6-2 Wear volume {m°) of the steel plates after the two-hour test erio
Pure dodecane (red horizontal line [~9.7 X]1Cdodecane containing solid
particles (purple x), dodecane saturated with FMdg horizontal line [~5.9 x
10°]) and dodecane containing particles with encapsdlaEM (blue A)
(14wt% particles is equivalent to 3wt% FM. 7wt% tpdes = 1.5wt% FM.
Awt% particles = 0.8wt% FM and 1wt% particles =v@% FM). Each plot is
the average wear volume measured of three sepasttglates, carried out
under identical conditions. It should be noted that concentration of friction

modifier as the concentration of particles changes.
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At all particle concentrations measured the voluhevear was lower than
those measured in pure dodecane (~9.7%¢¥x 16 um?®). The effect of changing
the concentration of solid particles follows notsysatic trend. It can be seen that
only a small amount of the solid PMMA particles de¢o be blended into dodecane
in order to produce a dramatic reduction in weduw®. However, the largest drop
in measured wear volume can be seen in the sangplesining the highest
concentration of particles.

The addition of FM (at saturation) to dodecanedpo®s a lower wear volume
(~5.9 x 16 + 7x 10 pnt) than measured for pure dodecane. A comparisdheof
wear scar generated when pure dodecane is usecaoengnd wear scar generated
when dodecane fully saturated with FM are usedilasdating oils is given below in
Figure 6-3. The wear scar of the sample containing FM (~1.)Jligrmuch shallower
than the sample which didn’t contain FM (~4.7um).
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Figure 6-3. [Top image] Depth of wear scar on a steel plaséed when dodecane is
used as a lubricating oil and [Bottom image] whedetane fully saturated
with FM (0.004wt%) is used as a lubricating oilliR77 testing.
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The use of particles containing encapsulated FMifsigntly reduces the wear
recorded in all other samples, including for theecaf a dodecane solution saturated
with FM. Samples containing these particles showerd84% reduction in wear
when compared to dodecane fully saturated with Akl @&n 89% reduction in wear
compared to plates tested in pure dodecane. Tipgeaes to be very little variance
between samples of different particle concentratiims again shows that only a
small percentage of particles need be incorporattd dodecane to produce the

desired reduction in wear.

Examples of the wear scars seen for dodecane nomgasolid particles
(14wt%) and those generated for dodecane conatipémticles with encapsulated
FM (14wt% particles, equivalent to 3wt% FM) are whan Figures 6-4andFigure
6-5. The wear scars here can be seen to be muchwbaatoan when pure dodecane
(~4.7um) can be used as a lubricating oil. The vgear generated when dodecane
with solid particles appears deeper (~0.45um) aitbbdefined than the wear scar

imaged when dodecane with particles containing FM10um) have been used.

1047

100

=871

Figure 6-4. 2D and 3D interferometry images of the wear sfar plate tested when

dodecane with solid particles (14wt% particles)sed as a lubricating oil.
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The black areas ifrigure 6-5 are areas which have been masked from the
scanned image when measured the wear volume. Rendar scar created during
testing was slightly off centre of the steel platesaning that the edge of the plate
could be seen in the interferometry scan. If theeee not masked they would lead

to artificially high wear volumes being measured.
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Figure 6-5. 2D and 3D interferometry images of the wear sfar plate tested when
FM containing particles (14wt% particles; 3wt% Figlused as a lubricating
oil in TE77 testing.

Organic friction modifiers and antiwear additivag &oth considered surface
active additives and operate under similar conaiitidt may therefore be possible
that the organic friction modifier used in this dguhas some mild antiwear

properties [12].
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At most particle concentrations the encapsulatedp@kicles produced lower
wear during testing than solid particles. This ®gg that there is a synergy
between FM and PMMA used to form the particle shdtich results in wear
reducing properties. This will be discussed furtihethe next chapter.

6.3 Effect of particle size

6.3.1 Friction

The two hour tests are considered to have reackeshdy state during the last
30 minutes of the test. The friction coefficientsridg this steady state period are
averaged out for each sample and giveRigure 6-6. Each result is the average of
the last 30 minutes of the three separate testshendrror bar for each point is the
standard deviation of these 3 tests. Particle sesnwhich were used to determine
the effect of particle size were all solid PMMA peles which contained no FM.
The solid particles tested measure 1600nm, 850raml&6nm. It should be noted
that the stated friction coefficients for pure doaiee and dodecane saturated with

FM are for comparison only and contain no particles

As expected, blending the FM into dodecane prodacésction coefficient
(0.0084 + 0.003) lower than measured for the datedself (0.139 + 0.015).

At all particle concentrations tested the measuwreeifficient of friction is
higher than those measured for dodecane saturatied-M. The effect of changing
the concentration of solid particles used appeafsliow no systematic trend. There
is little evidence in these samples that changnmegdoncentration of particles used
has a significant effect on the friction measufalticle size has a greater effect on
friction coefficient at higher particle concentoats and at the lowest particle
concentration (1wt%), in all samples, the frictmyefficient measured is similar for
all three patrticle sizes, indicating that only avl@oncentration is necessary to
improve reliability and particle friction reductioregardless of particle size. As
stated previously, one of the desired charactesidor the synthesised particles in
this project was to produce particles as smallG#8n in order to make the particles
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less visible within an engine oil. As such this nmag the driving factor when
deciding which particle size to incorporate.

0.18 -
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Figure 6-6. Friction coefficient (1) during the last 30 miasatof the two hour tests,
error bars coloured for clarity. Pure dodecane (@oper horizontal) line,
friction coefficient = 0.139, line is for comparis@nly, there are no particles
in this sample), dodecane containing 1600nm sohtMR particles (purple
m), dodecane containing 850nm solid PMMA particlesafige x), dodecane
containing 150nm solid PMMA particles (ble¢ and dodecane saturated with
FM (green (lower horizontal) line, friction coefiemt = 0.084, line is for

comparison only, there are no particles in thisain

Each sample was tested at the same particle coatens but due to the
differing particles sizes each sample also contaimsfferent number of particles.
Over the range studied, it seems that the numbpaicles in the system does not

have a direct effect on the friction coefficientasared, shown iRigure 6-7.
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Figure 6-7. Friction coefficient (1) during the last 30 miestof the two hour tests
versus number of particles in the sample. Pure choue (red (upper
horizontal) line, friction coefficient = 0.139, knis for comparison only, there

are no particles in this sample), dodecane comgii00nm solid PMMA

particles (purplem), dodecane containing 850nm solid PMMA particles

(orange x), dodecane containing 150nm solid PMMAigas (bluee) and
dodecane saturated with FM (green (lower horizyitae, friction coefficient

= 0.084, line is for comparison only, there argpadicles in this sample).

6.4 Effect of changing FM concentration encapsulatein particles

6.4.1 Friction

As seen irFigure 6-8 particles containing encapsulated FM have thenpiaie
to reduce the measured coefficient of friction letbat of dodecane fully saturated
with FM, which here represents the amount of FM althican be blended
traditionally. This suggests that a greater comegioh of FM can be incorporated

into an oil when it is encapsulated within PMMA feées. The next stage of this
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chapter is designed to study whether encapsulatatey amounts of FM can lead
to a corresponding decrease in friction coefficidpdrticles were synthesized as
detailed in Chapter 4 using varying amounts of Atvishould be noted that the
concentration of FM changes as the concentratigradfcles changes.

For all samples containing particles with encapgsdld&M tested the measured
coefficient of friction is lower than those measlr®r pure dodecane (0.139 +
0.015). The effect of changing the concentratiopanticles used appears to follow
no systematic trend and once again there is itielence in these samples that
changing the concentration of particles used hagaficant effect on the friction
measured. For each particle sample the error istgegecrease as the concentration
of particles decreases indicating that only a loenoentration is necessary to

improve reliability and particle friction reduction

The particles which contain the highest concemratiof FM encapsulated
within their core measured the lowest friction dmétnts and in some cases reduced
the friction coefficient measured below those meagdior dodecane fully saturated
with dodecane by traditional blending methods (84)@ 0.003). It should be noted
that altering the particle concentration also alttre FM concentration within the
system directly. All of these samples have a FMceotration much higher than can
be blended by conventional means. When comparieg 3Bwt% and 14wt%
particle samples it can be seen that there haslmdy a small change in friction
meaning that only a relatively small concentratadrparticles is needed to reduce
friction. This is advantageous in terms of blendpagticles into a fully formulated
oil, as a lower concentration of particles will veé the visibility of those particles

within the oil.
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Figure 6-8. Friction coefficient (1) during the last 30 miasatof the two hour tests,
error bars coloured for clarity. Pure dodecane (@oper horizontal) line,
friction coefficient = 0.139, line is for comparis@nly, there are no particles
in this sample), dodecane containing 1100nm ‘lowl Foaded particles
(orangee) (1wt% particles is equivalent to 0.1wt% FM. 3wisarticles =
0.2wt% FM. 7wt% particles = 0.4wt% FM and 14wt% =/wWt% FM),
dodecane containing 900nm ‘medium’ FM containingtipi@s (purple x)
(Awt% particles = 0.1wt% FM. 3wt% particles = 0.8EM. 7wt% particles
= 0.7wt% FM and 14wt% particles = 1.5wt% FM), doalee containing
1100nm ‘high’ FM containing particles (blua) (1wt% particles = 0.3wt%
FM. 3wt% particles = 0.8wt% FM. 7wt% particles 5Wt% FM and 14wt%
particles = 3.1wt% FM) and dodecane saturated Wikh (green (lower
horizontal) line, friction coefficient = 0.084, knis for comparison only, there

are no particles in this sample).

The amount of FM encapsulated appears to haveflemee on the friction
coefficient measured. Changing the concentratiopaoficles produces a change in
the concentration of FM in the system being tesfexda consequence of this some

of the different samples tested in fact contairfeldame overall FM concentration.
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Figure 6-9 shows the effect FM concentration has on the mredscoefficient of

friction.
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Figure 6-9. Friction coefficient (1) during the last 30 miasatof the two hour tests,
error bars coloured for clarity. Dodecane contgniparticles with
encapsulated FM. Particle concentrations corresporide samples shown in
Figure 6-8.

The amount of FM encapsulated appears to haveflemee on the friction
coefficient measured. Changing the concentratiopaoficles produces a change in
the concentration of FM in the system being teséexda consequence of this some
of the different samples tested contained the saraeall FM concentration. Despite
these systems containing the same amount of FMe thadicles which contain the
most FM within their cores still measure the lowkgtion coefficients. This again
shows that the number of particles does not hadirext effect on the friction

coefficient measured.

This shows that the inclusion of a low concentratd particles which contain
a high amount of encapsulated FM can produce l@eefficient of friction than a
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high concentration of particles which contain véoyw amount of FM. This is
independent of the concentration of FM there ithaoverall system. This suggests
that the delivery method of the FM may be domindigdhe bursting of particles
and the quick delivery of FM where and when it eeded rather than the slow

leeching of FM from the particles over time as weesinitial hypothesis.

6.4.2 Wear

Figure 6-10 shows the wear results obtained from particleataining
different concentration of FM encapsulated withineit cores. Each result is the
average wear volume measured of three separatsptarried out under identical

conditions.

At all particle concentrations measured the voluhevear was lower than
those measured in pure dodecane (~9.7%¢x 10 um®) and those of dodecane
fully saturated with FM (~5.9 x fo+ 7x 10 pnt). The effect of changing the
concentration of particles, and thus the conceantraif FM in the system, follows
no systematic trend. There appears to be littidemdihce between particles
containing the various concentrations of FM ando ditle variance between
samples of different particle concentration. Thiggests that while the organic
friction modifier being used may exhibit some maddtiwear properties, this has
reached a saturation point where the addition dhéwm FM provides no advantage
to the wear reduction seen. Once again it can e #&t only a small amount of
these FM containing particles are needed in ordaframatically reduce the wear

volume.
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Figure 6-10 Wear volume {m°) of the steel plates after the two-hour test gerio
Pure dodecane (red horizontal line [~9.7 X])L(off y-axis scale), dodecane
containing ‘low’ FM particles (orange), dodecane containing ‘medium’ FM
particles (purple x) and dodecane containing ‘higM particles (blued).
Each plot is the average wear volume measuredreé theparate test plates,
carried out under identical conditions. It shoutrwted that the concentration
of friction modifier as the concentration of pae& changes. FM

concentrations for each sample are as statdéidore 6-8.
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Chapter 7. Discussion

7.1 Introduction

Particles have been produced which can reduceritt@h coefficient and
recorded wear associated with using a model oilthia case dodecane, than is
possible through traditional blending techniquesisTchapter will propose a
possible mechanism for the action of these pastieled the release of FM from

within the core of these particles.

7.2 Particle optimisation

PMMA were synthesised controllably in a non-aquecaistinuous phaseia
a dispersion polymerisation. Solid PMMA particlesrev produced by the systematic
altering of the initial polymerisation mixture. Bhiincluded changing the
concentration of monomer (MMA), stabiliser (PDMS-MAinitiator (AIBN)
respectively and then altering both the monomer atdbiliser together.
With the incorporation of a co-solvent into thetiali polymerisation mixture
PMMA patrticles were created which had a polymeilshéquid core morphology.
Size control of these particles was also investidjdiy changing the ratio of co-
solvent to continuous phase in the initial polyrsation mixture. In doing this
control over particle size and polydispersity akmirvfor the synthesis of particles
below 100nm, which will be barely visible to theked eye, and enable the
synthesis of larger particles (zh) capable of carrying large quantities of FM
within their cores and thus requiring fewer paggcto be added to be blended into
the oil used. In addition to controlling the finparticle size and concentration
blended into the final engine oil, particle visityilcould be further improved by

matching the refractive indeces of the polymer ¢eaised and the oil. This would
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allow the particles to ‘disappear’ in the oil [1138], this process is shown simply
in Figure 7-1

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

Particles produced were tested and optimised ®@ptrticular model system
and polymerisation method used in this project.nEpart of the polymerisation
process and initial polymerisation mixture can hbierad in order to produce
particles which may be suitable for incorporatiatoia base oil and eventually into
a fully formulated engine oil. Encapsulation offfelient additives, either inorganic
FMs (such as Mo$ or other additive types (for example antiwearpudd be
possiblevia dispersion polymerisation as long as the co-séohs continuous
phase used are immiscible and the additive is pefially soluble in the co-solvent
rather than the continuous phase.

Dodecane samples which contained particles uséidrproject were shaken
and sonicated before TE77 testing in order to begeltt and aggregates which may
have formed while in storage and to resuspend gbestiinto the dodecane.



- 144 -

Aggregation in the particles synthesised here walikely as polymeric steric

stabilisers were used to prevent this from occgrridettling may occur at certain
particle sizes due to the density of the particdenpared to the density of the
dodecane it is in. To overcome the possibility aftigles settling too quickly a co-
solvent which has a similar density to the outemticmous phase could also be
considered. This would allow the particles to remsauspended in the oil for longer

without the need for shaking or stirring.

While the particles produced, oil used and addigBweapsulated may all be
altered in order to optimise the final oil for thesired system, in this case the piston
ring and cylinder liner in an internal combustiorgme, it should also be considered
that the FM-oil system presented here may be daitaba different application, for
example in tribocontacts where one or more of thesgates is itself is a polymer.
This would eliminate any potential problems whichynarise from polymer particle
debris collecting in the engine. Literature haswalmahat the incorporation of
polymer particles can be used in self healing systéo strengthen surfaces and
repair microscopic cracks in the substrate [98-18D-183].

Undisturbed particles will act as an FM reservaiorking in addition to the
FM blended into the continuous phasa traditional blending methods, releasing
FM from within their cores to replenish depleted Ffdm the continuous phase. It
has been determined that this leeching processatanate fresh dodecane with FM
in 15 minutes or less. This indicated that theiplag are capable of keeping the

additive concentration topped up efficiently.

7.3 Proposed mechanism of friction reduction

Literature suggests that when inorganic partictesused, either as an additive
or as a solid lubricant, a tribofilm is formed hetsurface of the contacts or that the
particles can act as rolling bearings in orderhgsically separate the surfaces [42,
93, 102, 104, 105, 113-116, 184-188]. While a nundiemechanisms of friction
reduction and wear reduction are proposed in teasee works, care must be taken
in applying these to the particle system testdatiimthesis. Mechanisms proposed in

literature are focused on metallic based nanopestiwith the majority working in
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the EHL regime [116, 189]. Particles in these stadiere generally measured at
particle concentrations [189, 190] lower than 0%wb overcome the problem of

particle aggregation. A problem which is overcomehis study by the use of steric

stabilisers incorporated onto the particles surface

In Chapter 6, it was shown that the addition of a relatively afim
concentration of PMMA particles to dodecane is gmoto dramatically reduce the
friction coefficient measured. Tribological tesinclitions chosen in this thesis were
designed to produce boundary lubrication. Particlesre prevented from
aggregating by the incorporation of a polymericdubstabiliser (PDMS-MA) during

the synthesis of particles.

7.3.1 Scanning electron microscopy of the used st@dates

SEM testing of the steel plates, used during tagiglal testing, has been
carried out to determine the existence of a polyhh@arwithin the wear scar. When
exposed to the beam of electrons in electron mio@s PMMA will cross link and
become damaged, changing the appearance of them@olyrhis phenomenon can
be advantageous in confirming the presence of a RMilvh; focusing the electron
beam in one area long enough for damage to ocdietpolymer produces an area
which appears darker when compared to the areawuting it. SEM analysis of
the plate showed the formation of these darkersavess possible inside the wear
scar all along the length of the scar but was ssible at any point outside of the
wear scar thus making it clear that a PMMA tribofils formed in the wear scar, but
not outside of it, during testing. The PMMA triblofi only forms in the area of the
contact suggesting that the formation of this fiilbois due to the action of the
contact. Formation of the PMMA tribofilm may accowtso for the wear reduction

seen in samples containing particles when comparsdmples without particles.

Plots of friction coefficient versus particle contration, both of solid particles
and those loaded with FMChapter 6), appeared to show a drop in friction
coefficient at two different particle concentraori3.5wt% and 14wt%). This
suggests that there may be different friction réidacmechanisms taking place

dependent on the concentration of particles treapegsent in the dodecane.
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Through comparison of the wear scar in the sanelgted, a mechanism for
the formation of the tribofilm can be proposed.the plates tested using pure
dodecane (Owt% particles) the direction of rubbtag be clearly seen. The plates
supplied have a known roughness which means tHatebéesting is carried out
some scratches due to polishing can be seen omsutiace of the plates. The
scratches present on the surface of the materfatébéribological testing can be
seen outside the wear scar but have been removt bigciprocating action of the
pin moving across the surface of the plate credfiregwear scarHigure 7-2 and
Figure 7-3). Wear particles, characterised by their irregslaape and size, can be
seen across the plate. The majority of these wedicles are found near to the wear

scar.

At 1.5wt% solid particle concentration the film foed inside the wear scar is
not complete and intact particles can be seen dmitthe wear scar trapped in
scratches on the surface. This can be seerFigure 7-4 and Figure 7-5
respectively. This process was also reported by &ab Lin when using titanium

dioxide particles [106].

1 pm

—

Figure 7-2 Scanning electron micrograph of outside the veear of steel plates
after tribological testing using pure dodecane {@vpiarticles) as a lubricating
oil.
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Figure 7-3. Scanning electron micrograph of inside the wezr ©f steel plates
after tribological testing using pure dodecane {@vpiarticles) as a lubricating
oil.

Figure 7-4. Scanning electron micrographs of inside the veear after tribological
testing using dodecane containing 1.5wt% solid PMpé#ticles.
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Figure 7-5. Scanning electron micrographs of outside the wsear after
tribological testing using dodecane containing 1%wolid PMMA particles.

When 3.5wt% solid particles are tested a compléteftim forms, this is seen
by the disappearance of the polishing marks onsthvéace of the sample, and no
particles can be seen in the wear scar. This stgjtfest asperities on the surface
have been completely smoothed out by particles hvhve become trapped and
then broken in the contact and smoothed to prodits PMMA tribofilm.

When increasing the particle concentration up tot¥%4 a complete PMMA
tribofilm can be seen inside the wear scar and marconfirmed by systematic
damaging of the surface using the electron bea®EN analysis. Outside of the
wear scar intact particles can be found acrosstinace Figures 7-6 and Figure
7-7) but once again no damage can be casued to tfaeainy the electron beam as
no polymer tribofilm has formed here.
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Figure 7-6. Scanning electron micrographs of steel plates irs&ibological testing
inside the wear scar (14wt% solid particles), payntribofiim can be
damaged by the electron beam.

Wear debris can be seen mixed with intact particleser to the wear scar.
This suggests wear of the plate occurs beforedhadtion of a polymer tribofilm
(Figure 7-8), further testing would need to be carried outorder to determine
whether this is indeed the case. The drop in @icttoefficient at higher particle
concentration may therefore be due to the formatbm PMMA film working

alongside a further friction reducing mechanismwieg from these intact particles.
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Figure 7-7. Scanning electron micrographs of steel plates us&tbological testing
outside of the wear scar (14wt% particles), someighes remain on the
surface but no polymer tribofilm can be seen. Blatee rinsed with hexane
and dried at 40°C for one week before testing bVISE

Many theories have been suggested as to the meahaaking place at higher
concentrations of particles, all of which focustbe physical separation of the two
sliding surfaces due to the action of the partifl€gl, 113, 184].

A number of studies of metallic nanoparticles ssgitigat a rolling mechanism
may be taking place alongside film formation [106dwever this is unlikely to be
the case here as polymer particles will not havécgnt strength to support the
load applied.
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Figure 7-8 Scanning electron micrograph of steel plates dftieological testing.
Intact PMMA particles and wear debris found outglteewear scar.

7.3.2 Formation of polymer tribofilm

In all cases the addition of particles reduced hb#hfriction coefficient and
measured wear volume when compared to both purecdoé (Owt% particles) and
dodecane fully saturated with FM (Owt% particlédEM analysis has confirmed the
formation of a polymer tribofilm within the wearac Similar mechanisms were
suggested, but not proven, for ZDDP coated metetire nanoparticles by ket al.
[191] and also bu Hat al [104] for lanthanum borate.

A schematic of the proposed action of the pasiatethe contact is shown in

Figure 7-9 below.

Section 6.4.1shows that reduction of friction is linked to tamount of FM
encapsulated within the core of the particle beegged; those particles with higher
concentrations of FM encapsulated within the cot@leted the greatest decrease in

friction. This suggests that the delivery method-bf into the dodecane continuous
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phase may be dominated by the bursting of partiwl@sh can quickly deliver the

FM to exactly where and when it is needed withim ¢bntact.

e —-- i w—-- sl -
e e
Start of test, both surfaces Initial wear begins, some A PMMA tribofilm forms ol
are unworn particles become caught the surface smoothing ou
in the contact asperities and protecting

the plate from further wea

Figure 7-9. Proposed mechanism of friction and wear reductionsamples
containing solid particles.

Friction modifier layer

Figure 7-10. Proposed mechanism of friction and wear reductionsamples
containing FM-loaded patrticles. It should be notieat polymer tribofilm is

likely to form on both surfaces as is the FM layer.
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In samples containing encapsulated FM this PMMAdiilm acts alongside
the action of the FM itself. The FM self assembdesribolayer on the surface
through hydrogen bonding with the polymer film. &tH=M molecules will align
head to head and tail to tail, dependent on tharpes of the uppermost layer of
FM, to form a protective multilayer characteristicorganic FMs. This multilayer,
which acts as a sacrificial layer, is removed kg dlation of the pin moving across
the surface of the plate, resulting in free FMha tlodecane continuous phase. This
FM then adheres onto the surface to reform theolayer which was removed,

shown inFigure 7-10
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Chapter 8. Conclusions

8.1 Concluding remarks

This study has detailed work to synthesise andnopéi poly(methyl
methacrylate) particles, producet a dispersion polymerisation in a non-aqueous
continuous phase, and which with the addition ofcasolvent can be used to
encapsulate an organic friction modifier withiniguld core. Tribological testing of
these particles has been carried out to determhreg affect the addition of these
particles to a model oil, in this case dodecans, drathe lubricating properties of
that oil.

It has been shown that solid PMMA particles carsysthesised with control
over the final particle size and polydispersityisTban be achieved by altering the
concentrations of the various components of th@lnpolymerisation mixture used
during polymerisation. Increasing the monomer (MM®ncentration in the initial
polymerisation mixture increases the size of PMMitigles produced. Increasing
the stabiliser (PDMS-MA) concentration leads to ecrdase in particle size.
Increasing the initiator (AIBN) concentration al&acreases final particle size,
although the size change measured is less drathaticwhen altering monomer or
stabiliser concentrations. The smallest particlesewproduced by combining the
effect of decreasing monomer concentration anceasing stabiliser concentration.
The particle yield can be increased, without atigthe final particle size, by scaling
the initial polymerisation mixture to contain marenomer while keeping the ratio

of monomer to stabiliser constant.

Particles with a polymer shell-liquid core morphpjchave been produced by
the addition of co-solvent to the dispersion polyisaion mixture. Changing the
ratio of continuous phase to co-solvent can alsurob particle size however this

has some limitations due to the wall thicknesshefgarticles produced.
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An organic friction modifier, believed to be steaide, has been encapsulated
within the core of polymer particles by ensuringttthe FM is preferentially soluble
in the core rather than in the continuous phasendJs co-solvent in which the FM
is highly soluble gives the potential to incredse toncentration of FM within the
particles, and in the oil, dramatically. Currentfprmulated engine oils contain
about 0.3wt% of FM, this can be increased to atléavt% by the addition of these

particles.

Particles have been synthesised which have thayatmlact as an ‘additive
reservoir’, complementary to the amount of FM contianally blended into the

finished engine oil, and thus keeping an equilibribetween the two environments.

A method of monitoring the release of FM from urkeo particles by HPLC
has been developed. Samples for this testing wbtained by centrifugation,
removal of supernatant liquid and then redispersirggparticles in fresh dodecane.
This has shown that 85-88% of the FM added in thignperisation stage is present
in the particle system after the removal of unredechonomer and excess stabiliser.
It was found that 15 minutes was sufficient to satethe fresh dodecane with FM
indicating that the particles can sufficiently kebp concentration of FM within the
dodecane topped up efficiently. The concentratibfM soluble in dodecane was
found to increase in the presence of particles; dhese of this needs further
clarification but, due to issues surrounding sdityhiwas determined to be outside

the scope of this project.

The effects of particle concentration, particleesiparticle morphology and
concentration of encapsulated FM have all beensimyated in this study. It has
been found that adding particles, either solid PMNPMMA with a methanol core
or PMMA with a methanol core containing encapsulakM, can decrease the
friction coefficient below that of pure dodecanel am some cases can even decrease
the friction coefficient below those measured fodecane which has been saturated
with FM via traditional blending methods. It has also beemdbilnat the addition of
particles, any type, can reduce the measured waames when compared with
pure dodecane or the dodecane fully saturated MithThe effects of friction and
wear reduction can be seen with the addition ofy dnbwt% concentration of

particles. This suggests that the delivery metifadeFM may be dominated by the
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bursting of particles and the quick delivery of RMwhere and when it is needed
rather than the slow leeching of FM from the p&tcover time as was the initial

hypothesis.

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

8.2 Suggestions for future work

In the process of this study some observationsghwvere deemed outside the
scope of the project, have been made and requiteefunvestigate to explain them

fully.

The concentration of FM measured in dodecane duhieag-M release study
was higher than should be soluble in dodecaneautitmnal blending. This may be
due to some limited solubility of methanol in dodee. All data tables and literature
has stated the two are completely immiscible arel dive course of this project it
has not been possibly to develop a method to tdst One possible method
investigated involves removing the desiccant fromstandard desiccator and
replacing it with methanol. A beaker of dodecaneulothen be left in this
‘weticator’ for a week. This process has previousdg by Infineum to add methanol
to base oil; after a month concentration of metharas then measured using IR and

UV spectroscopy.

Ideally, a full evaluation of the proposed frictiomnd wear reduction
mechanism should also be carried out. This incluldesis not limited to;
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* A determination of the lowest particle concentnatr@quired in an oil in
order to reduce friction and wear.
» Determinating when wear occurs in tribological itegt

« Studying particles in different testing conditions.

An investigation of the lowest particle concentatiwhich can be added to
dodecane to produce the desired decrease in friamao wear below measurements
seen for pure dodecane. It has been found that bBlyt% particle concentration
(with or without FM encapsulated) will decrease thetion and wear dramatically
but even lower concentrations should be investiyateorder to find the optimum
concentration of particles to use. As previousbtest one of the desired criteria
asked for by Lubrizol was that particles produdeoutd not alter the current look of
fully formulated engine oils. The use of lower et concentrations will reduce

visibility of particles in the oil improving the evall appearance of the oil.

Determining whether wear occurs on the plate bedorafter the formation of
a polymer tribofilm. It may be the case that thibafilm forms then acts as a
sacrificial layer to protect the steel substratenfrwear. Alternatively wear of the
plate may occur first and this is filled in withetipolymer which then limits further
wear. Interferometry of the surface after testirguld be carried out without
removal of the tribofilm then repeated after remowé the polymer from the
surface. The presence or absence of a wear searafhoving the tribofilm would

indicate at what point in testing wear a tribofisrformed.

Testing of particles at different conditions to efetine the optimum test
conditions for this system and what limitations amnplications arise from the
addition of polymer particles into an engine oilir@nt testing is carried out at 80°C
in order to keep the PMMA under its glass traneitiemperature; this is below the
operating temperature of most engines and it isiplesthat particles may operate
differently if full engine testing was carried oufesting of a range of operating
temperatures is possible with a TE77 tribometerry@ag out testing of this variable
could be used to asses the suitability of partitiedifferent systems. Examining the
effect of using different loading or frequency waallso allow the optimum running
conditions of these particles in an engine. Thee awide range of tribometers
available which simulate the many varied typesriiotogical contacts present in
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any mechanical system. This is another area whmhidcbe investigated to
determine the correct application in which the ipbe$ produced in this project
could be used. Particle composition, concentratind FM loading concentration
were all investigated in this project and the daiected here will be able to guide

the conditions used in future testing.

Tribological testing was carried out in this prdjeger a two hour time period.
Longer tests should be carried out to determindateeof the polymer particles and
FM over time. SEM imaging of plates after TE77 iteggtshowed that, at higher
concentrations, some polymer particles remain iraéer this time period. Carrying
out testing at longer periods would allow an analysf whether all particles
eventually become consumed by the system or whetbigre remain intact and

continue acting as an ‘additive reservoir’.

Particles synthesised in this project have beer &bl release FM from
unbroken particles into fresh dodecane in as ladel5 minutes. This is another
aspect of which could be investigated and optimsaendant upon the system the
particles are to be used in. The testing carriediuhis thesis shows that the
particles are capable of reducing friction and weelow that possible when pure
dodecane is used as a lubricating oil. If so dddine particles could be tuned to act
purelyvia the ‘additive reservoir mechanism by altering #ymthesis and therefore
morphology of the particles. The creating of pdBcwith thicker walls may retard
the leeching of FM from within the core into theptited outer continuous phase.
Alternatively crosslinking of polymer chains in tparticles may be used to achieve
the same effect. It should be noted that chandiegriorphology of the particles in
this way may alter the degree of polymer tribofflonmation which occurs during
testing. Again the testing presented in this ptogdould be used to guide as to how

future testing should be carried out.

Particles have been optimised to encapsulate aanmrdriction modifier and
testing has been carried out to determine the tsffet these particles on the
lubricating action of dodecane. It may be the dése the method of increasing
additive concentration presented here is bettetegduio different additives, or
different polymers or in tribological testing ofetHubricating action of dodecane

with different substrates. Each of these could l@ad new test matrix surrounding
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each of these variables now that the effect of igartsize, concentration,

morphology and additive loading have been deterchine
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Appendix A

* Antioxidants as the name suggests, inhibit oxidation from oaog within the
oil [192]. Oxidation is defined as the loss of ome more electrons from a
chemical species and will take place more readilhigh temperature, oxygen
rich conditions, such as those found in an engiegylting in the formation of
acids. These acids can cause corrosion of metalidaces of engine
components leading to the decreased performandbeoengine. As well as
increasing the overall acidity of the oil thesedactan go on to react with other
species that may be within the oil and can leadntancrease the oil viscosity.
Antioxidants can prevent the effects of oxidaticoni occurring by either,

- reacting with the oxidising agent so oxidation aarwccur or

- reacting with the products to form less reactivenpounds.

Antioxidants are commonly either organometallicdsh®r organic, oil soluble
chemicals, these are typically phenol or amine dhagexample antioxidant
structures are shown HKigure A-1.

o T

Diphenylamine 2,6-di-tert-butyl-4-methylphenol

SUve

Dibenzyl sulfide

Figure A-1. Common examples of antioxidant additives used girenoil
formations.
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The pour point of an oil is measured as 3°C abbegeémperature at which the

oil will stop flowing [48]. Pour point depressaratge added to lubricants in order

to lower the temperature of the pour point andvaltbe lubricant to flow at
lower temperatures. At low temperatures wax crgstan form in an oil and
once they form these crystals will then assemblanrend to end arrangement
which creates crystalline sheets in the oil. Painfpdepressants are polymers
which can react at the growing edge of the waxtatygpreventing the formation
of these wax crystals at too low a temperatureddmg this they allow the
formation of small wax crystals but sterically handhe formation of larger wax
crystals which would inhibit the flow of the oil. Mdout the addition of pour
point depressants wax crystals over 100um have besorded. Pour point
depressants tend to have a comb polymer like steictvith side chains of
differing length; longer side chains are capableezcting with the wax and
shorter side chains control the degree of theseioes [193].

Antiwear (AW) additives work under low to moderate loads and ianib

temperatures to reduce wear by forming a surfabelayer on asperities. A
tribolayer is defined as the layer formed by theoacof a sliding contact. This
type of additive is often closely linked to extrepressure (EPadditives. As the

name suggests EP additives operate under more esdwad, speed and
temperature conditions than AW additives. EPs foeeehave to be able to
prevent more serious types of surface damage thdradditives [188, 194]. In
some cases additives can perform as an AW or ERieddependent on the
conditions they are under at the time. Examplethisftype of additive include

tricresyl phosphate and zinc dialkyldithiophosphegeshown irFigure A-2.
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Tricresyl phosphate Zinc dialkyl dithiophosphate

Figure A-2. Example antiwear/extreme pressure additives.

During routine movements of the engine, the lubimcpoil will be agitated and
as a result of this gas will become dissolved mdii, and this gas can lead to
the production of a foam. The gases in the foamsceaise oxidation of the oil
producing harmful species and increasing oil viggpand they can also cause
incomplete lubricant films to form between surfac&€s prevent foams from
forming and the problems associated with this fad@mmation _anti-foaming
agentsare added to the oil [195]. Surfactants are comynased as anti-foaming
agents in order to decrease the surface tensiovebetthe oil/gas interface and
thus causing any bubbles formed to burst.

Detergentsvork in two ways; they neutralize any undesiratitemical species
present within the oil, such as acids and ketote$orm inorganic salts, they
then go on to act as a surfactant, suspending gadtsein the oil, preventing the
deposition of salts on surfaces [196, 197] as shiomFigure A-3. The generic

formulae for detergent molecules are givefkigure A-4.
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Figure A-3. Micellular action of detergents to suspend unwarteeimical species
found in oil [196].

(RSO;), M-XM, CO5-yM{CH), (RPhO), M-XM, CO5;-yM{OH),
Basic sulfonate Basic phenate

(RCOQ), M-XM, CO5-¥yM{OH),
Basic carboxylate

aandc=1and b =2, if the metal M is monovalent; a and ¢ = 2 and b =1, if the metal M is divalent

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

» Dispersantplay a similar key role to those of detergentsila. The addition of
dispersants ensures that surfaces remain depesibir keeping foreign particles
in the oil such as sludge, dirt and wear partialesuspension. Dispersants and
detergents differ by their chemical nature. Whilspdrsants have a higher
molecular weight than detergents, they do not theecapability to neutralise
acidic species in the way detergents do and urétergents they contain no

metallic species [196].
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» Viscosity index improversare added to ensure that the viscosity of oil will

remain the same at high temperatures as it dolesvaiemperatures. At higher
temperatures, such as those which can be foundgmes, the viscosity of oil
will decrease; this can lead to an incomplete ki film between the surface
and their asperities, which in turn will lead to Emcrease in wear. Viscosity
index improvers tend to be straight chain, higheoolar weight polymers such
as poly(methacrylate) or copolymers, for examplefiol copolymer, both of
which are shown ifrigure A-5, however recently star polymers have also been
used [198].

L Jy n

Olefin copolymer Poly(methacrylate)

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

From the known amount of MMA and methanol addeth#&reaction vessel at
the start of the synthesis.

Volume MMA + Volume MeOH = Total volume of all particles

Using the particle diameter, measured by DLS, passible to work out the
radius of one patrticle.

Diameter

= Radi
> adius

This can then be used to work out the volume ofparécle.

§7TT'3 = Volume of 1 particle

We now know the total volume of all the particleglahe total volume of a
single particle and so can now work out the totahher of polymer particles in the
system.

Total volume of all particles

= Numb ticl
Volume of 1 particle umber of particles

It is now possible to calculate the volume of matiavhich should be found
in the core of one patrticle.

Volume of MeOH
Number of particles

= Volume of MeOH in 1 particle



- 166 -

From this it is possible to calculate the radiustloed methanol core of the
particle.

Volume of MeOH in 1 particle
4

37'[

Radius of MeOH core in 1 particle = 3\/

The difference between the radius of the methaad and the radius of the
measured particle will be the theoretical thickneisthe PMMA shell.

Radius of 1 particle — Radius of the MeOH core of 1 particle
= Theoretical shell thickness
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Appendix C

Rhelogical data is presented here demonstratingalleeof the particles used
in this project on the viscosity of dodecane. Vitotesting was carried out using a
Malvern Kinexus Pro running the Malvern rSpace wafe. Pure dodecane and
dodecane with particles which have a methanol cate 14wt% particles
concentration were tested. In liquids containingtip@s viscosity varies with the
concentration of particles in suspension and the ef those particles. In samples
containing larger particles or high concentratiohgarticles there will be a greater
number of interactions between the particles ansl whll therefore increase the
viscosity of the liquid. Particles chosen for thesting were 1600nm in diameter;
these were the largest particles used in TE7nteslin demonstrating that particles
of this size have no effect on the viscosity of paee dodecane it can be confirmed
that the particles used in this project do notratlte viscosity and therefore the
lubrication regime under which the samples are deiasted. The particle
concentrations chosen in these rheometry tests wosen as the highest and
lowest particles concentrations which were tes®dguthe TE77. Showing that the
particles concentration is also not sufficientlghnito alter the recorded viscosity of

the dodecane.

Samples were tested at a constant temperature’Gf 8 same temperature
as TE77 testing which was chosen to be below thesgransition temperature of the
PMMA polymer, at differing shear rates. This iswshoon the below ifrigure C-1.

It can be seen that pure dodecane and the dodexartaining particles
showed very little difference in viscosity and wevehin error of each other. The
samples of dodecane containing particles wereeahitphest concentration and the
largest particles tested in tribological testingiokving the behaviour of particles
and how they can alter the viscosity of a liquidpendant on size and concentration
of the particles used, it can be concluded that saeples containing smaller
particles and those samples containing lower cdragons should not alter
dodecane viscosity.
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Figure C-1. Steady state viscosity at different shear stre¢Ba$ at 80°C. Pure
dodecane (blue), dodecane containing 1600nm particles with a arath

core (recm).
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