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Abstract

Abrasion of polymer surface films or coatings is an everyday occurrence, whether in the
home, work or industry. As a result a wide variety of polymer films can be found on surfaces.
Despite the numerous applications, three body thin film abrasion appears a niche area of

study and as a result under-researched.

This investigation focuses on identifying, characterising and quantifying the abrasive wear of
a baked dehydrated castor oil deposit formed on stainless steel. The primarily aim of this
project is to understand how the fundamental properties of the liquid abrasive cleaning
system contribute to the material removal. Investigations have primarily been carried out
using a reciprocating linear tribometer for the cleaning and a profilometer to measure the

wear.

The wear of the baked oil film was found to largely follow the established Archard wear
equation in terms of sliding distance and load, despite the fact it was derived to describe two
body and not three body wear. However the wear rate was not inversely proportional to
hardness and there were significant effects when parameters not in the Archard equation
are considered. In particular changing the speed, viscosity, particle size and distribution all

had an impact on the wear.
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Symbols and abbreviations

6 phase angle

14 damping coefficient

(0] phase change

X volume fraction of the particles

Ns dynamic viscosity of a suspension
MNe continuous phase dynamic viscosity
Mo zero shear viscosity

Neo infinite shear viscosity

Ml intrinsic viscosity

w angular frequency of oscillation
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DCO

DMA

E*

EI

EH

mE,

Fo

FGNC

angular resonant frequency

area of indentation (standard indentation)

area of the contact in nanoindentation

a power law fit parameter used in nanoindentation
a power law fit parameter used in nanoindentation
Back scattered electron

particle concentration

indenter setup damping coefficient

oil surface damping coefficient

constants used to calculated the area of contact in nanoindentation
friction coefficient

dehydrated castor oil

dynamic mechanical analysis

mean particle diameter

Complex modulus

Storage modulus

Loss modulus

Indenter modulus

Reduced modulus

Surface modulus

measured storage modulus

force amplitude for harmonic motion

fine ground natural chalk

indentation depth
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h film thickness

E_':L minimum elastohydrodynamic film thickness

I

hnﬁh minimum hydrodynamic film thickness

Nmax maximum displacement of the indenter

h, depth of the contact based on the initial unloading
h, residual displacement after removing the indenter
HV Vickers indentation hardness

mH measured hardness from nanoindenation

| indentation depth

k wear coefficient

K overall system stiffness
K; indenter setup stiffness
K oil surface stiffness

I length of a single pass

L total sliding distance

LAC liquid abrasive cleaning

LAS linear alkyl benzene sulphonate (sulphuric acid)
m mass of the probe

R radius of the probe

P indentation load

PCC precipitated calcium carbonate

PMMA  poly(methyl methacrylate)
SEM scanning electron microscope

SE Secondary electron
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u sliding speed

URDPS  Unilever Research and Development Port Sunlight

\Y wear volume
w load
X displacement of the sample subject to harmonic motion
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1. INTRODUCTION

The formation of stains/soils/fouling deposits on surfaces is a problem that affects most
people on a daily basis. Often the removal of fouling deposits from equipment either before
or after it has been used takes considerable time and energy. Hence the formation of
stains/soils/fouling deposits and their removal through “cleaning science” is often a critical
underlying topic that affects quality in the food, personal care, medical, hospitality and
electronics industries, amongst others, as well as being a key part of life in the work place

and home [1-3].

To remove the different types of soils that can form on a surface many cleaning processes
have been developed. They are all based on either physical or chemical actions or a
combination of actions including, but not limited to, chemical reaction, plasticisation,
emulsification, erosion and abrasion. The key aim of all cleaning processes is to maximise the
removal of the fouling deposit(s) whilst minimising negative factors such as the damage to
the underlying surface, the time to carry out the cleaning, the energy required, cost and
safety concerns [1, 3, 4]. This project is focused on one particular type of cleaning process,
that of liquid abrasive cleaning (LAC), and understanding the fundamental science

underpinning the LAC process.

LAC fluids in forms similar to that of modern toothpastes have been used for over a hundred
years and basic abrasive systems were used as far back as the ancient Egypt [5]. In the late

19" and early 20" century LAC pastes were developed to include surfactants, soaps and
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other cleaning agents giving us the basis of modern day toothpastes. However, it was not
until 1969 that the first recognisable mass produced gentle, household cream cleanser, Vim,
was launched by Lever Brothers [6]. Today LAC fluids are mainly used for cleaning teeth and
tough household soils: situations in which chemical cleaning is difficult either because the
soil is too inert or using the chemicals required for an appropriate amount of removal are
too hazardous or produce other undesired side affects [7]. The reason for avoiding the use of
abrasives in all cleaners is due to inherent potential to cause damage to the underlying

surface [8].

Despite this long history, there is a lack of understanding of the fundamental science of
abrasion being carried out by the LAC fluids (see literature review). Although the reason
appears not through lack of effort but rather because the process of abrasive cleaning
involves many interlinked factors, which are hard to separate, and, like other cleaning
processes, because much research is carried out in industry and not reported in the open
literature [1]. A range of techniques could be used to investigate the influence the abrasive
and liquid base has on the effectiveness of an abrasive cleaning product. Measurements in
this investigation have focussed on indentifying and quantifying the cleaning properties of
model household fluid systems acting on baked dehydrated castor oil (DCO) stains on
stainless steel (SS). The aim is to be able to understand how the fundamental properties of
the cleaning system contribute to the material removal. Investigations have been carried out
primarily under tribological wearing conditions of an oil stain. However, some
measurements have been done on the potential polishing nature of some abrasive fluids on

a polymer surface.



Chapter 1: Introduction

1.1 Abrasives market

For many people the image for LAC cleaners is that of a tool of last resort. Most people
would not use abrasives in the first instance to clean a surface due to the risk of damage to
the substrate. However, that is not to say that the products do not have value as many
people keep a bottle of the product for occasional use. The global market for scouring agents
was valued at approximately one billion Euros in 2013 [9]. The Unilever Cif /Jif brand is
currently brand leader with about a 25% market share. However there is a perception that
quality in an abrasive is desirable and so one may expect good brand loyalty compared to
other fast moving consumer goods [10] and indeed the brand share of Cif has been

reasonably constant since 2008.

As has already been mentioned, abrasive products have a long history and innovation is
often slow with occasional breakthroughs. Therefore in order to grow the business or
expand market share to new users it would be beneficial to be able to show a significant
shift in the technology used in the product. The primary aim in abrasive cleaning is the
material removal. Hence the development of a product that can rapidly remove a soil is
desirable. Alternatively it may be possible to expand the market for a product into a new
sector. In particular the polishing market may provide a suitable expansion market as
polishing may often involve an abrasion like process. Although the polishing market is made
up of many products for different applications, making the estimated potential of a product
expansion difficult, the Brasso brand of metal polish alone had an estimated value in 2013

similar to the entire household abrasive market i.e. one billion Euros. Hence from a business
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point of view the purpose of this thesis is not just to understand how the material removal

can be improved but also whether new benefits can be found.

1.2 Areas of study

Figure 1.1: Simplified view of an abrasive cleaning system highlighting the key system variables

/possible investigative areas

As can be imagined from even the most simplified view of an abrasive cleaning system (see
figure 1.1) there are many interlinked factors which combine to form an abrasive cleaning
problem. Each one of these variables provides an area for investigation. This work will study
the fluid, particle, and stain properties (see later chapters of this report). Alongside this the
driving conditions of sliding distance, load and speed will be studied. The investigation
measures the impact of these properties on stain removal and wear of the surface can be
observed and quantified. The substrate properties and applicator parameters are considered

outside the main scope of this investigation.

During the course of the abrasive investigation it was found that the shape of the particles

used can enhance the surface via polishing effect. As this is an additional benefit this effect
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was investigated as an additional area of study adjoined to the main research. The surface

and particles properties were the key areas for study in this subsequent investigation.

1.2.1 Surface and sail

Prior to discussing the details of the experiments performed as part of this study, it is
prudent to give a context and justification for the particular choice of substrate and soil
used. It is believed that through careful consideration of how a surface interacts with a
fouling deposit that it may be possible to reduce cleaning time, energy and cost. A study has
already been conducted in the literature on the current understanding of chemistry behind
the oxidisation of DCO onto stainless steel and its relation to other materials but does not

include reference to the physical properties relevant to abrasive cleaning [11].

Stainless steel (SS) is a common choice of a material for applications across a wide range of
industries from household equipment such as cookers and cutlery, to industrial equipment
such as reactor vessels and pipes. The chemistry of oxidation of fats and oils to SS has been
studied previously [11] and has relevance not only in the food industry but also to a range of

other applications including lubricants, paints, biofuels and coatings[12-14].

Castor oil by comparison is not the most widely used or an obvious choice oil or fatty
material. However, like the majority of oils and fats, castor oil is primarily comprised of
triglycerides, which contains both saturated and unsaturated bonds in the straight aliphatic
chains. The presence of the double bonds in vegetable oils, which are the source of

unsaturated fatty acids, is a major cause of their poor oxidative stability and the extent of
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their oxidisability increases as the number of the double bonds increase in the chains[15].
The oxidative instability of oils presents a major problem in many applications, and
undesirable polymerisation and toughening of oil on a steel surface might lead to a hard to
remove tough cooker top or pan soil in the kitchen but may also lead to the deterioration of
the quality of lubricating oils and potentially biofuels, contributing to the deterioration of
efficiency of an engine or motor. DCO provides a model solution to the properties of oils as
its chemistry is dominated by the influence of a high ricinoleic acid concentration; most
other vegetable oils contain a wider variation of acid compositions, leading to a wider
variation in properties [16]. However, despite this model behaviour it is worth noting that
the use of castor oil instead of other vegetable oils in the real world is limited due to
potentially undesirable proprieties of the oil. Specific problems include: its relatively high
viscosity, making it difficult to transport within machinery; the fact that it reacts easily and
forms lacquer or varnish layers inhibits its use in engines (though this property has led to an
established use of castor oil as an additive in various surface coatings); and in food
applications some regard it as inedible as there are undesired side effects to its use, such as
its laxative properties, though this has not always prevented its use in foods and forms a

major part of its use in medicine[12-14, 17].

Finally poly (methyl methacrylate) (PMMA) is used as the surface for the surface polishing
investigation. This polymer surface was chosen as it is widely available and used in
applications such as baths, skylights, light fitting covers, aquariums and protective barriers
amongst others [18]. Often it is used as a replacement for glass where its strong and ductile

nature is more important than the hardness that glass would give. As a polymer, the
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material is not as hard as other everyday items made of metals and ceramics, and so it can
easily be pitted and scratched. The damage of the surface can slowly lead to matt opaquing
of the surface, which is a particular problem when its transparency is of primary interest.

Therefore the ability to polish and smooth the surface of PMMA is of interest.

The primary method used in this investigation to measure the physical surface topography
was laser profilometry. By measuring the surface before and after wear using a relocation
technique the material removal could be quantified. This work was supported using
microscopy to inspect the surface damage. Later in the project some additional work was

conducted using a microscope-based interferometer.

Surfaces were also characterised outside of the wear experiment. This involved the direct
measurement of the physical properties of castor oil soils bonded to the steel surfaces.
Direct measurement was carried out using an atomic force microscope (AFM) and
nanoindentation. In some instances scanning electron microscopy (SEM), with an energy-
dispersive X-ray spectroscopy (EDS) module was used to further investigate the properties of
the steel surface. However the use of the SEM in this part of the investigation was limited.

Primarily the SEM was used to acquire detailed particle images.

Studying the influence that the mechanical properties of DCO have on wear rate is novel.
The application of tribology to baked oil is not something that appears to have been
systematically studied in the scientific literature before. However, industry testing uses the

steel DCO systems as a reference test for cleaning [19, 20]. These systems can vary
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depending on the baking conditions for the oil. As a result most patents compare work
conducted in one set of tests and not multiple series. Hence the first area for investigation
was to establish a method of producing consistent oil surfaces and then understanding how
this surface’s properties can be varied. Then the series of baked oil films can be worn in
order to study the effect of the film’s mechanical properties on wear rate and wear
mechanism. As oil soils and similar films are unlikely to be mechanically similar across
industries, the application of oil soil wear with a range of properties is likely to be of greater

relevance and interest in applications away from household care.

Before testing on a DCO system it is important to understand the wear process in terms of
its basic variables. In the literature the most widely used were equation, the Archard
equation, identifies these as sliding distance and load [21]. The effect of these variables on

the wear is covered in chapter 4.

1.2.2 Fluid properties

In order to keep the fluid properties simple the primary fluid systems were a model and inert
Newtonian continuous phase. This is far from the structured, surfactant and solvent
containing systems used commercially. However, the more complex commercial liquids

introduce many variables due to the complex rheology and chemistry.

Non-Newtonian rheology would impact the lubrication of the system in a complex way that
would be difficult to predict or calculate. Additionally, the rheologies of commercial cleaners

vary between different manufacturers and individual batches of a product [3, 4]. Hence a
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non-Newtonian formulation would be limited in its applicability. However a Newtonian fluid

provides simple fundamental model systems for the study.

The chemistry of commercial cleaning products will involve surfactants, solvents and other
ingredients. The surfactants are likely to alter the lubrication of any probe or particle and
hinder interpretation of the effect of bulk properties, such as viscosity, on wear. Solvents can
soften, corrode or otherwise alter the surface. In both cases, complicating the chemistry will
make the details of the wear observed harder to distinguish. Hence keeping the chemistry

simple should improve the relevance of the observations.

The bulk flow properties of the continuous phase and full formulation of the liquid are
characterised using standard rheological equipment and methods. This was done because
knowing the structure of the liquid, and having reliable rheological information, is important
in understanding the fluid and assists in interpreting and evaluating tribological data. Ideally
it is hoped that friction and material removal/movement can be interrelated back to
fundamental mechanisms, lubrication and particle motion. The investigation of the fluid
lubrication will be assessed in chapter 5. As lubrication and viscosity is often linked to speed,
this will also be investigated in chapter 5. It is also arguable that speed is a fundamental
tribological system variable that could be investigated prior to this in the first results section.
However, this was not done as speed is not part of the well-established Archard wear
equation and speed’s effect on wear is linked to the lubrication of the system. Similarly

viscosity is a factor in the Archard equation and is linked to lubrication.
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1.2.3 Particle properties

Perhaps the most readily variable parameter from a manufacturer’s point of view is the
properties of the particles in the fluid. Particles can be varied in terms of their size,
distribution, shape and material. However, it is difficult to generate samples with the
necessary predefined properties. Instead the variation is limited to the selection of particles
that can be readily mass produced. Materials are commonly ground minerals but synthetic
materials are also used. Modern LAC systems use a wide variety of abrasive materials
including hydrated silica, calcite, perlite and sodium bicarbonate. For this investigation,
calcite (also known as calcium carbonate) particles are of primary interest due to their long

history of use in LACs.

The calcite in many abrasive solutions is fine ground natural chalk (FGNC). FGNC is readily
available worldwide as calcite. Calcite is a common, globally distributed mineral [22], which
has the appropriate mechanical properties for an abrasive cleaner (see section 2.5.1). Mass
produced, repeatable samples can be made by a simple, easy to set up and operate milling
process. The particles produced by grinding are far from ideal as there is not only the risk of
other mineral contaminants, such as silica and asbestos [22], but the size of particles is far
from monodisperse (see later notes). In fact the raw FGNC distributions are so wide that for
this investigation the particles were sieved into narrower distributions. These narrow
particle distributions are as uniform as possible in terms of size whilst being a relevant model

for the particles in commercial LAC systems.

10
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Particle size was measured using a laser diffraction particle sizer. Further investigation of the
particles was done using an SEM. The SEM gives an impression not only of the size but also
the shape of the particles. The particles used were primarily “blocky” in nature. In the first
part of the final results section the particles are measured and the differences the particle
sizes from different the sieve fractions have on wear. Then the particles concentration is
varied in order to study the effect of particle number on the wear rate. In this section the

fractions are also mixed in order to investigate the effect particle size distribution.

In the final part of the thesis particle shape is studied; focussed on rod-shaped precipitated
calcium carbonate (PCC) rods. Results are included that are in terms of polishing and
cleaning experiments separate from the bulk of the thesis. The results presented are
different from the standard calcite particle data in order to highlight the mechanisms and

benefits of using the higher aspect ratio particles.

1.3 Project aims and objectives

The objective of any scientific study into cleaning system(s) is to discover the optimal liquid
abrasive system(s) in terms of maximising cleaning and minimising negative side-effects and
/or costs. This was the primary aim of this investigation. However the nature of the task
proved too large for this study and so this thesis focuses on the work to:

e Find the relationship(s) between cleaning of a stained surface and the system

parameters.

11
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Form research it is possible to define a maximum cleaning system but not an optimum
system as the associated impact of cost and side effects such as damage have not be

considered.

As already outlined above there were three key areas of interest in order to understand the
nature of the cleaning, which form three aims:

1. Understand how the wear of a model baked DCO soil depends on Archard wear
parameters of sliding distance, load and surface hardness.

2. Characterise the behaviour of the soil wear in response to changes in the flow
properties of the suspending fluid (this includes not only the viscosity of the
continuous phase but also the speed of the applicator’s motion.)

3. Study the impact of the particle in terms of the concentration, size and distribution of

size of particles on the wear.

Below, table 1-1, summarises the system properties and how they were varied in this
investigation. The table also highlights how the properties relate to the aims and outlines the
justification for the parameters chosen. The table also gives some of the many system

properties that can be investigated in future.
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Table 1-1: Summary of system properties in the abrasion of household soils and the nature of their

variation (or how they were fixed) in this study

Properties Variables Justification Relevant | Thesis
investigated or aim Chapter
approximation
used

Applicator Fixed as a Real world users may use a variety of N/A N/A
Viton, 12.7 applicators such as nylon bristle brushes,

mm diameter, | porous cloths or sponges, gloved or

half sphere ungloved hand amongst others. This range
gives counterface properties too wide for
inclusion in this investigation.

Particles Size (limited Most commercial LACs are made from 3 6
work on ground calcite. Their size varies depending
shape) on the grinding parameters. The aim is to

investigate the optimum size through a
series of sizes.

Fluid Viscosity (of Newtonian fluids simplify the continuous 2 5

(continuous | Newtonian phase to makes interpretation of the results

phase) fluids) easier. Non-Newtonian fluids, surfactants,

solvents and structurants are all included in
commercial products but have not been
covered as the potential number of physical
and chemical compositions is too wide for
inclusion in this investigation.

Stain Mechanical The mechanical properties are varied 1 4
properties through a systematic study of baking

temperature and time for DCO films. These
variations lead to a wide range of properties,
but all were based on an oil-polymer stain.
The study of other materials with potential

quite different mechanical properties and
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therefore wear behaviour was not studied.

Surface Fixed as a 304 | Many different surfaces exist in the home. N/A N/A
stainless steel | 304 steel is a common material, that is
significantly harder than the particles (so it
will not be easily worn by the particles) and
known to catalyse the oil cross-linking
reaction.
Load Weight on the | Load was both varied on its own and 1 4 (&5)
balance arm alongside surface hardness and viscosity.
Speed Speed setting | Speed was both varied on its own and 2 5(&6)
alongside particle size.
Sliding Number of This is varied throughout the thesis, but 1 4 (and
distance reciprocating discussed in detail in chapter 4. The results through
passes in subsequent chapters are all based on a out)

linear fit to wear volume as a function of
sliding distance in order to ensure wear rate

isin a linear regime.

1.4 Thesis summary

As with any thesis there are a number of supporting chapters at the beginning and end. The

bulk of the thesis consists of this introduction followed by a literature review. The literature

review firstly considers the related properties of the system: rheology and particle

properties. The measurement and understanding of the relevant materials is explored,

particular focus will be given to the process of mechanical properties measurement and

topographical techniques. Friction and lubrication is discussed next as it is connected to the

surface properties as well as fluid properties. This tribology subject leads in to the wear

review. As there are few directly applicable papers an overview of abrasive wear is also

given. Finally there is a review of relevant polishing science.

14




Chapter 1: Introduction

The next three thesis chapters contain the results and their discussion and cover the subject
areas outlined previously: surface properties, viscosity, and particle properties. This is
followed by the conclusion. Figure 1.2 shows an overview of the thesis structure. This
overview will be included at the start of each section as a reminder of the thesis structure

and to indicate a sections relation to the overall thesis.

Thesis:
Abrasive wear
and polishing
' ' ' B | «-—F--< '
1 Introducti 2 Literature 3 Experimental 7/ \ 7 Conclusi
ntroduction review Methods ! 4 Surface 5 Viscosity 6 Particle 1 onclusions
: Properties Properties :
I 1 i I
- —— |
g -» < ~ Materials | [ | | I
,—k—\ \ - | |
!
| | | Concentration Size Shape :
| Rheology Particle properties : | |
| | . \ /
\ Y || Equipment N e -
N . - Results and discussion
Related subject areas
;o d +——-———-< N
Methods I \
| Abstract |
I |suggested future |
| work - |
,e———— > «—————= < : :
/ [ | \I | Acknowledgement | |
| ; | -
| Materlgl Abrasive Wear Polishing | | References !
| properties | |
| I : I
| | | | Contents :
|
! | I I ! . _ .
: Mechanical Topoaranh Friction and | | Appendix |
) properties pography lubrication | | |
\ / : Abbreviations !
\ / — |
S—_——————— —_————————————— - | I
Main topic areas \ J
~ s

Supporting sections

Figure 1.2: Thesis structure overview with the introduction, chapter 1, highlighted
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Figure 2.1: Thesis structure overview with the literature review chapter highlighted

\

It has been outlined in the introduction that LACs have a long history and are widely used.

However searching for abrasive cleaning in the academic literature yields few direct results

for applications that are not related to oral care. As such a survey of the state of the art in

household abrasive cleaning would be short and relatively uninformative. This literature

review surveys the related knowledge required to understand of the fluid system, the

surface properties and wear and polishing with respect to three body abrasion.
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Chapter 2: Literature review

2.1 Rheology

The flow properties of both aspects of the commercial samples (base formulation or full
formulation) are discussed here. It was thought that these solutions introduce a large degree
of uncertainty in the contact zone fluid properties and so justify moving to a similar,
Newtonian system. The study of rheology was done as knowing the structure of the liquid
and having reliable rheological information is of importance in interpreting and evaluating
tribological data: in terms of interrelating friction and material removal/movement back to

fundamental mechanisms and particle motion.

2.1.1 Commercial products

The typical LAC products, sold and used in the home contain calcite suspended in a
surfactant solution. The main ingredients for the suspending structure are a surfactant
system (such as sodium linear alkyl-benzene sulphonate (NaLAS)). Other ingredients are
added for building the structure and for psychophysical reasons. The structure of the NaLAS
base system formed here is often referred to as being lamellar in structure [23]. Work has
been conducted on similar, simpler systems [24-27] however no specific evidence is
available for this exact system. By extrapolation from the work done on similar systems, the
chemical composition and the fact that the fluid flows, the range of liquid structures that a
commercial LAC may be present in the liquid, it can be deduced that hexagonal and cubic
phases can be ruled out. In addition the fact that calcite particles can be suspended in the

base fluid infers that the structure must consist of small, closely packed droplet structures
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either in the form of micelles, agglomerates of micelles or lamellar droplets and onion-like

lamellar.

It is well established that systems of interacting surfactant particles, such as in this base
formulation, are often affected by shear history (in terms of both time and rate) [28]. If the
effect of shearing causes a gradual decrease of viscosity with time and the change in
viscosity is reversible (i.e. viscosity will gradually increase once the shear is removed or
reduced) the change is called thixotropy [29]. However, this effect is not well understood
and there is growing interest in the subject with many model systems have recently been
proposed [30-33], even ones specifically targeted to understand the rheological properties
of micelle and liquid crystal solutions [34, 35], though useful mechanistic and fully developed
models have yet to be established. These investigations employed an array of techniques

including rheometry and identify the continuous phase of a typical LAC to be thixotropic.

When, in addition to the structured fluid phase, the presence of calcite particles that are
irregular in shape and have a distribution of sizes is considered in the full formulation it is
understandable that such complexity precludes any models for this of bulk rheology in the
literature. Even simpler systems, such as studies of dilute suspensions, suspensions of
distributions of irregular particles in Newtonian fluids and dispersions in viscoelastic media,
are relatively poorly understood topics. However, the mathematical models are getting
better at predicting the experimental results [28, 36-39]. Overall the bulk rheology of the
system present in the full formulation is much more complex than model systems that are

currently understood.
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2.1.2 Newtonian continuous phase suspensions

In order to simplify the problem the decision was made to use a Newtonian continuous
phase. If the structure of the full formulation could be modelled as a distribution of stable
spherical structures in a Newtonian fluid, previous modelling of such rheology has been
done [28, 40, 41]. This is due to the fact that much theoretical effort has been made to
model the macroscopic properties of suspensions in Newtonian fluids in terms of the
fundamental particle mechanics. In fact, work can be traced back to Einstein who in 1906
[41, 42] postulated that the addition of spherical particles to a Newtonian fluid leads to a
viscosity that should be linearly related to the concentration according to the equation

below:

n o _

—=1+[nlx (2.1)

Mo
where 17 is the viscosity of the suspension, 1, is the viscosity of the continuous phase, y is the
volume fraction of the particles, and [n] is the intrinsic viscosity. This equation has been
found experimentally to only be representative of very dilute, near spherical and nearly

monodisperse systems [43, 44].

Much of the early work has been reviewed by Thomas [45] and is has limited usage today.
Only a few equations have been established as being useful; the Krieger and Dougherty [46]

equation is primary among them and so this relationship is regularly studied and applied.

The Krieger and Dougherty equation is:

n_ ( _ i)_["””" (2.2)
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where ¢, is the maximum packing fraction of particles. One of the many advantages of this
equation over the Einstein equation is that it (more correctly, when compared to real
systems) predicts that as particle concentration increases and approaches this maximum,
the viscosity rises to infinity. This equation is often more accurate at describing the
behaviour of non-spherical particles and higher particle suspensions. However, this equation
is still limited to lower concentrations, of 5-25 % vol, depending on the particle shape [47-
49]. Also the equation is only truly accurate when applied to near-spherical particles, when

the single particle motion and/or the two-particle interaction dominate [47-49].

At higher particle concentrations than can be used with the Krieger and Dougherty equation
(see later notes in this section on Mueller’s work) the behaviour of fluids becomes non-
Newtonian. This may involve shear thinning behaviour or yield stress, phenomena that can
often individually be fitted to a power law or Bingham equation respectively [50]. However,
it is not uncommon for both yield and shear thinning to occur in the same fluid hence the
Herschel-Bulkley equation is widely as it combines these two features [50-53]. The Herschel-
Bulkley equation is:
o=0y+zy” (2.3)

where o is the shear stress, o0y is the yield stress, z is the consistency index, y strain rate and

y is the flow index (which is between 0 and 1) [52].

A limitation of the Hershel Bulkley in its application to suspension systems is it predicts that

the viscosity will approach zero as strain rate goes to infinity since viscosity, 7, is given by:

n=y (2.4)
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There are many models in the literature that can be applied to suspension systems [50, 51].
Of particular interest to this author is the Carreau model. It is a simple non-Newtonian
model for a shear thinning solution commonly found in the literature relating to suspensions
[50, 51, 54]. This model features three regions of interest shown in figure 2.2: a “zero” shear
viscosity at low shear rates, a power law, transitional region at intermediate shear rates, and

an “infinite” shear regime at high-shear rates and a transitional regime. The equation for the
Carreau model is:

No— Moo
[a+(7)2]A-m/2 (2.5)

) =N +
where n is a power index, A is the relaxation time, a is a fit constant (often experimentally

found to be 1) and 14, 1y, and n(y) are the viscosities of the solution at zero shear, at

infinite shear and at a given shear rate respectively.

Mo

Power law
region

Log (apparent viscosity)

Log (shear rate)

Figure 2.2: Plot of shear rate versus apparent viscosity for shear thinning foods identifying the

three separate regions. Often, only data in the power law region are obtained. Taken from [50].

More recently the complexity of the systems being studied has increased. This includes work

on more dense suspensions (those in which the average particle separation distance is less
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than the particle radius) which typically show shear thickening behaviour [55] and non-
spherical studies [41]. It is this later paper by Mueller et al. in 2010 that is of particular
interest. Concentrations from a few per cent to over half of the volume are studied. Overall
the authors show a clear systematic trend to the Herschel-Bulkley fit parameters used to
model the systems (see figure 2.3). They also outline how parameters of the fit used change
with concentration and suggest the particle motion underlying the rheology (see figure 2.4).
The authors also begin to show how it might be possible to predict other system rheologies
and studied not only spherical particles but also angular silicon carbide grit and high aspect
ratio wollastonite, amongst other particles to show how to modify prediction for particles
with higher aspect ratios. However justification for the use of Herschel-Bulkley equation over
similar rheological models is not given. Also there is no way, as yet, to fully predict the

rheology of a system as some experiments are required.

Figure 2.3: Experimental data for suspension of spherical particles taken from [41]. The data shows
that at concentrations over ~25 %vol spherical suspensions begin to show shear thinning and at

over ~40 %vol a yield stress exists.
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Figure 2.4: Changes in the rheology of suspensions of particles as particle volume fraction increases
from (a) to (e). Each regime is illustrated with a sketch showing the expected microstructure

controlling the rheology. Image taken from [41].

2.2 Friction and lubrication

The previous section was concerned with the bulk properties of fluids with or without
particles in suspension, but it is the behaviour of the flow of these fluids in confined,

tribological applications which is of particular interest in liquid abrasive cleaning.

2.2.1 General lubrication

Prior to the discussion of the particular fluids of interest here (i.e. those containing particles)
it is worth noting the behaviour of general lubrication systems. As suggested by the thesis

overview diagram (figure 2.1) lubrication and friction is a property of the liquid but it is also
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dependant the surface. Friction has been around as a subject since da Vinci (1452-1519),
though significant progress on the study of lubricants was not conducted until the late 19"
and early 20" century. At this time the Stribeck curve, which shows the various regimes of
lubrication, was developed [56-58]. A discussion on this curve and its feature is given in

figure 2.5.

Figure 2.5: The Stribeck curve for friction taken from Engineering Tribology [56]. This curve in

particular is for oil lubricating a metal contact. The three diagrams at the top illustrate the contact
during the contact between the in the respective friction regime shown in the graph below. The

axis show friction coefficient, p, against the lubrication parameter.
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The Stribeck curve illustrates the dependency of the friction on lubrication parameter which
includes several key system parameters. The lubrication parameter is also known as the
Hersey parameter and is viscosity multiplied by speed divided by load [58]. This parameter
contains the main variables that affect fluid film height or separation between the two
surfaces. Hence the increase in viscosity or speed (sometimes frequency in rotating system)

increases the fluid film height and an increase in load decreases the fluid film height [57].

Hydrodynamic lubrication occurs when the sliding surfaces are separated by a relatively
thick fluid film [57]. Viscous forces within the film provide the pressure to support the
contact. At the other end of the graph, in dry contact, rough surface may well contain
asperity contacts that locally “weld” together. The friction required to break these joins is
often quite high, as illustrated by point D in figure 2.5 [56]. In a lubricated contact, and
indeed most practical situations, there is a thin, boundary layer of material on the surface
that weakens this interface. This leads to the friction coefficient which is much reduced
(when compared to dry contact), as illustrated by point C. The exact nature of this boundary
layer is not fully understood however in oil based lubrication surfactant molecules are

theoretically adsorbed onto surfaces and prevent dry contact.

In between these two regimes mixed lubrication occurs. Hydrodynamic action still occurs but
this time the surfaces may come into (elastic) contact, significantly increasing the friction. It
is worth noting that the transition to hydrodynamic lubrication often occurs at several
micrometers or tenths of micrometers [57, 59]. Note: the transition between hydrodynamic

and mixed lubrication regimes may also include a region of elastohydrodynamic lubrication
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(EHL). EHL occurs when the hydrodynamic film formation is enhanced by elastic deformation
of the surface(s) particularly in non conformal contacts [60, 61]. EHL is not expected to be a

significant in the system studied here.

2.2.2 Lubricants with particles

There are many industrial applications of lubricants and circumstances where lubricants
contain particles, or where fluids are designed as three-body abrasive systems. Examples
include: mineral oils containing dispersed solids, polishing fluids, cosmetics and machining
lubricants containing wear particles. As a result much experimental research of the subject
has been carried out [57, 58, 62-72]. In particular the application of lubrication in hard
contacts, such as occurs between most metal surfaces, draws significant industrial interest
due to its relevance in a wide variety of industrial and everyday systems including, but not
limited to, moving components for automotive engines, bearings, vessels and pipes in
production plants, and hinges. Due to its applications, the wear of hard contacts in metals
and steel in particular is an extensively researched area of tribology. As a result it is where

the majority of lubricant particulate research has been focused [62-67].

The presence of surfactants in their liquid crystal form is not a significant area for research in
the contact of metal surfaces. However, in oil base lubricants many hydrocarbon molecules
are present and there are surfactants molecules. In fact much work on the theories of
boundary lubrication is based upon the idea of surfactant molecules attaching themselves to
the surface and forming a molecular boundary layer [73]. However, the work on boundary

lubrication is purely theory based and is not fully understood. The addition of solids to these
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systems may be beneficial or detrimental to lubricant performance, depending upon the
particle properties and system being lubricated [72]. In the context of LACs lubrication of the
calcite over the metal surface is required as damage to the underlying surface is not a

desired effect.

In abrasive cleaning, soft contacts such sponges, cloths and brushes are often used. These
contacts make the modelling of the fluid behaviour rather difficult as fluid can flow into the
applicator. To negate this problem, work in this study work was conducted with an
elastomeric half-sphere. This simplification still contains challenges as, by comparison with
the work with metals, less is known about the behaviour of particulate lubricants in a
compliant contact (contacts where one or both of the contacting surfaces have a smaller
elastic modulus than the particles). Examples of the similar lubrication conditions include the
mastication of food, abrasive cleaning, the presence of stones in a road-tyre contact, the
presence of metallic wear particles in artificial hip joints and the use of particles in cosmetic

products applied on the skin [69, 74, 75].

Recently the system of particulate lubricants cosmetics have produced some work that is of
particular relevance to this study: Timm et. al [74] investigated the effects of particle
concentration and size on the lubrication properties of powder suspensions in a carbopol
structured suspension medium. When the tribological contact was fully immersed, the
presence of particles in the suspension medium was reported not to have significantly
impacted the friction of the system when compared to similar results taken for friction with

just the suspension medium. However when the contact was only partially lubricated, a
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three-stage friction coefficient curve was observed showing that, as the contact dried,
particles were trapped less in the contact and were instead either ejected completely or
trapped at the inlet to the contact. By varying the particle size and concentration it was
shown that the duration and magnitude of each stage can be controlled. It was observed
that the final friction was less than the dry friction indicating the particles themselves often

function as lubricants.

2.2.3 Confined flow

Flow confinement studies are less common than the simpler lubrication studies; however
they are crucial in focussing on the detailed mechanisms of flow of complex fluids in
confinement. Much work has been done previously investigating the flow properties of
common fluids that exhibit complex, viscoelastic behaviour. However, it is worth noting that
some of these structured fluids may only be approximately viscoelastic: note that in Davies
and Stokes [76] work, the authors comment that “carbopol is used as a structured fluid due

to its relatively non-thixotropic rheological properties”.

Confined flow studies generally show good correlation between the experimental and
theoretical fluids or model pastes [60, 76-81]. However the suspension fluids studied are
often simplified to the use of model systems. Although the model of a viscoelastic fluid
seems fairly well establish, suspensions in confinement are restricted to single or mono-
disperse spheres and the difference an irregular particle or a wide particle distribution of
particles or both would make is not clear. Also if (and if so how) the influence of thixotropic

properties will translate to real effects in such studies are again a subject that is not covered.
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The work that has been conducted falls into one of two subjects: general confinement or
squeeze flow. Confinement is often looked at for its applications in both the chemical and
biomedical areas and research is concerned with the motion of the suspended particle(s)
within a fluid space of characteristic dimensions similar in size to that of the particle [78].
Squeeze flow studies considered often focus on parallel plate or rolling apparatus used to
compress and deform a viscoelastic material, often pastes consisting of fine particles or
polymers [82]. Neither of these cases has yielded information that can be considered directly
applicable to this study. However the investigative techniques and theoretical framework

may be of future use.

2.3 Material properties

There are many ways to classify and quantify the properties of a surface. Here the focus is on
the topography, imaging and mechanical properties relevant to abrasion and how they are

measured.

2.3.1 Topography

Profilometry is a long established technique used to measure surface roughness and map
surface topography. Modern profilometers are used for both of qualitative visualisation and
guantitative statistical analysis of a surface. A profilometer is defined here as any piece of
equipment which is primarily designed around a detector that measures the height (z) of a
sample, in relation to the equipment, at points on the surface (as opposed to optical

methods that image the surface as a whole). Measurements on a profilometer are normally
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taken in a series of line points in the y direction separated by a small distance [57]. By
moving the position of the sample relative to the detector in the x direction, using indexing
table /motorised stage and performing repeated stylus traversals, a 3D measure of the

surface topography can be obtained [83-85].

There are two main types of conventional profilometry: contact stylus and optical stylus. In
addition equipment have been developed to take an area scan of a sample to produce a
three dimensional map of surface, and some state of the art equipment has been produced
by adapting existing setups to provide profile and mapping capabilities. For example profile
data could be extracted from focus variation microscopy data [86-88]. These more specific
instruments will be dealt with on a case by case basis, as encountered, rather than try and

define all such systems together.

Contact profilometers use a stylus (often diamond tipped) of known geometry to trace lines
across a surface and the vertical displacement recorded [84, 85]. Stylus shape is often the
major factor in defining the limitations of the equipment. In particular, features smaller than
the tip radius may be rounded or not measured. However, tips can be produced that allow a
lateral and vertical resolution of tens of nanometers. By contrast optical systems have a
lateral resolution >200 nm due to light’s diffraction limit [85, 88]. The other main
disadvantages of contact profilometry are that there is a trade-off between measurement
speed and accuracy, the stylus can damage soft materials, and very hard, rough materials
can cause damage to the stylus. However the process of using contact styluses is long

established and well understood, and often surface standards are written based on contact
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profilometry [85, 88]. The other main advantages of contact profilometers are that they are
surface finish independent, meaning the colour or reflectivity of a surface (which can cause

significant issues with optical techniques) will not affect the results.

Other optical techniques for three dimensional imaging of surfaces have become more
common over the years due to the increase in computer power and memory [85, 87, 88].
Previously the application of advanced techniques such as interferometry or confocal
microscopy was restricted by the ability of the users to process and collate the resulting data
/information. Now such techniques are becoming common place to scan an area of a sample
(although they can also be used for either point or line scans). These optical scanners are
ordinarily situated within a microscope setup due to the commonality of optics, the ability to

visually assess /check the 3D features /data and to increase the ease of use.

The exact process each instrument uses is often dependant on the manufacture however the
basic principles are the same. Light (either white or monochromatic) illuminates a surface.
The reflection of the light incident on different parts of the surface travel different path
lengths depending on the height of asperities. When the light is collected in the instrument
and sent towards the detector there is either a restrictive aperture that admits a narrow
range of light path lengths (confocal) or reference beam (interferometer) that generates
interference fringes based on the path length. These act to filter focused and out-of-focus
light. The reflected light pattern is then detected and, by varying the surface height relative

to the instrument, used to calculate the surface heights of a sample.
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The main advantages of the optical techniques is that they can be applied to a wide range of
mechanically different measurement surfaces as the material properties such as hardness
and elastic modulus do not impact the technique. Optical techniques are now often faster
than contact methods that are restricted to slow scans by their ability to cause damage or
generate erroneous data at higher speeds [85, 87, 88]. However, as mentioned above, the
optical techniques are often limited in their resolution particularly in the horizontal
direction. Also the reflectivity of the surface with respect to the input light can sometime
influence the result. Sharp gradients in surface height can also cause problems as light is
reflected away from the detector, although often can be captured by refinement of the
technique at a cost of measurement time [86]. There is also a problem that the established
surface measurement specifications are often defined with contact probes in mind and
cannot always be readily applied to non-contact probes. Overall the quality and reliability of
profilometry data, particularly modern non-contact techniques is often dependant on the

user’s skill, available time and the experience of applying a technique to a particular surface.

2.3.2 Imaging

Basic optical microscopy has been around for centuries and can reveal changes in surface
topography, wear scars, debris and signs of chemical corrosion on the millimetre to
micrometre scale [89, 90]. This technique therefore provides a useful starting point both for
damage characterisation and helping the examiner decide on which analytical technique, if
any, would be best to apply. The primary problem with optical microscopes is associate with

the diffraction limit. This reached at approximately 0.2 um (dependant on the wavelength of
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the applied light) [88, 89]. For higher resolution imaging more advanced techniques such as

scanning electron microscopy (SEM) must be employed [90, 91].

An SEM consists of an electron beam, usually from a tungsten electron gun focused using
electromagnets to a point on a sample. Electrons from the gun can interact with atoms in a
sample target via a variety of elastic and inelastic collisions. The electrons incident on the
sample interact with a volume of sample similar to that of a tear drop extending from the

point of incident on the surface [92, 93].

Inelastic collisions occur when electrons interact with the elections in an atom. An electron
will dislodge one of the inner electrons from its orbital giving and energy will be lost from
the incident, primary, electron in order for the electron to be emitted. At the same time a
characteristic X-ray is produced (see section 2.3.3). These emitted electrons are termed
secondary electrons (SE) and are of low energy: typically 10s of eV, whereas the incident
electrons are usually of the order of keV in magnitude. As a consequence of their low energy
these electrons will often be conducted away as current for depths greater than ~5nm.
Hence the secondary electron detector primarily receives surface topography information.
However the likelihood of electron inelastic scattering is often related to the atomic size and

so the topological information often has a defect due surface compositional information[90].

The image produced by secondary electrons is only two dimensional. There is some
correlation between the “brightness” (in terms of the amount of electrons emitted not light)

of a point and height as electrons can be emitted more easily from a peak than a crevice:
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due to the fact the surface to volume to ratio is higher at a peak. However no exact method
exists for quantifying this effect [91, 94]. It is also worth noting that as the electrons interact
with a depth of the sample the resolution is often influenced by incident electron energy.
Though reducing the primary electron energy will influence the strength of the signal

produced, there is a trade off between “brightness” of the picture and resolution.

Elastic scattering means there is no significant change in the kinetic energy of an incoming
electron even though there may be a significant change in the direction of motion of the
incoming electrons when they interact with a target sample. Elastic scattering can take place
when electrons pass close to or are incident on the nucleus of an atom. Where an electron
passes close to the atom it is deflected off its original trajectory by a small amount. The total
amount of deflection increases with depth hence a “teardrop” shape of interaction for

electrons with a surface [93].

Elastic backscattering is where the electron hits a nucleus “head-on” and bounces backwards
on a path roughly opposite to the incoming path i.e. the velocity is opposite upon scattering.
These electrons have an energy of several keV and can travel from depths of ~1-2 um from
the surface. They are typically detected either by a ring surrounding the electron beam or a
disk near to it. Larger atoms (with a greater atomic number, Z) have a higher probability of
producing an elastic collision than smaller atoms because their nucleus has a greater cross-
sectional area. The number of backscattered electrons (BSE) reaching the detector is
proportional to the mean atomic number of the interaction volume [94]. Thus high BSE

intensity correlates with high mass atoms and low signals areas have lower average mass.
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BSE produce compositional maps of a sample “surface”. This is made slightly more
complicated in the case of crystal structures as packing density will also influence the
“brightness” of the BSE signal, as more dense structures will produce a brighter signal and so
BSE can be use to look at different crystal phases. Though this process is not to be confused

with backscattered electron diffraction; where crystal orientation is obtained.

As with the SE, BSE can only give two dimensional information and SE and BSE images are in
black and white because they only record one variable, the electron signal strength at a
point [94]. The topography may impact on the BSE image even though primarily the image
relates to sample composition. Typically this is only a problem when there is high surface
roughness such that the height varies by hundreds of nanometres over small, less than 10
nanometres distance. Having said this, BSE images provide a quick means of determining the

number of component phases in a material.

2.3.3 Energy-dispersive X-ray spectroscopy

As mentioned previously the inelastic scattering of electrons off an atom allows electron
transitions to occur within the atom. As an electron tunnels from a higher energy level to the
lower energy level energy is lost in the form of an x-ray. The x-ray emitted is characteristic to

the transition occurring and the element of the atom [90].

One limitation of this technique is that although each X-Ray is, strictly speaking, unique to an
element, energy peaks may effectively overlap [94]. This is due to fundamental uncertainty

of the energy from Heisenberg’s uncertainty principle and measurement error. Overlap is
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particularly problematic at higher energies, where individual peaks may appear to be
identical for several different elements. This means users may influence the results by
selecting elements to model in the data: ideally this process will be based on prior
knowledge of the sample or use of another method to find the information. The process of
measuring these characteristic electrons is known as energy dispersive x-ray spectroscopy
(EDS). EDS is also known to be imprecise at detecting low (<1%) chemical components. Also
light molecules (atomic number less than 11 (sodium)) often have energy signatures that
cannot be detected using an EDS [94] and standard methods do not advise on how to

measure these light elements [95].

2.3.4 Atomic force microscopy

The first atomic force microscope (AFM) was made in 1985 by attaching a diamond onto one
end of a small strip of gold foil [96]. Since then AFMs have been used to investigate and
solve many processing and materials problems in a wide range of technologies. Modern
commercially available AFMs, such as the NanoWizard I AFM (JPK, UK) used in this

investigation, typically use a silicon micro cantilever.

As any two surfaces approach each other they will begin to sense a small attractive force,
from Van der Waals forces that increase as the sample gets closer[97]. Eventually the
surfaces are so close that the repulsion from the electron shells begins to become of
significant magnitude. This force increases more rapidly with decreasing distance than the
attractive forces. As a result there comes a point when there are overall no forces on the

surfaces. Then, as distance decreases, they begin to strongly repel the each other and are in
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contact. The principle behind AFM is that when one of the surfaces is that of a cone or
particle attached to a cantilever at its free end (the other end is fixed in place) the angular
deflection of the cantilever can be measured. From knowing the mechanical information for
the cantilever and measuring the distance from the cantilever to the surface, the Young’s
modulus and hardness can be calculated. The detection system does not measure force

directly. Figure 2.6 shows what happens as a cantilever approaches a surface.
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Figure 2.6: Typical force displacement curve for AFM based indentation (taken from [98]). At point
A the cantilever is not touching the surface. In this region, if the cantilever feels a long-range
attractive force it will deflect downwards but will not make contact with the surface. Provided the
attractive force is large enough the probe tip is brought closer it may jump into contact with the
surface as represented at point B. This phenomenon is often referred to as snap-in. Once the tip is
contacting the surface, deflection increases as the cantilever is brought closer to the sample.

Provided the cantilever is stiff enough the probe tip may indent into the surface at this point.
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The method used here to measure deflection is a laser beam “bounce” method. This means
optical beam from a laser is reflected from the mirrored surface on the back side of the
cantilever onto a position-sensitive photo-detector. A deflection of the cantilever will tilt the
reflected beam and change the position of beam on the photo detector. As discussed
previously this technique can be use as a surface profilometer. For profilometry the
deflection is measured whilst trying to keep either the same contact force. Alternatively a
dynamic method is used where the tip is vibrated at a given frequency to bring the cantilever
in and out of contact. This method avoids high lateral forces from dragging the tip over the
surface, this technique is sometimes referred to as “tapping” [99]. Here we are concerned

with its use in measuring mechanical properties.

The AFM records the amount of force felt by the cantilever as the probe tip is brought close
to and even indented into a sample. This is done indirectly through knowledge of the
properties of the cantilever in particular its flexibility or stiffness needs to be measured.
Stiffness can either be measured by derivation from the material properties and microscopic
measurement of the cantilever or directly by careful nano-indentation of the probe [100].
Once the stiffness is known the deflection of the beam can be related to a force and AFM
can be used to measure the attractive and repulsive forces between the probe tip and the
sample surface. The rate of approach, magnitude of attractive-repulsive forces to go
between, the distance to travel and speed that the AFM cantilever tip travels during the

force measurement can be varied.
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The slope of the force curve between contact and its maximum value (which is the stiffness
of the sample) can be used to calculate the Young’s modulus of the sample provided the
modulus of the probe is known (see nano-indentation notes in section 2.3.6 for equations).

The hardness of the sample can also be estimated provided the shape of the probe is known.

When unloading, the cantilever is withdrawn and adhesive forces between the surfaces
surface may cause the cantilever to adhere to the sample some distance past the initial
contact point B. Point C on the AFM force curve in figure 2.6, is the point at which the

adhesion is broken and this minimum point is called the adhesive force [101].

Taking the slope of the indentation curve to calculate mechanical properties has limitations.
This method means that the surface may be allowed to deform both elastically and
plastically. Therefore the values calculated from the approach, which assumes elastic
deformation, may be incorrect [102]. This method was chosen over using the unload data
because the surfaces show a significant amount of surface adhesion on unloading (see later
notes). Analysis of the unloading curve is strongly influenced by the material’s adhesion via a

process comparable to that highlighted for nanoindentation later (see section 2.3.6.1).

AFMs are useful for measuring forces as, depending on the cantilever and experimental
setup, they are capable of measuring forces as low as a few piconewtons [99]. Problems can
often occur through inappropriate choice of cantilever for the sample as the magnitude of
deflection can be too large (off the scale of the photo detector) or too small and the errors

may be too large.
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The problem of measuring stiffer surfaces arises from a fundamental characteristic of the
AFM method. The AFM is a displacement based test setup relying on the measurement of
the deflection of a laser beam off a probe tipped cantilever [99]. The resolution of the
detector is set by the stiffness of the cantilever and the size and shape of the probe. When a
stiff film is placed under the cantilever then its deflection becomes more rapid, and may not
be linear or the probe tip itself may deform instead of the surface [92]. Overall if the surface
is too stiff compared to the cantilever the fundamental assumptions of the measurement
process may not be met. In order to measure a stiffer film there are three basic steps that
can be taken: the cantilever needs to be stiffer, the probe needs to be smaller or the

approach speed needs to be slower.

As reported in the literature, for silicon-based probes this technique tends to become
unfeasible as the surface elastic modulus approaches ~1 GPa [99]. This means that much
stiffer metal cantilevers are more suitable for the measurement of harder surfaces.
However the use of a stiffer cantilever would limit the ability to measure softer surfaces.
Stiff cantilevers are only deflected a small amount by a soft surface. The literature mentions
that AFM based techniques are practically limited to measuring materials with stiffnesses

varying by up to two orders of magnitude [99].

Another common issue is one of vibration and noise. The cantilever is extremely sensitive to
ambient vibration and error can be produced from talking, footsteps and traffic. As such
most AFMs are stored in sound dampening chambers and mounted on an isolation table

placed on top of a secure, level, robust surface for example a granite block [99]. Atmospheric
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conditions may also play a role in affecting the results. High humidity atmospheres (the
exact humidity depends on the probe but ~50% relative humidity for 0.5 nm features) may
lead to condensation and liquid bridging on contact that will change the adhesion force

measured [99].

Finally due to the nature of AFM probes, they cannot normally measure complex or highly
textured surfaces [90]. Steep slopes present a problem as only a small area of the probe is in
contact. On rough surfaces one must also be careful of overhangs and measuring over air
bubbles as they will have elastic properties different to a solid area (as there is an underlying

air gap in the sample).

2.3.5 Indentation

Indentation measurements were not carried out as part of this investigation. However prior
to a discussion on nanoindentation it is necessary to first introduce the techniques and
terminology of what may be termed standard, macro or classical indentation. Indentation is
a widely applied process of pressing an indenter tip into the surface of the sample at a
known load and the material’s resistance to plastic deformation is measured [103].
Deformation is assessed by optical analysis of the size of the indentation mark after testing.
The most relevant information is the contact area of the indentation, A, which can be used

to find the hardness, H, using:

P
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where P is the maximum load (which in classical indentation can be as little as 0.01 N to over
100 N). The application of these tests is common and is covered in international standards
such as I1SO 6507 [103] and ASTM E384 [104]. Hardness is a combination of fundamental
material properties that combine to form the resistance to deformation caused by a
compressive force over a given contact geometry. As hardness is not a fundamental material

property it can only be defined by reference to a particular test method [105].

Testing is specific to the test parameters used. These parameters include the maximum load,
the rate of loading and unloading, sample preparation, and the number and location of test
points [105]. The most important parameter to specify is the indentation tip geometry [105,
106]. The form of the indenter tip are typically either spherical, such as in Brinell and
Rockwell testing, or a pyramid such as in Knoop and Vickers testing. The material, form and

loading of the tip are historically well defined for a particular range of materials.

Of particular interest is the Vickers indentation tip as it is geometrically similar to the
Berkovich tip used in the nanoindenter in these investigations [107]. The Vickers indentation
tip is a four sided pyramid with a face angle (the minimum angle of each face and the axis of
the tip) of 68 degrees [103, 104]. A Berkovich indenter is a geometrically self-similar three
sided pyramid with a face angle of 65.27° (76.9° from the axis to the edges) [107]. This angle
is chosen so that the ratio between the projected area and the square of the indentation
depth of the Berkovich and Vickers indentations are both 24.5 making the tests results
between tests more meaningful than if another angle was selected [107]. The Berkovich tip

is normally preferred for nanoindentation testing because it is easier to grind three sided
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pyramid tips to a single sharp point than a four sided pyramid. The contact point of a Vickers
pyramid is often a line contact, whereas a Berkovich tips can typically be made with a near

spherical tip less than 100 nm in radius [108].

One problem known in indentation stems from the indentation area. Firstly there is the
problem that the material in the observed contact area is not illustrative of the total
indentation area. The total indentation volume includes material at a distance beyond the
contact volume displaced by the probe [83, 84] [109]. There is often quoted figure that the
indentation affect approximately 10 times the contact depth and width [109]. However this
figure varies between materials. The affects of true indentation volume become particularly
relevant to non-uniform materials which includes materials that are coated, multilayered or
have a distribution of properties. Interpreting the true mechanical properties from the

apparent properties would require a process of mathematical modelling.

2.3.6 Nanoindentation

Nanoindentation is the name given to a variety of techniques used to classify the material
properties of surfaces [105]. Indeed even the AFM process described previously can be
described as nanoindentation. Nanoindentation is an often studied technique the subject of
numerous papers including reviews in the literature [102, 105, 108, 110-115]; as such this

review only covers the details required for this work.

In nanoindentation, the indenter — typically a Berkovich pyramid — is continuously pressed

into the material being tested with an increasing test load, and then unloaded. The
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indentation depth of the pyramid is measured continuously during this penetration process
[116]. The hardness value is calculated from the selected maximum test load and the
resultant indentation depth. It is typical for the hardness to be based purely on the
measured indention depth and a pre-test calibrated tip depth to area function [107]. As
stated above, for an ideal Berkovich indenter this projected area, Ap, is:

Ap = 24.5] (2.7)
where |/ is the indentation depth. In reality the tip will most likely not be perfectly shaped
and so the face angle may not be exact or the edges and tip absolutely sharp. It is common
for a tip area function to be used to compensate for the imperfections [117]. This means
that the area, A, of the contact is given by:

Ay = col? + i1 + coIY? + cgIM* + ¢, IV/8 + ¢ IV/10 (2.8)

where ¢, to c¢5 are constants found experimentally.

This method presents a significant deviation from the classical “macro” indentation as the
hardness here may be more accurately defined as measuring the instantaneous deformation
of a material due to load [102]. The macro indentation methods are a measure of
permanent, plastic deformation of the material. Nanoindentation studies investigate elastic
and plastic properties of materials [102, 115]. This means there is likely to be deviations in
the results between the two methods. Particular deviations occur for soft elastomeric
materials, which classically would not be tested in a Vickers, or similar, test. Deviations are
due to the fact that elastomers can show a large degree of deformation before yielding and
surfaces may even recover completely after indentation. Therefore as the indentation area,

A, approaches zero the hardness would approach infinity in these standard tests.
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The loads used in nanoindentation range from <0.1 to ~1000 mN and depths of tens of
nanometers (up to several microns), which allows for small areas or features within a sample
to be measured [102, 117]. The lightest loads allow for the measurement of hardness of thin
coatings[111]. It is worth noting that for meaningful measurements there are restrictions on

the size and surface finish of samples [118, 119].

2.3.6.1 Quasi-static indentation

Figure 2.7 shows a schematic of a typical simple nanoindentation from the literature [120].
This is a general curve for a viscoelastic—plastic material. The data obtained from this curve
can provide information regarding the elastic, viscoelastic and plastic behaviour of a
material. Three intercepts are shown: hp is the maximum displacement of the indenter and
represents the depth that would be reached by a inelastic material, h. is the depth of the
contact based on the initial unloading, which would be the intercept for a elasto-plastic
material and h;, is the residual displacement after removing the indenter from a material
with viscoelastic and plastic properties. The exact method to determine stiffness with which
to calculate hardness may use either the loading or unloading curve. However in practice it

is the unloading curve that is commonly studied [102, 111, 116, 117, 119].
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Figure 2.7: Schematic diagram of indentation load—displacement data for a viscoelastic—plastic
material taken from the literature [120]. The plastic work done in the viscoelastic—plastic case is
represented by the area Al (OBC). The area A2 (CBCO) corresponds to the elastic work recovered
during the unloading segment. In case of purely plastic material, the unloading curve is a straight

line (BC’).

This diagram is simplified and does not represent a method in which the peak load was held.
Holding the load in a viscoelastic-plastic material would cause the tip to creep into the
surface, leading to increasing penetration at a fixed load. Not holding the load risks further
deformation when the load on the probe is reduced. As a result, viscous or plastic effects
commonly cause a “nose” in the data. A data nose is a term used to describe a measurement
artefact where during unloading of an indentation tip from a surface the depth appears to

increase as force decrease [120].
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The most applicable work in nanoindentation and subsequent data analysis found by the
author was conducted by Pharr and Oliver. In particular their 1992 paper is the basis of the
material properties calculated by nanoindentation instruments [112]. Their work has
highlighted many key aspects of nanoindentation [113]. However, the applications of
nanoindentation techniques to comparable soft elastomer films are not covered in their
work. Nor does other work in the literature detail an established technique of studying the
full range of visco-plastic-elastic behaviour found in the soft, elastomer films used in this
study. However the application to hard thin films [121-124] and elasto-plastic materials [121,
125, 126] has previously been studied and these provide some insight into possible
investigative technique. Many of these investigations also correlate the instrument data to
computational modelling to better understand the results in terms of the underlying physical
properties of these complex systems [123, 125-127]. This suggests the lack of mathematical

modelling in this study limits the interpretation of the results.

Their most significant accomplishment is perhaps establishing a model of the contact [112,
113]. They show that for most physical systems a power law fit with an exponent of 1.5 -2 to
the unload curve can be used to measure elastic material properties. This equation has the

form:
B
P=a(h—hy) (2.9)
where P is the indentation load and @ and  are the power law fit parameters. a is primarily

dependent on the material but m is dependent on the contact geometry [113]. From this fit

stiffness, Sy .., is calculated at the maximum indentation depth using:

dap

Fmax = (2.10)
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This stiffness is required to calculate a reduced elastic modulus, E,, can be calculated using

the equation:

S maxﬁ
E, = —hzﬂ (2.11)
This modulus not the modulus of the material and
1-v¢  1-v? -1
E, = ( - +E—i) (2.12)

Hardness can be calculated from the area of the contact

H = Dmax (2.13)
4

Although approximate values for the power law is often used the exact values for this power
law is often dependant on the surface mechanical properties and indentation tip. In
particular for Berkovich tips and cones the theoretical value power is 2. In reality the
effective pressure distribution does not match the indenter shape and is more convex. A

power of approximately 1.5 is often found, akin to a spherical probe [113].

If there is reversible plastic deformation occurring then the fit will not be a measure purely
of elastic properties [120]. As such there may be more recovery of the surface than expected
based on the elastic properties alone. In order to try and reduce the amount of plastic
deformation the load is often held for a long period of time. The length of this hold time is
limited by thermal drift in the instrument and the possibility that the materials may strain
harden. In the literature finite element modelling has found that work hardening and
subsequently pile up is only an issue where the effective modulus is large compared to the

yield stress [113]. As yield stresses are difficult to determine from indentation alone it is also
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noted that this occurs when the final indentation depth is above ~70 % of the maximum

indentation depth.

There other problems associated with measuring the indentation properties from the
unloading curve. Typically the curve fit is used data between 20 % and 95 % of the maximum
load [117]. In this study the indentation analysis of the film can be influenced by plasticity
and adhesion [120]. The influence of the plasticity and adhesion on the response also has an

influence on the appropriate fitting region [128].

In adhesive indentation the surface in contact resists the probe’s removal [101, 129] [128].
As such areas above the indentation and pile up area may still be in contact with the probe
beyond what would be normally expected for a non-adhesive surface. The increase in area
does not have a direct effect on the distribution of contact pressure, in terms of spreading
the load over a larger area, because the contact area is being assumed from an indentation
area tip function and not being measured directly. However the additional contact area will
affect the measurement of the mechanical properties as this film surface pulls on the probe.
The additional contact material will resist the removal and providing a negative force
compared to the normal contact force. The effect of the negative force reduces the overall
normal force at a given depth. As a function of depth, the force will drop more sharply than
without the adhesive force, meaning the contact stiffness will be higher than expected.
Figure 2.8 illustrates this process. The impact of this effect on oscillatory measurements is

minimal as the change in depth and therefore area is small. However, if very soft materials

49



Chapter 2: Literature review

are studied then displacement response to load ratio is likely to be large and therefore the

potential for dislocation and error arises.

Figure 2.8: Schematic diagram illustrating the effect of adhesion on the surface during indentation.
Diagrams a-c illustrate what an adhesion free indentation may look like and d-f show what might
be expected with strong adhesion but otherwise identical mechanical properties. The hollow
arrows indicate the magnitude of the overall force. The penetration depth is represented relative
to the initial contact with x >y, and y > z. At full loading with the same force, a and d, the
indentation depth is the same. As the force is reduced, at a given depth the force, is less for an
adhesive sample, e, than that of a non-adhesive sample, b. This is because the adhesive force of
the sample in part counteracts the normal force. Diagram c shows the point at which a surface
without an adhesive force reaches zero force. Pile up is indicated. At the same depth on an
adhesive sample, f, the surface is still attached to the probe and the restorative forces result in a

negative force being felt.

2.3.6.2 Dynamic indentation

Nanoindenters can be made to not only apply a load and monitor the (quasi-static

indentation) but also to oscillate the load on the probe to give continuous mechanical
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measurements. Nanoscopic dynamic mechanical analysis (nanoDMA) or dynamic
indentation is a way of continuously measuring the apparent mechanical properties of
materials as indentation load, depth or time, or oscillation speed is varied. The literature
shows it has been used across a wide variety of materials with elastic, plastic and viscous

properties [110, 114, 115].

In order to investigate the mechanical properties of a system through dynamic analysis the
two component generalised Voigt model is used [110, 130]. Figure 2.9 shows this mechanical
model for the system. In dynamic studies an oscillating load is applied and the displacement
response is measured. The amplitude of the oscillated load is often small compared to the
mean load. This is done to try and ensure that the probe maintains contact with the surface,
as mechanical disconnect could lead to erroneous results [110, 114]. The amplitude and
phase shift of the resulting curve is measured. A phase shift occurs as a result of a viscous
response of the material. A perfectly elastic material would not have a phase shift, §, and a
viscous material would have a 90° shift. As a result materials are classified by a complex
modulus, E*, which is made up of the storage (or elastic) modulus, E’ and loss modulus E”’

via the equation [110, 130]:

* __ 1/ o * k] s _KS\/E .wCS\/E
E*=E"+iE _|E|C058+1|E|Sln5_z\/A—C+lz\/A—c (2.14)

Additional, it is possible to define the material phase angle for a complex material as the

ratio of the storage and loss properties of a material.

wC
tand = —2
K,

N

(2.15)
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Figure 2.9: Effective mechanical setup during indentation is taken as the two component
generalised Voigt model for an oscillating mass, m. The indenter setup stiffness and damping
constant are K; and C; respectively. The specimen surface stiffness and damping constants are K;

and C, respectively.

It is also of interest to calculate the indentation hardness, which is given by a slightly

modified version of the standard indentation hardness definition:

H = fmax (2.16)

AFmax

where Fx is the maximum loading force and Arqx is the contact area at this force.

Nano DMA testing may be conducted at constant oscillation frequency and the effect of load
or time is studied. Or DMA can be conducted by variable frequency at constant average load
and oscillation amplitude. This later technique is has been applied in the study of frequency
dependant elastoplastic behaviour in polymers such as polyethylene [131-135]. Frequency
dependant behaviour arises because the polymer motion can be stimulated by the force
oscillations. Molecular motions may also be limited at certain frequencies due to the

vibration of the polymer “locking” the system.
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Aside from this direct application of frequency sweeps, the technique is also used in the
calibration of nanoindentation systems to obtain the indenter setup stiffness and damping
properties [136]. The setup is calibrated in an air indentation method. As the probe is
allowed to oscillate freely a resonance occurs and the data can be fitted to obtain the
calibration parameters. NanoDMA testing is based on several fundamental assumptions. In
particular the calculations of mechanical properties relies on the phase angle of the
response being uninfluenced by the resonance behaviour of the surface [114, 115, 121, 130,
136]. The application of DMA is not always thoroughly examined in terms of the effect the

forced oscillation may have in terms of the resonance on the system as a whole.

In order to understand this effect the mathematics of the oscillation is outlined [137]. The
indenter system is being subjected to forced damped harmonic motion of the form:

mi + {x + Kx = Fycos (wt) (2.17)
Where m is the mass of the probe, { is the overall coefficient of damping, K is the overall
stiffness, w is the angular frequency of the oscillation, and Fy is the force amplitude. x, x and

X are is the displacement, speed and acceleration of the sample at time, t.

It can be shown that for a generalised Voigt model that the overall stiffness and coefficient
of damping is just the sum of the individual stiffnesses and damping coefficients [110]. In this
case:

¢=Ci+C (2.18)

K = K; + K, (2.19)
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If the system is assumed to be in steady state and so transient behaviour can be ignored
then the solution to equation 4.1 is:
x(t) = Agcos (wt + ¢) (2.20)

where ¢ is the phase change and:

Fo

\/mZ(wZ_wOZ)Z_F(ZwZ

(2.21)

Ao

It is important to note that phase change, ¢, is not the same as the phase angle of the
material, 6, defined previously. The phase change is not a material property but a

characteristic of measurement and is given by:

¢ = arctan (wo—w{)

m(w2—wgy?2)

(2.22)

where wy is the angular resonant frequency, which is:

wo = 2nf = \/% (2.23)

In the case of air indentation data from the frequency sweep is fitted using equation 2.21 to
gain the stiffness and coefficient of damping for the indenter tip[136]. If the sample being
indented into is too soft, i.e. the sample properties do not prevent oscillation of the probe
tip after excitation, meaning interpretation of the results will be greatly hindered by
resonance. However the properties of an underdamped system as a whole (rather than as a
function of frequency) could be gained by fitting the curve in a similar way to air indentation
and simple subtraction of the calibration parameters as per equations 4.2 and 4.3. Once the

sample stiffness is known the modulus can be calculated using:

_ kvm

E=77

(2.24)
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As described by Pharr the process of repeat indentation removes the plastic deformation
[113]. Thus the calculated modulus and stiffness from the holding or unloading is elastic and
not storage or complex modulus. That is not to say that the process is free from plastic

response. Indeed the surface may yet exhibit frequency or time dependence.

Where the properties of a material are a function of depth the probe is oscillating into the
surface, typical during the loading, so that elastic and plastic properties can be measured.
There is much work on the application of this technique in the literature [110, 114, 123, 127,
130, 136]. Of particular interest to this project is the application to polymer surfaces [131,
132, 138]. Most of the literature on this subject referes back to a observation by Briscoe
[120]. Briscoe studied multiple polymer materials through a series of indentations at
increasing loads. The study showed the distance from the material surface has an influence
on the material properties. For complex, branched polymeric materials the hardness and
modulus data are often seen to vary with the inverse of contact depth. This inverse trend is

not fully understood. Linear polymers by comparison do not show a significant trend.

2.4 Particle properties

Proprieties of the calcite can initially be measured by methods similar to surfaces however

there are several problems that particles present which are discussed below.
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2.4.1 Shape and size

Methods to classify the shape and size of particles traditionally relied on the inspection of
particle images in order to measure size and shape [139, 140]. This process has become
more automated over the years as this process was slow and the time taken depends on the
time needed to process images. Modern dispersal systems combined with rapid imaging and
fast computer analysis means that equipment such as Sympatec’s QICPIC can now quickly
measure the size and shape of a collection of particles [141]. An increase in computing
power has also meant that the process of classifying shape has become more sophisticated
[142]. However the technique is fundamentally based on two dimensional imaging of the
outline of particles and so cannot characterise a single particle shape fully in terms of form

and texture.

Laser diffraction is a widely used particle sizing technique for materials ranging from
fractions of microns up to several millimetres in size [140, 143]. The traditional method uses
Fraunhofer diffraction to classify the particle sizes. This process measures the angular
variation in intensity of laser light scattered by particulate sample. Large particles diffract
light at small angles and small particles scatter light at larger angles. The light intensity data
processed using calculations based on Mie’s theory of light scattering by dielectric absorbing
spherical particles [144]. Mie theory can and has been adapted for non-spherical particle.
However, the interpretation of results from Mie theory can be limited if the complex
refractive index is not accurately known or if it is not a homogonous material. The end result

is @ model of the size distribution of the particles.

56



Chapter 2: Literature review

As the definition of particle size is dependent on shape the particle diameter is reported in
terms of the equivalent diameter for a sphere of the same volume. The application of this
technique is best applied to almost spherical particles hence as the technique cannot
distinguish size and shape differences when estimating the size the size of high aspect ratio
particles. The technique has been very successful and is treated as an established
methodology due to speed of the measurement process allowing repeatable results to be

gathered in minutes, with little turn-around time required for further measurement.

2.4.2 Mechanical properties

The mechanical properties of small particles are rarely measured or calculated directly. The
approach in the literature is either to assume that the particle properties can be described
by the bulk material properties, or try to imply the material properties from techniques such
as the micro-compressive fracture of the particles [145]. Attempts to measure the
mechanical properties directly have been conducted by this research and others, however it
was found that the results were generally very variable and the particle properties often
depend on the method of measurement. As such the particles properties here have to be

assumed to be the same as bulk calcite.

2.5 Wear and cleaning

As mentioned above, much of this project was focused on the tribological behaviour of the
LAC system in contact with the soil surface. The frictional data produced by the rubbing

provided some useful information on the fluid flow. However, the wear mechanisms, wear
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volume and how best to quantify them were key to understanding how the material is being

removed.

2.5.1 Wear in hard contacts

The subset of tribology that studies the removal and /or deformation of surface is wear [57].
Wear may occur through many mechanisms and the processes of relevance to this project
are those of abrasive wear. Abrasive wear occurs as a result of the mechanical action of a
second surface, often termed a countersurface. The science of abrasive wear is usually
broken down into the subject areas of two-body and three-body abrasion. Two-body
abrasion refers to the wear of material surface by the direct action of fixed asperities on the
countersurface. Three-body abrasion refers to the wear of material surface by the indirect

action the countersurface through particles that are free to move between the two surfaces.

The longest established wear equation in the literature is Archard’s equation [21, 58, 146].

Archard’s equation for the total volume of material worn, Q, is given by:

_ kWL
T H

Q (2.25)

where k is a dimensionless wear coefficient, W is the applied load, L is total sliding distance
and H is the surface hardness. The equation is empirically derived for dry two body contact
between the two surfaces [21, 146]. Its applications are often very different from the
tribological system it was derived for [57, 58]. The derivation does not include and makes no
assumptions about a great deal of parameters that could influence wear, such as the surface

topography (roughness), velocity and temperature. These factors are encompassed by the
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wear coefficient. Meng and Lundema, in 1995, reviewed 5466 papers and found 182 wear
equations containing over 600 different variables defined by the authors [147]. Over 100 of
these variables were thought by Meng and Ludema to be distinct parameters that were not
equivalent to or significantly similar to variables seen in other work. The applicability of the
Archard equation may stem from the fact it is a simple core equation. The coefficient of
wear provides a system variable to be found experimentally. Wear should follow the Archard
equation provided “conditions” (as Archard referred to them) are kept constant. This
equation forms the starting point, if not the basis of most work on wear in the literature [56-
58, 147-150]. The fact that it is so widely applied shows its relevance as a fundamental
description of wear. However, effects created by the wide-ranging surface properties,

particles and fluid here are likely to limit the applicability of the equation.

As stated previously the many uses of hard materials including steel and elastoplastic
polymers in tribological applications means that a large amount of research has been
conducted into the subject of three-body abrasive wear in hard contacts [57, 151-155]. An
experimentally established rule in the wear of metals is that the damage caused by an
abrasive particle only becomes significant once the indentation hardness of the abrasive is
~0.8 times the indentation hardness of the surface [156, 157]. The explanation is derived
from the fact that the maximum contact pressure for a spherical particle against a flat
surface is about 0.8 times the hardness of the particle material. This means that calcite
(hardness of ~120 kgf.mm™ from Vickers indentation (HV) or ~2.8 GPa from nanoindentation
[158]) acting on SS (200-250 kgf.mm™HV or ~5 GPa [159]) should not cause significant plastic

wear damage. However, this hardness is significantly larger than the expected hardness of a
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typical polymer (<1 GPa [131, 132]). For this reason this investigation has ignored the
damage to the steel and focused on the baked oil film wear. Note: visual inspection of the
steel after cleaning confirms that scratching is rare in these experiments and may only occur

due to contaminants in the system e.g. silica [22].

As a particle moves over a plastically deformable material the effect it produces depends on
many factors. Ploughing is the process where channels form in the material if the particle
can penetrate into the surface by a small amount then, as the particle is dragged forward, a
ridge of material is formed on either side and in front of the “scratch”: the prow in front of
the material is pushed forward and under the particle [57, 160]. Material is often not
removed in single pass of this type of wear; multiple passes can fatigue the material and
cause removal. As the interfacial strength of the surface increases the material under the
particle is less likely to be deformed and slip under the material, instead a wedge may form.
This wedge formation leads to removal because as the material builds up until it can cut or
fall off. At greater attack angles cutting will dominate wear behaviour: typically the transition
to cutting occurs when the attack angle is at 40° to 50°. Cutting occurs when the material
that would in the previous two mechanisms form a prow in front of the particle is being
deflected upwards and therefore out of the channel of attack. As material is moving

upwards it can chip off and be removed quite easily [57, 157].

This is not the full picture of hard material wear since other factors can influence the wear of
the metals, due to alternate mechanisms of wear, for example wear can be influenced by

brittleness and particles with high fracture toughness are less likely to crack [161]. Brittle
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fracture is a behaviour is typical of ceramics, but is also seen in some plastics, and heat
treated, precipitated and cold worked metals [157, 162]. “Pure” metals, such as stainless
steel, have regular lattice structures and high fracture resistance and therefore normally
deform plastically. Calcite therefore is unlikely to damage steel through brittle fracture and

cracking.

It is also worth noting that, in a lubricated regime, a particle must also be larger than the
minimum film thickness, of the lubricated contact, to cause unwanted damage to surfaces
[72]. It has been observed that the friction and wear caused by the fluid are not always
related, which could result from complications arising from chemical damage from the fluid,
wetting of the asperities, heat transfer differences in the fluid or other factors. If there is
chemical damage it may become confused with the physical particle damage so experiments
of the chemical cleaning of the fluid without particles should be carried out both in
tribological and quiescent conditions, and/or “background” areas of stains should be

considered.

An effect worth mentioning in this section is that of the size effect: this is where particles
show a marked increase in wear rate as their size is increased from several microns to
several hundred microns. The size effect in wear is not just not associated with three-body
abrasion, but two-body abrasion, erosion, grinding and metal cutting also show this effect

[151, 163, 164]. This effect is particularly of interest in polishing.
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2.5.2 Polishing

The most studied area of polishing is chemical mechanical polishing of semiconductor
materials such as silicone wafers. Studies on household relevant polishing likely to be
restricted to internal company documentation. In chemical mechanical polishing it has been
found that there is a significant size effect observed on the amount of abrasive polishing:
namely that increasing particle size reduces material removal. However the results were
found is in the region from nanometres to microns and does not contradict the results that
will be presented herein [64, 165, 166]. One recent paper suggests an opposite (increasing
material removal with increasing particle size) trend with plastics [167], even though similar
work on plastics does not corroborate this result [168]. In all probability the difference in the
methodology is responsible for the difference in behaviour: one method restricts the
spreading of particles and so ensures particles do not “escape” from being entrained.
Although the size effect is not fully understood the most consistent explanation is that of the
hard (“debris”) layer model. This model suggests that a surface layer of about 50 - 100 um
work hardens, from applied stresses, more than the bulk of the material. Thus, when small
particles abrade the surface, they influence the surface layer and do not affect the material
below unlike larger particles, which therefore wear more. Above a critical particle size, the
influence of the hard surface will be small, so there is little or no increase with particle size

[169].
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2.5.3 Wear of baked dehydrated castor oil

As mentioned previously the application of detailed tribological investigation techniques to
baked DCO is not something that appears to have been specifically studied before. In fact
even mechanical data are not yet established for this system. Work in industry, mentioned
in the patent literature [19, 20, 170], typically uses a WIRA (Wool Institute Research
Association) instrument. This instrument uses a cleaning cloth tipped probe to trace a
Lissajous pattern (a pattern produced by the intersection of two sinusoidal curves the
axes of which are at right angles to each other [171]) over the surface of a oil stained sample
with cleaning fluid present. The WIRA instrument provides a method of assessing wear in
terms of the material removed after a number of Lissajous have been completed. However
the complex, changing direction of motion, the single fixed speed and lack of friction

measurements limits the possibility of further tribological study.

In its softer liquid form a castor oil soil is just a thin fluid film being acted on by a force,
causing a confined flow. Castor oil usually flows as a viscoelastic fluid so the literature
studies mentioned previously in the confined flow of the cleaning fluid becomes relevant.
Work has been done previously in the behaviour of castor oils in EHL contacts [172] and
some work on the spreading of thin oil films [173]. However, transitions to boundary
lubrication and the mixing of oil with a LAC system is not mentioned in the literature. The
mixing behaviour in particular presents a significant issue in modelling the flow of such soils
and there has only been a small amount of work on the process of water/oil mixing in
confined flow, and no comparable studies have been reported in the literature on more

complex oil/LAC fluid interaction in confined flow.
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In this study only results of baked elastomeric and viscoelastic films is discussed. As the DCO
is baked on, the carbon chains cross link and form polymer structures that should exhibit
similar behaviour to elastomers and soft polymers [174]. Therefore an understanding of the
wear of rubbers and, to a lesser extent, plastics should be useful in appreciating the

mechanisms used in the in the removal of these stains.

In general, as mentioned previously, wear can be discussed in terms of frictional, plastic and
chemical processes based on the interfacial properties of the surfaces and properties of the
lubricant. The mechanisms involved for polymers rely upon an understanding of the
mechanical properties and it is often found that the wear rate is correlated with a strength,
toughness or a fatigue property: these properties are more or less accessible in relatively
simple bulk deformation experiments and sensible correlation of wear data and bulk
deformation data is sometimes found (though anomalies are common)[175]. Studies of wear
in polymers are often based on either model experiments that attempt to study the damage
created by single contacts, in which the wear rate itself is not monitored, or wear rate

measurements themselves [57, 175].

The general feature of polymer wear processes is that they are governed, in a large part, by
the cohesive strength of the polymer. The force on the surface asperity is dissipated through
a rather thick surface zone through one of several processes: the interaction of surface
forces and the resultant tractive stresses or simply via geometrical interlocking of

interpenetrating contacts. The size of the surface zone is defined by the contact geometry
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and the contact stresses generated. Typically, these zones will be of a thickness which is
comparable to a contact length which can be as large as the particle diameter: perhaps
several tens of microns. Deformation processes thus operate within, and are a characteristic
of, the bulk polymer. This may not result in an initial wear particle creation as the damage

processes is likely to be of a fatigue rather than a unitary nature [175, 176].

Early studies of the damage produced in elastomers by Schallamach drew relatively large
rigid indenters over the surface of an elastomer [177, 178]. The damage produced by these
'isolated stress concentrations' depends on the nature of the contact. A sharp needle
penetrates deeply into the rubber, and almost periodic tears in the direction of motion are

formed (figure 2.10).

- 11.5 kgfcem?,

i, filled with 5o p.p.h.

Figure 2.10: Needle drawn on three different vulcanizates of natural rubber, taken from [178].
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Schallamach attributed their formation to the result of the needle stretching the surface
layers of the rubber at the rear of the contact and pushing forward a prow of compressed
rubber in front. A large elastic strain develops in the elastomer and the material ruptures in
a direction perpendicular to the sliding direction. When the surface relaxes these flaws are
thought to rotate through almost 90 degrees. The sliding motion is intermittent and stick-slip
is observed in the sliding force. This process is not associated with wear debris but part of
the forward wedge rubber may become detached as the contact slips over the deformed

region.

Fig. 8. Traces of a blunt point moving downward on two unfilled vulcanizates of natural rubber
with the fol ng moduli: (a), (b) and (¢}, 11.5 kg/cm? , 18.3 kgfcm® Normal loads and magnifi-
cations: {a), 25 g, 30 {b}, 8o g, 30 (c) Bo g, 10 {d), 8o g, 30 x. Photographs (c) and (d)
from ref.}?, i ' '

Figure 2.11: Traces of a blunt point moving on vulcanizates of natural rubber, taken from [178].

Blunt indenters (see figure 2.11) or sharp indenters with lower loads produce damage in the
form of crescents arranged with their concave surfaces facing the direction of motion [177].

Surface tractions are less and tensile stresses at the rear of the contact are present. The

66



Chapter 2: Literature review

action of the stress also appears to lift or 'tease up' a lip of rubber ahead of the tear. These
single contact experiments indicated the importance of a number of variables in the damage
process including the role of load, toughness and the tensile nature of the failure process.
Schallamach’s work main did not specify how material is removed and the exact fatigue

nature of the wear process is still not well understood [179].

The wear behaviour of elastomers under multiple contacts is complicated somewhat by the
generation of 'abrasion patterns'. Schallamach again worked on this type of abrasion and
showed it produces striations perpendicular to the sliding direction and the resultant surface
topography resembles that of saw teeth or “Schallamach waves” [179, 180]. The wear which
results from this type of process produces relatively large particles of debris and wear in
linear motion is greater than with periodically altered or random direction of motion. This
increase in wear for linear motion has been suggested to arise from undercutting effects.
When the crests of the ‘saw teeth’ are pulled over by repeat passes a “lip” of rubber is
gradually pulled away and a roll of debris is formed which is characteristic of this wear
process. The fact that such abrasion patterns form is strong evidence for a fatigue process
rather than simple unit rupture. Overall elastomer damage is characterised by the creation
of tears perpendicular to the sliding direction. These tears propagate into the bulk of the
elastomer and ultimately close through multiple pass and fatigue to form a debris particle

[175] (in figure 2.10 in particular the formation of wear debris is apparent).

Rigid polymer wear is also relevant to this project because when the oil is baked for a

sufficiently long period it will fully crosslink and form a hard coating. Ploughing grooves and
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cracking features, similar to those in glasses, ceramics and metals, are seen in the wear of
these harder polymers (see comments above). However, a polymer microstructure is quite
different to that of glasses, ceramics or metals, and has many subtle effects on the wear.
Glassy polymers are essentially brittle materials in tension with a varying degree of ductility,
so material deformation is dominated by fracture and cracking of the surface. Ductile
polymers do not show evidence of brittle or low strain fractures. The theories of the
deformation of ductile solids by rigid indenters are not exact, mainly because of the
progressive change in geometry during deformation. Another wear mechanism seen in
polymers is that of adhesive transfer. This is where thin layers are transferred by the
counterface and is often, but not exclusively, associated with dry contact between metals

and polymers [168, 175, 176, 181].

Perhaps the most relevant papers on the subject of the properties were produced by
Lancaster [182-184]. Lancaster showed that harder and more elastic materials are less
susceptible to wear than softer materials. In particular that the wear rate was inversely
proportional to the square root of the elastic modulus and hardness properties multiplied
together. The data showed wide deviations from this trend perhaps due to the wide variety
in the properties of the limited number of commercial polymers chosen for the test, subtle
effects were lost and the underlying “true” relationship between material properties and
wear may be more complicated. However Lancaster’s results were limited to two body
abrasion and of bulk materials, and so cannot readily be applied to the three body film

abrasion here.
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2.6 Summary

There are few direct references that have specific relevance to this study of abrasive
household cleaning in the academic literature. This literature review surveys the related
knowledge required to understand of the fluid system, the surface properties and wear and

polishing with respect to three body abrasion.

The most important aspect of the literature available is the previous studies on wear. In
terms of understanding the mechanisms underpinning the wear equation, the work of
Schallamach can be singled out as particularly relevant to soft, elastomeric films. There is a
standard approach in the literature to the development of a wear equation that means it is
often prudent to start with the Archard equation and develop from it. This invariable means
the dimensionless wear coefficient is replaced with a more complex term or series of terms.
From a scientific perspective the aims of this project may be summarised as first finding if
and when the Archard equation can be applied, finding its limitations and adapting k to

include viscosity, speed and particle size.

Characterising the films themselves still presents a significant challenge and in this regard
much of the fundamental work conducted on nanoindentation by Oliver and Pharr is
applicable. However there is not enough work that has been conducted to show how best to

measure soft films like those studied in this project.

Finally the work Mueller is singled out as a key for understanding the suspending fluid

system. This work shows how fluid properties of suspension can be modelled and related to
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the fundamental particle motion. However there are still limitation in the work and a

justification of the rheological model is not given.

70



3. EXPERIMENTAL METHODS
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Figure 3.1: Thesis structure overview with the methodology, chapter 3, highlighted

This chapter is to give an overview of the materials, equipment and methods used to
generate the results in the subsequent chapters. It aims to outline the tests not fully define
them, as some familiarity with the test equipment and processes may be required in some
instances. Where possible, equipment parameters for the test are specified in section 3.2. In
the detailed method section 3.3, the tribological method steps and measurement specific to

this thesis is outlined.
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3.1 Materials

3.1.1 Particles

Fine ground natural chalk (FGNC) calcite samples provided by Unilever Research and
Development Port Sunlight (URDPS) originated from Omya group through contacts in Italy
and the UK. The details of how these samples were produced is proprietary and not known
to this author. These samples were further refined by mechanical sieving. A single, circa 2 kg,
batch of Omya 65AV calcite was sieved for 60 minutes at 50 hz. The sieves used were 200
mm in diameter and had meshes that were: 45 um, 53 um, 63 pum, 75 um, 90 um, 106 um

and 150 um.

3.1.2 Fluids

Any water used during the experimentation was standard distilled water produced by on site
at URDPS. A 5 kg second molasses sample, manufactured by Tate and Lyle (also known as
black treacle), was purchased and this single sample used for the whole project. Newtonian

fluids were prepared using a mixture of the molasses and water.

In this thesis the particle volume concentration is used. Particle solutions were prepared by
adding a known mass of calcite particles into a known mass solution and, using the bulk
density of calcite [185] from the literature and liquid density (measured prior to testing)

calculating the volume concentration.
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DCO, from John L. Seaton & Co. Ltd, was provided by URDPS. It is known that the cleaning
performance differs between samples. In fact much of the patent literature [19, 20, 170] and
industry experiments will contain a reference or benchmark measurement in order to draw
conclusions on performance. The castor oil used came from one batch of 2010 oil that was
kept in an opaque container within a refrigerator. This batch was therefore in a cold (0-4 °C),
drying environment absent from light minimising ageing reactions, which rely on thermal

energy or electromagnetic radiation [11].

3.1.3 Surfaces

Mirrored SS cut into 40 mm by 35 mm tiles originated from Merseymetals Ltd., and were
donated by URDPS. The steel samples were provided in one batch, the same size and grade

cut from one raw sheet of type 304 steel.

The steel plates were cleaned before use by submerging them into ethanolic potassium
hydroxide solution for one hour followed by thorough rinsing with cold demineralised water
and drying. This cleaning process should not damage the type 304 steel as it an austenitic
steel used extensively throughout industry due to its low cost and good deep draw and
welding properties as well as an ability to withstand mildly corrosive conditions [186].
Additionally the work of Sharples et al showed the steel can have a catalytic effect on the oil,
accelerating the hardening process [11]. Like all SS 304 is characterised as having a
crystallised structure covered in a thin passive chromium oxide film. If the metal is cut or
scratched and the chromium oxide layer is disrupted, more oxide will quickly form and

recover the exposed surface, protecting it from oxidative corrosion.
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Oil surfaces in the tribological study were prepared by baking. Oil was spin coated onto 40
mm by 35 mm tiles. For the tribological experiments an area in the centre of the tile was
prepared. This meant the edges of the tile were masked off with 3M Scotch Magic Tape, as
shown in figure 3.2. The spin time and speed was fixed at 60 s and 1000 rpm respectively.
The spin coater parameters were set such that the tile took approximately 10 s to ramp up
and 5 s ramp down in speed. For the majority of experiments the resulting film was then
baked in an oven at 100°C for one hour. The sample was then removed and stored in a
opaque container in laboratory conditions (20°C, 50% RH) for circa 9 days (see chapter 4 for

further notes) to mitigate further photo and thermal oxidation [11].
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Figure 3.2: A diagram illustrating the typical oil sample prepared for the tribological experiments.

The probe travels along the x axis and the sample is scanned in the y axis

A range of temperatures and baking times were used for the oil films. This is because real
world oil stains are likely to vary in physical properties. Samples baked at high temperatures

for long time periods represent what may be expected to be produced on steel surfaces such
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as heater elements, pans and ovens walls. Softer films, baked at lower temperatures and

times, are more representative of those found on a splash-back, extractor hood and cooker

top.
3.2 Equipment
3.2.1 Tribometer
Drive motor M easurement head containing strain gauges
Counterbalance weight
Load
/ Probe

(rubber
hemi-
sphere)

Direction  of ‘

motion /\

y Ax Sample

Figure 3.3: Schematic of the Eldredge tribometer used.

The cleaning process used on the samples was carried out used the Eldredge tribometer
setup at URDPS (see figure 3.3). This instrument consists of a pivoted lightweight
counterbalanced arm driven by a variable speed motor via a screw system. Motion is linear,
reversible and the travel distance can be set as required by adjusting the stops. Test surfaces
were mounted on the upper surface of a laboratory jack whose height can be adjusted, such

that the probe would pass through an area in the centre of the oil sample (for a photograph
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of the sample setup see figure 3.4). Before measurement the system was balanced and the
height of the sample adjusted such that the arm was horizontal and applying zero force
when the sample and probe are in contact. Due to the balancing, when a load was placed

directly over the probe holder it accurately represent the normal load applied.

Measurement head

- . < Load
containing strain guages

P Probe

/Blue Lego mount

Figure 3.4: Photograph of the sample setup on the Eldredge tribometer prior to wear.

Coated steel sample

stuck to grey Lego pla‘ce >

A double beam assembly of thin steel plates is used to connect a probe holder to the main
arm. Strain gauges are mounted on these plates which measure the extent of the bending of
the plates caused by the frictional force exerted between the sample and the probe. The
strain gauges are connected to a Fylde transducer amplifier (359TA) and a passive signal
attenuator (gain = 0.1) before low pass filtering using an EG&G pre-amplifier (gain = 10). The
conditioned signal is then logged by a PC (Measurement Computing A/D card and DASYlab
data acquisition software) in order to record the frictional force as a function of time. The

raw data obtained can then be processed and analysed on a separate computer.
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The experiments investigated the damage created by running a Viton elastomer half sphere
probe, with a 12.7 mm radius of curvature across the centre of the oil track, such that the
probe does not leave the oil surface. The probe was selected for the work to ensure that
realistic contact pressures could be achieved without the complication of flow through a
porous applicator. The probe was mounted via a % inch steel shaft that was attached using a
two part Araldite adhesive. This probe was replaced regularly, when visible damage
appeared or after a series of tests (a series of tests was a set of tests used to gain one wear
rate i.e. sliding distance was varied and other parameters kept constant). In practice this was

5-15 tests. Lego plates are used to mount the sample to the tribometer (see figure 3.4).

3.2.2 Laser profilometry

The laser profilometer was a custom setup shown in figure 3.5. The stylus was a low
powered, near-infrared, auto-focusing laser “stylus” (ex Rodenstock). A laser beam was
focused, through a moveable lens, on to the surface before being reflected back through the
lens and into a detector next to the emitter [90]. Feedback moved the lens in order to keep
the light in focus on the detector. If the height of the sample below the laser changed then
the lens height adjusted by a proportional amount to keep the beam in focus. The height
measurement at each point on the surface was based on the parameters required to focus
the laser beam on the surface. As well as this height data, reflectance of the sample was

measured but this data has not been used in this thesis.
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X, Y 2
moveable

stages

Figure 3.5: Photograph of the sample setup on the profilometer. The image shows the laser on a z-
axis stage mounted above the stainless steel sample that has been coated, glued to a grey Lego
plate and mounted on to the profilometer lego stage mount. The image also shows the x and y

stage

The laser stylus was mounted on a stage moveable in the height (Z-axis) direction. Beneath
this, the sample was mounted via Lego to a metal plate fixed onto two further stages
moveable in X, Y and rotational axes. In addition, the Y stage was fitted with a Heidenhain
optical linear encoder, which was connected to the PC via a linear/rotary encoder selection
unit. Once the sample was mounted in place and the centre of the area of interest lined up,

the sample brought into focus using the Rodenstock RM600 control box and z axis control.
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The raw data obtained was then be removed from the logging computer then processed and

analysed separately in MATLAB.

3.2.3 Interferometer

Sensofar S-neox 3D optical profiler with built in Mountains based software was available late
in the project [86]. This microscope based profiler was primarily used as a device to
characterise the three dimensional properties of the top of a selection of the worn coatings.
The blue LED light was primarily used. After focusing the imaging on the top of the surface a
scan was run. The upper height limit for the scan was adjusted in order to capture all details
or conserve time. However a lower limit of ~7 um was found due to the fact that eventually

the light would focus on the metal substrate and produce an artefact in the results.

3.2.4 Rheology measurements

The purpose of the rheological measurements is to assist in the interpretation of the
friction/lubrication experiments in the hydrodynamic regimes, assuming that bulk behaviour
persists in this regime (i.e. geometric confinement effects are insignificant). Rheometry is a
widely applied science and so the typical method parameters are detailed in this subsection

and not specific parameters for each test.

A collection of Newtonian fluids were prepared by mixing molasses and water. The
continuous phase and bulk rheological behaviour was characterised. These were initial

solutions were used to develop a general method of mixing a series more precise solutions.
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These solutions were then measured (and tweaked and re-measured as required) to give the

continuous phase rheological systems for the study.

The majority of measurements were carried out on a Bohlin C-Vor rheometer using a
serrated Couette cup and bob geometry. The temperature was fixed at 25°C in all
experiments. A pre-shear rate, 100 s*, was applied to the fluid for 60 s before testing in
order to try and minimise any effects of “shear history”, because a liquid suspected of having
thixotropic properties may be sensitive to the pouring /storage just prior to measurement.
Where possible each measurement point consisted of 30 s measurement per data point.
However for some fluids a shorter 5 s measurement period was taken in order to minimise
particle sedimentation. When the fluid became too thin or particle separation became
particularly problematic a 40 mm, 1° cone on plate or double gap rheological setup was

used.

3.2.5 Optical microscopy

Initial optical investigations were carried out on an Olympus BX51 microscope with a Zeiss
AxioCam HRc camera for image capture and associated Zeiss Axiovision software for image
processing. Additional optical experiments were conducted using a Sensofar S-Neox
microscope which is also capable of interferometric and confocal measurements. In all these
optical images (throughout the thesis) the tiles were aligned such that the left of the image

is the starting point for the motion (i.e. the first pass is always from left to right).
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Finally some photographic records were taken to show equipment setup, or give a visual
impression of the overall test sample. Hence for some larger scale, photographic images

were produced using a Nikon D5000 with 18-55mm f/3.5-5.6 or 40mm macro f/2.8 lenses.

3.2.6 Scanning electron microscopy

The primary SEM used in this investigation was a Model S-3400N from Hitachi High-
Technologies Corporation. In addition to the detector features outlined in this subsection,
the SEM has an energy-dispersive X-ray spectroscopy (EDS) detector system. The detectors
used in this system for detecting electrons are solid state and TV-rate observation systems
for SE and BSE respectively. In this investigation EDS data was acquired during SEMs of the
steel substrates. The measurement was purely for quality control purposes to characterise
the steel surfaces, ensuring the composition was as expected for 304 grade SS. This data has
not been included in this thesis as it was not considered novel or significant. Other SEMS
were used as required; in particular a benchtop SEM and some cryo-SEM images were

obtained.

3.2.7 Atomic force microscopy

The AFM used was a JPK Instruments Nanowizard Il at the University of Birmingham. The
AFM was used primarily for indentation measurements which were carried out using a 7.6
pum SiO, spherical colloidal probe attached to an AFM cantilever with a stiffness of 16.7 N.m’
! A 500 nN compressive normal load was applied to film. Drive velocity for the probe was 2

um.s” and a 2 s hold was carried out when the peak force was reached. Contact radii and
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penetration depths were of the order 2 um and 500 nm respectively. 25 measurements
were taken per sample. Elastic modulus and hardness were calculated for each point. The

mean and standard deviation of these values calculated.

3.2.8 Nanoindentation

For nanoindentation measurements a Hysitron TI950 Triboindenter was used. A Berkovich
tip was used for all indentation experiments. These techniques have previously been
discussed in the literature review. Due to the variation in methods available on the
triboindenter and the mechanical properties of the materials used varying the exact
parameters used for further tests often had to be adjusted. Detail of the parameters used

will be discussed with the results in chapter 4.

Dynamic indentation applies a constant strain associated with the geometry of the
Berkovich indenter and was done using a 1 mN maximum load with a peak 30 pN oscillation.
The frequency is held at 220 Hz. In the case of dynamic indentation frequency sweeps from 3
Hz to 301 Hz. The indentation probe was typically held at an average load of 500 uN and a 10
KN dynamic load applied. For dynamic measurements at least 9 repeat measurements were

taken per sample. However analysis was based on a typical curve.

Quasistatic indentation refers to the concept that the probe is moving at a constant speed or
being held and is not being influenced by a dynamic oscillation that is a feature of the nano-
indentation setup [117]. 25 quasistatic measurements were taken per sample. The mean and

standard deviation of the elastic modulus and hardness are used for analysis.
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3.2.9 Particle sizer

Particle size was measured using a Sympatec Helos (H1438) laser diffraction particle sizer
with a Rodus/M dispersion unit. The Rodus operates at a flow rate of 300 |/min and was
fitted with a Vibri feeder and 4 mm dosing line. The detector parameter settings, such the
complex refractive index, were setup to measure calcite particles. Due to the range of
particle sizes the lens setup used was not held constant, and was instead optimised for the
particle distribution observed. The equipment was set to measure the volume density

distribution, g3.

3.3 Detailed methods: method for wear and friction measurements

The primary parameter of interest in studying the mechanics of abrasion is the wear volume.
This quantity could have been calculated from a contact or non contact profile, in particular
interferometer and AFM amongst others. Unfortunately the interferometer setup only
became available in the later stages of the investigation and was only used in a limited
capacity. The laser profilometer was chosen as the AFM scans during preliminary testing
were often significantly affected by thermal deviations and by variation in the surface
properties of the sample itself more than was observed using the laser profilometer.
Variation in surface properties affects reflection of the laser profilometer, which is measured
separately to height. The laser profilometer shares several issues with the AFM in that they
cannot measure steep walls or overhangs, and lateral resolution is often limited by the
motor. AFM potentially has a high vertical resolution of less than a nanometre, whereas the

laser profilometer cannot measure below a few nanometers, and the particular instrument

83



Chapter 3: Experimental

used in this investigation could not accurately measure heights of tens of nanometers.
However the higher speed of the laser profilometer was a significant advantage. Contact
profilometry cannot be used as the tip often deforms or causes significant damage to the

surface.

As well as this the profilometer data, mass was also measured during some early
experiments using a 4 decimal place analytical balance. However, the use of mass data in
guantifying wear was found to be impossible due the fact that the amount of material
removed during post test rinsing varies. In particular when very low wear had occurred the

mass may increase due to material trapped on or under the surface.

Profilometry data of a wear scar is often seen in the literature and typically features a model
fit for the background /undamaged surface data. Here the sample is baked leading to
significant deviations in the sample surface such that there be topological features (because
of the spreading of the oil does not give a perfectly uniform film) but also the exact volume
and therefore the height of oil soil varies between samples. The profile must therefore be
measured before and after wear on the tribometer. Lego is used to mount the sample to
both the profilometer and tribometer in order to produce a relocation profilometer method.
The use of Lego parts to produce accurate, affordable mounting system was discovered by
Weber [187]. This work alongside follow-on work by Willoughby showed that parts could be
precisely relocated using such elastically-averaged alignment fixtures [188]. Relocation

profilometry are methods of measuring the surface profile of samples that allow for the
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sample to be removed, replaced accurately and premeasured, variations of mounting

methods have been used in the literature to achieve this [83, 189].

On top of this the surface of the steel represented may be warped or slanted either due to
the production of steel or the metal not being mounted in a truly flat position. This means
that even with accurate lateral repositioning the sample may show significant measurement
deviations. Software can be used to remove this background feature in both the pre and

post wear sample as shown in figure 3.6.

In order to process the data to remove the background data shown in figure 3.6 (a), the
areas around the soil are normalised to give a background model shown by the shape in
figure 3.6 (b)). In this work a second order polynomial fit in both the x and y directions is
used to fit the background data. Subsequently the data without the background effects can
be obtained, as shown in figure 3.6 (c). Finally the data are corrected for the refractive index
of castor oil (found to be 1.47 at 100 °C) in order to obtain values for the true height of the
oil (see figure 3.6 (d)). Refractive index is corrected for because the height is not being
measured directly. Instead the refractive image is viewed as a result of the trans parent
nature of the film and the high reflectivity of the steel. In order to ensure that the
background distribution of steel (which exists both due to roughness in steel surface and
some warping that has not been fully eliminated from the background) or data from pieces
of calcite are not exaggerated by this correction only data between 1 um and 35um are
normally corrected (some user judgement is required in the processing data to confirm

these parameters).
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(a) (b)

(c) (d)

Figure 3.6 Plots from the processing of profilometer data. (a): raw data. (b): background model. (c):

data with background removed. (d): refractive index corrected data.

Friction data gathered from the Eldredge tribometer is essentially a square wave, as the
change in direction of the probe causes the force to oscillate between forward and reverse
friction. Therefore in order to investigate friction a square wave is fitted to the data. The
analysis program then takes the midpoint of each flat horizontal section of this waveform
and averages the friction about this point (note: data are averaged over £25% of the square
wave line length). This force data can then be divided by the force of the mass acting on the
probe to determine the friction coefficient. The final step in processing the data is to invert

the negative values and average with the positive values.
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Figure 3.7: lllustration of the features of the analysis process overlaid onto representative raw

data. A square wave is fitted to the data and used to find the data for analysis
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Figure 4.1: Thesis structure overview with chapter 4 highlighted

Fundamentally this chapter investigates the suitability of the linear Archard wear equation
for the three body wear of the baked oil films. The Archard wear equation contains three
variables: sliding distance, load and surface hardness [21]. Load and sliding distance are
trivial variables both to characterise and adjust. However the surface hardness is a more
complicated parameter to define for soft polymer DCO films. Hence the first subject that this

chapter will address is the measurement of the mechanical properties of baked DCO film.
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4.1 Measurement of the properties of baked oil films on steel

It is important to understand how a mechanical property is measured before applying it in
an investigation of its effect on wear. The meaning of a material property is often strictly
defined in terms of the nature of material and setup of the test. Hardness in particular is not
a fundamental material property and can only be truly defined by reference to a particular
test method (see subsections 2.3.5 and 2.3.6). Even then there is no single test method to
applicable to all materials. Additionally there is no established test method designed to
measure the properties of the DCO films in this study. This is because established test
methods primarily deal with primary materials not surface films. It is recognised that there
are test standards that, theoretically, apply [190, 191] but for soft films on a harder
substrate the interpretation in these tests assume the modulus and hardness will decrease
as penetration depth increases. As shown in 4.1.2.2, this assumption is not found to be valid.
This section will investigate the application of several modern test procedures to measuring

the properties of DCO films, outlining the meaning and limitations of the results.

4.1.1 Atomic force microscopy

As discussed previously, AFM is a scanning probe microscope capable, in some instances, of
atomic level resolution. Although principally used for high resolution imaging, in this study it
is used to detect mechanical properties. Figure 4.2 shows the typical indentation curve of a
colloid probe into a soft oil surface baked onto a SS tile. There is a relatively large negative
force (-1 uN) produced on the approach due to snap-in. On withdrawal there is a larger

negative force due to adhesion (-3.2 uN).
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Figure 4.2: Typical indentation of the colloidal probe atomic force microscope tip into a soft baked
oil film. The film was baked at 100°C for 1 hour then and indented 164 h after baking. The hardness

measured here was 160 kPa and modulus is 7 MPa. Distance from surface is defined by the point at

Data used in ¢

calculation

N

<

Approach

|s

nap-in

N
\

N

|
/)

AN

Adhesion

N

Ret

A
traction \\

N

-0.2

0.0 0

2 0

——Retract =—

which the cantilever is under no force after snap-in.

Figure 4.3 shows the effect of time after baking on the material properties of DCO films. The
trend in the data as a function of time is not significantly different (less than a factor of 40%
increase from minimum to maximum hardness and modulus) between batches. Samples

gradually become harder and more elastic for the first 200 h. The hardness and Young's

4
Distance from surface (um)

Approach

modulus peak at approximately 230 h. After this the values appear to decrease with time.
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Figure 4.3: DCO film hardness (filled markers) and Young’s modulus (unfilled) as a function of time
since baking. Measured using AFM indentation. Different markers denote separate oil film
samples. 25 measurements were taken per sample and error bars indicate the standard deviation
of these values. Note the deviation of some test are larger. This is particularly apparent for the
earliest testing suggesting this may be a result of improper sample handling, or unrefined

technique in the creation or testing of sample. All oil films sample were baked at 100°C for 60 min.

The trend in the data shown in figure 4.3 suggests that there are competing chemical
reactions present in the forming of these oil soils. This is consistent with the literature view
point mentioned by Sharples et al [11]. Crosslinking and polymerisation reactions are likely
to be driving the hardening of the DCO film. Free-radicalisation reactions are suspected to be
softening the film. These mechanisms are driven at different rates and the rates may vary as
a function of time. In particular, crosslinking and polymerisation is dependent on the number
of free radicals. If the number of free radicals is low the rate of polymerisation and
crosslinking reactions will decrease. If the number of free radicals is high the rate of

polymerisation and crosslinking reactions will increase. In the results presented in figure 4.3
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the overall effect of these competing reactions is that there a peak in the material
properties. In the opinion of this author it is expected that if the material properties were
continually measured for a longer time period, the material would be seen to oscillate
between harder and softer states as the reactions compete. Gradually the material should
approach an “ultimate” or equilibrium state. It is noted that there are other oxidisation
reactions [11] at work in this material that will affect the ultimate material properties but
these are expected to be slower so are seen as being secondary to the processes mentioned

above.

According to this oscillation hypothesis the sample should slowly approach an equilibrium
state where the mechanical properties are constant as a function of time. This equilibrium
state would provide a good experimental substrate. However for practical experimental
purposes this state is of little use as the state would take too long to achieve. Given the first
peak takes over 9 days to be reached, the process of reaching equilibrium could take months

if not years to attain.

For practical purposes it was decided that samples be tested when the material properties
reached the first peak shown in figure 4.3. This peak occurs as the softening reactions begin
to dominate over the hardening reactions. The peak was taken to be at 9.5 days, though a
range of 8 to 11 days was deemed acceptable. The film properties measured by the AFM
during this time were an AFM hardness of 150 £ 16 kPa and Young’s modulus of 12.5 + 1.3

MPa. This range in material properties is due partly to the slow variation over the time
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period of acceptable measurements, but also due to random, batch to batch sample

variations.

The batch variations may occur in part due to subtle differences in oil and steel properties.
Although, these effects should be minimal as thermal and light exposure is controlled and
the batches of materials are the same. The more dominant cause in material property
differences is thought to be due to slight difference in the preparation method such as
temperature variations during baking and dissimilarities in the light exposure, particularly
UV, before and after baking. These subtle random sources of error are difficult to control
and their effect on the DCO film would require a detailed, long dedicated test program. As
such there is a fundamental batch to batch variation in the properties of the films. This effect
is not taken into account in the attempts to reduce random and sampling variations for a
single batch of DCO films. Most results for a single wear rate used only one batch of baked
oil films. Therefore this random fluctuation in properties is a source of error not
consolidated in the error calculated for a wear rate when a fit to the wear volume as a

function of distance is applied.

When comparing wear rates results between batches it is therefore important to assume
that this fundamental variation in the mechanical properties might have an impact. Due to
there being 11 % and 10 % variations in the hardness and modulus respectively (calculated
from the data between 8 and 10 days shown in figure 4.3), a single wear rate can never be
less than 11 % accurate. Therefore, if the fit of the wear volume data gives a wear rate with

an error of less than 15 % this is always discounted in favour of a higher 15 % error. The
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nominally higher value of 15 % is chosen here over 11 % as the sample variation is not the

only source of error.

For the softer baked oil films the atomic force microscopy process, discussed previously, is
an effective means of measuring and classifying the materials. The method described was
used extensively to characterise the soft DCO films used in the experiments reported in
sections 4.2, 4.3 and more extensively in chapters 5 and 6. However there are subtle effects
that the method is not evaluating /excluding. When it comes to classifying a range of DCO
films produced by a variety of baking conditions, the limitations to the method becomes

more apparent.

The first limitation is that the method looks at the approach of the probe to the surface and
measures the deflection of the cantilever. This method means that the surface may be
allowed to deform both elastically and plastically. Therefore calculations from this method,
which assumes elastic deformation, would not be accurate. This method was chosen over
using the unload data because the surfaces show a significant amount of surface adhesion
on unloading (see figure 4.2). Analysis of the unloading curve would be influenced by the

material’s adhesion (see subsection 2.3.4).

Secondly the AFM method uses a fixed load and loading rate for the indentation (note: the
method settings were found during proprietary work prior to the start of this work). As seen
in the literature many methods show sensitivity to both the load and loading rates [96, 99,

100, 192, 193]. The results provided by this method cannot readily be compared to other
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results using a different method(s). A difference in material properties may arise from a
change in the measurement technique used [96, 99]. However, the method may need to

change in order to measure the properties of a stiffer film.

The resolution of the detector is dependent on the stiffness of the cantilever and the size of
the probe. It the surface is too stiff, compared to the cantilever and tip, the fundamental
assumptions of the measurement process may not be met [96, 99]. In order to measure a
stiffer film there are three basic steps that can be taken: the cantilever needs to be stiffer,
the probe needs to be smaller or the approach speed needs to be slower. Such changes to
the methodology will have a direct impact on measured mechanical properties and cannot
be used to compare samples that are only subtly different (see subsection 2.3.4). The results
from different methodologies may be useful in order to gain an approximate understanding
of the difference between surfaces if there is a large difference in mechanical properties.
However, even with this approximate understanding of the material differences, another
source of error can arise if the stiffness of the film is similar to or greater than the stiffness of
the probe. Silicon based probes this technique tends to become unfeasible as the surface
modulus approaches ~1 GPa (see subsection 2.3.4). This means that much stiffer metal

cantilevers are more suitable for the measurement of harder films.

However the use of a stiffer cantilever would limit the ability to measure the softer films. As
stiff cantilevers are only deflected a small amount by a soft surface. AFM based techniques
are limited to measuring materials with stiffnesses varying by up to two orders of magnitude

(see subsection 2.3.4). This means that a set of cantilevers would need to be used in order to
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measure the mechanical properties of a wide range of surfaces with hardnesses from less
than 1 MPa up to several GPa on an AFM. As AFM cantilevers are created to be a somewhat
disposable item they are subject to large manufacturing differences in their geometric and
physical properties [96, 99]. Each new setup would need to be characterised in terms of
stiffness and shape in order to find a suitable set. Errors would arise from comparing the
results of different probes as each probe shape and/or cantilever stiffness is different. In
practice rather than continually modify the AFM technique to match the required surface

measurement nanoindentation techniques were used to characterise different surfaces.

4.1.2 Nanoindentation

Nanoindentation equipment is designed to cover a wide measurement range with the same
measurement head and tip. In this case the Hysitron 950 triboindenter with DMA head can
be used at forces from approximately 30 nN (below which noise prevents accurate contact
force detection) up to just over 8 mN. Also it can indent from approximately 30 nm (this limit
due to the radius of the Berkovich tip) up to 5 um[117, 194]. Although nanoindentation
provides a wide range for measurements, there are practical considerations and limitations
on the results, so measuring a range of materials does present several issues. As discussed
previously the setup of an individual material is often specifically optimised (see subsection
2.3.6). The primary advantage of the nanoindentation measurement over AFM is therefore
the symmetry in the test setup in terms of indenter shape and setup. This advantage is

particularly significant when a Berkovich tip is used.
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4.1.2.1 Quasistatic trapezoidal indentation

The initial AFM based technique was designed to characterise very soft, almost liquid, films
with <1 MPa modulus up to soft films of ca. 10 MPa. The AFM method was used to ensure
that there was a suitable time period for reproducible films to be tested. It is possible to do a
similar simple trapezoidal load verses time indentation profile on the nanoindenter. The key
difference being that on the nanoindenter the load is the control parameter not the
displacement. As such, a simple indentation keeps the loading rate constant as opposed to

the approach speed, which was kept constant on the AFM.

Figure 4.4 shows a typical trapezoidal, quasistatic indentation of a DCO film with the
nanoindenter. The unloading rate is relatively high and the hold time is deliberately long.
This is to try to prevent a “nose” in the data created by viscoelastic effects. The mechanical
properties are measured from a curve fit to the unloading curve. The curve fit used data
between 20 % and 95 % of the maximum load, here giving the hardness as 9 MPa and the
elastic modulus as 600 MPa. There are problems associated with measuring the indentation
properties from the unloading curve. The problems arise in fitting the unloading curve from
the assumption that the response is perfectly elastic. In this example the indentation
analysis of the film can be influenced by plasticity and adhesion. The influence of the
plasticity and adhesion on the response also has an influence on the appropriate fitting
region. As the appropriate fitting region is decided by user preference, the measurement of
properties between users may change. Even an individual may vary their approach to fitting

based on a particular data set.
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Figure 4.4: Trapezoidal nanoindentation of a DCO film with strong surface adhesion using a
diamond Berkovich tip on the Hysitron triboindenter. The load as a function of time (a) shows a 1
mN load applied in 6 s, held for 80 s and then unloaded to zero in 6 s. The force goes negative
indicating an adhesive force. The indentation profile (b) shows the load as a function of
penetration depth. This oil film was baked at 180°C for 1.5 h and measured after 9 days. The
straight line in the unloading curve (b) from 1.9 um to 0.8 um is an artefact due to adhesive failure

not captured by the measurement process

Under non-adhesive unloading the surface contact area decreases as the indentation probe
is removed. Even if the unloading is perfectly elastic on unloading, the best model of the
curve could involve several approaches. In particular the initial unloading of an elastic
surface is often linear regardless of tip shape due to reversible deformation near to the
contact. After this initial unloading the power law relationship between load and distance
can be found. Although approximate values for the power law are often used the exact
values for this power law are often dependant on the surface mechanical properties and
indentation tip. If there is reversible plastic deformation occurring then the fit will not be a
measure purely of elastic properties [126, 131]. As such there may be more recovery of the
surface than expected based on the elastic properties alone. In order to try and reduce the

amount of plastic deformation the load was held a long period of time.
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In adhesive indentation the surface in contact resists the probe’s removal. As such areas
above the indentation and pile up area may still be in contact with the probe beyond what
would be normally expected for a non-adhesive surface. The influence of this additional
contact area and the affect the measurement of the mechanical was discussed previously in
subsection 2.3.6.1. The additional contact material will resist the removal and providing a

negative force compared to the normal contact force.

The Young’s modulus is proportional to stiffness and might be expected to increase with the
stiffness. However the elastic modulus is also inversely proportional to the root of the
contact depth. The contact depth is taken as the point at which the curve fit reaches zero. If
the fit follows the curve to the point where the curve is equal to zero then, due to adhesion,
this contact depth will be higher than the true value for the system. Overall the effect of
contact depth may reduce the calculated modulus and hardness such that the terms
“measured” modulus or hardness may more accurately relate the fact that these are

measurement specific values.

In order to measure the impact of viscous and plastic effects further, the unloading curve
can be separated out and compared to other films. Figure 4.5 shows the unloading curves
for DCO films with various mechanical properties. The properties have been altered by
changing the baking conditions. It is possible to fit a power law to the unloading data, as
done in other work, however analysis of the data requires there to be an offset for the final
indentation depth. Ordinarily this would be the point at which force reaches zero (1.5 um for

the 180°C data here). However adhesion has adversely affected the curve meaning the final
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indentation depth could be as low as 1.25 um, where the force is minimum and the adhesive

response is about to fail. Therefore it is only possible to give a range for the depth.
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Figure 4.5: Unloading curves from the nanoindentation of DCO films with different mechanical
properties using a diamond Berkovich tip on the Hysitron triboindenter. All measurements use the
method outlined in figure 4.4. All samples were baked for 90 min and stored for 8.5 days before

measurement. Mechanical properties were varied by changing the baking temperature.

A smaller range in depth can be gained for the film baked at 200°C. The graph shows the
200°C baked film to be stiffer, more brittle and less adhesive than the one baked at 180°C.
These observations suggest at the highest temperature the film may be becoming a hard,
glassy polymer. The larger amount of deformation and adhesion for the film baked at 180°C
shows viscous and/or plastic effects are significant. For the softer films it is not possible to

determine a minimum final contact depth, as indicated by the fact that the 100°C and 150°C
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curves do not reach a minimum. It appears as though the film is maintaining contact as the
probe moves towards the original contact point. This suggests that the soft films have a

viscous component and can flow back into shape.

However, the problem of not knowing the indentation depth is inconsequential, as the
curves do not readily fit a power law with an index between 1 and 2 unless a very restrictive
sample length of data is used. As discussed previously the expected power law index is 1.5
(see subsection 2.3.6.1). Using a more restrictive length does not seem appropriate as such a
fit would increase the contact depth. As discussed above the contact depth is expected to be
lower, not higher, than zero in the curve. For the whole unload curves powers of 2 to 3
(closer 3 for very adhesive curve from the 180°C baked film) would give an acceptable fit but
this does not have a physical significance. It might be possible to use a fit to establish the
mechanical properties if it were possible to prove the result was related to another
measurement of the mechanical properties (see subsection 4.1.2.3). In reality the problem
arises from the fact that the films are adhesive and elasto-visco-plastic and therefore

deformation is dependent on the rate and magnitude of the unloading.

Figure 4.6 shows the corresponding loading curves to the unloading curves shown in figure
4.5. An interesting point is that the final indentation depth of the films baked at 150°C and
180°C, after holding the load, were similar even though the loading curves are different. As
the film baked at 180°C should be more cross linked, as it has a steeper loading and
unloading stiffness and therefore has a higher apparent hardness and elasticity. Yet at the

higher temperature (200°C) the loading curves are at a much lower depth. An explanation
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for this behaviour is in terms of the viscous or plastic nature of these films. The 150°C film
has a low “viscosity” and this can be seen by investigating the creep behaviour during the
holding segment of the indent, shown in figure 4.7. During the holding time the probe creeps
into the surface. The rate of creep is slower for the 150°C film than the 100°C but
significantly slower than the 180°C film, which may be creeping due to irreversible plastic

deformation not viscous flow which may be reversible.
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Figure 4.6: Typical loading curves from the nanoindentation of DCO films with different mechanical
properties using a diamond Berkovich tip on the Hysitron triboindenter. All measurements use the

method outlined in figure 4.4. All samples were baked for 90 min and stored for 8.5 days before

measurement.
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Figure 4.7: Relative holding curves from the nanoindentation of DCO films with different
mechanical properties using a diamond Berkovich tip on the Hysitron triboindenter. All
measurements use the method outlined in figure 4.4. All samples were baked for 90 min and

stored for 8.5 days before measurement.

The data indicates that increased baking temperature affects not only the elastic properties
of the films but also the visco-plastic properties. The fact that the relative creep is so large in
some of the results shows how the results derived by properties such as the maximum
penetration depth can be influenced by the user choice of indentation parameters. The
200°C data shows less creep than the 180°C and seems to represent a film that is becoming

more of a solid, brittle material, less viscous and likely to deform after yielding.

Overall a quasistatic loading technique is a straightforward and fairly simplistic method

which can give a way of differentiating between the baked oil films. However the results
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gained from this technique have been shown not to be reliable for understanding
fundamental mechanical parameters. The test is not designed to be used to detect subtle
properties of the film. Of particular note is that these results represent one fixed load.
Meaning that for each film the penetration depth will remain relatively constant. Between
test samples the penetration depth is not consistent. This creates a problem because, as
discussed previously, Briscoe [120] and other authors [131] have highlighted that
investigation of polymer surfaces show that they often exhibit surface properties that differ
from the bulk material. Additionally the work of Sharples et al [11] on castor oil mentions
the production of a large array of oxide products at the air film interface. It is therefore

likely, even expected that the properties of these films may differ at the surface.

4.1.2.2 Dynamic indentation: oscillating the loading force

Nanoscopic dynamic mechanical analysis (nanoDMA) or dynamic indentation is a way of
continuously measuring the apparent mechanical properties of materials. In this subsection
the nanoDMA is applied during the loading of the indentation in order to measure the
apparent mechanical properties as a function of depth. The literature shows it has been used
across a wide variety of materials with elastic, plastic and viscous properties [102, 110, 114,
131, 135]. Therefore it represents a promising technique to apply when trying to understand

the polymeric nature and oxide layer of these baked oil films.

Figure 4.8 and figure 4.9 show the apparent properties of two baked oil films measured as a
function of depth via nanoDMA indentation. The apparent or measured hardness and

storage modulus are plotted. There is an extremely large apparent surface effect. For the
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first 500 nm the data for both modulus and hardness could be modelled as a function of the
inverse of penetration depth. This inverse law is in agreement with the results summarised
by Briscoe [120]. The inverse trend is not fully understood however for complex, branched
polymeric materials the hardness and modulus data is often seen to vary with the inverse of
contact depth. Linear chain polymers (those with little or no side chains) do not show a
significant trend. The complex reactions during baking are thought to cause complex
branching of the molecules in castor oil hence the oil could not expected to be made up of

linear molecules.
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Figure 4.8: Measured DCO film hardness and storage modulus as a function of indentation depth
for a hard baked oil film. The measurements were made using a DMA method set out in the
method subsection 3.2.8 up to a maximum load of 1 mN. The oil film was baked at 200°C for 1.5 h

and measured after 9 days. The film was measured by the laser profilometer to be 20 um thick
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Figure 4.9: Measured DCO film hardness and storage modulus as a function of indentation depth
for a soft baked oil film. The measurements were made using a DMA method set out in the method
subsection 3.2.8 up to a maximum load of 1 mN. The oil film was baked at 150°C for 1.5 h and

measured after 9 days. The film was measured to be 24um thick

At greater than 1 um the mechanical properties shown in figure 4.9 are best described as
increasing with the square of the penetration depth. The square of the penetration depth is
an area. The most likely cause for the rise in properties is that the interaction with the
underlying substrate is beginning to impact the results. These measurements of the
mechanical properties of soft polymers as a function of depth require closer examination as
there are three primary erroneous effects that could be influencing the trend seen in figure

4.9.

Firstly there is the problem that the material in the contact area is not the true indentation

volume. This point was discussed earlier in subsection 2.3.6 and means that total
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indentation volume includes material at a distance beyond the volume simply displaced by
the probe. This is often quoted as being approximately 10 times the contact depth and
width. The stiffening of the surface with depth at >1 um suggests that this effect might be
significant for this film. However the effect may be due to the fact the film itself is getting
stiffer with depth. Such an effect may be possible if the catalytic effect of the substrate [11]
leads to stiffer material close to the surface of the metal. Interpreting the true mechanical
properties from the apparent properties as a function of depth would require a process of
mathematical finite element modelling. This process is complex but is possible and would
require a significant research investment in order to insure that the tip and surface are
properly modelled. This work is outside of the scope of this project. Overall gaining an
appreciation of what will be terms as “the apparent” mechanical properties was deemed the
most important task. This approach is taken because the apparent mechanical properties are

the ones that a wear particle will experience, which is of primary interest to this project.

Secondly there is a possible problem of adhesion. Again this is a phenomenon that has been
discussed previously. However adhesion is likely to be an insignificant problem here as the
relative motion of the indentation probe used in DMA is only a small fraction of the
indentation depth. This means that the change in volume is likely to be minuscule meaning

any adhesion effect is likely insignificant.

The third problem with indentation test arises with the use of DMA testing. DMA testing is
based on several fundamental assumptions. In particular the calculations of mechanical

properties relies on the phase angle of the response being away from the resonance
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behaviour of the surface. To illustrate this problem a soft film was measured via
nanoindentation, as shown in figure 4.10. The hardness data is negative for depths -1.4 um.
It is clear that this is not a real effect. The behaviour of the phase angle shows that the
response of the probe is out of phase with the input force, showing the system is oscillating

past a resonant frequency.
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Figure 4.10: The measured phase angle and hardness of a soft film measured by dynamic
indentation. The measurements were made using a DMA method set out in method subsection
4.1.2.2 up to a maximum load of 1 mN. The oil was baked for 60 minutes at 100 °C and measured

after 74 hours. The film was measured to be 24um thick.

4.1.2.3 Dynamic indentation: frequency sweep during the holding segment

As both loading DMA and standard unloading curve fitting present potential problems, a
frequency sweep method is investigated. This method uses the frequency sweep function in

order to derive a material stiffness and subsequently calculate a mechanical modulus.
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Frequency sweeps on polymer materials are commonly used to investigate materials that
exhibit frequency dependant elastoplastic behaviour such as polyethylene. This behaviour
arises because the polymer motion is stimulated by the force oscillations. Molecular motions
may also be limited at certain frequencies due to the vibration of the polymer “locking” the
system. In order to measure the elastoplastic frequency response, the frequency is varied
and the corresponding mechanical properties calculated from the phase angle and
amplitude of the response (see section 2.3.6.2). This technique could be used to measure

the mechanical properties of the hard baked oil films, such as those shown in figure 4.11.
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Figure 4.11: Measured DCO film hardness and storage modulus as a function of indentation
frequency with a static 1 mN load. The film is representative of a hard baked oil film. The oil film
was baked at 200°C for 1.5 h and measured after 9 days. The film was measured to be 20 um thick

and is the same film used to collect the data in figure 4.8.
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Figure 4.11 shows that at high frequency (> 250 Hz) the modulus is similar to the modulus of
figure 4.8. However at other frequencies the data is not comparable and the hardness is
consistently below the previously calculated values. The hardness appears to increase as a
function of frequency. There is a general increase of modulus as frequency increases;
however there is a discrepancy in this trend at 100 Hz and between 200 and 250 Hz. In order
to investigate the information gathered by a frequency sweep further a soft film is indented,

as shown in figure 4.12.
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Figure 4.12: Measured DCO film hardness and storage modulus as a function of indentation
frequency. Data taken with a static 1 mN load. The film represents a soft baked oil film. The oil film

was baked at 100°C for 1.5 h and measured after 9 days.
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Figure 4.12 clearly shows that the application of a nanoDMA frequency sweep to a soft film
does not seem to work as well as for the harder films. This may suggest that, similar to the
indentation nanoDMA in the previous section, the method is not suited to dynamic
measurement. However the corresponding phase shift and displacement amplitude data in
figure 4.13 suggests a known phenomena. In particular the forced oscillation is impacting a

resonance on the system as a whole.

As mentioned previously the process of DMA calibration automatically generates values for
the stiffness and coefficient of dampening of the indenter using an air indentation method.
In order to find the properties of the surface a similar method is used. The probe is first
indented at a fixed load. The load is held to try and allow for creep into the surface. An
oscillation is applied. In this case the frequency of apllied oscillation starts at 301 Hz and is

reduced to 3 Hz.

The raw data is first filtered to remove outliers and anomalies. In particular anomalies
present in the contact depth are removed. Indentations that are more than an order of
magnitude above or below the average penetration depth are removed. The penetration
depth may be become unusually large or small due to disconnect between the indenter tip
and the surface. This problem occurs near to the resonant frequency and above. The most
probable reason for the probe disconnecting from the surface is the phase angle between
the input force and displacement being large. Disconnect between the probe and surface
presents a problem in two ways. Firstly when the probe disconnects from the surface it is

free to move with low impedance and so the displacement may be larger. Secondly when
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the probe reconnects with the surface its phase and amplitude are not in equilibrium. The
indenter is therefore subject to transient oscillatory behaviour and the measurement
response is not readily predictable. Measured properties such as amplitude in this case are

effectively random because the system tries to measure a steady state oscillation.

Filtered data from the frequency sweep is fitted to gain the stiffness and coefficient of
dampening. Then the sample stiffness and dampening can be gained by simple subtraction
of the calibration parameters. Once the sample stiffness is known the modulus can be

calculated.
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Figure 4.13: Measured phase difference and displacement amplitude as a function of indentation
frequency. Data taken during a static 1 mN load for a soft baked oil film. The oil film was baked at

100°C for 1.5 h and measured after 9 days.

An example of this fitting technique is shown is figure 4.13 for the raw data used in figure

4.12. The fit shown to the data shows an elastic modulus of 11.3 MPa and a calculated
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hardness would be 0.14 MPa. For comparison a 20 % - 95 % fit to a quasistatic unloading
curve would give an elastic modulus of 10 MPa and a hardness of 1 MPa. Clearly the

modulus data is in good agreement, though the hardness is not comparable.

The most likely cause for this discrepancy is that the probe is held under oscillatory load for a
long time in this test. This allows the probe to creep into the surface and increase the area
used for the calculation of hardness. It is assumed that the modulus and stiffness response
calculated here should be purely elastic, there are two reasons for this. Firstly the probe is
held to allow for plastic creep. Secondly the probe is oscillating into the surface, a process of
loading, unloading and reloading. As described by Pharr the process of repeat indentation
removes the plastic deformation [113]. Thus the calculated modulus and stiffness is elastic
and not storage or complex modulus. That is not to say that the process is free from plastic
response. Indeed the surface may yet exhibit frequency dependence. However, given the
prevalence of the macroscopic resonance curve in this data a different method would be
required to properly measure the effect of oscillation frequency on the elastoplastic
properties. In particular, in order to measure the elastoplastic frequency response, the
resonant frequency needs to be much higher than the study frequency in order to limit the
effect of resonance on the results. Given the relation in equation 4.7 the obvious solution
would be to use a lighter indenter tip and/or finding a stiffer setup. However finding such a
setup is difficult as the design of ever smaller tip configurations is limited by mechanical
constraints. With the current arrangement only a limited section of the softer film or a

harder DCO film can be studied in this way.
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Referring back to figure 4.12 a region of 3 Hz to 97 Hz is seen to be relatively clear of
measurement defects. However, even here there is also a subtle problem just below 50 Hz
where a slow drop in modulus and increase in hardness. Whilst dismissing the 34 Hz data,
the modulus and hardness is seen to vary from 10 to 14 MPa and 0.9 to 1.1 MPa in this
region respectively. Overall this data is in broad agreement with both the indentation
technique and the modulus from the sweep technique. In order to identify the best values
for the mechanical properties to use it is necessary to consider the response of harder DCO

films to see how the results compare.

Figure 4.11 shows the typical data for a hard film. It does suggest a small increase in
hardness as frequency increases. Though given the magnitude of the effect is only a 36%
change in frequency of two orders of magnitude so the effect is much smaller than other
systems that have been reported in the literature, such as LDPE. Specifically the data here
suggests indentation hardness may best be described by a power law, albeit with the low
index of 0.045. It is not possible to get a reasonable harmonic motion fit, similar to the
method demonstrated in figure 4.13, to the frequency sweep data for these hard films. This
is because the key parameters if the data are best studied near to the resonance and the
data is too far away from the resonance of the system to get a reasonable fit. As the
harmonic fit data cannot be taken for hard films, measurement of mechanical properties will

focus on indentation and frequency calculations.

The calculated mechanical properties from the frequency sweep method shows good

agreement with the quasistatic indent measurements for hard films. A fit to the unload
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curve of the 200 °C data in figure 4.5 (which was prepared in the same way as the data in
figure 4.11) gives a hardness and modulus of 0.12 GPa and 3.3 GPa respectively. This is not
comparable to the range of 0.12 GPa to 0.16 GPa and 3.2 GPa to 4.5 GPa seen in figure 4.11 .
In particular the value of the indentation properties is almost identical to the low, 3 Hz,

frequency data.
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Figure 4.14: Measured DCO film hardness and storage modulus as a function of indentation
frequency. Data taken with a static 1 mN load. The oil film was baked at 180°C for 1.5 h and

measured after 9 days.

For completeness the method needed to be applied to the transitional films produced at
intermediate temperatures. Figure 4.14 shows the frequency sweep data for a film baked at
180°C. The data shows a much larger range of values than in previous films modulus and
hardness ranges being 0.85 GPa to 2.4 GPa and 6.2 MPa to 14.6 MPa respectively. This is in

comparison to the quasistatic values gained from the data in figure 4.5 of 0.51 GPa and 7
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MPa for the modulus and hardness respectively. Although the hardness at low frequency is
comparable to the quasistatic indention, the elastic modulus is half here. This result may be
due to the large adhesive effect seen at 180°C. The adhesive effect makes calculation of the
contact point during unloading harder (as discussed earlier). The large range may well be
expected given that this film also showed a large deformation during the quasistatic hold
period presented previously in figure 4.7. It further shows that the plastic deformation is
most significant in this transitional film, compared to the soft elastomer films and hard

glassy polymer films.
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Figure 4.15: Measured DCO film hardness and storage modulus as a function of indentation
frequency. Data taken with a static 1 mN load. The oil film was baked at 150°C for 1.5 h and

measured after 9 days.
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It is also worth investigating the behaviour of films at 150°C. Figure 4.15 and figure 4.16
shows oscillatory nanoDMA mechanical properties of DCO films baked at 150°C for 90 and
60 minutes respectively. It is apparent that between these two baking conditions the films
go from being too soft and exhibiting harmonic motion, to possessing sufficient stiffness to
avoid harmonic motion. In both cases the modulus appears to increase with frequency. For
90 minutes of baking the quasistatic indentation data in figure 4.5 gives an elastic modulus
and hardness of 95 MPa and 6.5 MPa respectively. The corresponding data in figure 4.15 has
a range for the elastic modulus and hardness of 0.11 GPa to 1.6 GPa and 4.8 MPa to 5.8 MPa
respectively. An equivalent quasistatic indentation for the 60 minute film gives a modulus
and hardness of 19 MPa and 1.7 MPa respectively and the ranges in figure 4.16 (prior to
harmonic motion effects i.e. 3 Hz to 82 Hz) are 15 to 25 MPa and 1.4 MPa to 2.2 MPa. At
150°C the quasistatic indentation and frequency sweep, though not identical, show relatively

good agreement particularly at low frequency.
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Figure 4.16: Measured DCO film hardness and storage modulus as a function of indentation
frequency. Data taken with a static 1 mN load. The oil film was baked at 150°C for 1 h and

measured after 9 days.

Overall it has been shown that the low frequency sweep data (below 82 Hz) is in good
agreement with quasistatic indentation. There is a significant problem with measuring the
mechanical properties based purely on static indentation technique though due to adhesion.
Adhesion appears to be a significant problem for the harder transitional films (as illustrated
in the 180°C data). Therefore the method of choice for quoting data is the frequency sweep
method. In particular quoted mechanical properties will be based on the 3 Hz data. It is
recognised that although (within the confines of these experiments) the low and high
temperature films show a limited variation in mechanical properties, and conform to values

typical of elastomer and glassy polymers respectively, the mid temperature films show a
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wide variation. As the mechanical properties are variable in these intermittent DCO films
care must be taken to not overly rely on the absolute values of the mechanical properties

found.

4.1.3 Properties of films as a function of baking temperature
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Figure 4.17: The effect of baking time and temperature on the storage modulus of the DCO film.
Data used was low frequency, 3 Hz, dynamic oscillation measurements at a fixed load taken on the

Hysitron 8.5 days after baking.

Figure 4.17 shows the measured storage modulus of the baked oil film. Figure 4.18 shows

the corresponding hardness data to the modulus data presented in figure 4.17. Overall
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elastic modulus increases as a function of baking time and temperature. At 100°C the effect
of time is very small and can easily be accounted for when the errors of the measurement
are considered. The modulus is <10 MPa and hardness of ~¥1 MPa is comparable to that of a
hard synthetic elastomer. The data suggests the 100 °C baked oil films are composed
primarily of molecules with limited cross linking in the structure. Weakness in the structure
may come not only from a low number of cross links but also contaminants such as oxides

formed in the film.
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Figure 4.18: The effect of baking time and temperature on the indentation hardness of the baked

oil film. DCO film indentation hardness corresponds to films used in figure 4.17

120



Chapter4: Results and discussion: characterisation and influence of film properties

At 200°C there is a steady increase in hardness and modulus as time increases. These trends
cannot be accounted for purely by the standard deviation of the measurements. Although it
is possible that the effect may be reduced when consideration is given to the repeatability of
producing the oils films is considered i.e. the sample variation error will typically be ~20%.
The modulus is >1 GPa and hardness of >100 MPa is representative of a hard plastic either
crystalline or thermoset polymer. As the lower temperature film is elastomeric in behaviour,
and the explanation of oil hardening is in terms of crosslinking, the film is most likely similar

to a thermoset polymer in nature.

At 150°C and 160°C there is a more substantial effect of time on elastic modulus. Though the
hardness at 150°C and 160°C is substantially higher than 100°C, the effect of baking time and
temperature is not substantial. However although the increase in hardness and modulus
observed is within the sample deviation, the variation is large. This indicates that the film is
transitioning, as discussed previously, so the film’s measurement and even film production
may not be as consistent as at other temperatures. Again it must be stated that the absolute
values for these films may not be reliable. It is at 170°C to 190°C that is there is a major
change in both the hardness and modulus as a function of time. The significant increase at
circa 180°C suggests the activation energy for a thermosetting reaction is surpassed.

Overall oil films baked at 100°C, 150°C, 180°C, and 200°C present a suitable range of
material properties for further testing in this chapter. As the patent literature [19, 20, 170,
195] contains references to oil films baked at 100°C for 60 minutes this represents the
primary focus for the later sections of this thesis. However, the 100°C and 60 minute baked

oil film here was left for a much longer time (~9 days) than samples in the literature cleaning
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tests: indeed the cleaning tests in the literature were often conducted on the same day, with
a sample aging for only 1-5 hours. Figure 4.3 shows that films used after a short time are
much softer than the films used here. However, problems with making and conducting a
repeatable experiment after only a few hours confirm the decision to test multi-day aged

samples.

4.2 Wear of a baked oil film

The discussion so far has concerned the mechanical properties of the baked oil film as they
are deemed to be of primary interest. Aside from the change in mechanical properties,
changing the baking conditions influences other properties of the DCO films in particular the
density and optical properties. Due to the nature of the measurement density cannot easily
be measured directly. It would require a full scan of both the steel surface and the DCO film
surface to get a total oil volume for the density and be of limited value. Therefore it has not
been quantified in this investigation. Hence the wear is measured purely as a volume
method. It is worth noting that there are two primary methods for determining a wear
amount, mass and volume. It should be clear therefore that when comparing two DCO films
prepared in different ways that the wear rate in terms of mass may show a different trend.
Also the results should not be compared to wear data that relies on mass without care being
taken to ensure that the measurements are comparable. The volume method is dependent
on refractive index and so the optical refractive index were quantified for this investigation

prior to their use in the analysis.
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4.2.1 Basic wear behaviour

Before the wear behaviour as a function of mechanical properties can be understood it is
important to understand the basic wear behaviour of the DCO film. Hence this first

investigation looks at the wear as a function of its primary variable: sliding distance.

(d)

Figure 4.19: Optical microscopy of damage at different sliding distances. Sliding distances are 12
mm (a), 60 mm (b), 120 mm (c), and 240 mm (d). All images are to same scale: the horizontal field

of view is 13.6 mm. d = 62 um, no = 0.02 Pa.s, W=0.196 N,u=7.6 mm.s ™, and C = 8.4%.

Figure 4.19 shows that an increase in sliding distance results in more visible wear on the
surface of a baked oil film. In all these optical images (and throughout the thesis) the left of
the image is the starting point for the motion and seems to show slightly higher amount of

wear. This may be as a result of an increase in wear rate when the motion is initiated.
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Figure 4.20 shows the corresponding profilometry data to the images in figure 4.19. Data is
gathered by scanning a 1.2 mm section in the centre of the sample using seven equally
spaced lines. The accuracy of the experiments can be improved by increasing the number of
scan lines. However, increasing the number of line scans increases the time needed to scan a
sample. Overall the number of line scans is a trade off between the amount of time to scan a

sample for accuracy and maximising the number of samples studied.
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Figure 4.20: Cross-sectional profile of the averaged (over 7 lines) and normalised damage at

different sliding distances. d =62 um, no=0.02 Pa.s, W=0.196 N, u=7.6 mm.s?, and C = 8.4%.

As expected, figure 4.20 suggests a longer sliding distance gives an increase in the amount of
damage. The data is quoted in terms of a normalised height rather than a true height before
and after wear. The true height of the oil film before wear varied between 20 and 25 um and
may contain height defects or waviness, which may be confused for wear features. To aid
clarity the height before wear is set to one at each point and the wear scaled by this data.

Hence the resulting data is in terms of normalised height, h*.
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The data from figure 4.20 can be quantified in terms of a wear volume. A wear volume is
calculated taking each line as containing a representative sample of the height change. Each
height change is summed over the wear track width to give an area removed. The area
removed is multiplied by the length of a single stroke to give a wear volume. Then an
average wear volume is calculated from the set of volume data. Variance in the data can be
calculated as the standard deviation of the volume removed. Measurements of the volume
of material lost are repeated for multiple samples at different sliding distances. Samples are
not reused as it would introduce a variability that would be hard to quantify i.e. multiple
start ups, wetting, drying and other influences on system evolution. Measurement distance
shown in the graphs is the distance from the start of the laser scan profile and is arbitrary.
Due to the repeatability of film production and positioning the wear pattern often shows
little shift between measurements. The graph in figure 4.21 shows the effect of repeated

sampling at different sliding distances for data, including that shown in figure 4.20.

The wear rate of a sample is the gradient of the linear region in the wear data. This approach
is not only the most straightforward to apply but it is also supported by being the foundation
of wear equations in the literature, principally the Archard wear equation (see section 2.5).
Linearity was found to occur in the data after a few initiation cycles and continued until the
wear process reached an end point. The graph in figure 4.21 shows a typical example of
these wear stages. Once the linear region is found data is fitted and a standard error
calculated using a least squared method. Figure 4.22 shows the corresponding friction data

gathered during these wear experiments.
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denote the friction obtained by separate wear experiments. d = 62 um, no = 0.02 Pa.s, W = 0.196 N,
u=7.6 mm.s?, and C = 8.4%.
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In the literature wear rate multiplied by load is characterised by either a volume removed
per unit sliding distance or an area of material removed per pass or cycle [57]. As the wear
volume is calculated with a factor of the length of a sliding distance, the wear rate given here
in terms of volume removed per unit sliding distance and is equal to the area of sample
removed per number of passes. In order to make it clearer the exact sliding distance, which
is fixed and recorded at the start of a series of tests, is set at 12mm though in reality there
was approximately a 0.5mm deviation in the length. In reality it is only the number of passes
over the central measurement region that is important. Where the total sliding distance, L, is

guoted the number of passes can be calculated easily by divided by 12mm.

There was often an initiation stage observed during this investigation, where very little
material is removed or in some instances material appears to be added. Instead
observations of the first few passes often show that material is being displaced rather than
removed. This suggests that the process of wear requires some amount of “conditioning” of
the surface in terms of roughing and /or introducing surface strain and /or tearing. The data
in figure 4.20 and figure 4.21 suggests that this has occurred in the example data, as the first
(15mm) point shows practically zero wear. However it is clear from the data in the main
trend can be fitted through the origin. The point is treated as an anomaly as the deviation is

negative indicating at least one of the height profiles shows a build up of material.

This initial stage is also characterised by a greater variation in the friction as shown in figure

4.22. The variation is likely due to the indeterminate nature of the initial wear. The
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coefficient of friction then becomes steadier as the wear becomes more linear. Finally the
end process is characterised by a reduction in the friction, indicating fewer wear events or

rather and smoother motion of the probe.

In the literature an initial transient is seen [196-198]. However the behaviour described is
that wear rate decreased with sliding distance. This work is not immediately comparable as
the behaviour was found in erosion rates for hard brittle ceramic and glass material, which
are expected to be quite different to the three body abrasion of soft polymers here.
However the work is of interest as the authors theorised that the reason for the initial high
wear rate was that many of the surfaces contained pre-existing cracks or a surface
roughness features different to those produced by the erosion. Once the wear was is a
steady state the erosion relied on those cracks and asperities produced by the erosion
process, hence the wear rate changes. For the oil surfaces in this study there it is unlikely
that the virgin oil surfaces contain any surface defect, limiting the initial wear. Later the wear
rate can develop linearly as grooves and asperities give purchase for the wear particles to

operate on, whilst the wear produced new grooves and asperities to operate on.

The fact that the data enters is a linear trend is interesting. In the more widely studied
subject of two-body wear the Archard equation is derived from a simple asperity contact
theory for the contact between two surfaces. Three-body wear relies on particle capture by
the countersurface before the wear process can begin. This means that fundamentally, the
mathematical nature of the wear process is dependent on the nature of the particle capture.

Capture of particles intuitively seems to be a statistical process, dependant on the flow of
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the fluid, and concentration and size of the particles. In particular it relies on particles
repeatedly being drawn into the contact zone and /or not being permanently pushed out of
the sliding path of the probe. As a linear wear relationship is observed it suggest that a
significant number of particles are not lost from the sliding path and that particles are
repeatedly drawn into the contact region. This particle capture cannot be witnessed directly
due to the opaque nature of the surface, fluid and countersurface. However the role of
particle capture was investigated further and will be discussed in a later section. As

schematic diagram summarising the possible wear mechanisms is shown in figure 4.23.

This random nature of the wear provides an alternative explanation to the initiation
behaviour. As the wear relies on a random particle /surface interaction the lack in wear
material at low sliding distance may be due to either a low number of interactions or a low
sample of the interactions. The former hypothesis means that the first passes do not create
enough wear to impact the measurement. Investigating this would require direct
observation of the wearing, which is not possible due to the opaque nature of the
components parts involved in the wear process. The later explanation would mean the
phenomena are a result of the relatively low number of lines in the sample size. This
explanation is easy to investigate as it only relies on inspecting a selection of samples with
more lines to check the wear is being characterised correctly. As part of the preliminary work
to this investigation the number of scan was varied and found not impact on wear rate

significantly once ~4 lines were taken in a 1 mm track length.
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Figure 4.23: Schematic diagrams of main particle wear mechanisms expected in this three body
abrasion. All diagrams are in cross section. (a) Representation of Schallamach wear. Material is
deformed plastically and once the pressure in front of the contact is sufficiently high the contact
particle slips and the wear process starts again. (b) May be cutting or plowing wear. This type of
wear is only expected in harder materials, where the particle is firmly held. In plowing material is
being pushed away from the contact, forming ridges. Cutting gives continuous material removal.
(c) Shows the possibility of single wear events followed by material removal. In softer materials

this may be a Schallamach grove. If the material were more brittle the particle may chip the

surface instead.
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Two forms of end processes can occur, either a gradual limitation in the amount of material
removed or a sudden increase in the material removed. Continual, linear wear until the film
was removed was not observed in this investigation. A sudden increase in the amount of
material removed is characteristic of delaminating of part or all of the baked oil film. Pure
delamination can only occur if the shearing force from the particle is greater than the
adhesive force binding a section of the oil to the steel surface. A limitation in the wear
volume removal is seen to be reached in figure 4.21. Limitations occur because the wear
material is finite and therefore it is less likely for particles to impact and remove the
remaining material. It may be noticed that this is referred to as a limitation not a plateau.
This is because although the amount of material is limited the process of removal is likely to
occur stepwise i.e. when the amount of material is removed in discrete pieces rather than as

a gradual, continuous process.

4.2.2 Effect of load on DCO wear

Archard theorised that the volume of material removed by wear is proportional to the load.
It was suggested in the previous chapter that during a “middle” sliding distance the wear is
linear and therefore possibly “Archardian”. Although the wear in part of the sliding distance
appears Archardian, the overall wear equation is not and would require a modified form to
account for particle capture and fine material effects. However, if this basic relationship
underpins the wear of the three-body wear of a baked oil film, the wear volume should be

proportional to load.
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(b)

Figure 4.24: Optical microscopy of damage at different loadings. Loadings are 0.049 N (a), 0.196 N
(b) and 0.981 N (c). All images are to same scale: the horizontal field of view is 13.6 mm. L = 120

mm, d =62 pum, no =0.02 Pa.s,u=7.6 mm.s™?, and C = 8.4%.

Figure 4.24 shows the visual appearance of baked oil film wear produced by different loads
in otherwise identical sliding conditions. These images show that an increase in load has a
significant impact on the amount of wear. The images also show that as the load increases
the nature of particle capture changes. Figure 4.24 (a) shows that at low load particles are
only entrained for short distances of a few millimetres and do not maintain a continuous
contact with the surface and countersurface. By contrast figure 4.24 (c) shows evidence of
extended entrainment at high load, in some instances for 100 mm. Figure 4.24 (b) is an
intermediate measurement both in terms of the load and the entrainment distances

observed.
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(a)

()

Figure 4.25: A collection of images showing typical wear features seen on the samples. Images are
taken on samples where the sliding distance is less than 60 mm. All images show wear with d = 62
um, u = 7.6 mm.s™, T = 100°C, t = 1.5 h, C = is 8.4% and n, = 0.02 Pa.s. Values for W are: 0.196 (a),
0.098 (b), and 0.049 (c). The scale bars are 20 um.

To further investigate the physical damage individual wear events are observed at a low
number of passes. Typical images of the wear events are shown in figure 4.25. At low load

figure 4.25 (c) shows material deformation in the form of ridges that are developed behind
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the contact point. Some tearing may also occur in front of where the contact was expected
to be. There are many events where some material was removed from the surface during
contact. These features typically have a large amount of material build up in front of the
removal where the deformed material had accumulated in front of the contact before a
section of material is removed. As load increases this material deformation becomes more
severe and more material appears to be deformed during contact. More of the material
surface is removed when a plastic deformation event occurs as both the width and depth of

the deformation increases.

There are many repeated wear events seen where repeated plastic deformation and
material removal occurs. The process of repeated deformation is reminiscent of
Schallamach’s observations of wear on rubber (see section 2.5.3). In particular the regular
patterns of material removed and build up is reminiscent of the pin on disc patterns. This
may be expected as the oil film baked at 100°C has be characterised as an elastomer.
Schallamach wear patterns are not observed for all wear events, as individual wear incidents
occur. Also rather than being regular patterns across the sliding length they are often cut
short and show changes in wear direction when particles move in and out of contact. This
shows that fundamentally the wear is consistent with typical, Schallamach rubber wear.
However the wear shows contacts being created and stopping due to the fact this is a 3

body, not a 2 body system.

As previously carried out in section 4.2.1, the wear of a sample shown in figure 4.24 can be

measured using profilometry the height normalised to give a profile as shown in figure 4.26.
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Figure 4.26: Cross-sectional profile of the damage at different loadings. L = 120mm, d = 62 pum, ny =

0.02 Pa.s,u=7.6 mm.s’l, and C = 8.4%.
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Figure 4.27: Wear rate as a function of load at two viscosities. d = 62 um, u=7.6 mm.s?, and C =

8.4%.
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The experiments that produced the data in figure 4.26 are systematically repeated at
different sliding distances to gather a series of wear rates. Further wear rates are gathered
under other loading conditions in order to quantify the effect of load. Wear rate is preferred
over pure wear volume as the variable to study. Firstly this is because there are conditions
where the linearity does not hold as demonstrated in section 4.2.1. Measuring the rate of
wear also means that the trends are based on multiple measurements rather than a single
value, reducing the variance in the results. Figure 4.27 shows the effect of varying load on
wear rate. A linear fit through the origin is shown. The data clearly indicates that wear rate is
proportional to load, as expected. Two different continuous phase viscosities are chosen to
illustrate the effect is consistent even as other parameters of the system vary. A fuller

investigation into the effect of viscosity will be given later.

Figure 4.28 shows the corresponding friction data to the wear data shown in figure 4.27.
Frictional data is taken from the average of 4-20 passes or until linearity is no longer seen in
the wear. This is to minimise the impact of initiation variation and end effects. Figure 4.28
shows a general increase in the coefficient of friction with load. This may indicate that the
increase in wear results in an increase to the friction. However the increase in coefficient of
friction is small compared with the variation in the measurements and so may not be as a
result of a physical change in the friction. Indeed it may be that the coefficient of friction is

broadly independent of load.
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Figure 4.28: Coefficient of friction as a function of load. This data corresponds to the data shown in

figure 4.27.d = 62 pm, u = 7.6 mm.s™, C = is 8.4% and n, = 0.02 Pa.s.

4.3 Effect of surface properties on baked oil film wear

The final variable in the Archard wear equation in hardness. This subsection will investigate
the impact material properties have on the wear. The material properties of the DCO films
were investigated previously in subsection 4.1. Final results that show the influence on

baking conditions on hardness are summarised in figure 4.18.
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() =

Figure 4.29: Overview of damage of baked oil films with different hardnesses produced by optical

microscopy. All images are to same scale: the horizontal field of view is 13.6 mm. L = 120mm, d =
62 um, no = 0.02 Pa.s, u = 7.6 mm.s™, and C = 8.4%. T, t, and W are: 100°C, 1.5 h, 0.49 N (a); 150°C,
1.5 h, 0.49 N (b); 150°C, 1.5 h, 1.96 N (c); 200°C, 1.5 h, 1.96 N (d); and 200°C, 1.5 h, 1.96 N (e).

In order to investigate the effect of surface properties on wear, sets of DCO films were
produced with a range of material properties. These DCO films were then worn at a series of
sliding distances to produce wear rates. Figure 4.29 shows an overview of the wear of DCO
films at different hardnesses and loads after ten passes. The load is varied in these images as
conducting experiments at a single load was problematic. This is because the wear rate at

low hardness and high mass are too rapid to be measured and the wear rates at low masses
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and high hardnesses are too low for a series of experiments to be conducted in a reasonable
time frame to achieve a significant amount of wear. Thus the load was increased as hardness
increased. Rather than studying the wear at fixed loads the load was varied on each series of
DCO films in order to ensure the results linearly proportional to load. The wear rates divided
by load produced are plotted as a function of inverse hardness in figure 4.30. Wear rate is
plotted against inverse hardness as, according to the Archard equation, this should be a

linear relationship.
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Figure 4.30: Wear rate divided by load as a function of the inverse hardness. Data points collected
via the original profilometer method are shown in filled markers. Data points collected via the
interferometer method are shown with unfilled markers. Baking time was also varied and times of
60, 90 and 120 minutes. An increase in baking time corresponded to an increase in hardness; as
shown in figure 4.18. no = 0.02 Pa.s, u = 7.6 mm.s™, d = 62 um, and C = 8.4 %vol. although straight
lines could be fitted to the three regions of the graph this in practice was not done due to the

limited data points and large errors (in comparison to the gradient of a fit).
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The data for oil films baked at 180°C, shown in figure 4.30, are taken by a different height
scanning method to the primary, profilometry method. The relocation profilometry method
is used extensively with respect to the measurements presented as it was the only feasible
method for collecting data at the start of the investigation. The interferometer method only
became available late on in the project. Setting up and repeating measurements with a new
test method would have been impracticable. However, reliability issues with the relocation
profilometry equipment meant that the interferometer provided the only feasible method

for data collection. The details of the interferometer method are given in section 3.2.3.

Several samples that had already been scanned by profilometer were rescanned to show the
comparison between the two methods. These data points have been included in figure 4.30.
The new method collects more data and therefore should in theory give a reduced error
compared with the profilometer. However the profilometer includes a pre-scan of the
surface, which allows a direct measurement of the removed oil volume to be made. Time did
not allow for a complete method development and so the original film height was unknown.
The original film height and therefore the volume of material removed were estimated. As

the data relies on estimates there is a larger error in the results.

The wear imaged in figure 4.29 shows a clear decrease in the amount of wear as hardness
increases. The wear as a function of hardness data shown in figure 4.30 supports the
observations. However the wear rate divided by load clearly shows a non-linear behaviour

that is not in line with the Archard wear equation. Instead there are three regions of wear.
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Films that are about 10 MPa or softer have wear rate more dependent on hardness than
those harder than 10 MPa. At about 2 MPa there appears to be a second deflection in the
trend. There is a sharp change in the wear rate from about 2 MPa to 10 MPa but a lower
change in wear rate below approximately 2 MPa. This suggests there are three regimes; a

lower elastomer wear regime, a high thermoset regime and a transition regime.
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Figure 4.31: Coefficient of friction as a function of DCO film hardness. Corresponding to the data in

figure 4.30. ng=0.02 Pa.s,u=7.6 mm.s™, d =62 um, and C = 8.4 %vol.

Corresponding coefficients of friction to this hardness data is shown in figure 4.31. There is a
general increase in the coefficient of friction, from 0.4 to 0.6, as hardness increases from 0.7
MPa to 200 MPa. However it is difficult to assume a fit to this data as there are many models
that predict friction and many of the data show large errors compared to the trend. This
deviation is most likely due to averaging frictional data with a signification noise generated

by the random particle motion and wear events. The frictional data may also support the

141



Chapter4: Results and discussion: characterisation and influence of film properties

idea of there being three wear regimes. However figure 4.31 would indicate both the 180°C
and 150°C belong to the transitional regime, whereas the impression from figure 4.29 is that
the 180°C belongs to the thermoset regime. This may be a limitation in the way 180°C data
was collected giving a larger deviation in the measurement and lowering the average wear.
However the idea that 180°C data is part of the transitional regime is supported by the
measurement of modulus presented in section 4.1, and would mean the transitional regime

upper limit is at approximately 50 MPa.

Although elastic modulus was studied when characterising the baked oil films previously,
data is not shown in terms of the modulus. This is because it is not the primary variable
expected as it is not in the Archard equation [21], and also due to the large deviations seen
as a function of frequency in section 4.1 it is difficult to establish the true elastic modulus of

the DCO films.

To further investigate the process of hardening’s effect on wear the images in figure 4.32
and figure 4.33 were collected. Figure 4.33 shows three dimensional images gathered on
the Sensofar instrument at the end of the project and not widely applied across this thesis.
The method used scanned the top of the DCO film and is not without limitations, as the
range of the measurements must be selected such that substrate reflections do not
influence the results. Typically this means that the depth of a wear event cannot be greater

than 7 um.
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(a)

(c)

(d)

Figure 4.32: A collection of images showing typical wear features seen on the samples. All images
show wear with d = 62 pm, u = 7.6 mm.s™, C = is 8.4% and n, = 0.02 Pa.s. T, t and W are: 100°C, 1.5
h, 0.196 N (a); 150°C, 1.5 h, 0.981 N (b); 180°C, 1.5 h, 4.91 N (c); and 200°C, 1.5 h, 4.91 N (d). The

scale bars are 20 um (a), 20 um (b), 10 pm (c) and 10 um (d).
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(b1)

(b2)
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(c1)

(c2)

146



Chapter4: Results and discussion: characterisation and influence of film properties

(d1)

(d2)

Figure 4.33: A collection of topographical images showing typical wear features. All images show
wear with d =62 um, u =7.6 mm.s?, C = is 8.4% and No = 0.02 Pa.s. T, t and W are: 100°C, 1.5 h,
0.196 N (a); 150°C, 1.5 h, 0.981 N (b); 180°C, 1.5 h, 4.91 N (c); and 200°C, 1.5 h, 4.91 N (d). The scale
bars are 20 um (a), 20 um (b), 10 pum (c) and 10 pum (d). Note the veritical ranges are: -7 to 5 (a) (b)
(d-1),-2to 2 (c),-and 1 to 1 (d-2)
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The images of a soft film, for example the film baked at 100°C shown in figure 4.32 (a) and
figure 4.33 (a), show the same wear processes seen in section 4.3. Figure 4.33 (a) clearly
illustrates how the deformation is both results in pile up and ridges of material that is
displaced. The wear of an oil film baked 150°C, shown in figure 4.33 (b) shows a similar
amount of pile up. However the repeated soft elastomer, Schallamach patterns are rarely
seen with oil films baked at 150°C. Also the material appears to be more brittle as the wear
seems to include some tearing of the surface prior to material removal. This means the
deformation and ploughing is reduced. After baking at 180°C the wear shows a limited
amount of soft deformation of the surface, resulting in only a modest amount of pile up seen
in figure 4.33 (c). Primarily the wear behaviour for films baked at 180°C is dominated by
tearing, cracking and some brittle chipping of the surface. When the film have been baked at
200°C there is no evidence of pile up or soft deformation of the surface. The wear events are
also both smaller and shallower than those baked at 180°C. Wear of films baked at 200°C is
very brittle and consists primarily of cutting and cracking. Chipping seems rare for film baked
at 180°C and 200°C so it is the repeated crossing and cracking that is removing the material.
This effect is even more significant due to the fact the images were taken of wear at higher
mass. As such the significant drop in the wear rate seen in figure 4.30 may be understood
not just as the point at which the system is limited in its penetration into the surface due to
the high hardness. The transition also occurs because particles in this range of tribological
conditions are limited in their ability to cause a significant number of heavy wear processes
due to the cohesive strength of the film and the film’s resistance to deformation. Rather the

material removal relies on the repeated damage to the surface.
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Fundamentally the mechanisms involved in the wear of materials also change with the wear
rate. This constitutes a change in the conditions of the test. The Archard equation groups
system specific parameters into the wear coefficient, k. As such the fact that Archard
equation does not model this behaviour does not mean that the wear is not Archardian.
Rather this trend shows that the wear coefficient needs to be modified to accommodate

widely different material properties.

4.4 Summary

The first step in this investigation was to establish a repeatable method of oil film
production. An AFM technique was used to show that repeatable baked DCO film production
was possible. However, this AFM setup could not be used to measure a wide range of
surface properties without modifying the indenter to better measure each film. In practice
rather than continually modify the AFM technique to match the required surface

measurement nanoindentation techniques were used to characterise different surfaces.

Nanoindentation by quasistatic loading technique is a straightforward and fairly simplistic
method which can give a way of differentiating between the baked oil films. However the
results gained from this technique have been shown not to be reliable for understanding
fundamental mechanical parameters. Dynamical indenting the material during loading gives
erroneous effects particularly when used on the soft films. Overall data obtained during a
frequency sweep at low frequencies (below 82 Hz) seems to be the most reliable and is in
good agreement with quasistatic indentation. There is a significant problem with measuring

the mechanical properties based purely on static indentation technique though due to
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adhesion. Therefore the method of choice for quoting data is the frequency sweep method.

In particular quoted mechanical properties will be based on the 3 Hz data.

Again this is what is predicted by Archard. Oil films baked at 100°C, 150°C, 180°C, and 200°C
and baked for 60, 90 and 120 minutes presented a suitable range of material properties for
testing the applicability of the Archard in this investigation. Films baked for 100°C for 60

minutes will be the DCO films used in the later sections of this thesis.

The second and third section of this chapter focussed on investigating the first aim of this
thesis: to understand how the wear of a model baked DCO soil depends on Archard wear
parameters of sliding distance, load and surface hardness. When sliding distance was varied
the oil films exhibited a region of linear wear predicted by the Archard equation, albeit with
some limitations at low and high sliding distance. The slope of this straight line is the wear
rate. The wear rate was found to be linearly dependant on load, as predicted by the Archard
equation. Experiments were repeated at a different viscosity to change the test conditions

and wear rate was again linearly proportional to load.

The behaviour of the oil film wear as a function of the surface hardness was not found to
follow the trend predicted by the Archard equation. Instead there are three regions of wear;
a soft material wear regime, a high hardness regime and a transition regime. Fundamentally
the mechanisms involved in the wear of materials also change with the wear rate. The

Archard equation groups system specific parameters into the wear coefficient, k. The wear
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rate as a function of hardness trend shows that the wear coefficient needs to vary to

accommodate the different material wear mechanisms found for these films.
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In the previous chapter the variables of the Archard linear wear equation were investigated

with a particular focus on the film surface hardness. There are many parameters that are not

included in the basic wear equation. Researchers have proposed their own, mainly empirical,

wear equations in the literature which take into account more variables [147]. However, as

discussed in section 2.5, it is apparent that each equation is derived to explain a specific

tribological problem and do not seem universally applicable. This chapter will look into two

other parameters of interest: speed and viscosity. These two parameters have been linked

152



Chapter 5: Results and discussion: influence of fluid parameters

together by the fact that they are expected to influence wear via their impact on the

“lubrication” of the system.

5.1 Fluid Properties

Prior to measuring the effect of the fluid on abrasion it is first necessary to define the fluid
properties both in terms of the bulk rheology and the behaviour in confinement i.e.

lubrication.

5.1.1 Rheology

The raw rheological data of the continuous phases are shown in figure 5.2. These were
created in accordance with the methods discussed earlier (subsection 3.1.2). Calcite particles
were then added to these solutions to give the test slurries and the corresponding response
for these slurries are also shown in figure 5.2. It was only possible to measure the properties
of 0.2 Pa.s or thicker solutions as a series of rheology points. This is because as viscosity is
reduced the time taken for particles to begin to settle out of the solution reduces, making
accurate measurement of the rheology problematic. In order to measure the rheology of low
viscosity calcite suspensions fewer points can be measured over a given time accurately.
Hence the data at lower viscosities is measured using single points. Viscosities were

calculated from this data and these values are shown in figure 5.3.
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Figure 5.2: Raw rheological data for the continuous phase solutions and test solutions containing

62 um particles at a concentration of 8.4% by volume.
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Figure 5.3: Calculated viscosities for the data shown in figure 5.2.
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Most of the continuous phase data appears to show Newtonian behaviour. The highest
viscosity sample, measured as being 1 Pa.s, does show some shear thinning at shear rates
over 100 s™. However the effect is minimal, only reducing the viscosity by 10% over the
measured range. It is not clear if non-viscometric flow phenomena such as viscous heating or
hydrodynamic instabilities described in the literature [199-201]. As such the rheology is

taken to be approximately Newtonian and suitable for this study.

When the 62 um particles were added to the solutions it resulted in a shear-thinning
dispersion, as indicated in the data. If the viscosity of the calcite slurry is divided by the
continuous phase viscosity a relative viscosity of the suspension can be calculated as shown
in figure 5.4. This relative viscosity of a solution with the calcite particles can be modelled by

a modification of the Carreau equation (eqn 2.5 in subsection 2.1.1).

N0 _ Mo (M0N0 7)21(n-1)/2
= () o+ (7)) (5.)

The choice of Carreau equation is appropriate because it predicts three key regimes: a low
shear regime, a high shear regime and a transitional regime. Data in figure 5.4 appears to
show a low viscosity regime, where the viscosity is double the continuous phase, and a
transition. There is no high shear viscosity data. A high shear viscosity is predicted by the fact
the fluid has an approximately Newtonian continuous phase. This logically means that the
fluid cannot shear thin indefinitely and must reach a limit as the shear rate approaches
infinity; hence a Herschel-Bulkley equation was not used. At infinity the data here has been

fitted such that the fluids will approach the continuous phase viscosity. Intuitively, the fluid
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viscosity at infinity should either approach or be slightly higher than the continuous phase

viscosity (in finite particle effects cannot be ignored).
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Figure 5.4: Relative viscosity of the calcite suspension as a function of shear rate for multiple
continuous phases. Note the fit values in the equation have been rounded from the optimum

values.

The suitability of the Carreau equation over other rheological models will not be fully
discussed here as it is outside the scope of this investigation. The main purpose of this model
is to show the symmetry of the fluid systems, whilst beginning to model the key features
expected by the fluid. The fact all the fluid systems can be reduced to this model suggests

that, at any given shear rate, the viscosity of the whole systems are related. Specifically they
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are related by the ratio of their continuous phase viscosity to their suspension phase. A
study like this, where the continuous phase viscosity is varied, will also be studying the effect
of the bulk viscosity. It is worth noting that there is a change in the nature of the shear
thinning when a different particle size or shape distribution is used which will not be

discussed in this thesis.

This approach of just using the continuous phase viscosity to define the difference between
fluid systems has a fundamental flaw. The viscosity of interest in a tribological study such as
this is the viscosity in the contact region. This viscosity is defined by the shear rate in the
contact. The shear rate is related to the lubrication parameters and the effective probe
height. A viscosity change will change the lubrication parameters, changing the film height
and therefore impact the shear rate on the fluid. Hence a change in fluid will mean the
system is not being studied at a single, given shear rate. Instead a change in fluid means a
more complex change in viscosity than can be related by just the ratio of the continuous
phases. This effect is not to be fully studied here as the presence of the particles will limit
the development of a complete understanding. In particular the true fluid film height is

likely to vary as particles are trapped and released by the probe.

Another reason for using the continuous phase as the study variable is that it is easier to
measure and understand. The measurement of the continuous phase can be done simply on
a rheometer as it is a uniform flowing mixture. However in order to measure the properties
of the bulk fluids care has to taken as the particles in these solutions are not suspended. As

has already been stated the continuous phases are Newtonian and do not suspend particles.
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Even in the thickest solutions, the particles (which are denser than the solution) will be
slowly settling under gravity. Therefore any results for measurements of the rheology of the
bulk solution must be studied carefully in order to ensure the system properties are being
captured appropriately. Even if it were possible to measure a trend in the fluid systems
through a rapid measurement it is unlikely that the most appropriate points will be
captured. Rheometers available to this project were built to study fluids up to a shear rate of
the order 10° s™. The shear rate in the contact between the particle and the surface is likely
to be of the order 10° s™*. As such any representative viscosity for the asperity contact zone
would only be inferred from the trends at much lower viscosities and is likely to be

erroneous.

5.1.2 Stribeck curve

In order to understand the behaviour of lubricated tribological contacts it is important to
know and understand the lubrication regime. Stribeck’s work in 1901 outlined the standard
graphical features of a lubrication curve and established the key regions of interest. Figure
5.5 shows the Stribeck curve for the system in this study. The curve was taken using two
particle free, Newtonian fluids to lubricate a probe passing over an oil surface. Figure 5.5

shows the three areas of lubrication and the expected friction behaviour in each region.
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Figure 5.5: Stribeck curve taken for the system, measured using 2 Newtonian solutions to lubricate
the probe passing over the oil surface. As the fluids are without particles there was no damage

recorded. Load was 0.196 N and the speed was varied from 0.4 mm.s™ to 30 mm.s™.

The data suggests that in the absence of other effects, the majority of the data gathered for
this investigation should be in the mixed regime. The parameters chosen for the
experiments in the previous chapter, 4, correspond to a mixed lubrication regime. Only with
the appropriate combination of low mass, high speeds and high viscosities will the data
become hydrodynamic. Conversely only when a solution is subjected to a mixture of low

speed, low viscosity and high mass will the lubrication be boundary due to the fluid.

It is important to note that this graph does not predict the lubrication for the system as a

whole; it merely gives an indication of the lubrication. This is because the friction recorded
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during the wear experiments will be influenced by the presence of particles. Particles will
modify the behaviour of the solution in two ways: rheological changes and a physical
discrete breakup of the fluid system. As indicated in subsection 5.1.1 the addition of
particles results in a viscosity greater than the continuous phase viscosity. Hence if it is the
full solution viscosity that is of interest then the system will be closer to the hydrodynamic
regime than if the continuous phase is the overriding influence. Provided the predicted gap
height is approximately equal to the mean particle size or less is not believed that the

solution viscosity is of primary influence due to the physical influence of the particles.

Each particle can physically either be trapped between the probe and the film surface or rest
on one of the surfaces, reducing the possible gap size and influencing the physical properties
of the surfaces in the contact zone. In both cases the particles in solution in the contact
region will be reduced; in the former case it is because the particles that are smaller than the
minimum film height will be trapped at the front or entrance to the contact. Therefore
particles will be either pushed forward or around the contact reducing the number of
particles in the contact region. As the concentration of particles is reduced the viscosity will
reduce (this effect will be discussed in a later results chapter). It is also worth noting that the
particles trapped will increase the film height as the particles can physically be pushed onto
and thus raise the probe height as the particles are pressed down due to the curve of the

probe.
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5.1.3 Lubricant film height

As has already be suggested it is the height of the fluid film in relation to the particle size
that is expected to dictate the amount of wear. There are many equations for calculating a
lubrication film height [202-204]. However none of the equations are designed for this
complex system of an elastomer contacting a thin, soft film covering a steel substrate with a
particulate suspending solution for lubrication. Hence any calculation can only be used to
provide an approximate value for the lubrication. For the purpose of this thesis the
equations of Hamrock and Dowson are used for calculating film thickness [204]. A full
justification for this equation over other film height equations is not given here as the
calculation is used only as an indication of the relative size of the film height to the particles.

Hence this section has not been included in the literature review.

The calculation is carried out for the contact between the probe and the steel surface. The
oil surface is not chosen as it is thought that the bulk material properties of the steel would
dominate the material behaviour. Plus a calculation involving the DCO film would require a
more complex and time consuming calculation, which may not provide a significant benefit

for this project as the equations are not designed for the complex fluid system used here.

As a ball on flat the contact has an ellipticity of 1 and by consultation of the literature can be
described as being isoviscous elastic contact [204]. Depending on the contact parameters

the lubrication can be either be hydrodynamic or elasto-hydrodynamic. For hydrodynamic

lubrication the minimum film thickness, h'- | is given by:

7 “'min /
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het = %ﬂZRS(nOu)ZW 2 = 28.4R%(17,u)°W 2 (5.2)

where R is the radius of curvature of the contact, which in this instance is equal to the radius

of the spherical probe. The equation for the minimum EHL lubrication film height is:

h EHL — 1-78E’—0.44R0.77 (UOU) O.GSW -021 (53)

min

where E’ is the reduced modulus.
In order to investigate the influence of lubrication on wear the speed and viscosity will be
varied. Load is the third parameter assumed to influence lubrication. However the effect of

load was investigated in the first results chapter.

5.2 Effect of speed

According to the derivation of the Archard wear equation, speed should not influence the
volume of wear material produced. Archard’s wear equation was derived for dry, two body
contacts. As such not only is speed a readily available parameter to vary, the influence of

speed on the wear of a three body fluid system is of merit.

Figure 5.6 shows images of the wear produced by varying the speed of the probe running
over a DCO film whist keeping all other parameters constant. The images show that as speed
increases the number of particles entrained for a long distance decreases even though the
total number of entrained particles appears to increase. The particles being entrained also
show a larger deviation from linear motion as speed increases i.e. the wear path goes from a

linear at 3.1 mm.s™ to wavey at 60.4 mm.s. It is suggested that as speed increases the
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depth of wear decreases by the fact there are less bright wear scratches where particles

appears to have cut near to the steel surface. In order to investigate this further the height is

measured by profilometry, as detailed in the previous chapter.

Figure 5.6: Optical microscopy of the overall damage at different probe speeds. Speeds are 3.1
mm.s™ (a), 15.2 mm.s™ (b), and 60.4 mm.s™ (c). All images are to same scale: the horizontal field of

view is 13.6 mm. d = 62 pm, 1, = 1 Pa.s, W =0.196 N, L = 150 mm, and C = 8.4%vol.

Figure 5.7 shows the average height data collected via profilometer scans on the surfaces
shown in figure 5.6. At 3.1 mm.s™" the wear is dominated by 2 deep scratches which reach to
the steel surface, and there are three shallow scratches and a small amount of surface
roughening. The 60.4 mm.s™ data shows 10 shallow scratches and a large amount of surface

roughening.

163



Chapter 5: Results and discussion: influence of fluid parameters

1.4
1.2 L
t
o 1
L
20
2 0.8
. -1
- Speed|(mm.s™)
w —
2 0.6 3.1
©
£ ‘ —15.2
o 04
2 —60.4
0.2 U
. !
O T 0N OO TN OO oo N OO O N OO T oN OO <
O OO0 d 1 N AN N YN T T T ND N O OW O INDMNOOOWODO OO O
<t LD ONO0 OO O I AN N T WD ONOOOO A AN MO S W0 O 0 O
O O O OV OV O NN MNMNMNDNMNMNMNSMNDMNMNDMNIDMNSTDDS OO O O O O 0 K 0 O

Distance (um)

Figure 5.7: Profile of damage cross-section at different probe speeds. d = 62 pm, 1, = 1 Pa.s, W =

0.196 N, L =150 mm, and C = 8.4%vol.

The observations of the wear, as shown in figure 5.6 and figure 5.7, suggests that as speed
decreases there are fewer particles being captured. However individual wear events caused
by these particles seem more severe as the penetration depth and wear lengths are greater.
At higher speeds more particles seem to be captured. These particles are entrained for only
short distances and do not penetrated deep into the surface. At all speeds there are small
“pits” in the surface which appear to be where particles have impacted the surface but not
caused significant damage. Overall increasing speed appears to aid particle capture but
decrease the wear volume per interaction. To investigate this further individual wear events

are imaged after short sliding distances in figure 5.8.
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(a) (b)

(c) (d)

Figure 5.8: Optical microscopy of damage individual wear events different probe speeds. Speeds
are 7.6 mm.s™ (a) and (b), and 60.4 mm.s™ (c) and (d). All images are to same scale and the small
bar in the bottom right of the image is 20 pm. d = 62 um, ), = 1 Pa.s, W = 0.196 N, and C = 8.4%vol.

Images (a) and (b) were found on L = 15 mm sample and (c) and (d) on a L = 90 mm sample.

Figure 5.8 (a) shows a deep individual wear event where a large amount of material has
been cut out of the surface. By comparison the image in figure 5.8 (c) shows little material
removal. There is a large amount of deformation in (c) and some tearing in the surface. The
repeated damage in figure 5.8 (b) and (d) shows a similar trend of build up and release in the
contact seen previously and comparable to the Schallamach patterns in the literature.
Damage in figure 5.8 (b), which may be due to a smaller particle than the damage in (a),
shows a mixture of material removal and pure deformation. The repeating width is roughly

the same, suggesting the particle doing the damage is firmly held. By comparison, the
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repeating damage observed at higher speed in (d) is dominated by deformation only events
and the width of the wear is less consistent. It is also noticeable that the direction of particle
motion is less linear at higher speed, as seen previously in figure 5.6. Overall this suggests
that at low speeds particles can build up pressure and cut into the surface and chip out
material. At higher speeds the particles are not drawn as deeply, into the same area of the
contact, and less firmly held in contact, resulting in less damage. It is noticeable that figure
5.8 (a) and (b) show no evidence of the heavy wear seen in figure 5.6 at low speeds. This is
not unexpected as the roughening of the surface as an initiation step was discussed earlier.
It is likely that the heavy wear comes as a result of particles being caught in the roughened

surface and deepening of the wear tracks as sliding distance increases.
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Figure 5.9: Wear rate as a function of probe speeds. d = 62 pm, 1o = 1 Pa.s, W = 0.196 N, and C =
8.4%vol. The calculated minimum fluid film becomes hydrodynamic at 18 mm.s™. Minimum fluid
film equals average particle size at about 32 mm.s™. Non-highlighted data points were not used in

the fit.
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The profilometer data are quantified in terms of a volume removed and experiments are
repeated to produce wear rates at multiple sliding speeds. Wear rates are shown to clearly
decrease as a function of speed in figure 5.9. An inverse power law has been fitted to the
data and shows a good correlation. This behaviour may be explained in terms of the particle

size and lubrication height.

For the system in figure 5.9 the point at which the fluid film height is equal to the mean
particle size is calculated to be 32 mm.s™. It is noticeable that wear rates for speeds less than
30 mm.s™ are significantly higher than the wear produced at greater speeds. The particles
are not monodisperse as such there is a distribution of particles lower than (and above) the
mean. As the mean is based on a g3 volume density calculation, the number of particles
declines rapidly as particle diameter increases because the volume is proportional to the
diameter to the third power. At ~32 mm.s ' half of these particles, in terms of volume or
mass are too small to be captured and go through the contact region unhindered. Even
those particles with a diameter near to the film height are unlikely to cause significant
damage. This is because the entrainment force of the probe will only hit the top of the
particle and so force will predominantly be directed parallel to the surface rather than
normal to it. Without a significant normal force particles should be driven to either slide or

roll without significant damage, although the exact shape will also impact this effect.

As the probe is spherical rather than a cylinder or flat, particles not aligned with the central
contact region may also be forced away from the centre of the wear path. This is because

force applied by the probe will have a component perpendicular to the direction of motion
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and normal force. If the particles were perfectly spherical the force would be expected to
cause the particles to be rolled away from the contact zone with minimal indentation into

the surface. These particles are angular and so the dynamic behaviour is hard to quantify.

At low speeds the angular nature of the particles means that particles both near to and
away from the centre of the contact may be entrained and cause a significant wear through
ploughing, with some repeated plastic removal, as can be seen in figure 5.6a. As speed
increases the probe is lifted higher from the surface. A higher probe height means more
particles can slip through the contact uncaptured and the probe will contact larger particles
higher than at lower speeds. These conditions for wear of the captured particles are “worse”
in the sense that the contact will have a smaller normal force, reducing the likelihood of the
highly damaging ploughing wear. Instead the wear at high speed is primarily through tearing
and multiple pass fatigue and the removal of ridges in the surface, as seen in figure 5.6c. As
the normal stress is reduced and the contact point is higher, the particles have a greater
freedom to move and shorter contact time, hence as speed increases the particle movement
becomes less linear as particles can be moved perpendicular to the probe’s travel direction.
Figure 5.6c shows particles not only being regularly moving away from the contact zone but
also towards the contact zone. The movement towards maybe in part due to a pressure void
behind the contact pulling the particles back into contact but also it maybe due to the
particles having an irregular shape. The wear tracks also appear to get shorter with speed
this is because the increase in fluid height would also allow particles to be pushed out of

contact or rotate and go under the contact more easily.
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It is argued above that increasing speed should lead to wear patterns that are less harsh and
shorter in length. However increasing speed appears to give an increase in the number of
particle damage events to the surface, as shown in figure 5.6. This may be due to a reduction
of the impact time of the collisions between the probe and the particles, and /or an increase
in the amount of material blocking the particles from causing damage. At low speeds it might
be expected that particles are slowly drawn into the contact zone. As such each particle has
more time to either be entrained or roll out of the contact. Also at high speeds the probe
may be passing more energy to the particles. At high speeds particles may not be able to roll
out of contact and so are more easily entrained. However as the contact is not ideal the
damage is less severe than at lower speed. These explanations of higher energy and more
particle interaction would also explain why higher speeds are associated with higher friction

(see figure 5.10).

Another explanation is that the smaller particles are being drawn into the contact without
damage at low speed but are sufficient to block the entrainment of larger particles. This
blocking would mean that the smaller particles must also cause some damage. This may be
the small pits seen across the surface, however the pitting damage may also be due to low
impact rolling of particles. Overall the particles cause less damage at speed because,

although there are more events, the mechanism of wear is significantly less severe.
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Figure 5.10: Coefficient of friction as a function of probe speeds. d = 62 pum, 1o = 1 Pa.s, W = 0.196

N, and C = 8.4%vol. Non-highlighted data points were not used in the fit.

At low speeds there appears to be a plateau in the data where the two wear rates are
practically identical. This plateau also corresponds to a deviation from the trend in the
friction seen in figure 5.10. This lower limit is likely to be due to a system entering a high
contact stress state where the lubrication film is so thin that the probe effectively almost
always wants to be in contact with the surface. This means there is no drop in height as the
speed decreases and the forces applied by the probe become effectively constant. The low
speed also will have very little effect on the ability of particles to move out of contact or

build up in the contact. Instead the build up and /or particle movement into or out of
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contact is similar for all low speed systems. As the fluid is no longer influencing the system it
becomes speed independent, which is an Archard system, and maybe termed as a three

body “boundary” regime.

There are multiple points of data presented at the higher speeds. Some of the data has been
declared erroneous and the remaining data has been measured using a slightly different
method. The quantified erroneous data is shown in figure 5.9 and corresponding friction
data in figure 5.10. An image of the damage is seen in the erroneous data is shown in figure
5.11. There is a clear pattern of repeated high and low wear on the surface. Prior to this the
only inequality in the wear behaviour over the surface was between the centre and edge of
contact zone and between the start middle and end points. These differences have been
discussed earlier. The pattern of wear here is clearly different. Observation of the probe

during the wear process gives an indication of the origin to pattern seen here.

Figure 5.11: An optical microscopy image of the overall damage at high probe speed. The scale bar

on the right is 1 mm. d = 62 pm, n, = 1 Pa.s, W = 0.196 N, L = 300 mm, C = 8.4%vol, and u = 200

mm.s™.

For each pass the probe carriage is required to switch direction and begin moving in the
opposite direction almost instantaneously. At very low speeds the process is observed to be

slow and there is a noticeable “turnaround” in the raw frictional force data. This turnaround
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is characterised by a slope in the raw friction data (see figure 3.7) as the direction changes
followed by a peak in the initial points of friction force after reversal (see section 3.3). The
slope is most likely due to compression, bending and flexing in the system particularly in the
probe holder. The peak in the friction force appears to come when there is to the sudden
change in direction. This jolt means that the probe springs back as it turns around and can
bounce, moving vertically, modifying the wear parameters and therefore the friction. As the
speed increases the carriage is observed to hit the turnaround harder. This means the slope
in the friction is steeper as the probe has less time to change direction. Also the initial peak
in frictional force increases in magnitude and the reversing motion less smooth as speed
increases. At high speed the reversal in motion not only jolts the arm, it also causes a series
of disturbances to the motion. This oscillating motion means that the applied force is not
constant and hence the observed damage is not constant across the length. Instead there
appears to be sections of high and low wear where the probe has impacted over the surface.
Indeed at extremely high speed the reversal of the motion not only seems to cause the

probe to oscillate but can cause the entire instrument to vibrate.

In order to minimise the effect of this impacting force the length of the sliding distance can
be increased as was done in order to gather the high speed data in figure 5.9. By increasing
the sliding distance this allows a greater distance for the wear to occur in and a greater
distance for the probe motion to settle; such that at the centre of the wear track the motion
is smooth and oscillation free. As a result the wear from samples with a longer sliding

distance was seen to follow the trend in the other data in figure 5.9.
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Following on from the arguments above it is thought that eventually there will be a limit to
the trend when the wear rate drops to almost zero. The trend in wear rate against speed
appears to be caused by a limitation in the number of particles larger than a specific size; the
size of the gap between the probe and the surface. This gap will increase with speed and the
number of particles decreases rapidly with size: therefore there must come a point where
the gap is so large that there are a limited number of particles that have the potential to be
captured. Unfortunately the data cannot be gathered at such high speeds, with parameters
similar to those in figure 5.9, due to limitations in the equipment: specifically vibrations in

the tribometer and the track length allowed on the steel samples.

Figure 5.12 summarises the description of the effect of speed on wear described in this

section.
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Figure 5.12: Schematic diagram of the effect of speed on expected particle motion and contact
geometry. As speed increase the particles move less linearly, the probe height increases and less
wear occurs. At low speed the motion is more linear with particles fixed in contact. At high speeds
particles are less firmly held and so less wear occurs as particle move less linearly. As will be shown
in 5.3 increasing viscosity is expected to have the same effect on the particle capture geometry but

the particles motion will not become less linear as viscosity increases.

5.3 Effect of viscosity

In the first part of this chapter the influence of fluid lubrication was studied indirectly from
the effect of speed. This section will look into the properties of the fluid and study their

influence on the lubrication of the system and consequently the wear of system.

174



Chapter 5: Results and discussion: influence of fluid parameters

Figure 5.13 shows the visual impact on a wear pattern caused by changing the viscosity,
whilst keeping other parameters constant. There is a clear increase in the amount of damage
caused by decreasing the viscosity. All images show long, linear repeating or constant wear
scars. However, the length of the wear scars increase as viscosity decreases. This indicates
that, as viscosity decreases more particles are drawn into the contact zone and / or fewer
particles are being lost to the contact zone. This is supported by the optical microscopy in

figure 5.14 where lower viscosity leads to an apparently deeper wear depth. However the

shape and other features of the wear are similar.

Figure 5.13: Optical microscopy of damage at different continuous phase viscosities. Viscosities are
1 Pa.s (a), 0.2 Pa.s (b), and 0.02 Pa.s (c) respectively. All images are to same scale: the horizontal

field of view is 13.6 mm. W =0.196 N, d =62 um, C is 8.4%vol, uis 7.6 mm.s™, and L is 150 mm.
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(a) (b)

(c) (d)

Figure 5.14: Optical microscopy of damage individual wear events different continuous phase
viscosities. Viscosities are 0.02 Pa.s (a) and (b), and 1 Pa.s (c) and (d). All images are to same scale
and the small bar in the bottom right of the image in 20 um. W =0.196 N, d = 62 pm, C = 8.4%vol, u

=7.6 mm.s?, and Lis 15 mm.

In order to understand this process it is necessary to go back to the lubrication equation 5.3.
The gap of the probe is proportional to viscosity and speed to the same power, 0.65. The
fluid gap increase means that the contact between the probe and appropriate particles
becomes greater and more particles slip through the contact. With fewer particles impacting
the surface fewer wear scars are seen. The nature of the wear also changes with viscosity. At
high viscosity the particles’ contact points are higher and so the particles are more likely to
chip into the surface. At lower viscosities the particles can be more heavily forced into

contact and so, higher damaging, ploughing damage can be seen.
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The fact that an increase in film height leads to a decrease in the severity of the major cause
of wear damage, means the result of increasing viscosity is similar to an increase in speed.
However the visual evidence, in figure 5.6 and figure 5.13, and corresponding height data, in
figure 5.7 and figure 5.15, shows two key differences: the amount of low impact wear, which
causes the surface to roughen, and the linearity of the wear pattern. As the amount of
severe wear decreased with speed there was an increase in mild wear. Increasing the
viscosity does not give a secondary wear process. It is also noticeable that the wear of the
surface is significantly less linear with an increase in film height due to speed. Whereas the
increase in film height due to viscosity caused many of the particle to deviate off the linear
path. Therefore it is the short contact time and /or an increase in particle energy caused by
increasing speed that is expected to be driving both these processes seen previously, not the

lubrication film.
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Figure 5.15: Profile of damage cross-section at different viscosities. Viscosities are 1 Pa.s (a), 0.2

Pa.s (b), and 0.02 Pa.s (c) respectively. d = 62 um, C = 8.4%vol, u = 7.6 mm.s™, and L = 150 mm.
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Figure 5.16: Wear rate as a function of viscosity. W = 0.981 N, d = 62um, u = 7.6 mm.s™ and C =
8.4%vol.

Figure 5.16 shows the effect of viscosity on wear rate and figure 5.17 contains the
corresponding friction data. There is a decrease in wear as viscosity increases. This also leads
to a reduction in the friction coefficient. The increase in viscosity has an associated impact
on the film height. Therefore as viscosity increases fewer particles can be brought into the

contact and therefore as seen previously the result is lower wear.
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Figure 5.17: Friction coefficient as a function of continuous phase viscosity. W =0.981 N, d = 62um,

u=7.6 mm.s" and C = 8.4%vol. Also shown is the calculated film height for reference

In order to more fully study the viscosity effect, the load has also been varied, as shown in
Figure 5.18. As expected there is a decrease in wear as viscosity increases. The curves fitted
to the viscosity data shows a relationship of -0.26, compared to -0.33 for the speed data
(figure x). This may be due to the equation not describing the lubrication film accurately
however it is a typical feature of lubrication film equations that viscosity and speed have the
same power. Here it seems the lower trend in wear rates due to the increase in viscosity,
when compared to a speed increase, might be due to the lack of a secondary wear process.
This secondary wear is from the particle impact as it is moves out of contact. The change in

viscosity will only influence the contact point of impact not the momentum or energy
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imparted. However, higher speed means a higher energy impact. Hence the change of speed

may give rise to a secondary wear effect.
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Figure 5.18: Wear rate divided by load as a function of viscosity at multiple loads. d = 62um, u=7.6

mm.s™ and C = 8.4%vol.

5.4 Summary

The fluid properties of the continuous phase and slurries were measured. The molasses
solutions used were Newtonian within the limitations of the equipment used. The slurries
could be modelled using a version of the Carreau equation. It was found that with a fixed
particle size and concentration the viscosity at each shear rate could be scaled by the

Newtonian, continuous phase viscosity.
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The aim of this chapter was to investigating the second aim of this thesis: to characterise the
behaviour of the soil wear in response to changes in the flow properties of the suspending
fluid. The effect of speed and viscosity were both was found to influence the wear. The wear
rate data for speed could be fitted with a power index of -0.33. Similar analysis for viscosity
found a power law index of -0.26. Repeat measurements at different loads confirmed a

power law index of -0.26.

Overall these two terms can be incorporated into the Archard equation with the result that

the equation becomes:

_ kH*unWL

—0.26u—0.33 (54)
H*

Q

where H" is used to donate the fact that hardness effects should only be considered over
restrictive range, such that the mechanism of wear does not change. ky+, is a modified
wear coefficient that must have units to compensate for viscosity and speed power laws. It
must vary according to the hardness and wear mechanisms prevalent during particular

abrasive process conditions.
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Figure 6.1: Thesis structure overview with the particle properties chapter, 6, highlighted

Results so far show the effect of the multiple parameters included in the standard Archard
wear equation, as well as speed and viscosity. These parameters are to a lesser or greater
extent outside of the design parameters available to liquid abrasive fluid designers and are
controlled by the consumer. This chapter will focus on the more design controllable
parameters of particles. Particle properties are also regularly a subject of study in the
literature [160, 205-209]. It would be impossible to truly study all the ways a distribution of

particles may vary. In this study the aim was to try and gain an insight into how readily
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available particles, relevant to the application, can influence the DCO film wear. Further on,
following discovery of the unusual behaviour of high aspect ratio particles, the investigation

also looks into the phenomena of polishing in the context of household cleaning.

6.1 Effect of particle concentration

The simplest parameter with respect to the affect of particles to vary is their concentration.
There are multiple methods that can be used to define of the concentration of the system,
particularly by the number of particles, their volume or mass. In this thesis the particle

volume is used, which is in line with many previous studies in the literature [42, 45].

Figure 6.2 shows that an increase in particle concentration causes the damage across the
whole contact area to increase. It is noticeable at low concentrations that wear patterns
shown in figure 6.2 (a) and (b) suggest some initial non-linearity in the particle motion. This
may not happen at higher concentrations as there could be physical blocking of the particles
coming out of contact, ensuring linear motion. Figure 6.3 shows the profilometer data
corresponding to the images in figure 6.2. The graphs show an increase in both the number
and depth of wear events as the concentration increase. Figure 6.3 also shows a noteworthy
general increase in both the symmetry and “roundness” of the overall two dimensional wear
pattern seen as a function of depth. This seems to suggest that as the concentration
increases the wear becomes less random and the probability of wear begins to follow the

contact stress distribution of the probe.
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Figure 6.2: Optical microscopy of the overall damage at different particle concentration levels.
Concentration levels are 0.4% (a), 1.9% (b), 13.7% (c) and 19.7% (d) by volume. All images are to
the same scale: the horizontal field of view is 13.6 mm. d = 62 um, ny-1 Pa.s, W=0.19 N, u = 7.6

mm.s™ and L = 150 mm. Soils were baked at 100°C for 60 minutes and tested after 1 week.
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Figure 6.3: Average, normalised profile of damage at different particle concentration levels. d = 62

um, no-1Pa.s, W=0.19N,u=7.6 mm.s”? and L = 150 mm.
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Figure 6.4: Wear rate as a function of particle concentration. d = 62 um, no=1 Pa.s, W = 0.19 N, and

u=7.6 mm.s=.

Figure 6.4 shows the effect of particle concentration on wear rate. As particle concentration
increases the wear rate increases. The result is logical as more particles should mean more
particles are available to be captured and subsequently wear. The trend may be modelled as
either a power law or a two region system. At 8.4% or less there is almost linear increase in
the wear rate. At greater than 8.4% there is another linear trend in the data, with a much
shallower gradient than the first trend, that here is treated as a constant wear rate. Both
this two stage wear trend and the power law suggest the same rationale. Initially wear
increases as the number of particles increase because there is a proportional increase in the
particles available to be captured and subsequently entrained. At higher concentrations the
addition of particles does not have as significant an effect as the contact zone fills. Additional

particles are not entrained and are blocked or deviated from the contact. This two stage
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process can be used to explain the fact that at high concentrations the particles begin to
form a spherical wear pattern. The second stage of wear is a saturated regime, where the
contact is expected to be equivalent to a ball with a rough calcite surface. Here this region is
referred to as a saturated regime. At lower concentrations the wear is more random as the

particle capture is inconsistent and is referred to as the stochastic regime.

Figure 6.5 shows more detailed images of individual wear events. At low concentrations
figure 6.5 (al and a2) shows the similar repeated Schallamach wear seen previously at
higher concentrations such as figure 6.5 (b1 and b2) in terms of deformation and pile up.
However the penetration depth appears to be much less and the amount of material
removal is much less. This shows that the decrease in concentration is reducing both the
number of wear events and severity of wear processes. At higher concentrations figure 6.5
(c1 and c2) shows similar material removal to figure 6.5 (b1 and b2) in depth. However the
surface area affected by the chipping does appear more random at the higher concentration
(in terms of the surface area of damage seen), which means that each wear event is less
consistent suggesting more random, less entrained particles. However there are more of
these wear events to detect supporting the idea that more particles in the contact. Overall
there are more particles but also more particle-particle interaction which hinders smooth

entrainment.
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Figure 6.5: A collection of images showing typical wear features seen on the samples at different

particle concentration levels. Images are taken on samples where the sliding distance is less than
60 mm. The scale bar on images al, a2, bl and b2 is 20 um. Images c1 and c2 were taken by
stitching two images together and the scale bar is 50 pum. Concentration levels are 1.9% (al and
a2), 8.4% (b1 and b2) and 19.7% (c1 and c2) by volume. d = 62 pm, -1 Pa.s, W=0.19 N, u=7.6

mm.s? and L = 150 mm.

The corresponding friction data to the wear data is shown in figure 6.6. The data shows a
clear increase in friction with concentration that can be fitted to a power law. However it is
possible, given the errors that at greater than 15 %vol the data almost reaches a constant

with a large amount of noise, agreeing with the two stage system suggested in figure 6.4. It
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is worth noting that the friction predicted between the probe and surface from the previous
chapter is approximately 0.15. This suggests that at low concentrations the particles aid
lubrication. This must means particles are being trapped and rolled in the contact region.
There is visual evidence in figure 6.2 and figure 6.5 that some particles do roll at low
concentration. The reason why friction increases with concentration is probably due to
particles beginning to fill the contact region preventing free motion of particles and aiding
entrainment. At higher concentrations the contact region is likely to be packed with particles
so the coefficient of friction is dominated by the effect of particle-particle interactions. This
may mean the particle concentration reaches a limit as the particle system is locked in front

of the contact. It is unclear if this limit is at 11 %vol or at a much higher value.

0.4

0.35 ;

0.3 +

0.25 %
( c=0.039 +0.044 C 0613

Coefficient of friction
o
N

_h
0.15
0.1
<
0.05
0
0 5 10 15 20 25

Concentration (vol%)

Figure 6.6: Friction as a function of particle concentration corresponding to the wear data in figure

6.4.d =62 um, no=1Pa.s, W=0.19N,andu=7.6 mm.s™.
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Figure 6.7: Schematic diagram summarising the expected effect of concentration on the contact
that results in the observations seen in this section. At low particle concentrations interactions are
rare and the wear relies on random interactions. As concentration increases the particle
interaction become more regular wear increases until the number of is high enough that particle
wear is independent of particle number. Eventually there are too many particles, as particles will

jam between the contact and surface, preventing wear.

At a very high particle concentration, 35.6 %vol it was found that the particle system formed
a thick paste that did not readily flow. Attempts to use the paste appeared unsuccessful and
very little wear was created, with a wear rate of 0.007 mm?.mm™. Observation of the probe
during the wear showed that the low wear rate was due to the fact that the probe was
sliding near the surface of the paste and barely penetrating into the “liquid” layer. Essentially
the particle system had become fully jammed and did not readily flow. This system was
designated as not of interest to the project as it is not a reasonable system due to the fact it

could not flow and commercial household LACs are generally <25 %vol abrasives. However
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the result does mean that at very high particle concentrations the wear rate should
approach a peak value and then drop to zero as the system jams. The schematic in figure 6.7
summarises the explanation of the effect of particle concentration on wear described in this

section.

6.2 Effect of particle size

There are a significant number of commercially available particles that can be chosen for a
LAC system. The selection of appropriate particles for research purposes would ideally be
between monodisperse uniformly shaped samples of different sizes such that custom
distributions could be used with tightly controlled parameters. However, the production of
such a collection of particles would either be prohibitively expensive for any practical
experiment and /or impossible to acquire on an appropriate time scale. Therefore the
selection of an appropriate set of particles was between commercially available samples. By
far the most common material used for LACs are fine ground natural chalk (FGNC). A
collection of FGNC particles with different size distributions were acquired. Each sample is
designated by the expected mean particle size. In order to produce a narrower, more precise
distribution of particles for the tribological studies the 65 AV particles (see subsection 6.2.1)

were sieved and the resulting sieve fractions investigated.

6.2.1 Particle size measurement

As the exact information on the FGNC particles is not known and the parameters quoted in

product documentation is measured on a random section of the bulk production, each
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sample used was imaged and measured for this project. Figure 6.8 shows SEM images of the
ground calcite. The images show that the particles are angular at all size ranges and suggest
a wide size distribution. As detailed previously the measurement of particle size and shape is
not a trivial one and there exists, to this author knowledge, no way of fully classifying the
three dimensional size and shape of these particles in full. Instead any shape measurement
would rely on a measurement of a two dimensional projection of the area of the particles.
Classifying the size of the particles used laser diffraction method. The size distribution data

for this data is shown in figure 6.9.

Figure 6.9 shows that the unmodified particle sizes have wide and complex distribution (it
would not be possible to fit all the data to the same simple model). The data also indicates
how increasing the size of the particles rapidly reduces the number of particles in a given
area or volume. In reality these samples are not ideal to work with to investigate size effects

as they have a significantly large size variation.
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Figure 6.8: A collection of SEM images showing the raw, milled but not sieved, calcite particles

used. Note: the left hand images are all at x100 maghnification to aid comparison of the sizes.

Figure 6.9: Particle size distribution of the milled particles shown in figure 6.8
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Figure 6.10: A collection of SEM images showing the particles produced by sieving 65av particles.
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Figure 6.10 shows SEM images of the sieved particles. The images show, as expected, that an
increase in lower grid size in the sieve column corresponded to an increased particle size and
a reduction of particle number. Visually all the samples appear to show angular, blocky
particles of different sizes. The shape of these particles have not been fully categorised,
however these visual images show no significant deviation in the overall shape. It is arguable
that the larger particles become more rounded with smoother facets. However, if this
perceived change in shape is fully representative, the effect is expected to be too subtle and
difficult to quantify. This subtle change in shape would also be largely irrelevant as it is not
possible to acquire particles with such subtly different shape derived from the same base

material (and therefore mechanical properties).

Figure 6.11: Particle size distribution of the sieved particles shown in figure 6.10
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Figure 6.11 shows the corresponding size distribution data to the imaged particles in figure
6.10. Predictably there is an increase in particle size as sieve size increases. It is noticeable
that the graphs are very smooth and none show a significant cut off in any of the
distributions at either high or low sizes. At the lower size end of the distribution it might be
expected that some smaller particles go “unsieved” and therefore remain to be measured.
At the higher end it might be supposed that some of the particles that go through the sieve
are re aligned before measurement to allow for a greater size. However this smoothing is
more likely part of a measurement artefact, as it is expected that there should be a sharp
drop in the number of particles going through the sieve when the appropriate sieve size is
reached. The process of measuring the samples takes a scattered light distribution and
models it to an appropriate particle size distribution. Many assumptions and processing
steps are taken by the software that may not be appropriate when there are possibly distinct
bands of particle sizes. Unfortunately the algorithms controlling this calculation equipment
are proprietary and the software cannot be adjusted; so it is not possible to refine the data

to try and define a more accurate size distribution for each of the particle samples.

Overall the data in figure 6.11 primarily shows that a series of particle distributions have
been made that are distinct from each other, and have a different mean particle size. A
summary of these particles is shown in table 6-1. Although it would be possible to model the
data to a distribution, this would not be beneficial as the distribution would be calculated

from potentially erroneous, estimated particle size calculations.
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Table 6-1: Summary of the particles used. All numbers are sizes in um

Manufacture Lower Upper Measured mean

quoted raw sieve Sieve particle size, Dy3
particle size

1AV N/A N/A 1.5

2 AV N/A N/A 3

5AvV N/A N/A 4.2

10 AV N/A N/A 8.6

30 AV N/A N/A 33

65 AV N/A N/A 65

65 AV N/A 45 31

65 AV 45 53 41

65 AV 53 63 52

65 AV 63 75 62

65 AV 75 90 88

65 AV 90 106 107

65 AV 106 150 140

65 AV 150 N/A 208

6.2.2 |Impact of particle size on wear

Using an 8.4 %vol concentration, as used in the previous chapters, the overall visual impact
on particle size on wear is indicated in figure 6.12. Primarily the sieved particles were used.
As there were no sieved particles below 30 um, to capture low size data some raw FGNC
particles were used. These images show that there is a general trend of increasing damage
as particle size increases. The corresponding profilometer data are shown in figure 6.13 and

supports this observation. However, the distinction between 62 um and 107 um is less clear.
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(d) =2 : s

Figure 6.12: Optical microscopy of the overall damage from different particle sizes. Particle sizes

are 8.6 um (a), 41 um (b), 62 um (c), and 107 um (d). All images are to same scale: the horizontal
field of view is 13.6 mm. 1, = 0.02 Pa.s, C = 8.4%vol, W = 0.196 N, slidingu =7.6 mm.s™, and L = 150

mm.

In particular the profilometer data figure 6.13 (b) shows two different types of wear. At the
lower 62 um the wear shows a collection of 5 distinct large wear paths that are also seen
visually in figure 6.12 (c). The data suggests that at this concentration particles are being
captured, entrained and are causing wear in a similar manner to that seen previously. By
comparison figure 6.13 (a) shows two wider wear paths with rough surfaces and in figure
6.12 (d) it is hard to make out the individual wear paths of single particles. Instead the image
shows a roughened surface where multiple particle and surface interaction have taken place.
This observation means that either there are more particles interacting with the surface or

each particle is interacting with the surface more times.
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Figure 6.13: Average profile of damage at different particle sizes. o = 0.02 Pa.s, C = 8.4%, W =

0.196 N, u=7.6 mm.s™, and L = 150 mm.

The profilometer data in figure 6.13 are quantified into wear rates by varying the sliding
distance. Further particle sizes are studied in order to study the wear rate as a function of
particle size in figure 6.14. Figure 6.14 shows three different regions of wear. There is very
low wear for the particle distributions with a mean size below 8.6um. Then there is a

significant increase in wear rate up to 140 um. At 208 um the wear rate actually appears to

have dropped.
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Figure 6.14: Wear rate as a function of particle size. o = 0.02 Pa.s, u = 7.6 mm.s?, W =0.196 N and

C = 8.4%vol. The calculated minimum lubrication film thickness is 2 pm.
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The very low wear rate for small particles (particles below 8.6 um in size) is of the order
0.001 mm>.mm™. Much of the data is not reliable and is provided for indication only. This is
because the experiments to produce the wear rate will have only measured low wear
volumes that are expected to be near to or below the limit of detection. At these extremely
low wear rates either few or no particles are interacting with the surface and /or the
particles in the contact are causing little damage. Figure 6.12 (a) suggests both these effects
are occurring. The reason for the low particle capture and wear may be explained by
examining the expected film height. The expected film height is 2 um. It is therefore
reasonable to assume that for particles near to this size a significant number of particles may
pass through the contact unaffected. Those particles larger than the gap size will be

contacted at a high up on their form, hindering capture.

The significant increase in wear rate up to 140 um is what might be expected. Increasing the
particle size means there is a majority of particles significantly larger than the film gap, so
particles can be more readily captured. The drop at 208 um is not expected but can be
explained. Increasing the particle size may mean that the particles are more likely to be
captured but it also means the number of particles will be dropping. With the volume
density constant, the number of particles will fall as the third power of particle diameter. If
the particles were monodisperse, then there would be a third less particles at 208 um than
at 140 um. Figure 6.11 shows the particle distribution and it suggests that there is a
narrowing of the size distribution with increased size. This most likely because of the surface
attraction effects between the particles themselves and between particles and the sieve

mesh increase as size decreases. This means that mechanical energy required to make
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particles pass through an opening increase, so more finer particles that should pass through
the mesh are above the mesh. It also means that the particles that pass through the sieve.
The 208 um sample would have very few particles below 100 um, whereas the 140 um
sample will have many particles in the 50 um to 100 um size range. The narrowing of the size
distribution would be expected to exaggerate (i.e. give a sharper peak in the data) the effect
of the mean size increase on the number density. However without a selection of samples

with a range of narrower distribution particles it is not possible to study this effect further.

Figure 6.15 shows more detailed images of the wear features seen when the size is varied.
At low size figure 6.15 (al and a2) shows that particles only just indent into the surface and
there is a minimal amount of deformation and damage or material removal is minimal. In
fact much of the deformation results in no material removal. By comparison when the size is
increased figure 6.15 (b1 and b2) shows a significant increase in number of entrainment
events and the deformation includes more material removal, resulting in more wear. At very
large particle sizes, 208 um, figure 6.15 (c1 and c2) shows there is often a significant amount
of material damage but often little material removal. This suggests particles are not held
fully in the contact and a free to move. However, multiple passes will cause significant

damage because any damage appears to be deep into the surface.

202



Chapter 6: Results and discussion: influence of particle properties

(b1) (b2)

(c1) (c2)
Figure 6.15: A collection of images showing typical wear features seen on the samples at different

particle sizes. Images are taken on samples where the sliding distance is less than 60 mm. The scale

bar on the images are 20 pm. Particle sizes are 8.6 pm (a), 62 pm (b), and 208 um (c). no = 0.02 Pa.s,

C=8.4%vol, W=0.196 N, and u = 7.6 mm.s™.
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Figure 6.16: Coefficient of friction as a function of particle size. no = 0.02 Pa.s, u = 7.6 mm.s?, W =
0.196 N and C = 8.4%vol. The corresponding coefficient of friction based on the continuous phase is

0.70.

The corresponding friction data to this wear data is shown in figure 6.16. For low particle
sizes, going from the mean particles sizes of 1.5 um to 31 um, there is an increase in the
coefficient in friction from 0.39 to 0.58. Given a predicted film height of 2 um and the
distributions in figure 6.11 and figure 6.9, this region is expected to be going from a contact
in which many particles pass through the contact without being captured to one in which
most particles would be expected to be entrained. The equivalent fluid only coefficient of
friction is approximately 0.7 and the system is expected to be in a mixed state of lubrication,
the friction may be in line with this behaviour by being below this maximum friction for
probe surface contact. At small particle sizes few particles are captured and only act mainly
to thicken the fluid. Thickening the fluid increases the film height of the system, and moving

the system away from the boundary lubrication regime reducing the friction coefficient. As
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particle sizes increase, the particles stop acting as part of the fluid as particles bridge the

contact between the two surfaces, resulting in wear and an increase in friction.

At 31 um the friction coefficient reaches a peak. It is also noticeable that although the
friction gradually increases the wear rate is practically zero until 31 um particles are used.
This seems to suggest that entrainment point or penetration depth below a mean particle
size of 31 um is too low to result in significant damage. At around 31 um more significant
wear processes can begin to take place, resulting in greater material removal. Below 31 um
the entrainment of particles results in material deformation but the parameters do not allow
for the force to build to its peak which will occur just before material removal through
chipping. Above 31 um the high friction drops as particle size increase as the chipping
process has already been established. Although more particles can penetrate and particles
can penetrate deeper and longer so more wear can occur, friction is independent of the
contact area and the images in figure 6.12 show little increase in wear events between 41
um and 62 um. This suggests only the largest particles cause wear and other particles are
either blocked, roll out of contact or cannot be entrained as the contact is lifted by the

particles causing wear.

Over 52 um the friction coefficient is practically constant at 0.4. There may be a slight
reduction as the particle size increases. The error bars in figure 6.15 indicate the average of
the measured deviation in the coefficient of friction and sources of error, such as batch
variations, are not included. As such this apparent slight reduction may not be a true

reflection of the actual wear. The factor of three differences in the wear rate for these large
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particle sizes is not seen in the friction data. This may not be due to the same effect
suggested by the images (shown in figure 6.12 and figure 6.15): more particle interactions
and an increase of random particle motion as size goes from 62 um to 208 um. This may be a
result of the particles finding it easier to roll and move out of contact with increased size due
to the particles-probe contact moving further forward of the centre of the contact and
reducing the contact point, meaning the force is more longitudinal than vertical. Wear rate is
still high as the particles are large (much larger the film height) and so can penetrate deep
into the surface whilst being moved by the probe. However wear rate is not increasing due
motion of particles instead of entrainment. The schematic in figure 6.17 summarises the

explanation of the effect of particle concentration on wear described in this section.

"“'... ..'.‘ ' ‘ . '
..' ..-.'O... . ‘

Figure 6.17: Schematic diagram summarising the expected effect of particle size on the contact that
results in the observations seen in this section. At low particle size capture is rare as many particles
are too small to be captured. As concentration increases the particle interactions with particles
large enough to cause wear becomes common. As size increases further the number of particles
drops until there are too few particles, and particle interaction is infrequent. Although the

increased size particles can, individually, cause more wear than smaller particles.
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6.2.3 Further assessment of the impact of particle size on wear

The effects of particle size seen so far can be interpreted as being due to lubrication and
particle number. To further assess the effect of particle size on wear, the viscosity and speed
were varied as these lubrication parameters should influence the entrainment of particles at
different sizes. Figure 6.18 shows the effect of speed and particle size on the wear rate.
Firstly it is immediately apparent that the wear rate drops with increasing speed. The data
can be divided by speed to the power of -0.33, as shown in figure 6.19, due to the speed

effect discussed in section 5.2.
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Figure 6.18: Wear rate as a function of particle size at multiple speeds. 1, = 0.02 Pa.s, W = 0.196 N
and C = 8.4%vol. The calculated minimum lubrication film thickness is 0.7 pm, 2 um and 5 um at 1.6

mm.s?, 7.6 mm.s™ and 30 mm.s™ respectively.
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Figure 6.19: The wear rate as a function of particle size at multiple speeds, from figure 6.18,

divided by speed to the power -0.33. 1o = 0.02 Pa.s, W = 0.196 N and C = 8.4%vol.

There are two regions where the wear behaviour that is not explained by the previous speed
and size data at large and small particle sizes. In particular the peak in the wear at 140 um
shows a significant decrease in wear as speed increases and there is a slight drop at 208 um.
At large diameters the wear is behaviour is expected to be due to the number of particles. At
low speed the gap between the probe and the surface is less than a micron and expected to
be fundamentally a boundary system. It might be expected that as speed decreases the few
particles that are present are more likely to be entrained both because of the low separation
and because the speed is low it becomes difficult for particles to be rolled or knocked out of
contact. At low speed, higher viscosities show no significant wear. However there is a small
amount of wear, circa 0.05 mm>.mm™ at 5 mm.s, which again may be due to the low gap

size or slow speed preventing particle entrapment.
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The corresponding friction is shown in figure 6.20. The data for mean diameters above 52
um shows a relatively consistent coefficient of friction of 0.4. At 5 mm.s™, from 52 pum to 107
pum there is a small drop in the friction coefficient relative to the higher speeds. This may be
due to an underestimation of the error meaning that the small deviation is not significant or
it may be an extension of the small size behaviour. At small particles sizes, less than 52 um,
there is widely different friction behaviour dependant on size and velocity. The lower speed
of 5 mm.s?, the system shows an increase in friction as particle size decreases. The system is
expected to be fundamentally boundary lubricated and so as particle size decreases the
artificial particle height created by the particles decreases. Hence particles processes such as
rolling are likely to decrease as well. There is also the possibility that at low particle size the

particles may jam into the surface and lock the system, increasing friction.
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Figure 6.20: Coefficient of friction as a function of particle size at multiple speeds. 1o = 0.02 Pa.s, W
= 0.196 N and C = 8.4%vol. The data corresponds to the data in figure 6.18. The corresponding
coefficient of friction based on the continuous phase is 1.32, 0.70 and 0.41 at 1.6 mm.s?, 7.6 mm.s*

and 30 mm.s™ respectively.
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At 100 mm.s™, the expected particle-free coefficient of friction is expected to be 0.4 (from
data in figure 5.5), identical to the high particle size friction coefficient. However there is a
dip in the data at sizes less than 52 um. This may be explained in part by the particles
becoming small relative to the gap size, so they become part of the fluid system and
increasing the viscosity of the system and lowering the friction. However this would not truly
explain the fact at very low (<10 um) particles sizes the friction begins to increase as particle
size is reduced. Therefore it must be the particle behaviour that is driving the friction
relationship. At 8.6 um the mean particle size is only just greater than the minimum
predicted gap size, 5um, and so particles are expected to just pass or roll through the
contact if there is any interaction. If the particle size increases more particles are fully
entrained, increasing friction until the contact is full. As the size increases further, the
jammed contact then forces rolling and sporadic chipping of the surface in front of the
contact. A decrease in particle size from 8.6 um size means most particles can pass through
the contact unaffected and thus the system approaches its particulate free fluid friction

coefficient of 0.4.

Figure 6.21 shows the effect of continuous phase viscosities and particle sizes on the wear
rate. For clarity viscosity to the power -0.26 is used to simplify the relative wear rate in figure
6.22. The 0.02 Pa.s data shows unusual behaviour compared to the other two samples at the
relatively low size of 31 um, and high sizes of 140 um and 207 um. At high particle size it
might be that the large particle sizes are dropping out of solution faster and so making wear
easier, particularly as the number density is dropping, thus reducing the likelihood of probe-

particle interactions.
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Figure 6.21: Wear rate as a function of particle size at different continuous phase viscosities. u =
7.6 mm.s, W = 0.196 N and C = 8.4%vol. The calculated minimum lubrication film thickness is 2

um, 9 um and 26 pm at 0.02 Pa.s, 0.2 Pa.s and 1 Pa.s respectively.
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Figure 6.22: The wear rate as a function of particle size at multiple viscosities, from figure 6.18,

divided by viscosity to the power -0.26. u= 7.6 Pa.s, W = 0.196 N and C = 8.4%vol.
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The 31 um data are more difficult to interpret as the lower particle size does not show
significant wear. Given the peak in the friction data seen in figure 6.23 it may be that this is a
system on the cusp of jamming due to low film height at low particle sizes, of 8.6 um or less.
This is supported by the fact that the minimum film height is predicted to be just 2 um
compared to 9 and 26 um for the 0.2 Pa.s and 1 Pa.s solutions respectively. In fact the 31um
wear data may well be reduced because many particles can pass through the contact and

not jam when the continuous phase has a higher viscosity.
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Figure 6.23: Coefficient of friction as a function of particle size at three viscosities. u = 7.6 mm.s™”,
W =0.196 N and C = 8.4%vol. The data corresponds to the data in figure 6.21. The corresponding
coefficient of friction based on the continuous phase is 0.7, 0.3 and 0.13 at 0.02 Pa.s, 0.2 Pa.s and 1

Pa.s respectively.

As before the friction data, in figure 6.23, above 52 um shows little difference between

samples. However, there is a decrease from a peak of ~0.4 to ~0.3. An explanation for this
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effect has been outlined previously. A small difference between the two higher viscosity’s
coefficient of frictions and the lower viscosity data is also observed. This seems to support

the notion presented previously that at larger particle sizes, the particles begin to drop out.

At low sizes the 0.02 Pa.s solution friction behaviour is again different to the other fluids.
The higher viscosity fluids appear to show a similar trend to the effect of increased speed
data shown in figure 6.20. This trend can again be interpreted as a transition where particles
begin to flow through the contact region. The 1 Pa.s solution does not show a significant
increase at very low particle sizes compared to the 0.2 Pa.s solution. This can be explained as
being due to the fact the expected non-particle system being mixed to hydrodynamic
lubrication and having a low friction coefficient of 0.13 (compared to a 0.3 mixed lubrication

coefficient of friction for the 0.2 Pa.s system).

It was suggested previously that in order to best investigate the peak in size trend seen in
figure 6.14 narrow particle sizes could be used. This was not possible however it is possible
to use broader particle distribution. In particular there are commercially available, relevant
ground FGNC samples. The wear rate of these samples are shown in figure 6.24 together
with the data presented previously in figure 6.21. As the peak at 140 um at 0.02 Pa.s is
suspect (see previous comments) a 0.2 Pa.s solution was used. As there were only two
commercial samples, a third was made by combining two in a 50:50 mixture. The

corresponding coefficients of friction to this wear data are shown in figure 6.25.
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Figure 6.25: Coefficient of friction as a function of particle size. o = 0.2 Pa.s, u = 7.6 mm.s?t, W =
0.196 N and C = 8.4%vol. The corresponding coefficient of friction based on the continuous phase is
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Figure 6.24 shows a reduction in the wear rate using the broadly distributed particles,
compared to the trend of narrow distribution particles. This may be what would be expected
as a broader distribution is likely to contain a lower number of larger particles per unit
volume compared to at lower sizes. Hence broadening the distribution reduces the number
mean diameter. This reduction appears to reduce the wear. The corresponding coefficients
of friction similarly seem to be off the trend seen previously in the data. The data suggest
that with a broader distribution there will be a higher coefficient of friction for 8.6 um
minimum in the data and a low coefficient of friction for the 88 um maximum. This seems to
suggest that the broadening of the distribution produces an “average” of the existing data.
Put simply, broadening the size distribution seems to reduce the impact of size effects. At
the lower mean particle size this means the restriction on the particles to cause wear is
negated by a few larger particles. At the higher particle sizes this means there is insufficient

particles to cause the more significant damage.

6.3 Summary

This final chapter aimed to analyze impact of the particle in terms of the concentration, size
and distribution of size of particles on the wear. The wear rate as a function of concentration
data could be separated into three regions: a stochastic regime, at ~8.2 %vol or less, where
wear increases linearly with concentration; a jammed regime at ~35.6 %vol of higher, where
flow is limited and wear is minimal; and a saturated regime at intermediate concentrations
where the wear rate is independent of particle concentration. Further study is required to

understand this trend further.
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Particle size parameters did not show a simple relationship to wear rate and cannot easily

incorporated into the Archard equation.

When the mean particle size diameter is less than 52 um a significant number of particles
can pass through the contact. This means that fluid and lubrication effects dominate the
friction and fewer particles are held in contact and wear the surface. Above at a mean
diameter of 107 um the wear begins to limit and subsequent decrease. It is expected this
limit due to a drop in particle number. Overall to avoid this drop the best cleaning was

produced by the 107 um sample

When wider particle distributions were studied it was shown that the wear drops. It is

expected that the reduction in wear is due spreading of the particle sizes and lower particle

sizes (which will have a higher particle number density) dominating.
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Figure 7.1: Thesis structure overview with the conclusion chapter highlighted

The primary objective of this project is to understand the relationship(s) between cleaning of
a stained surface and the system parameters. Form this research it is possible to define a
maximum cleaning system. Investigations have been carried out primarily under tribological
wearing conditions of an oil stain in order to try and answer this challenging problem. This
chapter will draw together the points from the discussion, reviewing them in terms of the

original project aims.
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Chapter 7: Conclusions

There were many interlinked factors which combined to form an abrasive cleaning problem.
This work studied the fluid, particle, and stain properties. The investigation measured the
impact of these properties on stain removal by observing, characterising and quantifying the

wear of the surface.

It was found during literature review that there is a lack of mechanistic studies in the area of
household cleaning and so the study area is, of itself, novel. There were many lessons
learned in the process of the thesis. The following chapter particularly outline those lessons

and how they might be applied to research or industry.

Castor oil may not be the most widely used or obvious choice oil or fatty material for use as
a “standardised” stain but it was able produce a repeatable surface for the wear study.
Classification of the oil surfaces was problematic. It was possible to use standard
nanoindentation techniques to classify the harder elastoplastic samples. Soft elastomer and
transition films showed deviations from what might be considered a normal indentation.
However there is no established method for characterising soft films such as these. As such,
taking the measured values obtained as absolute values for the mechanical properties has
not been proven to be without issue. However there was repeatability in the results for
repeated experiments and between data gathered by different methods. This suggested that

these values may, at the least, be related to the true mechanical properties.

The primary method used in this investigation to measure the physical surface topography

and wear was relocation laser profilometry. Although before testing on a DCO system it is
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important to understand the wear process in terms of its basic variables. Sliding distance
was found, for the most part, to follow the established Archard wear equation. There was a
significant deviation from this equation once a significant amount of material was removed.
The limitation is thought to be due to the random wear of material when there is little
material left to wear. Load was also found to obey the Archard equation. This was found to
be due to both an increased severity of the wear process and longer entrainment. Overall
the wear volume could always be found to be linearly proportional to load and sliding

meaning the wear could be based on the Archard equation, within certain limits.

Next, the influence of the DCO mechanical properties on wear rate were outlined. Although
wear of a surface has been varied as function of mechanical properties for two body
abrasion [182-184] this systematic study of three body wear is not comparable to anything
found in the literature. As oil soils and similar films are unlikely to be mechanically similar
across homes and industries, the scientific study of oil soil wear over a range of properties is

likely to be of relevance and interest in other applications, not just household care.

It was found that unlike the work in the literature [21, 147], the wear of the baked oil film
was not inversely proportional to the hardness nor was a simple trend observed. In fact
there was a significant deviation from the predictions of the Archard equation and the wear
rate formed three regimes: a soft surface, hard surface and transition wear regime. This 3
regime trend seems to show that there is a fundamental change in the film properties

between soft elastomer films and elastoplastic polymers. This transition in material type has
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a significant impact on the mechanics of the wear which results in the transition in the wear

coefficient.

From a scientific perspective this may not be unexpected as the wear coefficient is system
specific and the system has fundamental changed in its deformation behaviour. However, in
the context of home cleaning the resulting point may be easy to overlook: soils with
different mechanical properties do not respond to abrasion in the same way. As a result, to
accelerate the cleaning, harder particles or chemical additives may be considered. Although
further research on other stains is recommended, LAC compositions are expected to only

likely to be optimised for a limited range of soils (in terms of mechanical properties).

In chapter 5 the effect of speed was studied. The Archard wear equation does not predict
that speed will impact the wear. However the equation is designed to explain 2 body wear
and its derivation did not consider a fluid regime. Only at very low speed is it suggested that
wear is not dependent upon speed indicating the possibility of a “boundary region” for three
body wear. However, at less than 3 mm.s™ this “boundary region” is only of scientific
interest as it is unlikely that a user would wipe or scrub a surface at this speed. It was found
that wear at a speed of 3.2 mm.s™* of higher, drops with a power index of -0.33 in relation to
speed. As a result it is hypothesised that as speed increases, a lubrication film builds up in
proportion to the speed. This not only allows particles to escape the contact uncaptured, but
also allows the contact point to rise such that particles may be deflected away from the

centre of contact.
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Similarly it was found that increasing viscosity results in the wear dropping as an inverse
power of viscosity, -0.26. This time it is hypothesised that as viscosity increases a lubrication
film builds. The fact that manufacturers can vary the viscosity makes it a more useful
variable. However the viscosity of interest in a commercial LAC is not clear, as commercial
liquids are more complicated than the simple systems in this study and introduce many
variables from the complex rheology and chemistry: commercial LACs are structured,
surfactant and solvent containing systems. An additional consideration is that, in a
commercial LAC, the lowering of the continuous phase viscosity has a significant impact. Not
only do ingredient costs change, and usually increase, but handling becomes more difficult
both for manufacturing and user application. Lower viscosity fluids cannot suspend as well
as higher viscosity fluids, meaning there is a potential for particles to fall out of suspension.
Also the suspension is often made up of active ingredients and any change in their
concentration will impact the rheology, which may subsequently impact the efficacy of the
chemical cleaning. Changes to both the physical feel of the liquid (due to rheological
differences) and /or chemical cleaning of the liquid may also create secondary costs as the
user experience is altered, requiring sensory research and possibly changing the end users.
Overall the inverse power is so low at -0.26 that deliberately designing a fluid by changing

the viscosity of the system as a whole is not likely to provide an economic benefit.

It is unknown how the wear rate relationship of speed and viscosity might be modified by
the presence of a less rigid or a porous applicator. Such considerations are likely to
complicate the relationships and were not studied here. However factors such as the size,

shape, porosity and water content, amongst others, remain areas for future study.
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Particle properties are investigated in the final set of results. This is perhaps the most readily
variable parameter from a manufacturer’s point of view. Firstly, the particle concentration
was varied and overall it is theorised that the results show there are effectively 3 regimes
created by a change to the particle concentration: the stochastic, saturated and jammed
regions. At low concentrations the wear increases as a function of concentration. As
concentration increases the wear rate will become limited as the contact is saturated. Finally
at high concentration the contact is packed or jammed, so the probe struggles to reach the

surface, particles are not moved over the surface and wear decreases.

From this we can also conclude that designing a solution to abrade a surface would mean
avoiding the jammed regime. A solution that is in the high end of the stochastic or in the
low-mid saturated regime is preferred. The exact concentration chosen will also depend on
other factors such as the cost of materials (both raw abrasive and the fluid suspension) and
transport and the performance in other cleaning tests. The original 8.4 %vol concentration,
used for experiments in the previous chapters was originally selected due to a common

commercial sample having this concentration.

The wear rate is 30% lower than the maximum observed here. Concentration is expected to
behave below the saturated regime but high in the stochastic regime. It is thought that
increasing the particle concentration in this commercial solution should increase cleaning
rate. However, the increase in particle concentration may come at a cost in terms of

structuring ability, chemical cleaning, storage or consumer perception. As a result the
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increase in purely particle concentration would need future investigation with a coomercial

to negate any potentially negative impact(s).

Particles can be varied in terms of their size, distribution, shape and material: giving a large
range of potential variables to investigate. For this investigation calcite particles were used
due to their long history of use in LACs. Primarily size was varied. It was found that at low
sizes (less than 52 um) the wear is limited by the lubrication regime. As size increased the
wear increased to a peak before dropping at high sizes (greater than 107 um). This shows
that the size increase should escalate the severity of wear however eventually there is a

point at which the number of particles is too low leading to particle starvation in the contact.

The implication is that for designing a cleaning fluid the particle size must be sufficiently
large to avoid lubrication effects and cause damage to the soil but not too large to avoid
starvation. In the laboratory the optimal size can be relatively easy to find. Here it was at 107
pum. However, this number does not take into account the costs of the particles, in terms of

their wear to other household surface, causing damage.

An additional consideration is that consumers will often dilute cleaning solutions, use a non-
comparable cloth / applicator or apply the solution to a different soil / film type. As only one
volume of oil was used in all the investigations herein, the study of thinner or thicker films
would be required to conclusively prove the relations found in this investigation. Overall this
data only indicates the features of the trend expected in size behaviour and further

investigations using different methods are required. When wider particle distributions were
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studied it was shown that the wear drops. It is expected that the reduction in wear is due
spreading of the particle sizes and lower particle sizes (which will have a higher particle

number density) dominating.

It was originally stated that the primary aim of this project is to understand the
relationship(s) between cleaning of a stained surface and the system parameters. This
chapter has outlines the results of varying many system parameters relate to cleaning. From
a simplistic point of view the Archard wear equation for this test has been found to follow

the equation:

_ kH*unWL

—0.26u—0.33 (71)
H*

Q

Particle concentration and size cannot readily be incorporated into this simple equation and
instead can be considered separately. Hardness has remained this equation although care
must be taken to ensure the mechanism of wear does not change in addition to the

hardness.
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Future work

The work in this thesis shows that it is possible to setup a repeatable and representative
systematic study of wear for household abrasives. The profilometer used in the investigation
provided key data. Towards the end of this project a new interferometer instrument was
acquired. Initial data gathered on this equipment showed potential as a future basis for a
new method. Due to the time taken in setting up, transferring and focussing samples, as well
as the limited number of profiles taken in the original investigation there would be little
difference in terms of time taken for data collection and interpretation between the
methods. However, the opinion of this researcher is that a properly developed relocation
interferometer based method should provide more accurate and cost effective data. This

work is particularly recommended as the laser profilometer stopped working.

From the work in this thesis it is possible to define the beat cleaning system only for a single
soil film. An optimum cleaning system may have to be applied to a range of soils and the

associated impact of cost and side effects such as damage would need to be considered.

In chapter 4 it was shown that the mechanical properties of a surface can heavy impact upon
the wear of that surface. This work was only conducted on the DHO soils. A logical next step
would be to further test the influence of surface properties by introducing other soils. These
could be variable surfaces or soils similar to the DCO film or, alternatively, a collection of
readily available polymer materials could be selected for a new series of experiments. This

later could be directly comparable to the work conducted by Lancaster [182-184] but for
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three body abrasion rather than two body abrasion. Additionally materials should be

included that represent wear /damage susceptible surfaces in the home.

Additionally the amount of oil applied to the surface was fixed by the coating procedure and
not varied. The study of thinner or thicker films would be required to conclusively prove the
mathematical relations found in this investigation. Particularly the relationship between
wear and the baked oil film’s properties or mean particle size, which are expected to be

influenced by film height.

Prior to starting this investigation, it was outlined that the inclusion of the experimental
variables of the substrate properties and applicator parameters were considered outside the
main scope of this investigation. However in the home these properties are often readily

variable and both are of industrial and academic interest.

Variation in the substrate will alter the contact zone and surface pressure distribution
changing the nature of the three body wear. To the industrial market, not only would
understanding how the oil soil forms on the substrate make the design of cleaners more
specific and relevant, but also knowing how the substrates soils readily form would aid the
design of “smarter homes and workplaces”. These smarter homes and workplaces would
utilise surfaces that are designed to actively repel or inhibit soils formation, and /or they

would make removal of fouling deposits easy.
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Applicators are made from many materials with different forms, geometries, giving a wide
range of physical and chemical properties. This means it would be difficult to study all
possible applications. However through careful selection of a range of probes the influence
particular phenomena such as material strength, porosity and chemical composition could

be studied and quantified.

Following on from this study, the influence of fluid properties both physical and chemical
could be varied. The chemical properties of the commercial fluids have not so far been
studied in a mechanistic way and may significantly alter the method of wear. In particular,
solvents and surfactants may cause other effects such as roll up, pitting and softening,
amongst others. At this stage it is hard to deduce exactly how these additional components
will influence wear and hence further work is required. Also the chemistry of commercial
cleaning products will involve surfactants, solvents and other ingredients. However the
addition of surfactants are likely to alter the lubrication of any probe or particle and confuse

the effect of the bulk properties, such as viscosity, on wear.

Chapter 5 showed that influence of viscosity on wear, however commercial LAC systems are
shear thinning and there may be significant differences between the model systems and
commercial systems, particularly if the continuous phase is not truly continuous i.e. if
discrete fluid properties exist such as soft particles, polymer chains and physical micro or
nano structures. To a certain extent some of this work has already started, and although the
methodology was less structured the work did form part of a patent for the author

(appendix C).

227



Finally, the work in chapter 6 takes a selection of particle sizes and concentrations in order

to study wear. A wider variety materials shapes and materials and distributions and mixtures

thereof could be studied. This has already been starts (see appendix A). The aim would also

to investigate the wear produced by these particles to evaluate their real world application

potential.

All of the possible future activities have been summarised in table 7-1 for clarity.

Table 7-1: Summary of possible future activities, the benefits of conducting the work and possible

negative factors to consider

Possible future activity Benefits Negatives
Develop a relocation | More data giving increased accuracy | None
interferometer based | in the results.
method for analysing | The profilometer was not working at
tribological cleaning. end of testing so this is the only
equipment option currently on site.
Study different soil systems | Would allow for some assessment of | Developing model soils
or wear on different | tribological behaviour over a wider | suitable for abrasion and
polymer surface to further | range of materials. Giving greater | similar to real applications

understanding of material

properties on cleaning

confidence in how the specific

household cleaning problems could

be targeted.
Allows the assessment of the
possible negative impact, surface

may be time consuming.
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damage, of an abrasive system

Further investigation of DCO
oil cleaning properties (such
as oil thickness) and their

cleaning

Would help to confirm the results
presented here or show where

limitations in the results arise.

None

Investigate the influence of

substrate and applicator

parameters on material

properties and cleaning.

Better understanding of  soil
formation and cleaning outside of

the laboratory environment.

Castor oil may not adhere to
all substrates making aspects
of the test definition difficult
at the start. May also require
a replacement for the Iron
substrate to

catalyse and

harden the stain.

Study the influence of | Better understanding of real | May not be possible to

chemical properties of the | cleaning fluids. distinguish  chemical and

continuous phase on physical affects if a chemical is

cleaning. also a structurant.

Study the influence of | Better understanding of real | May not be possible to

physical properties of the | cleaning fluids. distinguish  chemical and

continuous phase on physical affects if a

cleaning. structurants is chemically
active.

Study the cleaning of | May allow for the production of | None

multiple particle mechanical

properties and geometries

better performing or more unique

solutions to cleaning problems
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Appendix A

This appendix details focussed study on rod-shaped precipitated calcium carbonate (PCC)
rods. This additional section of work employs different methods to the tribological
experiments seen so far, as these experiments were conducted in direct collaboration with
URDPS and focussed on polishing rather than wear and the original tribological method was
unsuccessful at finding wear using the rod particles. Hence this work is separate from the

bulk of the thesis.

Abrasives for use in LACs, are primarily required to be effective in removing stains similar to
those the work so far has focused on. However there is also the consideration of minimising
damage to the underlying surface and, if possible, enhancing it. Many home surfaces are
made of soft, easy-to-scratch polymer materials. These surfaces are easy to damage but it
also possible to revive the appearance of these surfaces. The focus of this section is the use
of high aspect ratio particles to polish /revive surfaces. Here we focus on the fundamental
mechanics of the particles but it is worth noting that work related to this subject did inspire
an investigation featured in a published patent (WO 2013/078949 A1) which, in turn, led to a
patent published with this author’s work (the work in the WO 2014/190865 A1l patent is
included in this thesis as appendix B). Certain precipitated calcium carbonate (PCC) particles,
with a rod-like morphology, were identified as ‘smart abrasive’ ingredients in LACs in

proprietary work prior to the start of this activity.
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A.1 Additional materials

Precipitated calcium carbonate (PCC) rods used in the later polishing experiments were
sourced by Unilever China. Further study of the nature of these particles is conducted in

chapter 6.

Additional work used optically flat PMMA samples to investigate polishing effects. PMMA
sheets were also donated by URDPS and acquired as one batch from the supplier. The sheets
were cut into 100 mm by 100 mm tiles on site for more convenient handling in the

experiments.

The commercial sample of a cleaning fluid continuous phase, used in the polishing
investigations, was from a single batch provided by Unilever Casali. The fluid could have
been prepared “as required”, however some preliminary work revealed sensitivity in the
structure to small deviations in the proportion of ingredients, speed of mixing and the timing
in adding and mixing ingredients. Hence to keep a repeatable rheology and structure of the

surfactant system a single, sample batch was used throughout the project.

A.2 Additional methods

An optical rheometer experiment was conducted at Unilever R&D Colworth to examine the
alignment of PCC rods under flow conditions between flat plates. The rheometer was a
Haake Mars rheometer with Thermo Scientific RheoScope module and contains an inverted

microscope. 0.5%wt rods were mixed into glycerol. A sample of this solution was placed
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onto the lower plate of the instrument. The upper plate was then brought down to give a
gap of 100 um. The slurry was then subjected to the following shear rate profile:

1. Accelerate from 1-9800 s in 8 s (images were captured once each second).

2. Maintain shear rate at 9800 s for 20 mins (images captured every minute).

3. Decelerate from 9800-1 s in 8 s (images were captured once each second).

The viscosity, shearing force and images were recorded and compared. It is stressed that

this work was conducted off site by a separate researcher.

Cryo-SEM images were acquired by associated researchers and the equipment setup can be
found in the literature [210]. Although the experiments were not carried out by this
researcher the details of the experiment are detailed herein. PCC rods were incorporated
into a standard continuous phase LAC formulation (containing no FGNC). A droplet of this
formulation was put onto an SEM stage and immersed in liquid nitrogen. After a few
minutes, it was transferred into the SEM cavity under vacuum. The surface of the sample
was cut by sharp knife. The specimen was left to sublimate for a few minutes and then

observed under SEM.

A.3 Results and discussion

Results are included that are primarily in terms of polishing and cleaning experiments that
are different from the work in the bulk of the thesis. These methods highlight the

mechanisms and benefits of using the higher aspect ratio particles.
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A.2.1 Rod particle size and shape

Laser diffraction was used previously to classify the size of the particles. The algorithms that
convert the raw diffraction data to a size distribution are assuming the particles to be
approximately spherical. Therefore automated measurement of the particle sizes using this
method is not possible as the data would not be reliable. Instead images are inspected in
order to gain a typical size for the particles. Figure 7.1 shows SEM images of the rods.
Inspection of images similar to figure 7.1 (b) suggests that the typical particles size in 20 um

by 1 um.

Characterising the morphology is important when we are aiming to understand the
behaviour of rods when moving over the substrate. Figure 7.1 (b) and (c) show the rods to
have a spindle shape end. By breaking the particle ends, as shown in figure 7.1 (d), the cross
section can be found. The cross section tends to be rounded irregular hexagonal indicating
that the particles have practically flat faces. Flat faces are unlikely to cause damage as the
contact pressure is spread over the area of the surface rather than being focused on a point
/asperity. These PCC rods are much smoother /blunter than an equivalent 20 um FGNC
particle. The sharp ends seem to be the only place where cleaning /damage can occur as
there are no asperities on the surface. The hexagonal cross-sectional shape and flat faces

would also suggest that the particles should tend to slide rather than roll over a surface.
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Cal_Rods_0! x10 1mm Cal_Rods_0003 x7.0k 10 um
( a) Calcite Rods Calcite Rods (b)

(c) (d)
Figure 7.1: SEM images of the PCC rods (a) and (b) show SEM images of the dry PCC rod particles at

different magnifications. (c) and (d) show the cross section of PCC rods as obtained using cryo-SEM.
The rods are typically 20 um in length and 1 um in “diameter”. The shape of the cross section is a
rounded irregular hexagonal i.e. for a 1 um diameter particle width may vary, typically 0.8 um to

1.2 um

A.2.2 Baked oil film removal using the Eldredge Tribometer

The abrasion of a baked DCO film has so far been conducted using a Newtonian continuous
phase formulation. Figure 7.2 (a) shows an image of the overall damage resulting from a
commercial formulation using the Eldredge tribological setup featured in the previous
investigations. This represents the normal wear expected from angular FGNC abrasives. The

particles used here are a 50:50 mixture of 33 um and 62 um particles shown in figure 6.8 and

243



used in a wear experiment whose results are presented in figure 6.24 and figure 6.25. When
the PCC rods were placed in the Eldredge tribological setup used here it was found that the
rods tend to move over a surface smoothly with little damage to the surface, as shown in
figure 7.2 (b). Wear of this sample so low that it could not be measured and almost no wear
features could be seen under any tribological conditions. Friction was marginally less than
just using just the continuous phase with very little noise. Hence the rods fail to damage the

surface because the particles were not interacting with the baked oil film.

This next stage of the investigation was to run the probe over an edge of the DCO film.
Something not done in the previous tests however the result of the normal tests showed
that the PCC rods have very little potential to wear in a direction normal to the surface, so
this experiment is to test if the rods can laterally abrade. Figure 7.2 (c), (d) and (e) show that
the rods can remove /clean an oil stain by wearing a path from the edge of the sample.
Therefore, these results indicate that rods can cause damage parallel to the surface and in
these tests damage the film because they have “edges to act on”. Attack angle is defined as
angle from the horizontal plane of the surface. Damage of a flat surface (such as figure 7.2
(b)) can be described as a high attack angle process. Hence we can state that rods can cause
a low damage due to a low attack angle. It would be expected that deliberately matted soft
surfaces may see more damage from rods (see later notes on polishing) than smooth

surfaces.

(a) (b) (c) (d) (e)
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Figure 7.2: Damage caused to DCO films on polished SS plates using the Eldredge tribometer. W =
0.196N and u = 15.2 mm/s). (a) Normal damage seen using a commercial formulation after 20
passes. (b) Insignificant damage done by 20 %wt rods in a commercial continuous phase after 320
passes. The remaining images show damage caused by the 20 %wt rods in a commercial

continuous phase after (c) 10, (d) 20 and (e) 40 passes over the film edge.

A.2.3 Rod particle movement and orientation under shear

Figure 7.3 shows the rheology data obtained on the optical rheometer as described in
earlier. The data concerns the shearing of sample of rods suspended in glycerol. Glycerol is a
Newtonian fluid, so its viscosity should not be affected by shear rate. From the data shown
in figure 7.3 (a), it can be observed that the viscosity of suspension decreased when the
shear rate was held at 9800 s*. This suggests shear thinning through orientation of rods as
described in the literature [41]. This can be observed directly. Figure 7.3 (b) shows, firstly,
that before the high shear rate is applied particles are dispersed in the suspension at
random. After shearing for 20 minutes the rods tend to be aligned in the direction of shear
flow as shown in figure 7.2 (b). These results demonstrate that orientation of rods can occur
at high prolonged shear. Although the set-up of this experiment (concentration of particles,
compositions of working fluid) is quite different from a tribological contact, it’s clear that

rods tend to align with the direction of shear force. Observation of the particles under
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shearing also suggested rods are were sliding, spinning or rolling over the substrate and not

tumbling, which is consistent with the literature [41].
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Figure 7.3: Orientation of rods by shearing
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. A: program set-up and rheology data; B: images

captured in the beginning and after shearing for 20 min at 9800s™. These images, collected by

Unilever Colworth and used with permission from URDPS, the associated comments are based only

on the author’s interpretation.

A.2.4 Laser profilometry of PMMA
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The fact that particles align under shearing such that they may slide and cause damage at a
low attack angle suggests they may be suitable for another low attack angle process:
abrasive polishing. Abrasive polishing was first investigated scientifically using a FGNC
formulation to randomly damage a PMMA surface for one minute by hand. Two pieces of
tape were used to mask off all but a 2 mm strip of the sample. This unmasked section was
then polished with rods. Visual inspection confirmed the area of the strip appeared to be
polished. Laser profilometry was used to examine the mechanism by which PCC rods

restored this scratched PMMA, this data is shown in figure 7.4.

Figure 7.4: Laser profilometry data of randomly scratched PMMA. Left hand image is reflectivity.
Right hand image is surface height. The whole sample was scratched with a FGNC formulation for
two minutes. Circa X = 2000 um to X = 3000 um area was unmasked. The remaining surface was
masked. The sample was subjected to polishing with a rods formulation for two minutes. The scan
was taken by the laser profilometer over a 4000 by 4000 um area; each line profile was taken 4 um

apart.
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Figure 7.4 shows that there is a higher overall volume of wear along a strip polished by rods.
The roughness in this region also appears to be lower. This can be investigated by examining
a typical line profile, such as the one shown in figure 7.5. This effect can be explained by one
of two mechanisms. Firstly the rods may remove material by vertically wearing material,
whist creating a lower roughness. If this were the case than the wear rate would be
independent of the initial surface roughness. Secondly, the cause could be from the rods
smoothing the surface by removing asperities. In this case the rods would only attack sharp
edges and raised ridges in the surface and the wear rate for a smooth surface would be

much less than that of a rough surface.
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Figure 7.5: A single line profile taken from the data shown in figure 7.4.

In order to identify which of the two mechanisms is operating, a wear experiment on a
smooth PMMA surface must be carried out. Firstly the height change of the average profile
from figure 7.4 is taken, as shown in figure 7.6. It was calculated that 280 nm (difference

between the background and rod worn areas of the graph) of wear had occurred. The
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experiment was then repeated to determine the amount of wear produced by rods on
smooth PMMA. Figure 7.7 shows that the amount of wear produced by rods on smooth
PMMA is about 20 nm. This is an order of magnitude difference. As such, the polishing
cannot primarily be due to vertical wear and these results support the hypothesis that rods

preferentially polish, or smooth, sharp edges and asperities.
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Figure 7.6: The average cross sectional height profile of 600 line scans taken from the data shown
in figure 7.4. The graph indicates three regions of interest, 0-1900 pm and 3050-3700 um are
background regions, either side of the 2100-2850um region worn by rods. Some of the data at the
start or end of the line scan and area scan were removed due to the fact it appeared to be slightly

erroneous.

For more detailed study of polishing mechanisms, a series of relatively large scratches were
scored into a PMMA surface using a metal stylus. These scratches were then profiled. The

whole sample was then rubbed using a rods formulation. The scratches were then re-
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measured. In order to ensure the Perspex was repositioned properly, a Lego-based mounting
system was adopted [187, 188]. Figure 7.8 shows the results and there do not appear to be
any rods “filling’ the gaps in the scratches, which was another possible hypothesis that could
explain the visual appearance of restoration. Instead, the rods appear to reduce the visible
appearance of scratches by removing the ridges pushed up either side of the scratches. This
removal of these features is expected to result in less light scattering; hence the polished
surface would have a higher gloss value, making it appear smoother to the eye. This result is
consistent with the rods’ wear mechanism described previously: that rod abrasion is a low

attack angle process that removes asperity material.
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Figure 7.7: The average cross sectional height profile of 100 lines scans across a smooth PMMA
surface featuring an unmasked region that has been worn by a rods formulation. The graph
indicates three regions of interest, 0-2000 and 5950-8000 pum are background regions, either side
of the 2300-5650um worn region. The periodic oscillations shown may be a property of the surface

but are most likely an artifact associated with the motion of the equipment used to scan the
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sample. The scan was taken by the laser profilometer over an 8000 by 400 um area; each line

profile was taken 4 um apart.

Average profile of stylus scratches

before application of rods

\

Average profile of scratches

after rubbing with rod

Figure 7.8: Average height profile of a series of scratches in Perspex made by a steel stylus. Two
scratches are seen alongside what appears to be a piece of dirt on the left. The scan was taken by

the laser profilometer over a 2000 by 250 um area; each line profile was taken 0.5 um apart.

A.4 Conclusion

High aspect ratio PCC rod particles are studied for their polishing properties. Rods alone do
not give a significant benefit in the tribological experiment. The results presented are
different from the standard calcite particle data in order to highlight the mechanisms and
benefits of using the PCC rods. It is shown that the rods attack asperities and edges on the
surface. This polishes rough surfaces and smoothes scratches. In terms of application there is
potentially a large market for this type a polishing, particularly as polishing is higher value

industry and polymer use is home increasing.
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