W University
o of Glasgow

Bin Jaber, Saad (2023) Studies on the friction of structured interfaces, the
Static friction peak in reciprocating sliding and the role of friction in
triboelectrification. PhD thesis.

https://theses.gla.ac.uk/83785/

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.gla.ac.uk/
research-enlighten(@glasgow.ac.uk



mailto:research-enlighten@glasgow.ac.uk

University

& of Glasgow

VIA VElITAS VITA

Studies on the Friction of Structured Interfaces, the
Static Friction Peak in Reciprocating Sliding and the
Role of Friction in Triboelectrification.

By

Saad Bin Jaber

Submitted in fulfilment of the requirements for the degree of Doctor of Philosophy in
Mechanical Engineering.

April 2023

James Watt School of Engineering
College of Science and Engineering

University of Glasgow, UK



Author’s declaration

“I declare that, except where explicit reference is made to the contribution of others, this dissertation
is the result of my own work and has not been submitted for any other degree at the University of

Glasgow or any other institution.”

Signature:

Printed name: Saad Bin Jaber



Abstract

This project investigates the frictional behaviour of contacting surfaces at different test conditions to
better understand the contact mechanism. It aims to implement novel techniques and theoretical
approaches to acquire more control over the friction response of contacting surfaces. It has been
suggested that surface structuring is beneficial for controlling the friction response. This project
utilises photochemical etching (photolithography) to produce micro-trenches (square-wave features).
Five different sample categories were prepared with different micro-feature widths. These structured
features were placed in contact with unstructured silicon surfaces. The silicon samples possess
idealised surface conditions with sub 1 nm roughness and flatness of 1 um. The tests were carried out
on a bespoke friction rig. This research topic is directed to examine the applicability of Amontons’ first
and second laws of friction on these structured features with nanoscale roughness. It has been found
that the COF of these structured surfaces is independent of the manipulation of the feature contact
area and normal load. This means that the real contact area was not varied with the different feature
contact areas. To validate this assumption, two theoretical approaches using the Bush, Gibson and
Thomas (GBT) model and Boundary Element Method (BEM) were implemented. These approaches
estimate the real contact area by inserting experimental parameters and roughness data of the
contacting surfaces. The models’ results showed that the real contact area was independent of the
changes in the feature contact area. The experimental and model results indicate that the nanoscale

roughness on the raised features was sufficient for the friction laws to be obeyed.

The second part of the thesis concerns the static friction peak in reciprocating sliding. It has been
noticed that the peak has not been observed in the studies of friction hysteresis loops. The purpose
of studying this aspect of friction is to determine the reason for the absence of the static friction peak
in commonly published hysteresis loops. Experiments were performed on the unstructured silicon
samples using the friction rig. The tests showed that the peak was apparent in the initial cycles. It then
started to decay towards the end of the test. It is believed that sliding roughened the surfaces resulting
in a lower real contact area. The reduction in the real contact area decreased static friction towards
kinetic friction leading to burying the peak. This assumption was verified by an adhesive contact
model. It is worth noting that the only variable in the model was the roughness data, to inspect the
impact of wear through changes in surface roughness. The model showed a similar trend as the
experiment indicating that wear was responsible for the disappearance of the peak. The reason for
not observing the peak in the literature is most probably because the reported data was recorded well

after the peak is buried.



The final research topic aims to investigate the frictional and electrical behaviour of triboelectric layers
via performing a triboelectric nanogenerator study (TENG). There has been a lack of studies on the
role of friction in triboelectrification. To perform the tests, electrical measurements were
incorporated into the friction rig to simultaneously measure friction and electrical output to find
whether friction can be correlated with the electrical output. Another main goal of this topic is to
systematically compare the electrical output of the two main modes of TENG (sliding and vertical
contact separation modes). In a sense, a direct comparison of contact electrification and
triboelectrification for exactly the same material pair and test conditions etc. was performed. The
friction and output voltage showed almost the same trend suggesting that they are influenced by the
same source. It has also resulted that the existence of friction in the sliding mode was advantageous.
It helps acquire more triboelectric charges giving rise to higher outputs. It should be noted that
triboelectric layers in the sliding mode are susceptible to wear requiring careful attention and future

study.
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Chapter 1: Introduction



When bodies are brought into contact, attempts to slide them relative to one another gives
rise to a resistive tangential force. The limiting maximum value of this force before sliding is known as
the static friction force and its value thereupon (i.e. during gross slip) is known as sliding (or kinetic)
friction. Friction can be defined as material resistance to a tangential displacement caused by
pulling/pushing one surface with respect to the other in the presence of normal load [1]. It is worth
noting that a resistive response resulting from an interface occurs even before applying a tangential
load [2]. When the interface is pressed by a normal load, it experiences micro deformation resulting
in resistive force [2]. Friction can be seen in surfaces experiencing (linear or rotational) sliding or
rolling. In principle, these two general friction terms have specific laws that might contradict each
other. For example, smooth surfaces in sliding friction tend to be more resistant to tangential
movement. This does not agree with the nature of rolling friction, where there is almost no resisting
force (the grip between the two surfaces is compromised) if one of the contact pairs is very smooth.
In sliding friction, the friction interaction occurs on a single interface (considering only the macroscale
level for simplification), whereas, usually multiple discrete interfaces between rollers and a counter
surface contribute to rolling friction. Usually, the force required to overcome friction in sliding contacts
is much larger than the equivalent in rolling. Fig. 1. 1 illustrates a simplified example to show the main

mechanism of these two terms.

Y —

F.>F,
Force
<
X

Fig. 1. 1. A simplified representation of the difference between rolling and sliding.

The scope of this study is directed towards investigating friction between flat surfaces in linear sliding
(both unidirectional and reciprocating sliding). Friction interactions are ubiquitous in daily life and
unfortunately can lead to an economic loss of 5% of GDP (Gross Domestic Product) for developed
countries [3]. Better understanding and control of friction promises more efficient designs and energy
savings. However, high friction in some applications is required. For example, to increase the

effectiveness of turbine blades, so-called under-platform dampers are inserted in the structure of



turbines to increase friction between blade platforms to mitigate any unwanted vibrations [4].
Similarly, high and controlled friction is also desirable in clutch facings to obtain better performance
of clutches [5]. Apart from the Renaissance studies carried out by Da Vinci, Friction was first studied
by Amontons [6] in 1699. Amontons succeeded in establishing two main relationships for friction
stating that the normal load and tangential (friction) force are linearly proportional with the
proportionality constant being the coefficient of friction (COF). The second observation noted that the
nominal contact area and the friction force generally seemed to be independent. Even though these
findings seem simple, they apply to a remarkably wide range of materials and scales (i.e. macro-,
micro- and nano-scale). It is commonly acknowledged that the COF is a key factor in any frictional
interaction. It provides useful information about the frictional behaviour of contacting surfaces.
However, it should be noted that the COF is not a given property of materials [3]. It normally depends
on the system condition of a friction test and surface characteristics of mating objects. Consequently,
it is vital to pay careful attention to material properties and influential experiment parameters used
by other researchers before considering their outcomes. This is because friction results can be

considerably altered if just one experiment parameter is changed.

The resistive response from surfaces experiencing tangential load is categorised into three main
divisions. They are adhesion, deformation and ploughing [7, 8]. The adhesion contribution can be
manipulated by altering real contact area and surface properties [8]. The contribution from adhesion
is even observed with zero load due to the Van der Waals and capillary forces [9] and is more seen in
light loads [10]. Once the normal load is applied, contributions from deformation and ploughing join
the adhesion in the friction equation (i.e. the summation of the three contributions). Deformation
occurs at the asperity level and is influenced by contact stress and surface properties [8]. The
asperities undergo plastic and/or elastic deformation which gives rise to altering real contact area [2,
7]. Asperity deformation is believed to be a dominant part of friction interaction at the early stage of
sliding [11]. As sliding continues, wear particles start to come out from the contacting surfaces causing
ploughing [7, 8]. These three main divisions contribute differently to interfacial friction depending on

the state of the friction interaction.

Measurement of friction among surveyed studies was mainly performed via the pin-on-disk
configuration which includes rotation motion forming a circular contact area to help obtain conformal
contact. Additionally, friction experiments in previous studies have been performed on metals and/or
coated surfaces to examine their applicability in industry. These studies were significant to understand
the friction behaviour of contacting objects, which can help design an effective experiment. Studies
on (dry) friction have shown that friction is often derived from a rather small fraction (approximately

<1%) of the apparent contact area of mating surfaces (of course, this depends on the normal load).



This small fraction emerges from the surface roughness of the contacting surfaces, constituting the
real contact area [12]. Hypothetically, this leads us to the possibility of controlling friction by tailoring
this real contact area, as is implied by Bowden and Tabor’s understanding of sliding contacts [13]. This
possibility suggests the option of structuring surfaces in such a way as to control and tailor friction via
the real contact area. Various studies have implemented aspects of this idea to accurately analyse the
frictional behaviour of contacting surfaces [9, 14-17]. A Review of these studies will be presented later

in Chapter 2.

Chapter 2 will also include a survey on frictional hysteresis loops, as the second experimental portion
of the thesis investigates static friction in reciprocating sliding. An explanation of the friction hysteresis
loop concepts will be shown and reviewed in Chapter 2. The chapter will also involve a discussion on

the apparent absence of the static friction peak from measured hysteresis loops in the literature.

The final part of the literature review (Chapter 2), explores studies relating to friction and
triboelectrification focusing on contact charge formation between triboelectric layers and how it can
be enhanced. The chapter will try to explore the literature to find a correlation between friction and
contact charge formation in TENG devices. It is widely known that tribo-charges are influenced by
friction between a contact pair [18-22]. This is more observed in surfaces that experienced stick-slip

events [20, 21]. An attempt to explore this correlation in TENGs will be discussed in this final part.

Having considered these studies, an experimental study has been designed to investigate the
fundamentals of sliding friction on flat surfaces moving in linear motion. Friction tests in this project
involve unidirectional and reciprocating sliding applied on silicon surfaces and metal/polymer
interfaces to study the frictional behaviour of silicon with nanoscale roughness and triboelectric
properties of a copper and polyethylene terephthalate (PET) interfaces. The testing has been carried
out using a bespoke friction rig developed for this work. The rig aimed to enable application of
different linear friction test scenarios (i.e. loads, frequencies, stroke distances etc.). Building the rig
from scratch was associated with challenges which were mostly overcome during the design stage. A
full description of the design and construction of the rig will be presented in Chapter 3. The chapter

will discuss the challenges and suggested solutions encountered in rig development and refinement.

The first series of experiments in the thesis explores the idea of controlling friction by manipulating
surface features. These features were structured by photolithography (photochemical etching).
Altering the features is believed to play an important role in friction force. The work here explores the
possibility of tailoring the static friction of structured surfaces experiencing unidirectional sliding. The
aim is to re-visit Amontons’ first and second laws for these structured surfaces. This work is motivated

by the Bowden and Tabor theory of sliding contacts where the real contact area is directly proportional



to friction force [13]. The experiment description and discussion of the results is the subject of Chapter
4. The experimental results were supported by analytical models known as “Bush, Gibson and
Thomas” and “Boundary Element Method”. These two model approaches were applied to obtain a

thorough explanation of the experimental results.

The second portion of research concerns the existence (or not) of the static friction peak in
reciprocating sliding. The main aspect of this work is to explore why the static friction peak is absent
from friction force hysteresis loops in the literature. An illustration of the typical hysteresis loops with
the absence of the static peak is shown in Fig. 1. 2. This aspect has not been studied at all in the
literature. Chapter 5 aims to discuss the existence of the static peak in the loops via applying
reciprocating sliding on smooth (unstructured) silicon samples. A detailed discussion of the transition
from static to kinetic friction will also be pointed out in Chapter 5. The experiment is accompanied by

an adhesive friction model to help rationalise the experimental results.

Friction force

4

-~ —_—
Relative

displacement

Fig. 1. 2. A schematic of the friction hysteresis loops identifying the point of interest (static friction peak)

Friction between sliding contacts is an important aspect that should always be considered. It was
noticed that there has been a lack of studies on the role of tribological parameters such as friction and
wear in triboelectrification. The frictional interaction between the triboelectric layers is often ignored
in triboelectric studies. Understanding these mechanical aspects of a triboelectric interface is likely to
be critical in understanding device performance and boosting electrical outputs. A thorough
experimental study that investigates the tribological and triboelectric properties of an interface
between triboelectric layers will be presented in Chapter 6, concluding the experimental work of this

thesis.



Having performed all these experimental works, a conclusion associated with future work and

limitations will be discussed in Chapter 7.



Chapter 2: Literature review



2.1. Basis of sliding friction:

A typical friction mechanism for contacting surfaces consists of primarily a transition from stick to full
slip and/or repetitive stick-slip. Observing such a mechanism is dominated by the nature of materials
used in the friction test [12]. Much of the study in this thesis uses silicon wafers on account of their
high flatness and nanoscale roughness, but also because Si is easy to structure using conventional
lithography and etching. Materials generally undergo a friction interaction which is generally
characterised by a critical point where the tangential force assumes a maximum value, resulting in a
static peak (static friction) [23]. After experiencing static friction, the tangential force generally relaxes
to a steady force, known as sliding friction [12]. The transition from stick to slip can be gradual or

sudden depending on the properties of the chosen materials.

The sliding stages can be categorised into three stages: full stick, partial slip and gross sliding. In the
partial slip stage, a majority of the surface asperities of the contacting objects are stuck, whereas some
asperities are locally slipping [24]. As the tangential force increases, more asperities transition from
stick to slip [2, 25]. This increase continues until the tangential force overcomes the static friction of
the object [2, 25]. At this point, the friction mechanism transfers from the partial slip to the full sliding

(or gross slip) stage [24].

The point that marks the transition from stick to slip/full sliding is known as the static friction peak,
which is a significant feature of sliding friction. The peak is not always observed in sliding friction tests.
The existence of the peak depends on the dynamics of the transition from stick to full slip. The
transition occurs when the applied shear force exceeds the static friction of the sheared surface
marking the onset of sliding [2]. The shear force causes elastic deformation in the junctions [23]. This
process continues with the increase of the tangential force until the junctions become plastically
deformed [23]. The plastic deformation makes the junctions weaker leading to initiation of sliding [23].
The transition from stick to slip is usually represented by a sudden drop in force. The drop can be
mutually caused by a reduction in interface strength and real contact area [23, 26]. This leads to lower

friction, giving rise to the difference between static and kinetic friction which forms the static peak.

Normally, static friction is the prime aspect of a friction interaction, as it indicates a surface’s ability to
resist tangential force. The value of the static friction can be also an indication of surface damage due
to wear. This means that a surface that possesses high static friction is more likely to suffer more
surface damage and material loss when the tangential force exceeds the maximum resisting force.
Controlling such an aspect would ease tailoring the friction behaviour of contacting surfaces.
Additionally, static friction can be easily identified in most cases. In contrast, measuring dynamic

friction is not a straightforward process, because it is susceptible to surface changes due to wear along



the sliding range [2, 27] and it often fluctuates during sliding. Controlling either static or dynamic
friction is relatively difficult, as asperities on real surfaces are generally stochastically distributed [28].
They possess random-distributed peaks and troughs in the micro- and nano-scale [28, 29]. This is a
key source of the difficulty in tailoring the friction (i.e. the COF). Despite these difficulties, friction

generally obeys the rather simply empirical laws noticed by Amontons [6]:

Amontons concluded the general friction laws into two main findings. The first law states that the

friction force F is linearly proportional to the normal load P pressing the surfaces together:
F = uP, (1)

where the proportionality constant is the COF p. The second law is expressed as the friction force is
normally independent of the nominal contact area. These two laws are widely applicable and highly

useful for various contacting surfaces.

These laws can be explained via two elementary relationships. They are based on the real contact area
(A,). A, is established from the asperity tips of mating surfaces, which is often considerably smaller
than the nominal contact area [30-33]. The first elementary relationship says that A,. is roughly linearly

proportional to the normal load P:
A, = KP, (2)

where K is the proportionality constant. It should be noted that this relationship is solely true if the
surfaces are not too smooth nor too rough (i.e. there are random-distributed surface asperities),
which is the case for almost all real surfaces [12]. It is important to note that the linear relationship
between real contact area and normal load is not always obeyed. Archard [34] deduced that the
formula could slightly be modified to generalise this relationship for wider material pairs. The formula
is modified by inserting an exponent n on the normal load P. Value of n is the range between 2/3 to 1,
where n= 1 indicates the linear relationship between A, and P. Hertz’s theory suggests that when a
single sphere asperity is in contact with a flat surface, the contact is elastic and the exponent n equals
2/3 [34]. The second key relationship concerns a force required to overcome shear stress (tg) of
bonding surfaces (interfacial shear strength). This force is the friction force and is influenced by A,..
This relationship is based on the Bowden and Tabor [13] theory of sliding contacts, where the asperity

tips are plastically deformed:
F = 1A, (3)

Combining Egs. (2) and (3) by replacing A, leads directly to the requirement that the friction force F

also be linearly proportional to the normal load, thus offering a satisfactory explanation for the first



law of friction (Eq. (1)). The proportionality constants after combining Egs. (2) and (3) (i.e. k and t,)
form the COF. It can be deduced from the previous equations that friction is independent of the
nominal contact area for a given surface. Obtaining the COF from this law is only attainable
experimentally (i.e. not a material property) [3]. It is dependent on the materials used and experiment
conditions applied [3, 35]. As friction is dependent on many factors, it is difficult to control it. However,
from Eq. (3), it seems feasible to control friction by controlling A,.. This can be achieved by structuring

surfaces (or at least one surface) involved in the friction interaction.

The independence of the COF on the normal load (Amontons law) is generally applicable to most
surfaces that experience plastic deformation in their frictional interactions. Here, a question could be
raised: what will be the case when a frictional interface only experiences an elastic deformation? It is
generally agreed that a frictional interface under elastic conditions does not obey the Amontons law.
Surfaces under elastic deformation usually show a decreasing trend in the relationship between the
normal load and COF [34, 36]. From the literature, it can be said that asperity deformation is a critical
element that can dictate the frictional response. It is generally acknowledged that surface asperities
initially deform elastically when the normal load (contact pressure) is low. An increase in the normal
load, on the same area, causes the asperities to transit from elastic to plastic deformation mode.
Determining the critical point where the transition occurs has been discussed in the literature to help
understand the actual mechanism for the transition. Greenwood and Williamson [6] believed that the
transition between elastic to plastic modes is not primarily affected by the changes in load. They
suggested that the transition is mainly attributed to the plasticity index of the materials. The plasticity
index determines the critical load where the transition can occur [6]. The deformation tends to be
elastic if the plasticity index is low, approximately less than 0.6, and the load is somehow reasonable
[6]. When the asperities are pressed under a sufficiently large load, the asperities cannot withstand
the pressure and thus would be plastically deformed. In the case where the materials in contact have
a plasticity index higher than 1 (which is the case for most surfaces), plastic deformation can occur at
very low loads [6]. It is also important to note that the shape of the asperity affects the deformation
mode [6]. Sharper asperities deform plastically earlier than the curved asperity [6]. Archard [34] was
also interested in understanding the deformation modes during a friction test. Archard aimed to apply
a friction test on materials with low elastic moduli (i.e. the pressure is distributed over a larger area of
contact). The experiments were performed using smooth and rough Perspex surfaces to examine the
effect of surface finish on the deformation regime. The normal load range of the experiments was
from 1 to 100 kg. The results showed a decreasing trend of the COF of the smooth surfaces even with
low loads. This was also observed in the rough surfaces when higher loads were applied. At low loads

on a rough Perspex surface (less than 3 kg), the COF was lower than the one obtained from the smooth
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surface and it was constant (independent of the load) indicating that such surfaces obey the Amontons
law. Archard [34] suggested for the smooth surfaces and rough surfaces under high pressure that the
contact region can be seen as a single contact region. The real contact area can be close to the
apparent area of contact indicating that fewer points are engaged when the load was increased [34].
It can be deduced from Archard’s experiments that surface finish is a critical element that determines

the deformation mode experienced in friction tests.

The previous findings concerned the quantitative analysis on the macro/micro-scale, but it would be
interesting to investigate the transition in the atomic scale. Kim and Suh [37] were able to quantify
the critical load that marks the transition. They aimed to estimate the critical load that a single asperity
can withstand before it plastically deforms at the atomic level. A model involving a flat and extremely
smooth indenter pressing on atoms of the asperity was designed to accomplish the aim. The model is
illustrated in Fig. 2. 1. Firstly, the load forces the asperity atoms to distribute themselves to support
the load [37]. This situation continues until the atoms transfer to a new stable state even after
removing the load [37]. The critical load to cause this new distribution of atoms is estimated to be 1
nN, taking into consideration that the bond energy is assumed to be 1 eV [37]. Loads equal to 1 nN
and higher on a single asperity are more likely to cause the permanent deformation of the asperity

[37].
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Fig. 2. 1. A schematic to represent the effect of the normal load on the atomic scale between an indenter and
asperity atoms of the counter surface: (a) the indenter is being pressed, but still, the load does not transmit to
the asperity atoms, (b) the (critical) load is forcing the atoms to re-distribute and (c) the atoms are in their new

stable state [37].
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2.2. Components of friction and its interactions

Understanding the process behind the frictional response between surfaces experiencing sliding
friction is essential to properly analyse the frictional behaviour. Friction interaction is known to be
affected by three main factors; namely: adhesion, deformation and ploughing. The resultant friction
force is obtained by summation of these three components. Each of these elements has a direct
impact on friction but to different extents. For example, the adhesion theory states that similar
materials should produce high friction due to the strong bonds between the surfaces [37]. The
existence of these components depends on the local state that the frictional interface experiences
during sliding [38]. It is believed that the adhesion contribution might have the lowest effect among
the other factors on friction [7, 36-38]. Minimising the mechanical factors such as ploughing and
deformation would help obtain very low friction which can be regarded as dominant factors. There
has been general agreement that adhesion theory, where strong bonds are formed even with no
normal load creating a resistive response, cannot explain most of the frictional responses [7, 37, 39].
The friction components have been studied extensively in the literature and here are two
representative studies [7, 37] that systematically investigated the contribution of these components.

They will be discussed next.

The first study involves tests using two cylinders: one is held stationary and the other is moving [7].
The tests were applied in different scenarios attempting to isolate the friction components to inspect
their direct impact on friction. The scenarios are: same materials in contact with each other, hard
materials in contact with soft materials and lastly, soft surface pressed against a hard one. From these
test conditions, the authors suggested that there are three principal values of COF which are
presented in Fig. 2. 2. The first one is the initial friction response to a tangential force which is usually
low. The tangential force increases until it overcomes the static friction of the interface resulting in
the subsequent value of the COF (static COF). This is usually followed by a slight decrease in the friction
response towards a stable COF (kinetic COF). The transition between these values can be categorised
into six stages that most frictional interfaces should experience when sliding and is illustrated in Fig.
2. 3. It resulted that there was always an initial coefficient of friction regardless of test conditions and
materials tested. The value of the initial COF was always lower than the COF in the subsequent stages
throughout sliding. The results also showed that when materials were reversed in their roles (the
moving part was stationary and vice versa), there was a pronounced increase in the COF. This indicates
that adhesion was not only the factor that impacts friction. The analysis of the six stages is presented
as follows. At Stage 1, adhesion and asperity deformation did not play a significant role in the early
stage of sliding as mentioned earlier. This was observed for all materials used and experimental

conditions. The initial value of COF is followed by a slow increase due to adhesion caused by the
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interlocking between the contacting asperities. This stage is not present when the interface is
lubricated as adhesion is vanishing in this condition. The adhesion contribution increased leading to a
rise in the real contact area (more contacting points were engaged). Additionally, wear particles were
produced due to the rise in friction. The combined impact of the adhesion and ploughing caused a
steep increase in the COF, representing Stage 3. When the number of wear particles generated in the
interface was equal to the number of particles leaving the interface, the COF reached the maximum
and the adhesion contribution stabilised at this stage (Stage 4). The saturation of the wear particles
was also observed in Ref [40]. After experiencing Stage 4, the interface was either undergoing a
decrease in COF or stabilising at the same level at the maximum COF (Stage 5 & Stage 6), reaching the
final stage of the frictional interaction. The previous analysis is believed to be seen mostly in contacting
materials with a similar hardness which indicates the dependence of the COF on the mechanical

properties of the contacting surfaces.
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Fig. 2. 2. Typical behaviour of the COF throughout sliding. It begins with an initial value which increases towards

the maximum and then drops slightly to the sliding (stable) COF [7].
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Fig. 2. 3. Representation of the six stages of the COF in a frictional interface [7].
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The second systematic study to investigate the friction components was done by Kim and Suh [37].
The work here attempts to exclude the mechanical aspects of friction interaction such as ploughing
and plastic asperity deformation by applying low loads. To do so, hard surfaces including silicon,
sapphire and silicon carbide (SiC) were used in the tests. These surfaces possess very low roughness
around 1 nm. The authors believed that applying a friction test on smooth surfaces helps minimise the
effect of deformation. Having hard surfaces is also important to reduce the generation of wear
particles and thus reduce ploughing. The tests were applied using a deadweight weighing 5 grams with
a sliding speed of 0.3 cm/s. Two test configurations were utilised: pin-on-disk and flat-on-flat using
the same tribo-tester. Applying low loads and relatively slow speed allows for neglecting thermal and
inertial effects on the frictional response. The main difference between the two test configurations
can be seen in the contact stress. It is known that a frictional interface in the pin-on-disk configuration
results in higher contact stress than the flat-on-flat due to the small apparent area of contact.
Therefore, higher friction is expected from the pin-on-disk test when using the absolute same test
parameters because of a higher possibility of suffering from mechanical factors. It is important to note
that this assumption is only true when local stresses at the contact junctions do not exceed the failure
stress and the effect of adhesion is minimal [37]. The tests using the pin-on-disk configuration were
performed mainly on two pairs of surfaces. The first pair involved testing rough hard silicon surfaces
with roughness around 1 um on a hard counterpart surface. The second pair entailed studying soft
mica on a hard sphere such as steel. The first set of tests showed a very high COF of around 0.8 which
is expected due to the effect of interlocking and deformation [37]. These led to generating more wear
particles and ploughing causing the asperity interlocking. The results of the second set showed also a
relatively high COF of around 0.55. This is attributed to the ploughing contribution to the soft mica by
the steel sphere [37]. These tests using the pin-on-disk arrangement were applied to compare results
with the flat-on-flat — which is the main aim. COF values obtained from different tests on the flat-on-
flat surfaces showed relatively lower values than the ones obtained from the pin-on-disk which can
be said to be a result of the lower contact stress experienced on the flat surface. It was noticed that
wear tracks were observed for almost all test specimens, indicating that the mechanical interaction
based contribution to friction is significant [37]. It is worth noting that one pair composed of sapphire
and silicon did not show clear wear tracks (even when inspecting on optical and electron microscopes)
suggesting that the friction force resulted from the interatomic interactions between the surfaces.
However, the authors implied that this assumption can be acceptable only if the COF between the
sapphire and silicon was far less than the one observed in the existence of wear tracks. Consequently,
the authors suggested that the wear tracks should be present even if they cannot be detected by their

inspection techniques.
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Itis useful at this point to discuss the ploughing contribution in more detail. Wear caused by ploughing
is mainly due to the mechanical properties of the contacting surfaces. This can be categorised into two
cases and is shown in Fig. 2. 4. The first one is when surfaces with similar hardness are pressed
together (hard-hard interface). It has been suggested that wear particles can easily penetrate both
surfaces causing a rise in friction due to groove formation [7]. The other case is that one of the surfaces
possesses higher hardness than its counterpart [7]. At such a condition, there would not be ploughing
as wear particles would just slide along the interface [7]. In some cases where a hard surface is slid
against a soft one, a mirror finish layer is formed [7]. This decreases frictional force because the wear
particles are not anchored (held) anymore on the polished surface and the contribution of
deformation is decreased [7]. The impact of wear was also studied via varying radii of a diamond
sphere pressed on a SiC surface [36]. The radii of the diamond spheres were 0.3, 0.15 and 0.02 mm. It
has been shown that a diamond sphere of a radius of 0.3 mm in contact with SiC results in only elastic
deformation [36]. This is supported by the absence of grooves or cracks on the SiC surface when
examined in SEM with 10 magnification and obtaining a low value of the COF [36]. When diamond
spheres with radii of 0.15 and 0.02 mm were pressed on the SiC surface, the COF was not constant, it
even increased as the load increased [36]. Grooves and wear tracks were observed with the 0.02 mm
sphere with loads higher than 20 grams, indicating that plastic deformation occurred when these loads
were applied [36]. Here, the contact pressure is high, particularly for loads of 50 g and higher [36]. For
example, the contact pressure at 50 g load equals 2000 kg/mm? and reaches its maximum at the centre
of the sphere at 3000 kg/mm? which is the yield pressure of SiC [36]. With the 0.15 mm radius sphere,
smaller grooves were observed only after applying 50 g [36]. This indicates that SiC can deform
elastically and plastically when pressed by the 0.15 mm sphere [36]. It is suggested that friction
experienced on SiC using the 0.15 and 0.02 mm radii was a result of ploughing and the shearing of the
adhesive bonds [36]. The experiments showed that both radii did not experience cracks for loads less
than 20 grams [36]. It is believed that the critical load for such an interface might lay around 30 grams

[36].
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Fig. 2. 4. A wear particle interaction in: (a) hard-hard interface, (b) hard-soft interface and (c) the size of the wear

particle [7].

It can be concluded that friction is a result of a combined effect of mechanical interactions and
adhesion. The mechanical interactions result from ploughing and asperity deformation which
generate heat in the interface. The heat facilitates generation of more wear particles leading to more
severe ploughing [38]. The contribution of these components to friction can be summarised in the
following. It is suggested that the asperity deformation influences mainly the static COF and has a
slight effect on dynamic COF, only if there is a continuous generation of new asperities, but with no
effect on the initial COF [7]. As sliding continues, wear particles are generated on the sliding interface
causing ploughing. Wear particles in frictional interfaces normally have two possibilities. They might
leave the interface or penetrate one of the surfaces [7, 38]. The penetration of the wear particles
inside the counterpart surface results in more generation of the wear particles [38]. The ploughing
contribution reaches its lowest value when there are no wear particles in the interface or a hard
smooth (mirror finish) surface in contact with a soft surface [7]. The impact of ploughing is more
pronounced when wear particles on a frictional contact of identical metals penetrate deep inside the
other surface [7]. Regarding the adhesion contribution, it almost has no effect on the initial COF and
can be neglected due to the presence of third-body layers of contaminants [7]. The absence of the
third-body layers causes an increase in the contribution of adhesion to its maximum [7]. The adhesion
and ploughing contributions can be reduced by applying liquid lubricant to prevent interlocking and
seizure [38]. The number of wear particles can be minimised and also transported away from the
interface through the lubricant [38]. However, it is not applicable for applications that experience high
temperatures while sliding. The contribution of plastic deformation can be also avoided by ensuring a
low contact stress is applied to the interface. High stresses are the main driving force to deform

junctions plastically [37].

2.3. Comparative review on friction of ceramics, metals and polymers

It is acknowledged that friction is a materials-dependent interaction. This means that a friction

mechanism can differ notably if a contact pair was altered from one material category to another. The

16



most commonly used materials in friction studies are ceramics, metals and polymers. They differ
largely in their mechanical and tribological properties. Ceramics in general have outstanding
mechanical properties such as high wear resistance [36]. They, however, suffer from their inherent
brittleness [41]. This causes internal and surface flaws during fabrication and machining [41]. Ceramics
experience fracture with plastic flow in the surface layers causing changes in the crystal structure such
as dislocations, vacancies and stacking faults [42]. The plastic flow in ceramics can be observed under
relatively modest conditions of sliding in magnesium oxide, aluminium oxide and silicon carbide [42].
When comparing ceramics to metals, metals are ductile materials and can be easily deformed
plastically under lower loads [42]. Dry friction between ceramics is usually lower than metals in the
same condition even at high temperatures [36]. In metallic contact, the principal interaction is the
formation and then breaking of the metallic junctions [43]. As friction is determined by the direct
contact of the surface irregularities, which are pressed by high concentrated pressure resulting in
strong welded junctions (strong adhesion; cold-welded) [43, 44]. Due to the high pressure, plastic
deformation occurs on the surface irregularities until they can support the load [44]. Metals and
ceramics behave similarly under low contact pressure [42]. Both experience elastic deformation under
this condition with no presence of grooves or cracking caused by the plastic flow [42]. In the case of
exceeding the elastic limit, ceramics (as opposed to metals) undergo gross fracture in addition to
plastic deformations [42]. When the metallic interface experiences tangential stress in addition to the
normal stress, junction growth becomes more pronounced which is a typical phenomenon in metallic
contacts [44]. The situation in polymers is quite different from those in ceramics and metals. It has

been suggested that junction growth is small in polymers (i.e. it can be neglected) [44].

Another significant feature of metals affecting the friction interaction is their chemical activity [42,
45]. This is correlated to the d-shells population in the metals” molecular structure [45]. It has been
shown that a large d-shells population means that the metal would be less active and this gives rise to
a lower COF and vice versa [45]. The reason for that is the presence of strong interfacial bonds formed
between the highly active metal and the counter surface [42]. Polymers could be a good alternative
to metals in engineering due to their low friction [46]. They could be used as a self-lubricant (i.e. there
is less or no need for a lubricant), particularly in the presence of PTFE (fluoropolymer of
tetrafluoroethylene) [46, 47]. The low friction in polymers compared to metals can be attributed to
the adhesion contribution which is relatively weak when polymers contact metals [46]. Adhesion in
polymers arises from Van der Waal’s force or hydrogen bonds [46]. They have low shear strength and
high yield stress which favours the shearing [46]. Polymers also have high resistance to corrosion
which is suitable for a corrosive medium [46]. In polymers, it is expected to observe a single point of

contact in high loads where the real contact area approaches the nominal contact area [44]. On the
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other hand, the mechanical properties of polymers are quite poor compared to other materials (metal
and ceramic) [46]. For example, polymers behave poorly in compression due to their low strength and

can be easily worn [46].

The friction of materials is notably affected by the presence of third-body layers such as oxide or
contaminant layers which prevent the surfaces from direct contact [42]. The thickness of the inevitable
oxide layers on the frictional interface is believed to be around 80 to 100 angstroms [43]. Such layers
act as a protective film at light loads [43]. The removal of such layers leads to direct contact between
the surfaces, causing increased friction due to adhesion and chemical interactions between the atoms
of the contacting surfaces, which is commonly observed in ceramics and metals [42]. The third-body
layers are believed to have a strong influence on the contacting surfaces at light loads [43]. In light
loads, usually the oxide-on-oxide contact is the predominant interaction and thus friction would be
low [43]. An observed increase in the load causes the oxide film to rupture leading to a rise in friction
[43]. The presence of the oxide layers in metals can show different behaviours. For example, it was
shown that the oxide layer on the silver surface was so thin which was not capable of protecting the
metal surfaces from naked contact [43]. Friction in such a condition was fluctuating [43]. When testing
aluminium, the oxide layer on aluminium was strong (high hardness) relative to silver and copper
surfaces and easily sheared [43]. It was suggested that the high hardness and ease of shearing are the
main requirements for the oxide layer to cause low friction [43]. A way to attain clean surfaces by
removing the third-body layers and examining the effects of the contaminant is to perform a friction
test in a vacuum after heating the surfaces at high temperatures [48, 49]. Surfaces were tested in
varied temperature conditions. For a friction test of surfaces cleaned by ordinary methods, the COF
could be as low as 0.3 [49]. This value jumped to 6 after prolonged heating at high temperatures above
1000 °C [49]. Friction was low for a metal-ceramic interface for a temperature of 250 °C [48]. It rapidly
increased when the temperature was in the range from 400 °C to 800 °C [48]. The increase in friction
was attributed to the increase in adhesion (strong molecular adhesion) and plastic flow [48, 49]. This
was associated with the absence of oxide and contaminant layers [48]. If carbon was involved in one
of the surfaces structure such as silicon-carbide, the further increase in temperature above 800 °C led
to introduce graphitisation on the silicon-carbide surface which rapidly decreased friction [48]. The
oxide layer can also be present after heating when the surfaces were allowed to rest at room
temperature in a vacuum resulting in a gradual friction decrease due to the building up of
contaminants [49]. To investigate the oxygen presence in a more meaningful way, surfaces were
exposed to oxygen, nitrogen and hydrogen [49]. It was shown that imposing oxygen on metallic
contacts gave rise to a significant reduction in the COF [49]. The quantity of oxygen needs to be

sufficiently large to cause the reduction [49]. Adding hydrogen or nitrogen did not cause any change
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in the COF of the vacuum-heated surfaces [49]. It is worth noting that for a gold-on-gold contact, the
introduction of oxygen did not lead to a pronounced decrease which was opposed to the other metal

pairs [49].

The relationship between the COF and the normal load can exhibit different trends depending on the
materials used and the applied pressure. It was found that ceramics and polymers produce a
decreasing trend of the COF with the load. For ceramics, it is believed that this is only true under very
light normal loads. This was investigated using silicon carbide in contact with a diamond under light
loads ranging from 5 to 50 g using a diamond sphere with a radius of 0.3 mm as a top object [36]. The
relation between the load and the COF for such an interface showed a decreasing trend which is typical
behaviour of a mostly elastic deformation regime [36]. This was supported by the absence of grooves
or cracks on the tested silicon carbide surface even at high magnification of the electron microscope
[36]. In polymers, the decreasing trend could be observed under a wide range of normal loads due to
their elastic nature. It was shown that polymers can exhibit a varied degree of sensitivity with the load
[47]. It resulted that the lightly loaded interface showed less sensitivity with the load, meaning that
the COF was not varied in that condition [47]. With the continuous increase in the load, the COF
became highly sensitive to the load (i.e. the COF was decreasing with the load) [47]. The pressure
value that determines the transition from low to high sensitivity was dependent on the material
hardness [47]. Softer polymers showed a transition between 25 to 35 MPa, while the harder ones
showed a transition at 60 MPa [47]. The degree of sensitivity is believed to be also related to the
relationship between the nominal pressure and the yield pressure of the polymer [47]. It was found
that for low-yield stress, a fast decrease in the COF was observed [46]. In metals, the relationship
between the COF and the load for a wide spectrum of metallic contacts is usually constant (1% friction
law). However, there was some deviation from this statement for copper-on-copper or steel-on-
copper interfaces where load-dependent COF was observed [43]. Three distinctive normal load
regions were experienced depending on a certain load range [43]. Initially, the COF was constant
around 0.4 (independent of the load) for a load range from 0.01 to 1 g [43]. A gradual increase in the
COF from 0.4 to 1.8 was observed for loads from 1 to 40 g [43]. After 40 g (until 40 kg), the COF was
stable again but at a higher value of around 1.8 [43]. The increase in friction was attributed to the
engagement of more metallic junctions after the penetration of the oxide layer when the load was
increased [43]. Experiments on silver-on-silver and aluminium-on-aluminium as well as steel-on-
aluminium showed no dependence of the COF on load even under light loads [43]. The independence
of the COF on the load is believed to be attributed to the width of the plastically deformed region (for

a pin-on-disc, it is the wear track) and the thickness of the deformed layer [50]. If the multiplication of
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these two components is linear with respect to the normal load, then the COF would be constant

(independent of the load) [50].

Surface topography is another influential factor in the friction of materials. Experiments were
performed in different contact scenarios and varied surface topography to examine the impact of
manipulating surface topography on friction. It resulted that varying surface geometrics can give rise
to different friction behaviour of contacting surfaces [14, 51]. It was also shown that the orientation
of the modified surface (linear grating) relative to the sliding direction and the counter surface (if both
surfaces were varied) had a direct impact on the resulting friction [14]. If the surfaces had the same
orientation (i.e. the alighment is 0° between them) and the sliding direction was perpendicular to both
surfaces, this rose the COF to higher values than the reference sample (un-modified) and as well the
90° alignment [14]. This was attributed to interlocking occurring at 0° alignment unlike the orthogonal
alignment [14]. An interesting feature in the reference sample was an observed increase in the COF
throughout sliding shown in two slopes unlike the modified surfaces [14]. The different slopes of the
increase in the COF of the reference sample were attributed to the inhomogeneous oxide layer on the
surface that affected the interfacial shear strength [14]. It was believed that the interfacial shear
strength was varied during sliding as the interface was altered due to the oxide layer presence [14].
This was also seen in a study performed by Rabinowicz [52] who found that the interfacial shear
strength was indeed altered during sliding. Another way to study the impact of surface topography
was to design surfaces with different shapes and texture densities. Two texture shapes including linear
and wavy grating were designed with different texture distances ranging from 100 to 400 um [51]. It
was shown that the wavy texture resulted in the lowest COF among the other surfaces [51]. This was
more pronounced in 100-um texture distance [51]. When the texture distance was increased to 400
pum, there was no clear difference between all surfaces [51]. The surfaces with varied surface
topography showed an enhanced stress distribution where the stress was distributed uniformly across
the contact area [51]. The stress distribution on the reference sample was not uniform and was highly
concentrated around the edge of the contact area which caused evident wear scars on these regions

[51].

Wear in ceramics and polymers is generally induced by plastic deformation and ploughing due to the
dissipation of the friction energy that marks the transition from elastic to plastic deformation regimes.
When the normal load is first applied, the surface asperities may experience elastic or plastic
deformation [47]. If the local pressure is high and exceeds the plastic flow pressure of the material,
plastic deformation occurs [47]. As soon as the tangential load is applied, the interface experiences
normal and tangential stresses which would facilitate the plastic deformation due to shearing the

asperities [47]. Generally, in polymers, a transfer film is observed particularly in an interface involving
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PTFE [53]. The transfer film observed in PTFE when contacting metals (or hard surfaces) is useful in
reducing wear in the interface as the transfer film can act as a lubricant [53]. Wear in ceramics is
mainly affected by plastic flow, cleavage (of certain structure orientation) and fracture [36, 41]. At
ambient temperature, brittle interactions such as cracking or pull-out of grains in ceramics are likely
to strongly influence the wear rate [41]. Wear in ceramics (some concepts can be also applied to
polymers) can be categorised into two principal terms which are adhesive wear and abrasive wear
[42]. The adhesive wear is related to the adhesion between two ceramics into contact or ceramic-
metal interface [42]. For the adhesion-induced wear to occur, the fracture strength of one surface
must be less than the interfacial fracture strength [42]. If the interfacial fracture (bonding) strength is
less than the two surfaces in contact, the fracture occurs with no wear (theoretically suggested) [42].
Once high pressure is applied, local pressure regions are developed causing fracture of cohesive
bonds. In the case of a ceramic-metal interface, a metal transfer is likely to occur due to the strong
adhesive bonds in the interface which are much larger than the cohesive bonds of the metal [42]. The
abrasive wear occurs when the hardness of contacting surfaces is significantly different (e.g. one
surface is much harder than the other one) [42]. Such a wear condition was also observed when hard
particles of the third body were entrapped in the interface that were harder than one or both of the
contacting surfaces [42]. The existence of the wear particles in the interface can cause abrasion and
ploughing due to their interactions in the sliding contacts [54]. They also can act as load-carrying

elements which reduces the wear rate [54].

Friction and wear of ceramics are strongly affected by the sliding speed of the sliding contacts. It was
shown that high sliding speed favours the reduction of the wear rate, but at the expense of increasing
the COF [41, 54]. A wide range of sliding speeds was applied in Denape and Lamon’s study [54] to
inspect the speed effect on the tribological behaviour of ceramics. The wear rate was initially
decreased with a sliding speed towards a minimum rate then started to rapidly increase after a critical
sliding speed of 0.5 m/s [54]. In contrast, the COF was initially increasing until the critical speed
towards a maximum COF then started to decrease [54]. It was noticed that among the tested ceramics,
sintered silicon carbide exhibited a relatively constant COF and wear rate (unaffected by the sliding
speed) and these values were the lowest among the remaining ceramics [54]. The dynamics of the
tribological interactions can be briefly discussed in the following. The low-speed condition (below the
critical value) caused the accumulation of wear debris [54]. This debris increased the COF due to
ploughing but decreased the wear rate [54]. The decrease in the wear rate was believed to be the
result of the load-carrying effect of the wear particles, reducing the wear effect caused by the contact
pressure [54]. Exceeding the critical speed led to eliminating the wear debris from the interface

causing a reduction to the load-carrying effect, thus more wear particles were generated [54].
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2.4. Measurement of friction

Experiments on measuring friction generally involve either a pin-on-disk configuration (rotation
motion) or reciprocating sliding (linear) or unidirectional sliding. They all were useful tests depending
on the specific application. Choosing a certain method is normally dependent on the test objectives
and the facilities available. The first two methods are commonly implemented in friction experiments
because they can be used to acquire friction and wear results via a single test. They have been also
employed in many commercial tribometers which widens their applicability. However, a smaller
number of studies have investigated friction by unidirectional sliding. This might be because it is
restricted to very limited sliding displacement. Nevertheless, it provides vital information for materials
properties concerning friction and stiffness of materials. Friction experiments are usually associated
with elements that should be carefully assigned to obtain successful results. They are mainly related
to ways of applying tangential force (movement), normal load, and measuring these forces. In the

following, a brief literature review of these three elements will be presented.

2.4.1. Tangential movement

Applying tangential movement was mostly achieved in the literature by a motorised actuator. Utilising
an actuator to cause a linear motion differs from one study to another. It can be used to move a lower-
, upper-surface or specimen between the surfaces while performing a friction test. For example,
Mulvihill et al. [55] used actuators to move a carbon fibre tow between two glass surfaces. The glass
surfaces are held stationary, while the tow is pulled by the actuator. Friction force in this arrangement
is measured from the double contact between the two surfaces and the fibre. However, moving a
specimen between two surfaces might cause a little complication in the system as there are two
friction interfaces between the specimen and the two surfaces. The contribution of each interface to
the resultant friction might not be known precisely. Therefore, studies in the literature are more

directed to measuring friction from a single contact by moving one surface relative to the other.

Contrary to the motion caused by a motorised actuator, tangential movement can be initiated by
mechanical action. Bowden and Leben [56] utilised water pressure to initiate a linear movement
resulting in friction between two surfaces. This method seems to be a conventional way to perform
sliding, but it was relatively as effective as the motorised actuator. In the experiment of Bowden and
Leben, water pressure was employed to apply tangential motion to a lower surface mounting on a
carriage. The carriage is attached to parallel rails. This movement enables the two surfaces to be in
contact initiating tangential force. The mechanism of the tangential movement was achieved by filling

water in a cylinder that contains needle valves to control water flow through the cylinder. The cylinder
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contains pistons moving at a steady rate to ensure a steady movement of the lower surface. Fig. 2. 5

illustrates a diagram of the apparatus used in the Bowden and Leben study.

scale

Fig. 2. 5. lllustration of the friction apparatus. key components: Q- upper surface (spherical slider), YZ- Duralumin

arm, XX- Bifilar suspension, P- bottom surface, R- circular spring to apply the load, J- pulley, K- axle [56].

2.4.2. Application of normal load

Exerting normal load on a friction interface can be done in various ways. When applying the load, it is
important that it can be controlled and unaffected by surface irregularities. One way to achieve this is
by Implementing piezo-actuation on an upper surface to eliminate the effects of the irregularities on
the load [14, 57]. It can be applied for example by dead weights [58], compression springs [55] and
pneumatic cylinders [59]. Dead weights are commonly used in sliding contact experiments. The
method is usually implemented with a pulley to help maintain the load. To obtain a more flexible load
range, compression springs and pneumatic cylinders are utilised. In the former [55], the load is applied
by compressing the springs with nuts. The springs are positioned in the top corners of the contact
interface. The load is then measured by a load cell connected to a computer interface for accurate
measurement. In this method, the contribution of individual springs should be equal over the interface
to ensure better interface alignment. The pneumatic cylinders [59] permit utilising gas or pressurised
air to produce force. The cylinder is attached to a load cell and can vary the load between 1 to 100 N.
The resulting signal is proportional to an applied force. The signal is then amplified to be measured by
a computer interface. The load is transmitted through a lever arm pivoted on ball bearings. This
mechanism allows controlling the value of the load without any effect from deflections of a sample or

sample holder. The performed method is shown in Fig. 2. 6. The load can be fixed or varied during a
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sliding test. The fixed load is needed to inspect the effect of sliding distance or speed on friction [58],

whereas the varied load is required to observe how friction changes with load.

Q
0-1Q N Pivot| Tangential force
transducer ~J
N p L Rockwell C
orimal, force indentor
transducer
N : xy-table with
EnEimeric stepper motors
R cylinder SIEPD ’
L
'Voltage-pressure] <~ Microcomputer for control
converter s and data acquisition
/{\ Signals from normal and
Compressed air tangential force transducers

Fig. 2. 6. Utilisation of a pneumatic cylinder for applying normal load on a specimen [59].

2.4.3. Measurement of friction force and contact area

Even though itis known that employing load cells for measuring forces provides accurate results, there
are non-load-cell methods that allow for obtaining accurate measurements. For example, Bowden and
Leben [56] implemented a torsion arm attached to a lower surface to measure friction force. Once
there is tangential force, the arm is deflected which is an indication of a force between two contacting
surfaces. Measuring the deflection was carried out by the reflection of a light beam through a mirror
passing via a horizontal slit in a camera. Another method to use the deflection of an object to measure
friction force was applied by Gachot [57]. The study used the deflection of a spring in the horizontal
axis to measure the tangential force. The spring has a tangential stiffness of 1.1447 mN/um. The
deflection is measured by optical displacement sensors. This method employs a fibre-optical sensor
to measure the deflection of an elastic arm connected to a contact zone. In addition to these two
studies, Kang et al. [15] utilised deflection of bi-axial leaf flexures (see Fig. 2. 7). The magnitude of the
deflection is calculated by measuring the displacement of the flexures in the presence of the force by
knowing the stiffness of the leaf flexures. To monitor the normal load throughout sliding, a precise
load cell was inserted underneath the sample and above the mounting stage. The leaf fixtures were
made from aluminium alloy that has an elastic modulus of 71.7 GPa. The PDMS half-sphere was first
aligned with the opposing surface. As soon as the PDMS touches the surface, a deflection in the normal
direction occurs, ensuring contact. Then, sliding is taking place causing the rigid members, which hold

the hemispherical PDMS, to deform. The defection is measured by a laser displacement meter.
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Normal Force, R = 700 mN

Load Cell
Moving Speed, v= 1.5 mm/s
Stage
IStep—1: Sample Loading Step-2: Contacting Step-3: Sliding

Fig. 2. 7. Schematic diagram of deflections on vertical and horizontal axes occurring on the leaf flexures [15].

It is acknowledged that friction force is directly proportional to the real contact area (4,.). Therefore,
it is vital to implement techniques that permit measuring the real contact area. This allows tailoring
friction force to attain control over the frictional behaviour of contacting surfaces. Measuring A, in
friction tests can be carried out by using optical techniques. This typically requires transparent
surfaces to permit the passing of light through the contact zone, which does limit the applicability of
the optical techniques in the real contact area measurements. An early example of using light
reflection to measure the true contact area was achieved by Archard [34]. An illustration of the
procedure is shown in Fig. 2. 8. The experimental setup to measure the contact area involved a Perspex
truncated prism as a lower flat surface (labelled as “B” in the figure) pressed by an upper Perspex
surface (A) fixed to a holder (C) through a rubber sheet (D) to optimise the conformity when the load
was applied. The procedure began with illuminating the side-face of the prism via a mercury lamp. The
light entering the prism ideally should be totally reflected from the other side of the prism. If there
was no intimate contact between the flat surface of the truncated prism and its counterpart, the light
passed the Perspex surface and would be totally reflected. The areas where there were intimate
contacts between the surfaces did not allow the light to pass and were shown as dark spots. The size
and number of these spots were determined by the load. Higher normal loads resulted in more dark

spots and some of them with larger sizes as illustrated in Fig. 2. 9

25



to camera

Fig. 2. 8. Measurement of the real contact area carried out by light reflection on a Perspex truncated prism as a
lower surface (B) in contact with a Perspex surface (A) that is fixed to a holder (D) through a rubber sheet (C)

[34].

Fig. 2. 9. Optical image of the reflected light through the truncated prism. The dark spots are the points of contact
(destructive interference). The size and number of these spots can be related to the applied contact pressure

[34].

Another (relatively) recent attempt to utilise the light reflection was carried out by Ovcharenko et a/
[60]. This study used a light beam emitting towards a contact zone. The light reflected when it touched
an asperity peak that was not in contact with the counter body (air gaps). Light reflection formed
Newton’s rings, where the centre of the rings corresponded to the real area of contact. The area was
then measured by using image processing algorithms. Despite the requirement of transparent
surfaces to measure A,. by optical techniques, Mulvihill et al. [55] managed to measure A,. of opaque
material with an optical microscope. Their technique involved coating a glass plate positioned on top
of a carbon fibre tow containing filaments used for conducting the test. The coating was composed of
a base layer of 8 nm thick of chromium and a thickness of 140 nm of silica as an outer layer. The
filaments produced colour when they touched the glass plate and this was seen through a microscope.
This method was optimised with regard to image contrast to distinguish the non-contacting filaments

from other parts that might touch the plate. A similar approach was implemented by Weber et al. [26]
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using pressure-sensitive film coated on glass surfaces in contact with a polystyrene sphere. The study

aimed to investigate the growth of the real contact area during the three stages of sliding.

2.5. Surface texturing

2.5.1. Introduction

Surface texturing is considered an important aspect of materials engineering. It has been implemented
in different applications, such as magnetic storage and MEMS [17]. It is used to achieve certain
purposes, concerning altering surface characteristics [61]. For example, the soles of laborers’ shoes
have been textured to facilitate the movement of laborers on mouldy grounds [61]. Texturing surfaces
in tribology can be defined as changing the surface topography of materials to improve their
tribological properties [29]. The structures are in a form of organised (uniform) features with
controlled geometry [29]. This technique has been widely studied in terms of improving the

tribological properties of materials.

Topographical modifications have led to promising advances in micro and nano-scale structures [9].
The modifications permit improving friction interactions between contacting surfaces [17, 62, 63]. It
has resulted that modifying surfaces by texturing showed lower friction than un-modified ones [9, 17,
38, 63]. However, it should be emphasised that friction is a function of multiple parameters that
influence the overall friction (i.e. contributions from adhesion, ploughing and deformation) [38]. For
instance, structured surfaces can help reduce the effects of adhesion, but there are still other
parameters that should be managed [38]. The impact of surface texturing will be discussed in detail
later in this chapter. Before investigating surface texturing, it is worth providing a basic history of how

and when texturing began to be important in engineering applications.

2.5.2. Early stage of surface texturing

Structuring surfaces rose in importance with the basic idea being explored more than a century ago in
the United States [64]. The idea was to texture surfaces to allow better rotation of a bearing without
unnecessary friction [64]. This mechanism enables feeding the bearing with adequate lubrication
facilitating the rotation movement [64]. Later in 1917, German researchers improved the idea by
producing depressions on surfaces to improve the tribological properties of surfaces [64]. The idea of
texturing surfaces continued to develop due to the need to overcome obstacles encountering
contacting objects, especially those in engines [64]. Such objects experience high temperatures that
lead to severe scuffing (surface damage) due to lubrication shortage [64]. Textured surfaces have
succeeded in minimising the effect of lubrication shortage between parts of diesel engines; thus, it

proved possible to reduce friction between the engine parts by structuring their surfaces [64].
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In addition to the previous achievement, another early industrial attempt to produce structured
surfaces was achieved by Schneider in 1984 [65]. The manufactured surfaces were made by a
technique called vibro-rolling [65]. Use of this method was successful in reducing surface damage to
materials that are susceptible to scratching and seizure [65]. This was more pronounced on contacts
under the early sliding friction regime, where materials have high resistance to movement [65]. These
successful attempts paved the way to create more robust techniques to further improve the quality

of the textured surfaces.

2.5.3. Novel techniques for texturing

Texturing techniques have developed dramatically since the nanotechnology revolution begun.
Nanotechnology has entered the competition of producing cost-effective structured surfaces. It can
provide good topography control for a textured surface [61]. It also enables obtaining a good analysis
of lithography-fabricated structures by employing white light interferometry [61]. This interferometry
technique uses a broadband light source emitting towards a target surface to measure height variation
[66]. This is then compared to a mirror-like object inside the apparatus promoting an accurate analysis
of surface topography to effectively examine fabricated surfaces [66]. The significance of such a non-
contact profiler is that it can provide sub-nanometre vertical resolution, providing high resolution with

less probability of surface damage [67].

Multiple techniques have been used in the literature to modify surface topography. They are mainly
laser surface texturing (LST) [14, 51, 68-71], photolithographic etching [72-76], crystallisation [77, 78]
and micro-cutting [79]. It is important before implementing a texturing technique to consider the
availability of a suitable facility that allows producing and characterising surfaces, while at the same
time, having good control over the parameters of the final surface. It is also significant to take the cost
associated with a chosen technique into account. Among these techniques, LST and photolithographic
etching are the most common techniques to produce structured surfaces. These two lithographic
techniques have shown their capability to produce repeatable and good-fidelity structures. The

features of these two techniques will be discussed in the following.

The first technique to discuss is Laser surface texturing (LST). It is an approach that is widely
implemented to structure surfaces for friction tests. It uses laser interference to create
micro/nanostructures [14]. These structures are generally formed by splitting a primary laser beam
into two secondary beams that are then interfered with [14]. Formation of the structures is achieved
by inducing a surface tension gradient by a temperature gradient between maximum and minimum
laser intensity [62]. Following this, surface topography is formed as isolated lines with micro/nano

dimensions by the projected sinusoidal waves [14]. By this technique, re-solidification, intermetallic
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phases and melting can be induced [14]. Even though LST is a promising technique for tailoring
surfaces, it introduces residual stresses and microcracks during the melting/re-melting process [61,
74]. Surfaces made by LST might give rise to severe abrasive wear on a counter interface caused by
molten particles ejected during the feature formation [29]. The molten particles cause wear because
they are re-solidified on the minimum laser intensity positions, causing surface imperfection [29].
However, a technique called direct laser interference patterning (DLIP) can be used to reduce the
effects of these issues [61]. It also can produce complex structures [61, 80]. However, it should be

noted that the productivity of LST is low due to a slow process of texturing [61].

Another technique for producing textured surfaces is photolithography. It can be referred to as
photochemical texturing (PCT). Patterning surfaces by photolithography is done by exposing the
surfaces to ultraviolet (UV) light passing through a mask [29, 61]. The mask contains an intended
pattern which is transferred onto a sacrificial layer (photo-resist) [29]. It is then followed by chemical
etching to obtain the patterned structure [29]. Fabricating structures by photolithography
necessitates carrying-out experiments in a clean room facility illuminated by yellow light [29]. This is
because the photoresist is highly sensitive to white light — or any other coloured light — affecting its
characteristic before it is even exposed to UV light [29]. PCT is preferable for practical tests in
laboratories, as they are versatile [29, 61, 74] and flexible [61]. Additionally, it provides good
resolution for a patterned surface with a reasonably short time for patterning, particularly for a large
area of texturing [29]. This is because patterning is normally independent of the area of texturing

which is opposed to LST [29].

2.5.4. Influential factors

It has been shown that the effectiveness of surfaces designed by texturing techniques has been
influenced by several factors related to experimental conditions, shape design and materials used.
There are also other factors that should not be ignored which are surface chemistry and

microstructure of contacting materials [61].

Considering the experimental condition (including texture design), it is regarded as an important
aspect that directly impacts the outcomes of friction tests. Here, two factors of the experimental
procedure will be discussed. The first is related to a contact arrangement between the counter bodies.
It has been shown that the feature orientation of the structured surfaces relative to the sliding
direction is a critical factor. Yu et al. [81] have found that performing sliding perpendicular to the
feature orientation resulted in higher friction than the parallel direction. They claim that this is only
true if the load was sufficiently low with narrow grooves [81]. The shape design of the structured

interfaces is a crucial element of a friction study. The parameters of the pattern design should be
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carefully chosen. It was observed that COF for textured samples was higher by 20% than untextured
ones with a spacing of 100 um [82]. This percentage decreased to 9.4% when the spacing was
increased to 250 um [82]. This means that reducing pattern density leads to lower friction in the
interface, which might be attributed to the less real contact area. However, these findings contradict
Xing et al. [51] and Wang et al. [8] with respect to an observed decrease in the friction force of textured
samples when small spacings were patterned. Even though there is disagreement between these
studies regarding the effect of spacing, they all agree that the pattern density has a direct effect on

the friction results.

The effectiveness of surface texture can also be impacted by a factor related to materials used in the
friction tests, specifically for dry friction. Surface texturing in a study performed by Kang et al. [15]
resulted in higher friction which contradicts many studies in the literature. They performed a friction
test by a material pair containing an aluminium flat surface with micro domes against a hemisphere
of PDMS. The PDMS is known as a soft material, opposing the aluminium surface. The aluminium is
likely to penetrate through the PDMS surface requiring more force to overcome the interlocking. The
increase in friction on the structured surfaces was not observed when the contacting pair contain the
same material. This was seen in a study performed by Gachot et al. [14], comprising two steel surfaces.
Such a pair resulted in a reduction in friction for the structured interfaces compared to the
unstructured ones. Perris et al. [83] successfully demonstrated that it was possible to tailor structured
interfaces (with an adjustable squarewave topography) to have particular design values of normal
contact stiffness. They performed the tests on structured polymer surfaces produced via injection
moulding using novel flexible mould inserts produced by nanoimprinting from a structured silicon
master (as outlined in Hamilton et al. [84]). Likewise, Hamilton et al. [85, 86] deployed the same
squarewave structures in boosting the strength and toughness of adhesively bonded polymer
interfaces via mechanical interlocking of the adherands. In a sense, the present work aims to achieve

similar advantageous possibilities for friction in Chapter 4.

Having succeeded to select the suitable parameters for structuring surfaces, it is reasonable to ask
whether we can control key drivers of friction which are adhesion and ploughing. These two factors
are affected by real contact area and wear particles, respectively. In theory, structuring surfaces might
allow control of the adhesion contribution to friction by altering contact area [38, 80]. Ploughing is
adjusted by trapping wear particles in the structured features (trenches), reducing its contribution to

friction [8, 82].

Surface texturing is advantageous in the two typical conditions of friction experiments which are

lubrication and dry friction, aiming to control the key factors of friction. Regarding lubrication,
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textured features provide a micro-reservoir for lubricant applied, enhancing the lubrication
mechanism [15, 17]. The textured features are particularly beneficial when lubrication becomes
ineffective (boundary lubrication) [38]. In terms of dry friction, surface texturing enhances the
frictional behaviour of contacting surfaces by trapping wear particles [63, 80]. The existence of these
particles increases the friction force between contacting objects [7]. Trapping wear particles (debris)
is achieved by accumulating these particles in surface depressions (textured structure) [38]. Removing
these objects from the contact zone reduces wear between the two surfaces, thus reducing friction
[38]. To achieve the trapping mechanism, it is necessary to structure the interfaces with certain
parameters [38]. These parameters are illustrated in Fig. 2. 10. Firstly, the length of a feature of a
structured surface (L) and a gap between any two features (g) should be in a close approximation to
prevent ploughing — i.e. their ratio should not be much less than 1. Secondly, the ratio of length and
height of a feature should not also be less than 1. This reduces the chances of plastic deformation [38].
Additionally, it is important to design the features in which wear particles with different sizes can be

entrapped.

g

Fig. 2. 10. The parameters that affect the trapping mechanism [38].

Surface texturing has shown its importance in investigating the tribological behaviour of contacting
surfaces. Previous studies have investigated metals and polymers in order to inspect the feasibility of
controlling friction by structuring their surfaces to explore their applicability in industry. It would be
favourable to study the effect of surface texture on the frictional behaviour of idealised materials to
obtain a desirable understanding. The photolithography technique was chosen in this study due to its
flexibility and capability of producing high-fidelity near idealised features. The structured features
were patterned on silicon samples possessing high flatness and nanoscale roughness. Such a material
condition allows for studying the frictional behaviour of the structured surfaces without interference

from other factors.

2.6. Friction in reciprocating sliding

Studying the frictional behaviour of materials via reciprocating sliding is a significant aspect of
assessing materials’ resistance to damage. Typically, thousands of cycles are required to allow for
assessing materials’ endurance to severe loading. The damage occurs due to experiencing repeated

sliding over the same areas. This means that the friction features of tested materials are affected by
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the history of sliding. The history-dependent sliding is generally similar to unidirectional sliding in
terms of elements of sliding (pre-sliding, stick and gross slip). Each cycle of the friction hysteresis loop
composes of forward and backward sliding. The difference between them forms an area during
cycling. The area corresponds to the energy consumed (energy dissipation) during sliding that can be
consumed in different forms such as in the plastic deformation, sound or heat (see Fig. 2. 11) [27].
Observing the geometric characteristics of the loops, (i.e. width and shape etc.) in a friction test can
help identify fretting regimes [87, 88]. Normally, the hysteresis loops can be in the shape of an elliptical
or approximate parallelogram. The elliptical-shaped loop indicates that the test condition is under
fretting fatigue (partial slip), whereas the semi-parallelogram shape is an indication of the fretting
wear regime (associated with gross sliding) [27, 87]. The impact of fretting is illustrated in a simple
schematic in Fig. 2. 12 to show how the surfaces are affected. The figure shows the material loss that
increases with sliding cycles. It has been suggested that when surfaces experience overstraining, it
results in wear formation (fretting wear), whereas crack generation (fretting fatigue) is initiated in the
event of undergoing overstressing [89]. One practical example of an application that experiences the
fretting regime is wind turbines [89]. The contact between the turbines and blades undergoes
different forms of displacement amplitudes [89]. Therefore, wind turbines are more likely to suffer

crack nucleation and wear formation.

Pre-sliding  Microslip Gross slip

Energy
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Fig. 2. 11. A typical frictional hysteresis loop from a reciprocating sliding test. K;: is tangential stiffness (adapted

from [90]).
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Fig. 2. 12. The impact of wear caused by the reciprocating sliding is sketched to showcase how the surfaces are

affected by sliding cycles [91].

The elements of sliding, namely pre-sliding (partial slip) and gross slip, in hysteresis loops are
considered the main factors that lead to causing fretting fatigue and fretting wear [92]. Experiencing
such fretting types in reciprocating sliding is mainly dependent on the tangential displacement
amplitude [90]. Fretting fatigue occurs when the displacement amplitude is small enough [92]. This is
observed in the partial slip region, where most of the contacting points are stuck [92]. This fretting
regime leads to crack generation at the interface [90]. When the displacement amplitude is larger, the
fretting regime transits to fretting wear where most of the contacting points are in the gross slip region
[92]. In fretting wear, normally large debris comes out from the interface resulting from material loss

[27].

Studies in the literature attempted to characterise the fretting regimes and determine the boundaries
where the sliding condition transits from one phase to the other. It was shown that the transition from
the partial slip regime to the gross slip interaction can happen at a displacement amplitude as small
as 15 um [93]. In some cases, the partial/mixed stick-slip can continue up to a displacement amplitude
of 70 um [91]. It is suggested that the displacement boundaries that determine the fretting regimes
are affected by the normal load (i.e. the load can shift the critical displacement) [91]. The former value
(15 um) was obtained from loads up to 50 N, whereas the latter (70 um) resulted from loads reaching
147 N. It can be said that the experimental conditions (normal load, contacting materials, contact
arrangement etc.) are important in determining the critical displacement amplitude. It is known that
the increase in the slip amplitude adjusts the fretting regime. This can be utilised to prevent fretting
fatigue from occurring, but this would be at the expense of obtaining more wear particles causing
grooves on the surface [93]. The effect of the slip displacement amplitudes on loop shape is
schematically presented in Fig. 2. 13. The interactions observed in the fretting tests differ from one
phase to the other and are discussed in the following according to a few experimental studies in the

literature.
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Fig. 2. 13. The friction hysteresis loops are characterised into three main stages: (a) partial slip, (b) mixed stick-

slip, and (c) gross slip [91].

At a low displacement amplitude (Fig. 2. 13 (a)), a linear relationship between the force and
displacement is seen for a displacement amplitude of 2 um [93]. The fretting loop here is only a
straight line. The surfaces in such a fretting regime are contacting in multiple points [93]. No damage
is observed during this small slip amplitude. The linear relationship indicates that the interactions were
elastic with the surface asperities deforming only elastically [89, 93]. It is suggested that surfaces in
this fretting regime suffer only from mild deformation and the main action is the scratching of the
oxide layer [91]. The repeated sliding in this fretting regime is believed to be the cause for the
nucleation and propagation of fatigue cracks and this reduces the fatigue life of the fretted surfaces
[89, 91, 93], but this was not observed in an experimental study performed by Vingsbo [93] after 10°
cycles. This suggests that the number of cycles (in addition to other experimental conditions) might

be insufficient to cause the cracks.

When the displacement amplitude increases a little more, the fretting regime transits to the mixed
stick-slip phase. The width of the loop becomes slightly wider than the first case (see Fig. 2. 13 (b)). In
this stage, fretting wear scars start to appear on the surface [93]. The existence of the wear scars is an
indication of the transition from elastic to plastic deformation where the contact asperities are
sheared [93]. The wear scars observed in this stage were surrounded by areas (i.e. the rim of the wear
scar) suffering from cracks [93]. The wear particles generated in the interaction are trapped in the
interface and with the continued application of the contact pressure, the wear particles will be
crushed into small fragments causing grooves [93]. This process continues until the particles leave the

interface [93].

A further increase in the slip amplitude results in the transition to the third stage where the loops are

very wide forming an approximate parallelogram shape (Fig. 2. 13 (c)). Tests performed by Vingsbo
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[93] showed a decrease in the tangential force around the end of the stroke. This is believed to be
attributed to the transition from static to kinetic friction stages in which all contacting asperities
junctions became broken [93]. This decrease in the tangential force was also observed in certain
displacement amplitudes of friction tests carried out by Mulvihill et al [94]. The decrease was seen
after increasing the displacement amplitude from 1 mm to 1.6 mm, exposing new areas to frictional
interaction. This sudden drop occurred when the moving surface was slid against unworn fresh areas.
This is because the moving surface did not encounter obstruction (debris) in the intact areas while it
was slid resulting in a lower tangential force. Once the fresh areas experienced wear, the loops
exhibited the usual behaviour observed in the gross slip stage in the fretting tests. Surfaces under the
gross-slip stage are extremely damaged with considerable rough finish and grooves [91]. Numerous
grooves with widths corresponding to the particle size of the wear debris (around 2 to 3 um) are
usually observed [91]. The wear impact is more pronounced at the edges of the interface [91]. As most
surfaces are tested in air, the interactions in the gross-slip phase (wear formation and grooves) can be
escalated by the oxidation process on the particles [91, 93]. The enclosed area seen in the mixed stick-
slip and gross slip phases mainly represents the energy consumed (friction energy) to flatten the
asperities and generate wear particles. In the gross slip, the area continues to increase as there is a
need to shear the junctions which leads to generating wear particles [89]. The friction energy is also
required to eliminate the wear particles from the interface [89]. When the plastic deformations are
no longer required, the friction energy becomes constant [89, 91]. This means that no more generation
of wear particles occurs. The fretting regime transits to the reciprocating sliding where the loops are
closer to a square shape. The reciprocating sliding can be seen in a slip amplitude as low as 300 um

[91].

Wear formed throughout sliding in the gross slip regime causes an increase in the tangential force due
to the accumulation of wear debris, which is more evident in later cycles [94, 95]. This increase
continues until it reaches a peak value at the end of the sliding stroke. The existence of the peak value
at the end of the stroke is essentially caused by the interaction of the two wear scars interfering at
the end of the stroke [94, 95]. Wear particles are a result of plastic deformation and ploughing [89,
95]. They form depressions and protrusions, increasing the interlock between contacting surfaces [96],
requiring more tangential force and thus more energy loss. This friction behaviour (i.e. increasing with
sliding rather than being constant) is termed as non-Coulomb friction due to the departure from

Coulomb’s idealisation that sliding friction is constant [97].

The increase in tangential force at the end of the stroke (non-coulomb behaviour) is a common feature
of the gross slip phase in fretting experiments. It is believed that the increase is correlated to

concentrated wear interactions at the edges of the interface [91]. To validate the suggestion that the

35



increase in friction force at the end of the stroke is correlated to the wear-scar effects, Mulvihill et al.
[94] performed an extensive study on a nickel alloy Udimet 720 (often used in aerospace applications).
The test initially started with a stroke length of 1 mm and 400 sliding cycles. The total displacement
was then increased to 1.6 mm to observe what happens when the surfaces undergo sliding in fresh
surfaces. The results were categorised into four discrete friction loops. It was first shown that in the
first 10 cycles, friction results presented loops with an almost idealised shape (Coulomb behaviour)
[94]. This means that there was no edge effect in the early stage of sliding. The loop shape evolved to
a semi-parallelogram when the data was recorded after 400 cycles [94]. The increase in friction at the
end of the stroke was clearly seen. This assures the correlation between the friction increase and wear.
The total displacement was then increased to 1.6 mm to inspect the friction behaviour when sliding is
taking place on fresh (virgin) areas. Reaching the new displacement was gradual and the data was
recorded at a mid-point between the old and new displacement (taken after 8 cycles of the initial 400).
An interesting feature was observed here in which the friction force increased to the same value
reached after 400 cycles and then decreased just before reversing the direction [94]. The sudden
decrease was observed as soon as the interface was slid on unworn areas (no effect of ploughing) [94].
The data was again recorded for cycle 13 after the initial 400. The displacement in this stage reached
the final slip amplitude of 1.6 mm. The friction loop now showed the same behaviour observed in
cycle 400 [94]. It can be deduced that the increase in friction at the end is because of ploughing caused
by wear particles leading to interlocking resulting in the increase [94]. After realising the main reason
for the friction increase, Mulvihill et al [94] expanded their study to investigate whether the edge
effect is caused by macroscopic or microscopic interactions via applying a torsional fretting test. Fig.
2. 14 shows the two situations where the edge effects can impact the friction results. Two sample sets
were designed to understand the scale of the wear effect. The first set was a cylinder with full ring
shaped ends, whereas the second set involved segmented ring shaped ends on a cylinder as well. The
two sample sets were in contact with a flat surface. The results showed that there was no observed
difference between these two sample sets even for different pressure conditions [94]. This suggests
that the friction increase at the end of the stroke is caused by the local interactions occurring on the
peaks and troughs of the contacting pairs [94]. It can be also concluded that the surfaces obey the
Amontons law (the independence of the COF on the normal load) as the change in the nominal contact

area did not influence the COF [94].
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Fig. 2. 14. A schematic to illustrate the edge effects of a frictional interface into two possible cases: (a)

interactions at the macroscale, and (b) microscopic interactions (peaks and troughs) [94].

The number of cycles in friction hysteresis loops is considered a prime factor. It directly affects the
frictional behaviour of materials during the loops. This effect is normally observed by wear-scar effects
that become evident in later cycles as presented earlier in the study of Mulvihill et al. [94]. It has been
shown that the COF can vary significantly during sliding. In one study, the COF fluctuating from the
beginning of sliding until exceeding 10x103% cycles and then became stable [27, 98]. Similar findings
were obtained by Long and Rack [99] to show the effect of a number of cycles on the COF. It has been
suggested that the effect is mainly dependent on the materials used. It has been shown that
constituents of titanium alloys play a prime role in the effect of cycle number on COF. This was
observed in the first 20 cycles. After 20 cycles, the COF reached a steady-state stage (near 0.5) for all
tested titanium alloys. This means that the COF is independent of alloy constituents after the initial

cycles (i.e. after experiencing the running-in stage).

Following the impact of the number of cycles, sliding velocity is also an important parameter of
hysteresis loops. The effect of sliding velocity is more pronounced in low contact stress (1.5 MPa) [99].
It has been shown that, under such contact stress, the lowest COF can result from the highest velocity
[99]. Once the contact stress increased to 5 MPa, the impact of sliding velocity was not observed [99].
It has been also found that manipulating sliding velocity leads to an obvious change in friction [100].
This is dictated by the wettability and humidity of the contacting objects [100]. This study has shown
that friction of an interface under high humidity can be decreased by increasing sliding velocity. This
is because high velocity facilitates overcoming the effects of water molecules’ presence in the highly
humid interface [100]. In contrast, in less humid contacts, increasing velocity gives rise to an increase

in friction due to stick-slip motion, which does not play a clear role in highly humid interfaces [100].
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Investigation of friction hysteresis loops in the literature has been crucial in terms of helping to
understand the detrimental effect of both fretting fatigue and fretting wear (and reduce their impact).
The scope of such studies was usually directed towards material damage. The key observation which
this review would like to emphasise is that the expected static friction peak appears to be absent in
most published frictional hysteresis loops. The static friction peak is generally observed in
unidirectional sliding — so why might it be absent in reciprocating sliding. This is the subject of Chapter

5 where the static friction peak in reciprocating sliding is explored via detailed experiments.

2.7. Friction and triboelectrification

Bringing two surfaces into periodic normal contact induces contact charges with opposite polarities
due to a phenomenon called contact electrification [101] (electrons basically transfer from one surface
to the other). When the periodic oscillation is sliding (rather than tapping), charges are also
transferred and the phenomenon is then called triboelectrification. This phenomenon in a frictional
interface generates tribo-current flowing in the direction of sliding and its value is usually in nA [102].
The magnitude of the tribo-current gives an indication of the size of the contact area and electronic
properties of the tribo-layers [102]. This general contact phenomenon had been known since
antiquity. It was useful for ancient humans to generate energy for heating and cooking. It is also seen
in nature in the form of lightning or in daily life actions such as making a hair comb attract objects.
This effect has been extensively studied recently attempting to minimise or utilise the output charges.
Such charges might be detrimental, particularly in polymers that are involved in mechanical devices,
as they possess a high ability to accumulate charges on their surfaces [18, 22, 103]. Polymers in such
conditions are more likely to suffer from excessive heat which increases friction leading to operation
failure [18]. The phenomenon also causes small charged particles to attract each other and
agglomerate leading to severe problems with blockages of equipment and piping for pharmaceutical
companies. Charged dust particles can also be a severe fire hazard! On the other hand, the output
charges from the electrification effect originating from mechanical energy can be utilised to produce
sufficient energy for powering miniature devices such as light-emitting diodes (LEDs) and self-powered
sensors [104]. This can be produced by harvesting electricity resulting from mechanical motion via
specialised devices. This capability is a somewhat recent development. The key device invented for
the purposes of harvesting electrical energy from the triboelectric effect is known as the triboelectric
nanogenerator (TENG). Invented in 2012 by Fan et. al [105], it uses thin dialectic layers to induce
changes on backing electrodes (via electrostatic induction) and drive an alternating current as the

surfaces continually separate and move back into contact.

Contact charges are usually associated with sliding friction tests of a metal-insulator interface. This is

mostly seen due to the contribution of molecular factors, such as Van der Waals, Coulomb forces and
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chemical bonds on the macroscale friction [21, 106, 107]. It was shown that the sliding mode is more
effective than the tapping mode in charging the surfaces because there are higher compression forces
in sliding [101]. This was concluded from experiments carried out on Kelvin probe force microscopy
(FPFM) [101]. Interesting questions that arise are: how does frictional sliding contribute to charge
transfer and indeed, how does charge transfer affect friction? An interesting environment to study
this is the stick-slip scenario. Burgo and Erdemir [107] have shown that electrical signals fluctuated
simultaneously with friction oscillations, suggesting that they originate from the same origin. This
finding was also shown in an experimental study carried out by Budakian and Putterman [20] and a
theoretical approach performed by Ananthakrishna and Kumar [19] where there was an obvious
correlation between stick-slip events and charge transfer. In the stick events, bonds between atoms
on the surfaces of metal and insulators are formed [20]. As the shear force is increasing, the bonds
start to rupture causing slip events [19, 20]. Charges then begin to leave the metal after being stranded
[20]. Results appear to indicate that charge transfer only occurs when slipping is taking place [20].
Experimental results showed coinciding jumps in charges with slip events, indicating the build-up of

charges at these events, while the amount of charge remains constant during the stick [20].

Another way to correlate friction with contact charges is to impose chemical changes on a material’s
surface and observe the change in the frictional and electrical behaviour. Oxidation is one example of
a chemical change that can be applied to a surface. Escobar et al [102] performed a triboelectric study
using a metal needle coated with nickel and gold on an oxidised and as-annealed (original) diamond.
The study aimed to investigate the macroscopic friction and tribo-current and correlate that with the
electronic and tribological properties of the interface. The interface experienced a load of upto 0.3 N
and a sliding speed of 20 um/s. These relatively low values help inspect the micro-interactions
between the surfaces during sliding. It was shown that the interface did not undergo plastic
deformation (the tests were done several days later and no changes were observed) [102]. This might
be because the load was too low to initiate plastic flow. The results showed that oxidation led to
increasing friction and tribo-current [102]. The increase in friction is likely attributed to
electrochemical interactions [102]. This was verified by a line fit that assumed a constant shear
strength (excluding the adhesion contribution) and this perfectly fitted the results of both surfaces
[102]. Both surface conditions exhibited a non-linear increase in the COF with the load (i.e. the
interface does not follow Amontons’ law) [102]. To further verify this assumption, the difference
between friction values of the oxidised and original surfaces was obtained and then plotted with the
load [102]. The friction difference and load relationship showed a linear increase. The authors [102]
suggested that this excludes the physical contribution (adhesion) on friction as the difference

appeared to be due to the chemical modification (oxidation). It is believed that the higher friction and
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tribo-current observed in the oxidised surface are caused by a change in the electronic properties
[102]. To validate this suggestion, the oxidised surface underwent brief further oxidation by imposing
a voltage of 10 V through the needle on the surface. The voltage was applied for 0.5 seconds and then
switched off. It was observed that the friction force instantly dropped followed by a gradual increase
to the same level obtained before the former oxidation [102]. It can be said that the additional
oxidation was not sufficient to increase the oxygen content which can result in higher friction [102].
The instant friction drop after applying the voltage is believed to be caused by the de-population of
the electron traps on the diamond surface [102]. Initially, the electron traps were filled at equilibrium
(before applying the voltage) [102]. When voltage was applied, the electron traps were de-populated
leading to lower friction [102]. After removing the voltage, the electrons returned to their original
traps leading to the same friction value [102]. It is worth noting that friction took 2 seconds to return
to the original value which is believed to be the time for the electrons to de-populate the traps [102].
The higher tribo-current is likely because that oxidation gave rise to increasing electron affinity of the

diamond (as this is a major contribution to the charge transfer) [102].

Charge transfer between a metal/dielectric interface has been the subject of many studies in the
literature. It is acknowledged that in any contact scenario, the mechanism is a thermodynamic process
of electrons on the molecular states of the contacting surfaces, where electrons transfer from high to
low energy states. The main aim of the triboelectric studies was to understand the transfer mechanism
in a metal/insulator interface. It is understood that the transfer mechanism during contact in a metal-
metal or metal/semiconductor interface is achieved by coinciding with the Fermi levels of the pair to
allow electrons to move from one surface to the other. The case for insulators (polymers) is quite
different where the band gap is considerably large and some energy states within the band gaps can
be considered to explain the transfer mechanism [108]. To ease understanding of the electronic
structure of polymers (insulators), Fabish and Duke [109] have modelled the polymer’s electronic
energy states as double Gaussian peaks. The first peak is centred at the molecular anion energy
(acceptor state), whereas the second peak is centred at the molecular cation energy (donor state).
Occupation of these states is dependent on the molecular structure of a polymer [108, 109]. For
example, electrons can transfer from a polymer to metal, if the relative positions of the filled donor
states of the polymer are below the metallic Fermi level [108]. The electron transfer from metal to
polymer occurs when the metallic Fermi level is above the empty acceptor states of the polymer [108].
The transfer mechanism can be represented by a potential well containing loosely bounded electrons
in the out-shell of an atom [110]. During physical contact, the potential wells of the atoms overlap

forming an asymmetric double well [110]. This allows the electrons to hop from Material 1 to Material
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2 [110]. The transferred electrons will be trapped in the host potential well of Material 2 due to the

energy barrier (at ordinary temperature), making the host material negatively charged [110].

The charge transfer mechanism in an interface between dielectric and dielectric can be represented
by assuming their electronic structure as energy bands (the surface state model) [101]. It is worth
noting that the structure of the valance and conduction bands are different from material to material
[101]. This means that material A could have higher energy from the occupied states than the
unoccupied states in material B [101]. Having materials with different electronic structures is
necessary for the electron to transfer from one surface to the other [21]. With the presence of physical
contact between the two materials, the electron is forced to transfer from the higher occupied energy
states of material A to the lower unoccupied energy states of material B [101]. An illustration of the
electron transfer in the dielectric/dielectric interface is presented in Fig. 2. 15. Once the electron is
transferred, it cannot transfer back to its original position, because it will be trapped in the potential
barrier of material B [101, 110]. In some cases, the electron can return to its original position in
material A if it experiences an elevated temperature that provides the electron with enough thermal
energy to return [101]. The charge transfer results in two surfaces with opposite polarities (material
A will be positively charged and material B will be negatively charged) [101, 110]. It should be noted
that the previous explanations of the transfer mechanism are only true if the dielectric electronic
structure can be represented by surface states (energy bands) [101]. For dielectric materials that are
not represented by the band gap structure, the mechanism can be explained by the potential wells of
the two atoms [101]. The atoms are initially separated by a distance [101]. Their electrons are tightly
bound in the orbitals of the potential wells [101]. When the two atoms are forced to contact, their
electron clouds overlap forming an ionic or covalent bond [101]. With the presence of an external
force, the bond length can be further shortened [101]. During the contact phase, the two potential
barriers are joined to form an asymmetric double-well potential [101]. The electron then can transfer
due to a lowered energy barrier between the two atoms leading to contact electrification [101]. After
separation, the transferred electrons will remain on the surfaces as static charges [101]. To develop
the discussion of electron transfer, Li et al [111] were able to determine the minimum separation
distance for contact electrification to occur. They attempted to perform triboelectric tests using
amplitude-modulated AFM to investigate the tip-sample interactions. When two surfaces approach
each other, it is known that the vertical region above the opposing surface composes of attraction and
repulsion regions [101, 111]. The free amplitude of the probe cantilever was set before the test to
three values which are 50 nm, 70 nm and 100 nm. To see the impact of the amplitude on the tip-
sample interactions, surface potential difference and vibration phase shift were examined. The results

showed that the potential difference jumped from zero to a high value for the 100 nm and 70 nm, but
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not for the 50 nm [111]. This indicates that contact electrification occurred only at higher amplitudes
[111]. The higher amplitudes provide the probe with enough energy to overcome the repulsive force
and move closer to the sample [111]. In this case, the probe reached the smallest separation distance
above the sample surface [111]. The actual amplitude for the 100 nm and 70 nm were 95 nm and 62.5
nm respectively. Here, electron tunnelling occurs, thus contact electrification can be observed [111].
For the electron transfer to occur between the tip and the sample, the distance between them should
be smaller than the bond length at equilibrium [101, 111]. The interatomic interactions are correlated
to the overlap in the electron cloud of the two atoms (see Fig. 2. 16) [101]. The distance between the
centres of these atoms is called the bonding length (interatomic distance) [101]. If the interatomic
distance (x) is shorter than the equilibrium distance (a), the atoms repel each other because of the
overlap, thus an external load is required to cause the contact [101]. The other case is when the
interatomic distance is larger than the equilibrium distance, the two atoms are attracted towards each
other due to reduced electron cloud overlap [101]. It can be said that bringing the two materials into

contact results in shortening the interatomic distance so that electrons can flow [101].
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Fig. 2. 15. A visual explanation of the electron transfer in a dielectric-dielectric interface for insulators whose
electronic structure can be represented by energy band gaps. The surfaces are initially apart. Then they are
forced to contact resulting in an electron transfer. The surfaces are separated again and become electrically

charged. The transferred electron cannot return to its original position unless it gains thermal energy [111].
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Fig. 2. 16. The atomic-scale interactions between two contacting atoms: (a) The two atoms are in the equilibrium
state and separated by a bond length, (b) The atoms are in the repulsive region with a separation distance
smaller than the bond length and (c) The atoms are separated by a larger distance than the bond length and

they are in the attractive region [101].

The formation of tribo-charges is primarily influenced by the conditions of a test system. One main
aspect is the normal load (contact pressure) which is a prime component of any contacting surface. It
has been shown that there is a direct correlation between normal load and the formation of tribo-
charges (contact charges) [19, 101, 103, 107, 112, 113]. The number of tribo-charges can be increased
with increasing the normal load [103, 112-114]. This is because higher loads give rise to a larger
contact area, resulting in more formation of charges [103]. The effect of normal load can also lead to
an overlap between wavefunctions of electrons of the contacting surfaces, facilitating the electron
transfer process [115]. For charge transfer to occur, the normal load needs to be sufficient to force
the interatomic separation between the two surfaces to a shorter distance than the bond length [101].
When two materials are pushed into contact, a strong electron cloud/wavefunction overlap is created
in the repulsive region between the atoms forcing the interatomic potential barrier to be shorter
resulting in the electron transfer [101]. The relationship between contact charges and normal load in
sliding contacts eventually saturates essentially when the real contact area saturates at high pressure
[112, 114, 116] . The effect of the load-dependent real contact area on the electrical behaviour of
triboelectric layers will be discussed later in this section. In addition to the normal load, test
atmospheric pressure is also an important aspect of the generation of tribo-charges [107, 117, 118].
Experimental results showed that the highest current was obtained under a vacuum condition [107].
This is because high-energy species (e.g. x-rays, phonons) caused by mechanical stress aid the process
of producing flowing current without obstacles from other factors [107]. Discharge into the air

inevitably occurs in normal atmospheric conditions. The output current noticeably was reduced under
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a reactive atmosphere (nitrogen and hydrogen) due to the presence of a high number of energy

consumers that hurdle the flow of charges [107, 119].

As has been mentioned, charge electrification can sometimes be undesirable for certain applications,
as it causes excessive heat on contacting surfaces leading to a breakdown. Many researchers have
been able to mitigate the effect of the tribo-charges on contacting surfaces. It has been shown that
eliminating contact charges helps to reduce friction at the interface, thus increasing the lifetime of
materials [18, 103]. Using a discharge gun has been proven to be the most effective way to eliminate
contact charges from the interface [18, 103, 120-122] in laboratory experiments. Other techniques
involving solutions/solvents can be a good alternative to discharge the interface [18, 22]. At a lower
degree, a grounding metal can be attached to one surface for contact charge mitigation [18, 103].
Owing to the metal’s nature, most charges would be dissipated across the whole body of the metal

away from the interface.

In other applications, it is necessary to keep and even increase the contact charge at the interface.
This is the case for triboelectric nanogenerators. This technique benefits from the coupling effects of
electrostatic induction and electrification [104]. Initially, two objects need to be in contact or close
contact to electrically charge their surfaces. If there are stable (no relative movement), charges on
both surfaces would neutralise due to charge induction. At this stage, there would be no potential
difference. As soon as there is relative movement (lateral or vertical separation), the separated

charges generate a potential difference [123].

As mentioned, work on TENGs has been ongoing since 2012 since the discovery by Wang’s group [105,
124-126]. These studies have suggested various ways for optimal utilisation of the contact charges
originating from mechanical movement. Starting from this breakthrough, many researchers have
focused on optimising the contact arrangement to achieve desirable outcomes. The studies have been
performed on mainly three different materials pairs. A typical material pair involves polymers on
polymers with two electrodes attached to the backside of the polymers. Another contact pair
composes of an electrode attached to the backside of a polymer that is in contact with another metal
(known as the single electrode mode). The third option can be a polymer without an electrode on the
backside in contact with a metal. Representations of these modes are illustrated in Fig. 2. 17. The
selection of dielectric materials among studies in the literature mainly involves polyethylene
terephthalate (PET), polytetrafluoroethylene (PTFE) and nylon (PA). These materials were often
attached and/or in contact with electrode layers of copper (Cu), aluminium (Al) and indium tin oxide

(ITO).
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Fig. 2. 17. Representation of the four main types of TENG showing the possible application of each type [123]

The selection of materials in TENG studies is considered a vital aspect to help achieve optimal outputs.
The key design table in this regard is the triboelectric series. Materials differ with regard to their
tendency of losing/accepting electrons [104, 127, 128] and the triboelectric series is a ranking of
materials from the most tribopositive at the top to the most tribonegative at the bottom. This affects
how the charges are transferred between the triboelectric layers. An attempt to utilise the
triboelectric characteristics was achieved by Song et al [127]. Their study has succeeded to realise the
unidirectional flow of current using wood, Al and Cu. Recalling the positions of these materials in the
triboelectric series, it is known that the electronegativity of copper is the highest and Al is the lowest,
indicating that Cu has the highest tendency of accepting electrons and Al has the highest tendency of
donating electrons when charge transfer is present. By this arrangement, electrons can continuously
transfer from Al to Cu through wood realising the unidirectional flow of electrons. Eventually, this

produces positive open-circuit voltage and short-circuit current at every event of charge transfer.

It is acknowledged that the normal load (contact pressure) is a critical element in triboelectric
experiments. It is important to include a discussion on the impact of the load on the electrical
properties of materials by revisiting studies that aimed to correlate the tribological behaviour of
triboelectric layers with their electrical behaviour. The presence of contact pressure in any contact
scenario is correlated to the real contact area. The dual effect of the normal load and contact area on
the electrical output of TENG has been the subject of many studies in the literature, mainly in the
normal contact separation mode [112, 113, 116, 129]. Recently, two systematic experimental [112,
116] and analytical [113, 129] studies aimed to correlate the load-dependent real contact area with

the electrical output. Min et al. [112] and Kumar et al. [116] have shown experimentally that the
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increase in normal load leads to engaging more contacting points, meaning that there is a higher
chance for electrons to transfer. The analytical studies [113, 129] showed a similar trend for the
observed increase in the electrical output and their results were verified experimentally using the
same test conditions. The investigation of the real contact area can be done by applying a wide range
of loads and then observing the effect on the results as performed by Min et al [112] and Xu et al
[113]. This allows for investigating the evolution of the real contact area with the increase in the
normal load, and, in the meantime, inspecting the electrical output. Both studies showed that the real
contact area saturated at considerably large normal loads (contact pressure) where the real contact
area was much closer to the nominal contact area (intimate contact). This saturation was also reflected
in the electrical output which indicates the direct impact of the load-dependent real contact area on
the triboelectric behaviour of the triboelectric layers. Another approach to correlating the real contact
area with triboelectric output can be applied by varying the surface roughness of one of the surfaces
at the interface. Kumar et al [116] and Vasandani et al [129] varied the roughness on their tested
surfaces over quite a large range. The former used a sophisticated technique to fabricate different
sets of samples with varied roughness. The latter subjected the surfaces to sandpapers of varying grit.
The results in both studies showed that smoother surfaces generated higher electrical output than
rougher surfaces due to the larger real contact area obtained from the smooth surface (for the
particular material combinations being studied). The reason for the smaller real contact area resulting
from rougher surfaces is that high peaks prevent the shorter peaks from contacting the counter
surfaces leading to fewer contact points. Note that this outcome is typical of a rough soft surface being
pushed into a smooth hard surface and the result would be expected to be different for the case of a
rough hard surface and a smooth soft surface. To relate the correlation between the normal load and

real contact area with principles of contact mechanics, Escobar et al [102] found that triboelectric

output was proportional to the radius of the Hertzian contact area (radius = \/W). The
proportionality was held for the whole range of the normal load which also indicates the dependence
of the triboelectric output on the load. Their tested surfaces [102] exhibited a non-linear increase with
the load (i.e. the interface does not follow the Amontons law). It is crucial to quantify the percentage
of the real contact area experimentally to achieve a comprehensive investigation of the load-
dependent real contact area and its impact on triboelectric behaviour. The two experimental studies
[112, 116] joined their discussion of the dual effect by incorporating measurement of the real contact

area and their studies are summarised in the following two paragraphs.

The Min et al [112] experiments used non-engineered surfaces (with microscale roughness) of copper
and PET (the backside is coated with ITO) in the flat-on-flat contact arrangement. To ensure

conformity, the surfaces were bonded to an optical glass plate that was very smooth and the lower
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sample was placed on a spherical holder to permit self-alignment while keeping the upper sample
fixed. Pressure-sensitive film was used to obtain a better estimation of the real contact area. The film
composed of two PET layers named donors and receivers. The donor contained ink capsulated in
micro-capsules that were crushed when the contact pressure exceeded the threshold of the capsules
[112]. The ink of the crushed capsules transferred to the receiver layer [112]. Quantification of the
crushed capsules provided an estimation of the real contact area. The lateral resolution was 2.6 um
corresponding to the size of the capsules [112]. It should be said that this resolution is quite low.
However, this method is important because it indicated the evolution of the real contact area even if
it was restricted to the microscale resolution. To visualise the evolution of the real contact area, the
receiver was coated with a colour-developing layer and then post-processed to obtain the percentage
of the real contact area to the nominal area [112]. The results showed that the open circuit voltage
and the short circuit were increasing with the contact pressure up to 1176 kPa (753 N) [112]. The
voltage and current then saturated at around 88 V and 0.83 pA respectively [112]. To rationalise the
electrical output saturation after the linear increase, the pressure-sensitive layer was placed in
between the triboelectric layers and applying again the same contact pressures that were applied to
obtain the electrical output (the measurement of the real contact area was taken independently). The
pre-test measurement of the real contact area showed that the pressure was evenly distributed across
the interface, assuring conformity [112]. The visual investigation of the pressure-sensitive film showed
that the real contact area was increasing linearly with the contact pressure until applying 1176 kPa
[112]. Initially, at the low contact pressure (32 kPa), only a few contacting points were engaged [112].
Increasing the pressure led to engaging more asperities to form junctions [112]. For example, the
percentage of the real contact area to the nominal contact area was only 0.29% for the 32 kPa and
then increased to 7.3% for the 99 kPa [112]. The real contact area reached the saturation stage at a
percentage of 82% when the pressure was 1176 kPa [112]. The evolution of the real contact area
followed the same trend as the open circuit voltage and short circuit current. The low contact pressure
produced a voltage of 14.9 V with only 0.29% of the real contact area [112]. When the pressure
increased to the maximum, the voltage jumped to 87.5 V with a real contact area percentage of 82%
[112]. These findings indicated that the charges are transferred only through the true contact between
the contacting surfaces [112]. Finally, the correlation between the real contact area and contact
pressure and their effect on the electrical output was visually demonstrated by connecting the TENG
layers to a set of LEDs. As expected, larger contact pressure results in lighting up higher number of
LEDs [112]. Even though Min et al [112] performed a significant systematic study on load-dependent
electrical output by incorporating measurement of the real contact area, the indirect measurement

of the real contact area was not ideal.
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To obtain a more direct results on the relationship between real contact area and contact pressure
and their impact on the electrical output, Kumar et al [116] performed in-situ measurement of the
real contact area using direct optical observation. This study investigated the triboelectric behaviour
of an engineered surface of soft polyvinyl-siloxane (PVS) in contact with mica. The PVS surface was
fabricated using a moulding technique (the technique is explained in Ref [130]). The surfaces were
made with different surface roughness ranging from 1.5 um to 82.5 um. Mica was chosen for this
study because it has high dielectric strength, meaning that it has a higher ability for charge induction
[116]. The other main aim was to estimate the real contact area of surfaces with different roughness.
This was possible because the mica surface was transparent allowing the light beam to penetrate
through the interface. The real contact area was estimated by observing the light interference [116].
When two asperities were in contact, the interference was destructive and it appeared as black spots
on the optical image [116]. In the case where there was an air void, the interference was constructive
and bright spots were shown in the image [116]. The triboelectric layers experienced contact pressure
starting from 3.2 kPa to 64 kPa. The contact pressure applied in Kumar et al. [116] study was notably
lower compared to what Min et al. [112] applied. The latter study is useful for applications that require
utilisation of, for example, water wave energy, whereas the former can be used for sensors placed on
shoes. The experimental results showed the typical increase in the output voltage with the contact
pressure and this was observed for all the surfaces of PVS with different roughness [116]. The
dependency on the contact pressure was mostly seen in frequencies higher than 3 Hz [116]. When
comparing the results of the different surface roughness (keeping the frequency constant), the
smoothest surface (1.5 um) showed the highest output for the whole range of the applied pressure
(3.2 to 64 kPa) [116]. The output voltage jumped from 43 V at 3.2 kPa to 316 V at the highest pressure
[116]. An interesting feature of the relationship between pressure and voltage was that the smooth
surfaces were more sensitive to the increase in pressure [116]. This was attributed to the sensitivity
of the smooth surface on the change in the real contact area with the pressure [116]. For the power
measurement, the open circuit voltage and short circuit current were measured to obtain the optimal
power output. Again, the impact of the surface roughness was seen in the voltage and current [116].
As the power is the product of the voltage by the current, the power was also dependent on the
surface roughness (i.e. real contact area) [116]. The highest power was 2.6 mW resulting from the
smoothest surface, whereas the roughest surface generated only 0.9 mW [116]. The optical
measurement of the real contact area under a nominal contact pressure of 64 kPa showed that the
highest percentage of real contact area was obtained from the 1.5 um roughness and it was 47% of
the nominal contact area [116]. The percentage was significantly reduced to 12.6% (under the same

pressure) for the surface with roughness of 82.5 um [116]. It is observed that the lower limit of real
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contact area percentage in the Kumar et al. [116] study was considerably higher than the one (0.29%)
obtained from Min et al. [112] experiments. It is interesting to note that the lowest contact pressure
applied by Min et al. [112] was 34 kPa, which is almost half of the maximum pressure of the Kumar et
al. [116] study. The high percentage obtained from the latter study (Kumar et al.) was probably
because the higher applied contact pressure (64 kPa) compared to the low pressure (34 kPa) applied

in Min et al. resulting a lower contact area percentage.

The contact separation in TENGs can be essentially accomplished by two modes. The first mode is
contact separation (CS-TENG) [105, 125, 126] which is commonly applied in the literature. Here, the
surfaces are only separated/contacted in the normal direction with normally high frequency and small
relative displacement (i.e. no gross sliding). The second configuration is the sliding mode (S-TENG). In
this mode, three contact arrangements are commonly applied, including a conventional design of
electrodes on both sides [131, 132], a single electrode [133, 134], and two electrodes with a gap
between them (free-standing) [127, 133, 135]. The different designs were inspired by activities from
our daily life [123]. For example, it is not always feasible to attach electrodes on both sides of
triboelectric layers. This can be seen in the contact between a human hand and a touch screen, serving

as a single electrode configuration [123].

In the final research chapter of this thesis (Chapter 6), the reciprocating sliding friction rig developed
from the one in Chapter 3 is deployed to study the interplay between friction and triboelectrification.
Therefore, the S-TENG is the relevant TENG in this work. In the S-TENG, it is important to consider
displacement and velocity in order to obtain optimal outputs. It has been suggested that the highest
electrical outputs can be obtained by applying sliding displacement just before reaching the edge of
the contact interface, utilising the full viable sliding length [132, 136]. However, this might lead to
misalignment between the contacting materials when the normal load is applied and reaching almost
full lateral separation (see Fig. 2. 18). It has also been shown that increasing the velocity (or frequency)
gives rise to higher current density and output voltage [136]. Shao et al [131] have claimed that the
effect of increasing velocity results in a higher rate of reaching the maximum transferred charges, but
it does not increase the number of transferred charges. It can be concluded that the dependence of
electrical output on displacement and velocity is determined by the event of tribo-charge separation.
A larger displacement range and higher velocity would mean higher possibilities of charge transfer. A
larger displacement would increase the contact area, resulting in more possibility of charge formation.
In the case of high velocity, there would be frequent charge separations in a given time, preventing

interface induction from occurring.
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Fig. 2. 18. Schematic for misalignment that might occur in full lateral separation

The differences between these two modes have been pointed out in terms of experimental design
and electrical outputs. For instance, the relative displacement is significantly low (mostly up to 1 cm)
in a CS-TENG test compared to, usually, 5 to 7 cm in the S-TENG to achieve better charge separation.
The large displacement permits the S-TENG to obtain higher total transferred charges, which makes
them very useful for energy storage applications [127, 135]. Furthermore, S-TENG can be
advantageous over CS-TENG because of friction between the contacting surfaces aiding to the
acquisition of tribo-charges [22, 132, 136]. It should be noted that the existence of friction makes the
surfaces highly susceptible to wear. Consequently, an optimal contact scenario should be applied to

mitigate the impact of wear.

S-TENG mode has attracted researchers’ attention in recent years due to its potential for
improvement. Literature on the S-TENG often lacks consideration of tribology and mechanics aspects
during the measurement which has drawn tribologists’ attention towards TENG in the past few years.
One aspect is that the normal load has not been mentioned in many S-TENG studies which is an
elementary element of any frictional test. It has been also observed that some studies performed
sliding by hand which clearly cannot maintain systematic control over the test! In a test with frequent
events of movement, it is always necessary to carry out the test in a highly controlled system of
applying normal load and sliding to help control and study friction between triboelectric layers.
Recently, Armitage and co-workers carried out some interesting tribological studies on the behaviour
of interacting triboelectric layers in the S-TENG [115, 137]. The principal aims of the two studies were
to showcase the impact of surface topography, friction and wear on the charge accumulation of a S-
TENG interface. The S-TENG configuration applied in the experiments was the free-standing mode
arrangement. It was incorporated inside a commercial tribometer to obtain concurrent and accurate
measurements of friction and charge for a dielectric/metal interface. In one study [137], the effect of
surface roughness was clearly seen in the charge accumulation. It was shown that the smoothest

surface was capable of accumulating higher charges (and vice versa) [137]. As stated earlier, smoother
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surfaces facilitate attaining intimate contact with the counter surface, resulting in a larger real contact
area. Having a larger real contact area means a better possibility of accumulating surface charges. The
other study [115] was directed to correlating friction and wear with the electrical output of the S-
TENG. Three polymers labelled as POM, PA66 and PTFE were in contact with polished steel and
Aluminium. The polymers were tested in two conditions, ground and polished. In triboelectric
experiments, it is often expected to see the effect of the normal load on the charge formation. The
load effect was seen in increasing the rate of charge accumulation and density of saturation charge
[115]. The maximum charge density was obtained from PTFE surfaces in contact with polished
Aluminium. After reaching the maximum, the charge stabilised for a few minutes [115]. This was then
followed by a drop which was also observed in the COF [115]. It is believed that the drop is caused by
a transfer film from the PTFE deposited on the counter surface [115]. This transfer film created a new
triboelectric interface that generates fewer charges than the original [115]. This leads to generating a
contact between a worn surface of PTFE and a deposited transfer film as a counter surface,
substantially reducing the accumulation of charges due to a lower contact potential [115]. Also, the
previously trapped tribo-charges might be removed due to “de-electrification” between PTFE and the
transfer film of PTFE. The drop in the COF is likely as well to be attributed to the transfer film [115]. It
is believed that the film acted as a lubricant facilitating the sliding of the frictional interface [115]. This
was validated by the behaviour observed in the contact between PTFE and hard polished stainless
steel. The transfer film in such an interface (PTFE/stainless steel) was produced faster due to a higher
difference in hardness between the PTFE and steel (hard-on-soft scenario) [115]. The effect of wear
was observed by optical inspection techniques and related to the triboelectric results, but there was
not a decisive conclusion on the correlation between friction and tribo-charge. Interestingly, a recent
2020 study on the sliding TENG (Wu et al. [138]) showed that wear can be significantly reduced by the
addition of lubrication and that the lubricant boosted the TENG output by up to three times. It was
found that the lubricant had the effect of preventing the formation of the polymer transfer film noted
above. A study by Zhou et al. [139] confirmed these results and demonstrated that another key reason
for higher electrical output was that the lubricant also supresses interfacial electrostatic breakdown
and reduces charge loss after triboelectrification. This interplay between friction, triboelectrification
and wear is still not sufficiently understood, thus further investigation with varying test parameters is

required.

This study aims to correlate the frictional behaviour (friction and wear) of triboelectric layers on TENG
performance. Due to the nature of S-TENG experiments, friction between triboelectric layers is
inevitable, but it has not been closely studied with regard to its effect on the electrical output of the

S-TENG (other than Armitage at al [115]. It should be noted that there have been extensive studies on
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the effect of friction on contact charges [18-22]. The S-TENG studies often overlook such
investigations. The study also intends to perform a comprehensive comparison between CS-TENG and
S-TENG. Even though it seems difficult to apply a comprehensive comparison between these modes,
researchers have attempted to point out the differences in terms of experimental design and electrical
outputs using the same materials and similar experimental parameters. These attempts mainly lacked

a systematic tribologically sound testing approach.

2.8. Conclusion

A review on investigating the frictional behaviour of contacting surfaces has been presented. First, the
fundamental physics of static and sliding friction were explored including the empirical laws such as
Amontons’ law. This topic was followed by reviewing methods of performing friction tests. It aimed to
highlight techniques and methods that researchers used to study sliding friction that might inform the
present work involving the friction of nominally flat surfaces in both unidirectional and reciprocating
sliding. This part of the review has shown the utilisation of mechanical movement of parts involved in
the setup to initiate and measure friction force as well as the use of motorised/electrical equipment.
After discussing the basis and measurement of sliding friction, surface structuring techniques that
have been implemented in friction tests have been reviewed. It has been demonstrated that LST and
PCT can influence the tribological behaviour of contacting surfaces. Although the level of accuracy in
controlling and tailoring parameters like friction is somewhat uncertain. PCT is believed to be superior
to other structuring techniques due to its flexibility and high productivity. LST is not preferable for
some applications as it might introduce chemical changes on printed surfaces and does not produce
highly accurate features. Diverting from the tailoring of friction via surface structure, studies on
friction in reciprocating sliding have also been surveyed. Here, the review identified that the static
friction peak appears to be absent in most of the published frictional hysteresis loops from
reciprocating sliding tests. This is followed by a review looking at the role of friction in
triboelectrification and vice versa. A brief explanation of the effect of friction on surface charge
formation has been included in the survey. The investigation also involves a short survey on TENG and
its types focusing on the S-TENG mode. It was found that many sliding TENG tests have been carried
out without a sufficiently accurate test setup for both control of the experiment and measurement of
parameters like normal and tangential load. This coincides with a general absence of tribological and
mechanics based investigation although some recent papers have begun to study TENGs through the

lens of tribology and mechanics.

Having reviewed studies on the frictional behaviour of contacting surfaces, it was necessary to tackle
the research gaps that have been found in the literature. It was noticed that friction of structured

interfaces can impose changes to the tribological behaviour of surfaces. Some studies showed that
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structured interfaces are beneficial in controlling/enhancing friction and wear. This, however, was
contradicted by other studies in the literature. Such studies found that structured interfaces did not
enhance tribological behaviour; interestingly, they even generated higher friction and wear. The un-
agreement on the impact of surface texturing on friction was the first research gap that needed
investigating. With the continuous review of the frictional behaviour of surfaces, it was observed that
the static friction peak was not apparent in reciprocating sliding. This was an interesting feature as the
static friction peak was seen in most of the unidirectional sliding studies. To widen our understating
of friction, the role of friction in triboelectrification was surveyed to inspect how friction can affect the
triboelectric effect of materials. These three main research gaps were the driving force for carrying
out a friction study to acquire a better understanding of friction. To apply such a study, a bespoke
friction rig was designed to tackle these gaps. The next chapter will present and discuss the importance

of the rig in achieving reliable friction results.
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Chapter 3: Rig description
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After identifying the research gaps, a customised friction rig was built to perform friction studies by
applying different contact scenarios to enhance the understanding of friction. The friction rig was
initially built to attain friction results from flat-on-flat contacts in unidirectional sliding. The rig was
then adapted for carrying out reciprocating sliding to enable the study in Chapters 5 and 6. It is
necessary for designing a friction experiment to ensure that a friction interface is solely influenced by
the experiment parameters assigned. This means that it is desirable to isolate external factors from
contributing to the resulting friction force. This gives rise to challenges associated with designing a rig
that fulfils the requirement. These challenges will be discussed in the following section. This is
followed by suggested solutions to mitigate the difficulties encountered. The final design will then be

described in detail.

3.1. Challenges in Friction Rig Design

Challenges for designing the friction rig are mainly related to chosen materials. Materials choice is
critical as different parameters of friction tests would be restricted to the properties of the interface.
For example, the main aim of performing a friction test in this project is to conduct an experimental
study to inspect the frictional behaviour of structured and unstructured surfaces of silicon. Silicon is
not a typical material for performing mechanical testing. Therefore, it is important to find an effective
way to obtain the best possible results from silicon samples. Silicon is also known as a brittle material
which is highly susceptible to breaking during testing. In addition, the silicon samples used in this study
are just around 1 mm thick. Consequently, it is required to select a reasonable range of an applied
load (pressure) that avoids sample failure. Knowing the allowable normal load would be useful to

facilitate choosing a suitable load cell capacity.

Load cell capacity and load conformity are the crucial aspects that dictate selecting a load cell. The
capacity of a load cell implemented to measure the normal load needs to match the applied load. This
is vital as applying a low normal load on a large capacity load cell would lessen the accuracy of the
measurement. Similarly, a load cell used for measuring tangential force should match the anticipated
force range. The tangential force range can be anticipated by knowing the normal load range and the
COF of the materials to be tested. Another critical aspect of choosing a load cell is to consider the
conformity of the load applied to the interface. The chosen load cell should produce an equal

distribution of the load over the interface.

Choosing suitable load cells is not the only main concern for measuring forces involved in the friction
test. Forces measured in the friction test, particularly tangential force, should have solely resulted
from the interface. Realistically, this is not readily possible. It is necessary for any friction interface

that is not between the tested surfaces to be kept minimal during the whole experiment. It is also
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important to ensure that there is no shear stress between a load cell implemented to measure normal
load and an upper surface during sliding. Furthermore, it is necessary to maintain the load while the

sliding is in progress.

These are the challenges that might be encountered while performing the friction test. It is vital to
consider these challenges before proposing a design for the friction rig. In the next section, some

suggestions will be shown that can be implemented to overcome the challenges.

3.2. Suggested Design Options

As silicon is not typical material for performing mechanical testing, it is essential to bond silicon
samples to backing plates for testing. This prevents their failure, leading to obtaining more reliable
results. The bonding would also increase the sample thickness which can expand the normal load

range.

Knowing the range of normal load would help identify suitable experiment parameters, particularly
the tangential force. The tangential force can be estimated by employing a simple method that
involves an inclined plane. In this method, one of the samples should be fixed on the plane. The other
sample would be free and experience sliding. The plane angle with respect to the initial position is
then increased until siding occurs. The COF of this interface can be known by obtaining the
trigonometric Tangent of the sliding angle. Friction force can then be calculated by using Eq. (1). This
gives an estimated value of the tangential force that should be expected from conducting a test on
these surfaces. A simplified explanation of the inclined plane is presented in Fig. 3. 1. This simple

approach helped to select a suitable capacity for the tangential force load cell.
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Fig. 3. 1. A diagram of the inclined plane showing the forces affecting the interface between the silicon
surfaces. The force of gravity is equal to mass (m) x gravitational acceleration (g), the normal load is

represented by mg cos(6) and friction force is obtained by mg sin(68).

Having selected the suitable load cells, minimising the contribution of external factors on the
measured tangential force should be also considered. Normally in sliding experiments, one surface
stays stationary while the other is pulled. The sliding part is obviously experiencing friction with parts
not related to the contact zone. Therefore, it is required to attach the sliding surface to rollers that
have minimal friction towards their counter objects. This would help have a semi-isolated friction

interface from the surrounding, giving rise to a more accurate measurement of the tangential force.

3.3. Final friction rig design

Benefiting from the suggestions that can overcome the challenges associated with the rig design, a
customised rig was built to study friction. The rig is similar to the “sled type” friction tests in ASTM
D1894 [140]. The rig is adapted to perform friction tests on unidirectional and reciprocating sliding,
widening its applicability for a broad range of tests. Fig. 3. 2 illustrates a 3D rendered model of the rig
incorporated with an inset schematic showing the contact zone in more detail — the key components
are marked with numbers. The blue arrow in the figure indicates the contact interface. The backside
of the upper (1) and lower (2) specimens were bonded to upper (3) and lower (4) backing blocks.
Compression springs were utilised to apply normal load P that is transmitted to the interface by
pressing an x-shaped arm (5) attached to a 110 N miniature button load cell (LBS, Interface Force
Measurements, UK) (6). This load cell is designed with a spherical tip to optimise the alighment
between the upper and lower specimens because the alignment (conformity) is critical for a flat-on-
flat interface. The lower backing block experiences the tangential load through a connecting rod (7)

attached to a motorised linear stage (8). The moving part of the contact is positioned on a very low
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friction linear bearing (9) with uniaxial movement fixed on a base plate (10). The two sides of the rig
are joined via a tension/compression load cell (SML, Interface Force Measurements, UK) (11) and are
aligned with the connecting rod to measure the tangential load F. To prevent the upper specimen
movement while sliding, a stopper set (12 and 13) is included to prevent bulk sliding of the upper
plate. For the reciprocating sliding, the other side is adapted with placement of a second set of
stoppers to prevent any lateral movement from the upper specimen in the opposite direction. It is
worth noting that humidity was not monitored in all the experiments performed in this project. It was
believed that the lab space used for carrying out the tests was suitable for performing friction tests in

ordinary conditions.
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Fig. 3. 2. Schematic of the friction rig setup: (1) Upper specimen, (2) Lower specimen, (3) Upper backing block,
(4) Lower backing block, (5) X-shape arm, (6) Button load cell, (7) Connecting rod, (8) Motorised linear stage,

(9) Low friction ball bearing, (10) Base plate and (11) Tension/compression load cell (12) and (13) stopper set.

A LabVIEW code was developed to perform unidirectional and reciprocating sliding and
simultaneously measure tangential force. The motion control framework is originated from a pre-
programmed code designated for “National Instrument” motors using a modulus called “Softmotion”.
The basis of this code was used to effectively interact with the motor to perform the intended
movement. The motion control is incorporated with data acquisition (DAQ) interface for measuring
normal load and tangential force from the load cells that are connected to the “National Instruments”
DAQ system. The LabVIEW code runs the motion control commands and DAQ interface simultaneously
to synchronise displacement with friction data. For reciprocating sliding, the code was optimised to
immediately change the sliding direction at end of each stroke. The code also permits assigning waiting
time (dwell time) after each stroke, in case the investigation of dwell time is needed. It should be
noted that friction and displacement data were post-processed for the experiments performed in
Chapters 4 and 5. The friction data were initially obtained as tangential force vs. time. Similarly, the

displacement data were coordinated with time. As these two types of data were recorded at the same
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time, it was possible to synchronise the friction data (from the tension/compression load cell) with

the displacement data (from the motor).

3.4. Further details of friction rig development

The rig has been developed on different occasions through different stages. A decision was made early
on to design and build a customised rig that could facilitate the testing needs of the project while
being cost-effective. Considerable time was invested in designing and exploring different friction test
approaches in the literature. The rig mainly needs to be divided into two parts (right and left). The
right side includes the motor and linear guide with other accommodating parts to complete the linear
motion. The left side composes of the interface and all parts associated with it, also a way to apply the
normal load with ensuring conformity. The components of the left side and some from the right side
had to be manufactured in the machine shop, so a time-consuming period was spent carefully
designing these components with the proper geometry (shape, dimension, etc) while also considering

the vertical height so that both sides matched up. Both sides were placed on a large mounting plate.

The first component to consider was the base plate that accommodates the remaining parts of the
left side. The base plate incorporates multiple holes with different drill sizes to achieve flexibility and
versatility. The height of the base plate was 50 mm and it has 14 holes (6 x M5, 6 x M4 and 2 x M3).
Four of the M5 holes were drilled to attach four threaded posts that determine the four corners of
this side. The M3 holes were used for a low friction linear bearing that was sandwiched between the
base plate and the lower sample. Two M4 holes were made for an alternative linear bearing to replace
the first one. The first linear bearing that we used was not suitable for our application due to its short
travel length (13 mm). This was too restricted. As the main aim was to apply a unidirectional sliding,
it was established that the 13-mm travel length would be adequate. After preliminary tests, it was
realised that the bearing with this short length was not suitable. Additionally, the bearing did not
behave properly when there was a moderate normal load and tangential force. An alternative linear
bearing with a 38-mm travel length was purchased and fixed on the base plate. This choice was
successful as variable test scenarios were performed (slow and high sliding; short and large travel
distance) with the presence of normal and tangential loads. The friction of this bearing was tested
before performing any friction test on our interface to examine its ultra-low friction feature. It was
indeed shown that friction measured by the tangential load cell was too small to be distinguished from
the data noise. The datasheet from the manufacturer’s website states that the COF is approximately
0.003, which is considered to have a negligible influence on the measured interfacial friction trends.
On top of the linear bearing, a lower backing plate was fixed. This plate was made with a hole on the
side to act as a meeting point between the two sides. The height of this hole from its centre to the

mounting plate is critical because it needs to match the force point on the other side where the
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tangential force is applied. One pair of the interface was bonded to the lower backing plate. The lower
sample was always unstructured silicon, except for the study of friction and triboelectrification
(Chapter 6). The top sample was either structured or unstructured (again except for the study in
Chapter 6). The upper backing plate was not fixed to the surrounding parts and it was without holes.
The reason for not attaching this plate was to be movable when the normal load is applied to fully
transmit the load to the interface. The normal load is measured by a button load cell possessing a
spherical tip which allows the load cell to self-align with the interface to ensure conformity. The load
cell is bonded to an x-shaped arm that has a hole on each end to be used for the posts. The arm was
made with an extruded central region to permit a vertical distance between the arm and the interface.
On the arm corners, four compression springs were inserted on top of the outer surface of the arm.
The springs were accompanied by two washers and a nut. One washer is inserted between the arm
and spring. The other one is put on the other end of the spring. The nut is then placed on the top.
These components are repeated on the remaining corners. The load is applied by tightening the nut
to compress the spring. This step is critical as the nuts from the four corners should be relatively
tightened at the same time (or at least the opposite two sides) otherwise, the load becomes unevenly
distributed (causing misalignment). The same procedure should also be applied when de-compressing
the springs. This concludes the components involved in the left side of the rig. Engineering drawings

of each of the manufactured parts are presented in the Appendices.

The side where the linear motion is initiated had to be altered a few times. Firstly, a bi-axial motorised
stage that is originally used as precision positioning for a microscope was utilised for this study. The
motorised stage was easily controlled in LabView. It was thought that it would be good to start
preliminary experiments to use an existing stage in the lab. However, preliminary experiments showed
that this stage was not useful for sliding tests. It was a struggle to achieve smooth movement. It was
lagging almost in every sliding test. Then, the process of finding a suitable linear system started by
considering some factors such as compatibility with LabView, ease of use and cost-effectiveness. The
option chosen was a stepper motor from National Instrument. The manufacturer provides a pre-
programmed code in LabView for carrying out simple motion which is applicable to the first topic. The
second main element of the linear system was the linear guide. The criteria for such a component
were to withstand moderate pulling forces and possess high step resolution (i.e. a high number of
steps per revolution of the leadscrew). These two points can be determined by knowing the pitch size
(i.e. the periodic distance between the thread) of the leadscrew. Smaller pitch size means more
accurate positioning of the stage, but at the expense of less endurance of pulling forces and narrow
speed range. This was necessitated for our first and second research topics because it is important to

obtain sub-um step motion of the intended displacement for friction studies that concern static
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friction. To elaborate, for a pitch distance of 2 mm, the leadscrew of the linear stage transforms one
full rotation to a linear distance of 2 mm. From this value, a motion resolution of 0.0001 mm per step
can be maintained. This is crucial as it allows us to observe the friction behaviour in the pre-sliding
regime and just before the occurrence of the static peak. It is worth noting that starting the sliding
tests with this linear system was not straightforward. Some of the connecting parts between the
motor and linear stage were not compatible, so some delays were encountered while new
components where procured and installed. Performing the first two studies (Chapters 4 and 5) by
using the customised rig was successful. There were not many changes to apply for the LabView code
of the unidirectional sliding, but changes were required for the reciprocating tests. To enable
reciprocating tests, the code had to be significantly modified (particularly the motion control part) to
effectively achieve repeated sliding. The transition from a simple to sophisticated motion control
actually was time-consuming because all inputs throughout reciprocating sliding needed to be
inserted by the program without user interference. The difference between the two codes can be seen
in the Appendices. Having succeeded in establishing a reliable and cost-effective friction rig, it was
later used for two final-year projects and one MSc dissertation. The rig also attracted a company based
in Ireland to use it for testing friction of their polymer coatings. Their aim for the coatings was to obtain
the lowest possible friction. The low friction was required because the coatings were needed for
biological devices that need convenient transportation inside the human body such as coatings used

for aspiration catheter which helps tackle blood clot more easily.

To facilitate the triboelectrification work in Chapter 6, further significant modifications were needed.
Moving from solely studying friction to the study of friction and triboelectrification, it is vital to have
a system that is capable of performing high-frequency motion with the presence of normal and
tangential loads. It was a challenge to move towards a relatively high sliding speed. Consequently, it
was required to ensure that the rig can be used for TENG experiments. Some preliminary experiments
were done and it was found that the linear stage cannot keep up with the high speed. After
investigating this issue closely, it was realised that the specification of such a linear stage permits only
motion with a relatively slow speed of up to 4 mm/s. This speed is too low for observing the
triboelectric effect as opposite charges would be neutralised easily via charge induction. To achieve
high speed from the linear stage, the pitch size needs to be much larger. After a discussion with the
stage manufacturer, it was clear that the pitch size needed to be 50 mm to obtain sliding speeds up
to 150 mm/s. The new speed range seems sufficient to investigate the triboelectric effect. After initial
tests, the new stage was suitable for performing the TENG experiments. However, there is always a
trade-off meaning that attaining the high-speed motion would be at the expense of more precise

positioning. The step resolution for this linear stage is 0.01 mm. There is a considerable difference
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between the resolution of the former and latter stages. It should be noted that the stroke length for
the first two studies (Chapters 4 and 5) was 0.5 mm, so high step resolution is highly needed. The

stroke length of the third study (Chapter 6) was 27 mm, thus the 0.01 mm seems reasonable.

3.5. Conclusion

A bespoke friction rig has been successfully built and utilised to carry out different scenarios of friction
tests on flat-on-flat contacts. The rig so far is capable of performing unidirectional and reciprocating
sliding with a relatively wide range of normal loads. To ensure good conformity of the contacting
surfaces, the load cell used to measure normal load has a spherical tip allowing self-alignment of the
two surfaces in contact. Additionally, using a low friction linear bearing ensured that the bearing
contribution to the measured tangential force was negligible. Test control and force measurement
were done using a self-programmed LabVIEW code. After a number of refinements and some
troubleshooting, the rig was ready for testing. The rig was also modified to facilitate tests aimed at
probing the relationship between friction and triboelectrification. The following three chapters

describe the kinds of experimental studies completed using the rig.
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Chapter 4: Tailoring the static friction of
micropatterned surfaces
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4.1. Introduction

The first experimental work to utilise the customised friction rig was to address the static friction of
structured interfaces (the 1°' research gap). As noted previously, an attempt to move one surface
relative to another produces a resistive force tangential to the interface. Its limiting value at the onset
of sliding is known as the static fiction force and its value during sliding is often called the sliding
friction (or the kinetic or dynamic friction). The friction mechanism is rather complex and affected by
multiple factors, including the physical, topographical and chemical properties of surfaces. Due to the
many factors that can influence friction, it seems extremely difficult to control or tailor friction.
Controlling friction is desirable for many applications, such as friction-damping applications. It can also
be utilised in tactile technologies (e.g. touch screens). Despite the complexity around the friction
mechanism, Amontons in 1966 [6] managed to deduce rather simple empirical laws for friction (dry
friction). Recalling Egs. (1) and (3) (Section 2.1), friction is linearly proportional to normal load (via the
friction coefficient) and dependent on the real area of contact rather than the apparent area.
Remarkably, these simple observations are applicable to a wide range of materials and surfaces. Using
Bowden and Tabor’s theory for sliding contacts F = T4, [13], it can at least be pondered that there
might be a possibility of tailoring friction by controlling the real area of contact A,. The hypothesis
being: could A, be controlled in such a way as to tailor friction. One way to achieve this is by structuring

one or both of the contacting surfaces.

An extensive literature review on surface texturing has been presented in Chapter 2 (Section 2.3).
Briefly, many tribology researchers have directed their efforts towards surface structuring due to its
potential for controlling the tribological behaviour of interfaces. The common techniques that have
been used in the literature are laser surface texturing (LST) [14, 51, 68-71] and photolithographic
etching [75, 76]. There are also less common techniques that have been used such as crystallisation
[77, 78] and micro-cutting [79]. Surface texturing has been particularly beneficial for lubricated
contacts. It has been shown that it reduces friction by increasing hydrodynamic pressure [141] and
increasing lubricant thickness [73]. In the case of the dry friction, it reduces friction by primarily
entrapping wear particles in surface troughs [51, 68, 69], moving away these particles from the
interface. It should be noted that surface texturing does not always lead to reduced friction. Kang et
al. [15] have shown that textured surfaces significantly increased friction compared to their
counterparts (untextured). This is attributed to the material pair and contact scenario used in their
study. They used a hard metal pressing on a soft polymer which might lead to penetration causing an
increase in contact area or interlocking. These two consequences have most probably caused the
increase in friction. Despite the promising outcomes of surface texturing of features with nano and

microscale on controlling friction, it has been rarely possible to accurately measure/control real area
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of contact due to the complexity around the contacting objects. For example, laser texture is not really

accurate enough to produce the kind of idealised topography required.

This chapter aims to explore the possibility of tailoring static friction based on manipulating the
contact area of structured surfaces. This experimental work is directed to revisit (examine) the
dependency of real contact area on friction based on the equation of Bowden and Tabor on the
structured surfaces. It is also important to minimise any other dependencies that can directly or
indirectly affect friction. For this reason, a contact arrangement of flat-on-flat with minimal surface
roughness and high flatness is preferable to ensure better contact conditions with less effect from
other influential factors. Benefitting from photolithographic etching, high-fidelity features with
minimal surface roughness can be realised. Realising these features by photolithography allows for
accurate control of nominal feature contact area. The fabrication was done on commercial silicon
wafers with a flatness of less than 1 um [142] and roughness of sub 1 nm [143]. It is an interesting
exercise to investigate the frictional behaviour of these idealised surfaces and determine what friction

laws are obeyed.

4.2. Surface fabrication and testing

A square wave pattern was fabricated on silicon surfaces that are in a contact arrangement with flat
unstructured silicon surfaces. The pattern was produced on a commercial silicon wafer with a nominal
area of 10 x 10 mm?2. The fabrication processes (steps) are summarised in Fig. 4.1. The silicon wafer
was coated with a photo-sensitive substance known as a photoresist (51828). When exposing the
photoresist to UV light, the pattern area was protected from the light and other areas were exposed.
Chemical bonds of the exposed photoresist were weakened due to the light exposure and it was
washed away. Following this, deep reactive ion etching (DRIE) using the Bosch process [144] was used
to remove the exposed areas while the remaining parts were protected. The feature depth of 70 um
was produced with near vertical walls. The samples were prepared in five different surface categories
to produce feature contact area ratios ( A,s/A,) 0of 0.2, 0.4, 0.6, 0.8 and 1 where feature contact area
ratio is defined as the total nominal feature contact area A, s(Column 3 in Table 4. 2) divided by the
nominal area A4, (i.e. the total enclosed planar area of 10 x 10 mm?). A schematic of the contact
arrangement between these structured surfaces and the counter flat surface are illustrated in Fig. 4.
2.The structured surfaces were produced with a constant period of 100 um and varying feature widths
to form the four structure types. After fabrication, the samples were cleaned in an ultrasonic bath
with acetone, IPA and RO water. The samples were immersed in these liquids for five minutes and
then blow-dried using a nitrogen gun. Surface topography (roughness measurements) was studied

using an Icon atomic force microscope (AFM) (Brucker, USA) with a scan size of 500 x 500 pm?. The

65



scans were performed at five different locations of the structured and unstructured surfaces before
and after friction tests. For the structured ones, the scans were done on top of the feature. Root mean
square roughness (Rq) obtained from the scans was averaged among the samples with the same

feature contact area ratio.
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Fig. 4. 1. Photolithographic etching steps for structured surface fabrication.
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Fig. 4. 2. Schematic representation of feature contact area ratios. Feature contact area ratio A, /A, =

A/ (Af + Ac).
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To obtain steady-state friction and minimise frictional instabilities, a running-in protocol [145] was
performed for a total sliding distance of 10 mm with applying the maximum load (50 N). The contacting
surfaces were then returned to the initial position. For each measurement, an increment of 5 N
(normal load) was applied for each 0.5 mm sliding distance. The change in load (from its current value)
started at the end position of the 0.5 mm sliding. Nine increments of 5 N were applied, leading to a
total distance of 4.5 mm. Five repeats on fresh samples were performed for each feature contact area
(0.2, 0.4 0.6 0.8 and 1). The orientation of the structured samples (linear grating) was parallel to the
sliding direction (moving out of plane of the drawing in Fig. 4.2). Control of the motorised stage and
data logging was done using a LabView program. The program receives amplified signals from the load
cells transmitted through a NI-9237 full bridge amplifier (National Instruments, UK). Displacement
inputs were passed to the PC through an ethernet cable. The rig setup in this experimental work is
slightly different from the schematic presented in Fig. 3.2. The schematic of the unidirectional sliding

work is illustrated in Fig. 4. 3. with an inset drawing indicating the key components.

Fig. 4. 3. Schematic of the experimental ‘sled type’ friction rig: (1) Upper silicon specimen, (2) Lower silicon
specimen (always flat), (3) Upper backing plate, (4) Lower backing plate, (5) Upper arm, (6) Miniature button
load cell, (7) Connecting rod, (8) Linear bearing, (10) Base plate, (11) Tension/compression load cell and (12)

Stoppers.

4.3. Results and discussion

The roughness measurement of pre-and post-test scans is presented in Table 4. 1. The surface
roughness of samples before testing was in the range of 1.2 to 3.2 nm, which can be considered the
limiting values of the tested samples. Surface roughness parameters (Rq, Ra, Rz, etc) were measured
in the AFM by scanning surface heights (surface irregularities) of each horizontal line of the scanned
area. The corresponding roughness parameter used in this study was Rq (RMS of asperity heights).
Roughness measurement after testing was affected by wear experienced during the test (or running-

in), causing slightly flattened surface asperities.
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Table 4. 1. Mean RMS surface roughness Rqg before and after testing. Roughness values are the mean of five
different scans per sample for each of the five repeat tests (i.e. mean of 25 measurements). Bracketed values

are standard deviations.

Feature
contact area RMS Roughness Rg (nm)
ratio
Before After

0.2 1.8 (0.46) 1.1(0.51)
0.4 2.1(1.22) 1.2 (1.33)
0.6 2.3(0.62) 1.0 (0.46)
0.8 2.1(0.57) 1.2 (0.18)

1 1.2 (0.89) 0.6 (0.24)

Representative sliding curves of the tested samples are presented in Fig. 4. 4. The figure includes five
graphs representing each of the feature contact area ratios. Each graph consists of five sliding curves
showing the relationship between the tangential force and sliding displacement. Almost all graphs
showed clear static peaks followed by approximately constant sliding friction. Notably, a consistent
increase is seen between individual curves for the five normal loads. The consistent step increase in
the sliding curves suggests a linear relationship between the normal load and friction force. This is
evident in Fig. 4. 5 (a) which shows the linear relationship between the normal load and static friction.
The linearity confirms the Amontons’ behaviour (1% law, F = uP) of the tested surfaces (structured and
unstructured), despite their nanoscale roughness. This is also confirmed in Fig. 4. 5 (b) showing the
independency of COF (1) on the normal load. To examine the second law of Amontons, Fig. 4. 6 shows
the relationship between COF and the feature contact area to inspect the possibility of tailoring
friction by manipulating the feature contact area. It can be seen from the graph that COF seems
independent of the change in the feature contact area. This is observed in the COF of 0.4, 0.6 and 0.8,
resulting almost constant COF of 0.4. The two remaining cases (0.2 and 1) are slightly above and below
this value and can be regarded as outliers. Considering the unstructured case, samples in this category
were not involved in the fabrication processes, particularly etching. Such processes can form
unwanted features (e.g. tiny adhered particles, feature edge effects etc.) that can slightly alter the
surface topography. Regarding the 0.2 outliers, it is more likely to be attributed to the small width of
the features compared to the other structured samples (all the structured surfaces were fabricated
from a single silicon wafer). This might lead to not properly transferring the pattern on the surface.
Eventually, it can be concluded that it is difficult to establish a dependency between the feature

contact area and friction for our tested surfaces.
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Fig. 4. 6. Coefficient of static friction uversus feature contact area ratio (A,s/A,).

To expand our discussion about the dependency of friction on feature contact area and relate that to
the real contact area (4,), we should return to the well-known equation of Bowden and Tabor (
F = 1,A,) where friction is given by multiplying interfacial shear stress by the real contact area.
Understanding the behaviour of A, would provide a more thorough explanation of the resultant
friction. It is always challenging to calculate A, for frictional interfaces, particularly opaque samples.
However, it can be estimated by using theoretical approaches accompanied by experimental data on
surface roughness. This study has implemented two well-established modelling approaches named
the Bush, Gibson and Thomas (BGT) model [146] and the Boundary Element Method (BEM) [147, 148]

to estimate the real contact areas. It should be noted that the BGT approach is only valid for contacts
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under relatively small contact pressure, similar to the experiments performed in this study where the
real contact area constitutes a considerable low fraction of the nominal area (which can be < 1%). It is
important to note that the model work was based on the assumption that the contact was between a
flat rough surface and a rigid flat surface (i.e. surface roughness was measured and implemented for
only one surface). The purpose for such an assumption was to obtain a qualitative comparison
between the experiment and model results using a convenient and somehow relevant contact
scenario. The BGT model uses an asymptotic solution to find the ratio of the real contact area (4, to
the nominal contact area (4,,) of rough surfaces at low loads. The formula for calculating the ratio of

contact areas is expressed in Eq. (4).

A _ kB @
Ans— J(IVRIZ)E*

where K is the proportionality constant equal to V2, \/W is the root mean square (RMS) of the
rough surface gradient calculated from the AFM measurements of only the structured surface (top
surface), p is the average pressure and E* is the effective Young’s modulus. The main parameter of
the BGT model is the root mean square (RMS) of the surface gradient which is calculated directly from
the AFM scans. The other parameters are constant, considering using the same materials for all tests.
Calculation of A, from Eq. (4) was done by taking the maximum pressure applied to the contact zone
(50 N). As the surfaces differed in their nominal contact area, the nominal pressure was also different.
For the structured surfaces, the pressure was calculated by dividing the maximum normal load (50 N)
by the feature contact area (A,y). Table 4. 2 includes the nominal area of each feature contact area

along with the nominal pressure calculated using p= 50/A,, ¢, as well as the RMS surface gradient. The

values of \/(|Vh|?) and p for each feature contact area were used to calculate the ratio of the real
contact area to the feature contact area in Eq. (4). Values of A, (obtained from individual scans) for
each sample category were then averaged. The mean A, versus the feature contact area is shown in
Fig. 4.7 (a). Asimilar approach was performed for the BEM model. This approach implements a surface

contact solver (https://contact.engineering) [147, 148] to estimate A,. This was done by importing

the whole surface data to the solver. Five values of A, resulted from each sample category. These
values were then averaged to obtain a single A, per feature contact area ratio. The resulting A, against

Apg /A, is plotted in Fig. 4.7 (b).
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Table 4. 2. Input values of the parameters inserted in Eq. (4) to obtain the contact area ratio (E*= 181 Gpa).

Featur
confact a?’ea \/W Ayr (m?) P (N/m?)
ratio
0.2 0.343956 0.00002 2.5 x 10°
0.4 0.38552 0.00004 1.25 x 10°
0.6 0.314884 0.00006 0.833 x 10°
0.8 0.355556 0.00008 0.625 x 10°
1 0.237276 0.0001 0.5 x 10°
(@) BGT (b) BEM
x10° x10°°
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Fig. 4. 7. Predicted real area of contact Ar versus feature contact area ratio (Anf/An) as estimated by (a) the
BGT model and (b) the BEM method. Normal load P = 50 N. Nominal areas (i.e. 10 x 10 mm?) and feature areas

etc. are the same as for the experimental specimen.

Predictions of resulting A, from the two modelling approaches showed a very similar trend which is
also comparable to the trend in Fig. 4. 6. The analytical solutions that assumed the small contact
pressure assured that manipulation of the feature contact area (A, ) does not reflect on A, and thus
no change in friction can be seen. It can be said that manipulating the microscale contact area has the
same effect on friction as adjusting the macroscale area (4,,), which means that friction is always
independent of A,r. However, Gachot et al. [14] have been able to tailor friction by adjusting the
feature contact area. It is worth noting that they implemented laser lithography for fabricating the
structured surfaces. Using laser for structuring surfaces is more likely to cause surface alterations,
resulting in a high difference in surface roughness compared to the original nominal flat surface. The
differences in surface topographies will highly alter friction, meaning that the possibilities of altering

friction are largely dependent on the surface topographies rather than the feature nominal contact
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area. In this study, highly flat silicon samples were structured using photolithography. This lithography
technique roughly does not alter the surface topography (i.e. it does not really alter the surface in
between the troughs). The structured surfaces were highly idealised square-wave patterns with
nanoscale roughness on the tops of the features and the roughness on the feature tops was likely
preserved. Consequently, tailoring friction by varying feature widths/contact area of the almost
identical surface tops of the features was not possible as the independence of friction from the
nominal contact area even holds for nanoscale roughness (or any scale). Therefore, the friction of such
surfaces can only be tailored if the roughness is zero and can be done by adjusting the feature contact
area according to F = t,A,. However, zero-roughness is practically impossible to exist. It should be
noted that the unstructured case (Ans/A,= 1) deviated from the friction results of the structured cases.
Interestingly, the experimental (Fig. 4. 6) and analytical (Fig. 4. 7) results exhibited the same trend. The
outlier point suggests that the topographies of the unstructured surfaces are different from the
structured ones. This results in the observed difference in friction results between the two cases. The
difference in surface topographies is believed to be attributed to the structured surfaces being

subjected to the fabrication processes.

4.4. Conclusion

This study investigates the possibility of tailoring contact area and thus friction by producing
microscale patterns with nanoscale roughness. The study performs sliding in a dry friction scenario on
silicon surfaces that were obtained from commercial silicon wafers possessing high flatness and low
roughness. The surfaces were structured using photochemical etching to produce micro square-wave
patterns. The contact pair was always structured top samples against unstructured bottom samples,
except in one case where the pair was unstructured as a reference. Sliding was initiated by pulling the
bottom sample, whereas the top sample was held stationary. The micropatterns were designed by
varying widths of the square-wave patterns with keeping the period constant at 100 um to have
different feature contact ratios between 0.2 to 1. Friction results have shown that Amontons’ first law
of friction (linear load-dependent relation: F = puP) was obeyed by both the structured and
unstructured surfaces. Structuring the surfaces by varying feature contact area in the microscale
resulted in the same friction response as changing the macroscale nominal contact area, showing the
independence of friction on the feature contact area. This suggests that tailoring friction by
manipulating the feature contact area seems to be impossible, indicating that the nanoscale
roughness that existed on the unstructured surfaces and on the tops of the features on the structured
surfaces was sufficient to confirm the independence of friction from the contact area. This is because
surface topography was preserved even after varying the feature contact area. This means that the

real area of contact in our contact scenario is only dependent on normal load. The experimental results
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were joined with the BGT and BEM approaches to estimate the real contact area based on a fixed
normal load and surface roughness measurement. Both approaches confirmed that the real contact
area was unchanged with manipulating the feature contact area if the normal contact pressure was
sufficiently small. This assures that varying the feature contact area has the same effect on friction as
the nominal contact area, obeying Amontons’ second law. Interestingly, the structured and
unstructured cases still obey Amontons’ laws even for nanoscale roughness which demonstrates their

applicability on a wide spectrum of roughness length scales.

In conclusion, our highly idealised surfaces ruled out the possibility of altering friction by varying the
widths of the features. However, as stated before, a previous study [14] has shown that patterning
can adjust friction response. This is most probably attributed to the specific surface topography
involved (i.e. if the patterning produces changes in surface roughness and produces changes in
topography that lead to changes in real contact area). The friction results of our surfaces can be useful
for applications where maintaining a certain friction level and decreasing nominal contact area is
needed. This is seen in heat transfer applications where channels are required to dissipate heat from

a sliding contact.

This concluded the static friction study on the structured interfaces in the unidirectional sliding. It was
an encouraging attempt to examine the reliability of the friction rig which paved the way to expand
the study of static friction in reciprocating sliding to fill the gap in knowledge in finding the reason for
the disappearance of the static peak in reciprocating sliding. The following chapter will address this

topic in detail.
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Chapter 5: The static friction peak in
reciprocating sliding
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5.1. Introduction

Moving from the unidirectional sliding, the disappearance of the static friction peak in reciprocating
sliding is a distinctive feature that requires investigating, utilising the same friction rig. In unidirectional
sliding, the force required to initiate sliding is often less than the force needed to continue sliding. This
gives rise to what we call the static friction peak. However, as was noted in Chapter 2, the static friction
peak is generally absent in results from reciprocating sliding tests. Therefore, this chapter explores the
guestion of its existence in reciprocating sliding. Fig. 5. 1 shows a unidirectional sliding curve with a
clear static peak. The reason for its absence in published results from reciprocating sliding tests has

not really been investigated previously.
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Fig. 5. 1. Unidirectional sliding curve between silicon surfaces under 30 N normal load (Adapted from Bin Jaber

et al [149]).

To understand the presence of the static peak in reciprocating sliding, it is vital to firstly discuss the
transition from static to kinetic friction in unidirectional sliding. It has been previously suggested in
the past chapters that static friction is commonly higher than kinetic friction, giving rise to the so-
called “static peak”. The higher magnitude of the static friction in some cases can be attributed to the
static contact before sliding (frictional ageing) [150]. In this case, more asperities are engaged over
time which grows the real contact area causing a higher magnitude of friction [151-153]. Once
reaching the maximum resistive force (static friction), the real contact area reduces and thus friction
force relaxes to a steady value. Recalling the Bowden and Tabor [13] formula of sliding contact (F =
T A,), to maintain the steady-state friction, the change in the real area should be accompanied by a
change in the strength of the interface. It has been claimed that shear strength during “stick” is higher
than the one when “sliding”, causing a reduction in friction [154]. This can be correlated to strong
chemical bonds formed in the stick stage which are then ruptured in the onset of sliding due to a
weakened interface caused by mainly plastic deformation [20]. It has been indeed found by Li et a/

[150] that static contact in a silica-silica interface results in strengthening chemical bonds over time
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which requires higher tangential force to overcome the (increased) static friction. This finding of Li et
al was supported by friction tests between silica-diamond (hydrogen-terminated diamond) and silica-
graphite interfaces where there is a very low probability of forming chemical bonds (inert surfaces) in
the interface. It resulted that static friction approximately equalled kinetic friction with no observable
difference (no static peak). It was argued (for a silica-silica contact) that this phenomenon is clearly
observed in a nanoscale single-asperity contact where most of the ambient conditions have a low
influence on the fractional interactions [150]. Interestingly, similar findings were obtained from a
study performed by Weber et al [26]. Their study investigated this assumption experimentally using a
polystyrene sphere in contact with molecular pressure-sensitive film coated on a glass plate. They
argued that there was not a reduction in the real contact area while sliding takes place indicating that
the difference between static and kinetic must be originated from the chemical bond formation in
these two stages (i.e. the interface was weakened in the sliding stage). The assumptions that attribute
the friction drop on the onset of sliding to the shear-induced reduction in the real contact area or the
rupture of chemical bonds seem rational and they may even mutually contribute to the friction drop.
In fact, it can be said that the exact explanation of the transition mechanism is dependent on the
contact scenario including material pair and ambient conditions etc. Reciprocating sliding test results
are usually characterised by frictional hysteresis loops (plots of the tangential force against the relative
sliding displacement). Fig. 5. 2 shows typical reciprocating sliding curves obtained from [115] where

there is no distinguishable static peak in the loops as is commonly observed in the literature.

0.2 4
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0

Fig. 5. 2. Representative reciprocating sliding curves of friction between PTFE and PA66 [115].

This chapter concerns the presence of the static peak in the friction hysteresis loops via the gross-slip
fretting scenario. The aim of this study is to investigate the reasons for not observing the static peak

in reciprocating sliding via experiments performed on smooth silicon samples with nanoscale
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roughness (< 1 nm) in combination with an accompanying friction model of the transition from stick
to slip developed by Xu et al. [155]. The model was implemented to aid in interpreting the
experimental results. Indeed, part of the work here is to identify the conditions under which a static
friction peak is observable in reciprocating sliding. The following sections of this chapter will describe
the experimental and modelling approach followed by a detailed discussion of the experiment and

model results.

5.2. Experimental procedure

A description of the rig has been presented in detail in Section 3.3 (Refer to Fig.3. 2 for the schematic
of the rig). Briefly, the rig was used to investigate the sliding contact of silicon surfaces in a flat-on-flat
contact scenario. The silicon surfaces used in this study are identical to the unstructured samples used
in Chapter 4. The surfaces possess a high degree of flatness with nanoscale roughness. The contact
zone involves top and bottom silicon surfaces that are unstructured and bonded to metal blocks.
Dimensions of the top and bottom surfaces are 10 x 10 mm?2 and 15 x 20 mm? respectively. The bottom
sample was large to gain more freedom in the sliding distance and avoid edge effects. The normal load
was applied through compression springs and transmitted through an x-shape arm towards the top
sample. Normal and tangential load were measured accurately via a commercial button load cell and
a commercial universal tension/compression load cell. Measurement of forces and motion control

was done in a LabView program.

The tests were performed on silicon samples that experienced sliding for 100 cycles with a 10 N normal
load. The sliding distance for each stroke was 0.5 mm (1 mm full cycle) with a sliding speed of 0.05
mm/s (corresponding frequency is 0.05 Hz). The initial idea to investigate the disappearance of the
static peak was to vary the static contact time at the end of each stroke (dwell time). This was inspired
by studies carried out in Refs [26] and [150] where the contact time had a direct impact on the
magnitude of the static peak. Varying the dwell time was an additional step added to the test
parameters stated earlier, except for the number of cycles which was only 10 cycles for each dwell
time. The change in sliding direction when reaching the edge of the interface was stalled for some
time periods to observe the effect of the static contact time on the static peak. The stalling time was
adjusted in the LabView code before sliding takes place, so there was no user interference after
running the code. The time range was from zero to 20 seconds. The study was then directed to sliding
with no dwell time. The tests were repeated five times on a different sample pair possessing almost
identical surface conditions. Prior to testing, silicon samples were cleaned using a cleaning procedure
that involves five-minute dipping in Acetone then IPA and finally DI water. The samples were then
blown dry by a N, gun. Following sample cleaning, surface roughness was measured in an AFM to

establish the intact condition of the surface before being affected by wear. The cleaning procedures
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were carried out again after surface measurement and before performing the test. These preparation
steps were done on the five different silicon sample pairs. After the tests, the tested samples were

scanned in the AFM to measure the roughness of the worn surfaces.

5.3. Adhesive friction modelling approach

5.3.1. Theoretical background

A friction model recently developed by Xu et al. [155] has been used to help interpret and understand
the results. The model assumes that an elastic nominally flat rough surface slides on a rigid flat surface
which was the same assumption used in the model work of Chapter 4. The aim again was to
qualitatively compare the experimental results with the model via applying a simple contact condition
to ease understanding the friction behaviour. The model is developed to predict the evolution of the
interfacial friction, F, normal load, F,, and real contact area, A, as sliding transitions from full stick to
full sliding. It attributes the transition from stick to slip to the fracture on the contacting asperities
based on the Papangelo and Ciavarella model [156]. The model explains the interfacial friction at the
asperity level as a result of the coupling between the adhesion and tangential load. To implement the

prediction at the asperity level into the macroscale contact, the adhesive model assumes a Gaussian

1

/271052

v/ {z2) which is the root mean square (RMS) of asperity heights, that follows the classical multi-

2
distribution of asperity heights (z), which is represented by 0(z) = exp(— %), where g5 =

asperity model. It predicts the macroscale friction, normal load and real contact area (i.e. F, Fzand Ar
respectively) by summing the contribution at the asperity level of tangential forces, normal loads, and
real contact areas (i.e., T, P, a? respectively). The present model is capable of qualitatively predicting
the main characteristics of a friction test, namely static friction peak and reduction in real contact area

caused by shear.

The predictions of the macroscale parameters are derived according to the following formulas:

o 8,

F,(d,87) = nAy L Prc(8,87) p(d +8) d6 + nAy L Prteres(8) $(d + 6) d& (5)
0 82

F(d,67) = nA, L Tpe(8,87) $(d + 6) d5 + nd, fa Tyteres(8) §(d + 6) 6 (6)

A 0r) = Ay [ maBe(6,60) 9(d + ) dd
L (7)
+ 0y [ e ()0 +8) do
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These formulas are divided into two integral forms that represent the contribution of P, T, a? at the
asperity level in the stick and sliding stages that are governed by Papangelo and Ciavarella (PC), and
Hertzian contact theory respectively. The terms § and & are the asperity displacements in the normal
(indentation) and tangential directions. The separation between the surfaces is termed as d. Value of
indentation is determined by § = z — d. The contact pair experiences the tangential displacement in
a quasi-static manner (from 0 to 1x 107 m with 30 steps). The transition between the three sliding
stages (non-contact, stick and slip stages) is associated by the integral limits §; and §, which represent
the critical indentation depths (see Eqgs. (12) and (13)). To integrate these contributions to the
macroscale level, the asperity density 7 is multiplied by the nominal contact area 4, (10 x 10 mm?).

Knowing (8, 1), it is possible to solve the non-linear equations to get apc, Ppc, Tpc,

2
_ aPC Zﬂapcw 4 2 (8)
0= R \/ T 9/16T
AE*a3 16
Ppc = 3RPC - \/SnE*agcw - ?AE*ZaIZJC% (9)

4
TPC :§E*a 6T (10)

Where R is mean asperity radius (R), w is the work of adhesion, E* is the effective Young’s modulus
and A is the mode mixity parameter. All of these values that were used to obtain Egs. (8) — (10) will be
presented in Table 5. 2. The contributions of P, T, ma? in the sliding stage (Hertzian solution) are

obtained using the following formulas

4
Apertz = VRO,  Phertz = §E*‘/§63/2' Thertz = 7":CIZTO (11)

The integral limits are determined as follows:
8, = max(dmin — d + Sjeg 0, SPU™) (12)

61 = min(0, ;) (13)

where d,;,;,, is the minimum mean separation at the beginning of the tangential loading stage,

80



3
| 3 1
load
5/onding = —2.641p] exp (_ )

ZVMT (14)
(Smin — agnin _ Zﬂaminw _ f/162
pc R E* 9" T (15)
The a,,;, is the unique real positive root of the following polynomial:
21w 4 TWR\?
—+ @min ~ g A8t Ain — (ﬁ) =0 (16)

Rw2 1 . .
——)3, where ¢ is the atomic

The term (ug) is the Tabor’s parameter and is calculated by py = (5*2 =

distance, € = 0.2 nm.

5.3.2. Model input parameters

The AFM scans of the silicon samples were the key parameters of the Xu et al. model [155]. The before
and after testing scans describe the effects on the surface topography of the silicon samples by the
reciprocating sliding. Three key parameters from these scans were extracted to be inserted into the
model. They are the root mean (RMS) square of asperity height (o;), asperity density (n), and mean
asperity radius (R). These values were dependent on the assumption that an asperity is recognised if
its summit is higher than the four neighbouring sampling points. To measure the asperity density, the

number of asperities (that were identified as the assumption above) was divide by the nominal contact
area (4,,)= 10 x 10 mm?. The mean asperity radius was approximated using: R = % (|0z%/0%x|™t +

|0z2/0%y|~1). The parameters extracted from the before-test scans represent the intact condition
of the sample surfaces. These parameters were extracted again for the after-test scans to obtain the
condition of the affected surface topography. The model assumes os to be the only variable during the
friction test. The RMS of asperity height (o;) of the before-test scans are assumed to be for Cycle 1 and
the values of the after-test scans are for Cycle 100. The cycles in-between were approximated by using

linear interpolation to investigate the effect of wear on surface roughness during sliding.

The model also requires inputs of the mechanical properties of the interface. The mechanical
parameters required are Young’s modulus E, shear strength 15, and Poisson’s ratio v. These parameters
were obtained from the literature [157, 158] as E = 169 GPa, to = 10 GPa, and v = 0.272. An effective

Young’s modulus was then calculated as:

E*= E/(1-v? (17)
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Additionally, it is important to consider the work of adhesion (surface energy) of the silicon surface
before obtaining the model results. The surface free energy is characterised by the state of the
equilibrium of the atoms on the surface [159]. It is defined as the required work to produce a new
surface of material [159]. There are characteristics that are strongly affected by the surface free
energy which are adsorption, wetting and adhesion [159]. Measuring the surface free energy of solids
experimentally is rather difficult. Researchers rely on using theoretical approaches incorporating
contact angle measurements of an interface between liquids and a solid surface (indirect method) to
inspect the interaction at the interface. The interaction at the interface is essentially determined by
the properties of the liquids involved and the target solid surface. The surface energy measurement
originated from the widely known Young’s equation for a liquid-solid interface. The equation includes
the influencing components of the interaction. The equation that expresses the liquid-solid interface

is as follows:
Y1 COS(H) =VYs— Yis— T (18)

where y;, ¥s and y;s are the surface tension of the liquid, the surface tension of the solid and interfacial
surface tension respectively. The last term (m.) is the equilibrium film pressure. This term is usually
zero when using liquids with higher energy than solids [160]. The higher energy of the liquid can be
anticipated if a liquid droplet drops on a solid surface (low-energy surface) and forms a contact angle
[160]. This assumption does not apply to solids with high energy such as metals and graphite [160].
The terms that can be determined experimentally in the Young equation are the contact angle () and
surface tension of the liquid. Researchers have been able to measure the surface tension of most
liquids. Therefore, the contact angle is the only variable that needs measuring. Fig. 5. 3 illustrates the
interactions seen on the liquid-solid interface determined by Young’s equation. Fowkes [160] modified

Young’s equation to include the dispersion forces of the system and it is written as:

I
cos(0) = —1 + 2 \/y?d N (19)

Vi

The y¢ and yld are the dispersion components of surface tension of the solid and liquid respectively.
It has been shown that there are two forces (components) namely dispersion and polar (hydrogen
bonding; ylp) that form the surface tension of a material [161]. Consequently, the formula was further

modified to add both contributions to the equation. The modified (more general) form is:
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Fig. 5. 3. The components that affect the liquid-solid interface according to Young’s equation [159].

In the liquid-solid interface, these two components are the basis of liquid-solid interaction and
determine the wettability of the interfacial region [160]. The level of wettability is dependent on the
viscosity of the liquid and the surface roughness of the solid [162]. Liquids with a predominant
dispersion contribution tend to spread freely on the solid surface [159]. In the liquid-solid interface, a
widely known term that was first introduced by Zisman [162] defined as the critical surface tension
was determined after an extensive study on different liquid-solid interfaces. The study [162]
investigated the cosine of the contact angle against the surface tension of the liquid. It was found that
data points from all interfaces can be fit by a linear line with y-intercept at cos(6)=1 (6 = zero). The
value of the surface tension where there is no contact angle is considered the critical surface tension
of the solid surface. This means that liquids with surface tension less than the critical value are freely
spread over the solid surface. It should be noted that the critical value is influenced by the surface
composition, thus it needs to be determined experimentally (i.e. it is not a given property). This finding
can be used to examine the wettability of a solid surface. Measurement of the surface energy through
the contact angle have been applied via multiple theoretical approaches. The most common methods
are the method of Zisman [162], the geometric mean (i.e. Owen, Wendt, Rabel and Kaelble) [161] and
the harmonic mean [159]. Even though these methods are somehow different in their theoretical
approaches, it has been found that similar values of surface energy are obtained [159]. This indicates

that choosing one of these three methods should be reliable to obtain surface energy.

The work of adhesion (surface energy) in this work was measured experimentally on the intact silicon
surfaces using the Owens, Wendt, Rabel and Kaelble (OWRK) method [161]. The surface energy was

calculated by measuring the contact angle of liquid droplets from water, ethanol and ethylene glycol
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on the silicon surface. The surface tensions of these liquids were obtained from Refs [159] and [163].
The liquid total surface tension (y;), was a summation of two components, dispersive (yld), and polar
(ylp). These values are presented in Table 5. 1. The surface energy was then obtained by fitting a line
between points resulting from Egs. (21) and (22) representing the x-and y-axis respectively.

yp
x(vf vf) = # (21)

y (6,71,7) = 0.5 (1 + cos()) * (22)

[0
G /
The surface energy of silicon is the total of the dispersive and polar components which correspond to

the slope and y-intercept of the fitted line. The components of the linear equation were raised to the

power 2 and summed to obtain the total surface energy of silicon.

Table 5. 1. Total surface tension, dispersive surface tension and polar surface tension of the liquids used in the

measurement of surface energy obtained from [159] and [163].

Surface tension - total Surface tension - dispersive (yld) Surface tension - polar (]/lp)
Liquids (y1) (MN/m) (mN/m) (mN/m)
Water 72.8 21.8 51.0
Ethanol 21.4 18.8 2.6
Ethylene glycol 48 29 19

A high-resolution camera was used to capture the droplets from leaving the pipette until they touch
the silicon surface. The contact angle was measured from images taken after one second of releasing
the droplet and then processed in Imagel software. Shapes of these droplets (all have the same
volume) are shown in Fig. 5. 4. The highest contact angle was obtained from water droplets as they
occupied the smallest area on the silicon surface. This is because water possesses the highest surface
tension among the other used liquids (as shown in Table 5. 1). Ethanol occupied the largest area on
the silicon surface, thus the lowest contact angle was measured from ethanol droplets (i.e. freely
spread on the silicon surface). To ensure repeatability, three contact angle measurements were
applied on three different silicon samples. The average from these measurements was used to
calculate the total average surface energy of the intact silicon surfaces at 42.8 mJ/m?. As the two

surfaces were almost identical, the work of adhesion was multiplied by 2 (i.e. w = 85.6 mJ/m?). By
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knowing the surface energy of the silicon surface and comparing it with the surface tension of the
liquids in Table 5. 1, it can be understood why the droplets of liquids were in different shapes. The
large difference in the contact angle seen in the liquid-solid interfaces followed the suggestion
obtained from Fowkes [160] where the contact angle is determined by the relative relationship
between the surface tension of the liquid and the surface energy of the solid. A good representation
of this relationship was illustrated by Prakash and Prasanth [164] and is shown in Fig. 5. 5. For example,
when relating the surface tension of ethanol with silicon, the small contact angle can be anticipated

due to having a liquid with low surface tension and relatively high surface energy of solid.

(a) Water (b) Ethanol (c) Ethylene glycol

Fig. 5. 4. Contact angle measurements on silicon samples performed to calculate the surface energy of the silicon

Low surface
energy —
non-wetting
High surface
tension -
non-wetting
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surface.

energy —
Low surface ———
tension —
wetting

Fig. 5. 5. The relative relationship between the liquid surface tension and the surface energy of a solid [164].

Having managed to explain the model approach and provide the necessary formulas, a table of inputs
(see Table 5.2) should be inserted to ease understanding the parameters usage in the model. The table
involves the parameters that were dependent on the sliding cycles, surface conditions etc. (e.g o5, n,

and R). It is worth saying again that the only variable to obtain the results in the model for the different
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samples was os. The constants (e.g. E*, Ty, v) that were used for all the model results are presented in

the caption of the table.

Table 5. 2. Roughness inputs used to extract the model results. These parameters were accompanied with a list

of constants as follows: £"= 181 GPa, o= 10 GPa, v=0.272, w=85.6 x 10°® mJ/mm?, 4= 0.22 and €= 0.2 nm.

Roughness parameters
No. of Cycle 1 Cycle 100 Tabor’s
0.0 parameter
samples
s n R s n R (ur)
(x10® (x108 (x10°® (x10°® (x108 (x10°®
mm) mm2) mm) mm) mm2) mm)
1st 0.118 1.28 0.559 26.9 1.28 0.559 2.50
2nd 0.221 1.33 0.802 35.4 1.33 0.802 2.82
3rd 1.09 1.14 0.586 27.2 1.14 0.586 2.54
4th 0.473 1.14 0.394 28.3 1.14 0.394 2.25
gth 0.361 1.03 0.672 22 1.03 0.672 2.66

5.4. Results and discussion

A waiting time after each stroke was introduced to inspect whether the contact time has an impact
on the static peak. Initially, it was considered that the disappearance of the static peak in the literature
on reciprocating sliding might be attributed to insufficient contact time to form the bonds between
the opposing surfaces. The idea was to force the surfaces to relax for a specific time and then allow
them to slide again. The tests started with carrying out sliding with no dwell time to mark the sliding
curves of this condition as a reference. The dwell time was increased from 2 to 20 seconds. The sliding
curves with varying dwell time are presented in Fig. 5. 6. It is noticeable that the static peak was seen
in almost all the sliding cycles. Static friction was always higher than kinetic friction. This can be
correlated to a weakened interface at the onset of sliding (gross slip), or a reduction in the real contact
area when the sliding regime transited to the gross slip. This will be discussed in detail later in this
section. It was suggested that chemical bonds are formed during the static contact (keeping the
surfaces in contact with no sliding) leading to increase the static friction from its original value [150].
In our study, the static peak seems to maintain its magnitude throughout sliding regardless of the
waiting time. The magnitude of the static peak even reduced slightly in the later cycles of the 20-
second dwell time test. It is interesting to note that the sliding curves were uniform throughout the
reciprocating sliding (for the forward and backward sliding). The kinetic region of the sliding curve was

stable, which might indicate that wear did not evidently contribute to the frictional behaviour. The
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existence of the static peakin all cycles is worth investigating as this was not observed in the literature
on reciprocating sliding. Realising that there was not a clear impact of the contact time on the static
peak on the tested surfaces, the study was re-directed to further investigate the existence of the static
peak by applying a high number of sliding cycles with no dwell time. It was found that imposing the
interface for 100 sliding cycles seemed reasonable and can provide adequate details of the silicon
frictional behaviour in the reciprocating sliding. The insensitivity to dwell time may be due to the fact
that silicon is not a material noted for any appreciable creep behaviour (therefore real contact area is
not expected to increase with time) and also, the timescales needed to fully establish bonds are likely

to have been far less than the range of dwell times considered here.
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Fig. 5. 6. Experimental sliding curves with varying dwell time: (a) no dwell time, (b) Dwell time = 2 seconds, (c)
Dwell time = 4 seconds, (d) Dwell time = 10 seconds and (e) Dwell time = 20 seconds. The legend shows the
colours that represent the number of cycles. The dwell time refers to the time for which the contact is held static

at the end of each sliding stroke.

To correlate the surface condition of the tested samples with friction results, roughness measurement

of the silicon samples performed before and after testing is presented in Table 5. 3. The prior-test
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values are the lowest limit of the mean RMS roughness (Rg) and RMS asperity height (os) that the
samples can attain. It is noticeable that there is some variation in Rqg and o; among samples in the
prior test scans. This is more likely to be related to how the samples were initially prepared before
scanning. It can be also seen that there is a considerable difference between the pre-test and post-
test scans. This is most probably attributed to wear sustained during the reciprocating sliding. Wear
tracks were evident on the surfaces after detaching them. Wear appears to have increased the
roughness to significantly high values compared to the before-test scans. The post-test scans are in
the range between 28 to 35 nm, whereas the maximum Rq in the pre-test scans is 0.64 nm (i.e. the
after-test scans are almost 50 times higher). Roughness values after testing indicate that the samples
experienced a similar level of wear. It is also noteworthy that the standard deviation of Rg after the
test is remarkably high. The significant variation of Rq in a single surface indicates that some areas

were severely damaged, whereas others were almost unaffected.

Table 5. 3. Average RMS roughness Rq and average RMS asperity peak height os for silicon samples before and
after 100 cycles of reciprocating sliding (bracketed values are standard deviations).

saNn(:i:)(I):s RMS Roughness Rg (nm) RMS asperity peak height o5 (nm)
Before After Before After
1t 0.16 +0.004 28.9+42.0 0.12 +0.003 26.9+44.4
2nd 0.17 +£0.07 35.8 +48.9 0.22 +0.20 35.4+51.6
3rd 0.64 £0.44 29.1+£52.8 1.09 +0.9 27.2 £52.8
4th 0.32+0.04 31.3%47.1 0.47 £0.07 28.3+48.1
5th 0.31+0.27 27.8 £43.8 0.36 £0.30 22.01 £39.8

Fig. 5. 7 (a) shows representative curves of the forward sliding of friction hysteresis loops from the
experiment. The forward sliding of the loops was only presented in the figure because it is preferable
to focus on one sliding direction to help investigate the static peak. Full sliding curves are shown in
Fig. A 23 in the appendix. To better investigate the appearance of the static peak, curves of cycles up
to 12 with 0.25 mm sliding displacement were selected. These cycles aid in highlighting the static peak
appearance throughout cycling. The peak was distinguishable from Cycle 1 until a few subsequent
cycles. The static friction then reduced towards kinetic friction leading to the absence of the static
peak (i.e. static Friction = kinetic friction) with no notable change in the sliding curves towards the
end. Sliding curves have exhibited a slight shift with cycles before transitioning from pre-slip to gross
slip. This is believed to be caused by a limitation in the experimental setup. The curves also showed

temporary suspension of the linear increase in the tangential force in the partial slip stage starting
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from Cycle 6. The reason for the suspension is not yet clear. However, these two events did not affect
the results of the loops. Noticeably, all curves showed the typical relaxation of the tangential force to

a stable value (kinetic friction, Fy).

The almost identical curves (i.e. the decay of the peak was the only distinctive feature) of the loops
suggesting that wear could be the key element responsible for decaying the static peak. For this
reason, the wear-dependent surface roughness was inserted in the model for each cycle to validate
the assumption of the wear effect on the corresponding cycles. Sliding curves of silicon surfaces from
the model are shown in Fig. 5. 7 (b). They are based on roughness data and mechanical properties of
the same sample shown in Fig. 5. 7 (a). It should be noted that roughness parameters were the only
variable for the sliding curves of the model. The model shows similar results to the experiment
concerning the static peak appearance and static friction reduction. The figure confirms the
appearance of a prominent static peak in the early sliding cycles. It is observed that the peak also
reduced rapidly with cycles, as shown in the experiments. Also, the kinetic friction level for the
experiment and model at Cycle 1 both were at 3 N suggesting that the value of T and the prediction of
A, in the model are probably accurate. This is supported by recalling the well-known sliding friction
equation of Bowden and Tabor (F = tA,) [13]. However, this was not the case for the subsequent
model cycles. Here, it is suggested that the experimental interfacial shear strength might be changing
with cycles to maintain F¢ as shown by Rabinowicz [52]. Therefore, it can be said that the experimental
Tand A, were altering with cycles to keep Fcconstant. A,is commonly known to reduce with increasing
surface roughness [92, 116]. The interfacial shear strength is believed to increase with cycles due to a
strengthened interface. In the model, Fxwas the result of the decrease in A, without considering the
change in Tt with cycles which results in the reduction in F. This is probably the cause for the difference
between the model and the experiment for curves after Cycle 1. It can be noticed that the magnitude
of static friction (Fs) is also decreasing with cycles. This occurred in the experiment until a certain limit
(Fk), whereas Fs in the model kept decreasing with cycles as observed in F. The large difference
between the experiment and model in F; might be attributed to the complexity of the multi-asperity
approach on fracture at the asperity level which makes it difficult to obtain accurate implementation

in the macroscale interaction.
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Fig. 5. 7. Representative sliding curves from (a) experiment and (b) model prediction illustrate the static peak
evolution with cycles. The experiment graph shows only the forward direction to help compare with the model
prediction. The sliding curves of the model were obtained using the same constants presented in the caption
Table 5.2 in addition to uy = 2.50, n=1.28 x 108 mm2, R=0.559 x 10°® mm (related to the 1%t sample in Table 5.2).
The values of g, were dependent on the cycle number (e.g. g, for cycle 1 was 0.18 x10°® mm, while g, for cycle

12 was 3.1 x 10° mm) and they were altered accordingly.

To quantify the magnitude of the static peak from the experiment results, the difference between F;
and F, was divided by F (relative difference) and then plotted against cycles (Fig. 5. 8 (a)). Obtaining
the relative difference helps to inspect the peak magnitude relative to F (i.e. how the static peak is
fading with cycles). Data points of this relationship are joined with the best-fitted exponential curve
to present the trend. The equation of the fitted curve is inserted in the figure. All samples follow an
exponential decay with a higher difference in the first cycles, reflecting the higher peaks. The static
and kinetic friction started to be equal from about Cycle 15 for almost all samples corresponding to
the beginning of the static peak disappearance. The different behaviour of the samples in the early
stage of sliding might be attributed to a different reaction from samples in the running-in stage. After
approximately 30 cycles, all samples converge to the zero-difference stage where similar sliding curves
with no static peaks were observed. The average of AF/Fi is plotted versus cycles in Fig. 5. 8 (b) with a

maximum average peak magnitude of 20% of Fy.
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Fig. 5. 8. The relative friction difference (AF/Fk) versus cycles for (a) the five tests and (b) the average. The inset

equation is for the best-fitted curve.
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Once more, AF/F¢ was obtained to explore the trend for the model results. This is shown in Fig. 5. 9
(a). The figure involves the results of selected cycles in which a distinction between F; and F, can be
observed. The results after cycle 20, where Fs = F, are included to show how the trend proceeds
towards the end. From the graph, the difference in Cycle 1 between individual samples is high
compared to the other cycles. This indicates different responses from the samples at the beginning of
sliding. From Cycle 5, the samples started to converge to the same ratio until they are all in the zero-
difference. It can also be seen that the model results follow the exponential decrease similar to the
experiments, but with a better agreement between samples results. To have a clearer idea of the
difference between the model and empirical results, averages of the ratio from both phases were
plotted against cycles in Fig. 5. 9 (b). Encouragingly, ratios from the model started to coincide with
those of the experiments from Cycle 5 towards the end assuring the friction behaviour observed in

the experiment.
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Fig. 5. 9. Predictions of the model of the relative friction difference (AF/Fk) versus cycles for (a) individual samples

and (b) a comparison between experimental and model averages.

To obtain more explanation of the sliding curves, particularly the friction drop (Fs to Fi) in Fig. 5. 7, the
prediction of real contact area (A,) was acquired from the present model. Here, the model explains
the friction drop as a result of a reduction in the real contact area due to the increase in surface
roughness (see Table 5. 3). Fig. 5. 10 shows the evolution of real contact at Cycle 1 on one of the
contacting pairs. The figure illustrates the contribution of the stuck and sliding regions on the total A,
(Eq (5)). They mutually contribute to the total real contact area. The summation of their contributions
gives rise to the frictional behaviour observed in Fig. 5. 7 (b). As the sliding displacement initially
increases, the real contact area in the stuck regions is dominant and high, corresponding to the higher
static friction, which is followed by a decrease, marking the transition from stick to slip at around 0.2
x 10* mm. This reduction continues until the entire interface slips (gross slip), where the slip regions
become dominant leading to lower kinetic friction. The reduction in the real contact area during sliding
explains the friction drop. The model also attributes the higher static friction to the rupture of the

stuck asperity junctions. This means that high work of adhesion of the interface would result in
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stronger junctions, thus higher static peak as suggested in Xu et al. [155]. To investigate the reduction
in F;, the average real contact area in the stuck regions is plotted against cycles in Fig. 5. 11 (a). The
graph shows an exponential decrease in the real contact area in the stuck regions with cycles, resulting
in a reduction in Fs with cycles also as shown in Fig. 5. 11 (b). Interestingly, the reduction of F; is in
good agreement with the experimental data in Fig. 5. 7 (a), indicating that when surfaces are

roughened, less static friction results due to a reduction in the real contact area.
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Fig. 5. 10. Normalised real contact area versus tangential displacement illustrating the stuck contribution (black
:) and sliding contribution (blue --) to the total of the real contact area (red -). The graph shows the evolution of

the real contact area at Cycle 1 of the sample results presented in Fig. 5. 7.
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Fig. 5. 11. Averages of (a) real contact area in stuck stage normalized by the nominal contact area versus cycles

and (b) static friction versus cycles as predicted from the present model with a fitted curve equation inserted.

Another plausible explanation for the reduction in F; is the removal of third-body layers (molecules)
from the interface. It is suggested that these molecules are formed when gases in the atmosphere are
bonded to containment molecules on the interface such as H,O [150, 165]. The existence of the third-
body molecules can lock the contacting asperities, requiring higher tangential force to overcome the
static friction. When the surfaces are rubbing each other, third-body layers that exist between the

surfaces are ruptured and moved away from the interface. This is believed to be more pronounced in
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the early stage of sliding. The following sliding cycles would wear away these molecules, resulting in
lower static friction. The distinctive static peak from Cycle 1 to Cycle 12 suggests that wear-reduced
real contact area and third-body removal are more likely to be the main reasons for the reduction in
Fs, giving rise to ‘burying’ the static peak. It can be concluded that the static peak is obsecured after
several cycles due to the reasons discussed above. This is probably the reason for not observing the
static peak in the literature on the frictional hysteresis loops — as the reported loops are generally
those that occur well after the initial running-in cycles (i.e. significant wear and layer removal may

have occurred by then).

5.5. Conclusions

The question of the existence of the static friction peak in reciprocating sliding has been investigated
in this chapter. It is widely observed in the literature that the static friction peak is generally absent in
published fictional hysteresis loops (e.g. from gross slip fretting tests), but why? To investigate this
behaviour, silicon samples with nanoscale roughness (up to 0.64 nm) were used to carry out the
reciprocating sliding tests. The samples experienced reciprocating sliding for 100 cycles to inspect the
effect of cycling on the static peak. It was found that a prominent static friction peak is present in the
initial cycles of reciprocating sliding (i.e. first 12 cycles), but that it decays relatively quickly thereafter
and has mostly disappeared by about 30 cycles. Therefore, the reason the peak is often absent may
be because hysteresis loops are often reported for cycles well after the initial cycles (due to running-
in periods etc.). As the sliding cycles are nominally identical, the decaying static friction peak can be
attributed to wear processes. In the experiments, the reduction in the friction peak took the form of
static friction reducing with cycles with the kinetic friction level remaining roughly constant. Results
also showed that surface roughness increased significantly with cycles of testing. Two main
explanations are advanced for the wear-induced decay. The first is that significant increases in
roughness during the test lead to reduction in the fully stuck real contact area (with cycles); thereby,
producing a corresponding reduction in the static friction force. Applying the Xu et al. multi-asperity
friction model [14] to the test surfaces, it has been shown that implementing the measured roughness

reduction in the model predicts a similar static friction peak decay.

Another possible explanation is that of the breaking of chemical bonds (or removal of initial layers)
formed due to interface exposure to air. These chemical bonds/layers are believed to lock the
interface in the initial cycles. It is possible that a few cycles of sliding is sufficient to remove or alter
these layers, leading to lower friction levels being required to initiate sliding. As Silicon is a brittle
single crystal material, creep induced growth of the contact area is an unlikely explanation for the
static friction peak here. This is also confirmed by the appearance of the peak in cycles following the

first cycle (such as Cycle 2) where time available for junction growth (of the real contact area) is
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insufficient as the reciprocating contact reverses direction in milli-seconds. It may be that both surface
roughness changes and molecular layer removal both contribute to the behaviour. However, the exact
origin of the friction peak decay observed here in reciprocating sliding requires more investigation.
However, we can confidently conclude that the rapid delay in the static friction peak is a wear induced
phenomenon.

Having succeeded in reaching meaningful conclusions in the studies of static friction in unidirectional
and reciprocating sliding, it was necessary to widen our understanding of friction by investigating the

role of kinetic friction in triboelectrification. This will be discussed in the next chapter.
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Chapter 6: The effect of friction on
triboelectrification
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6.1. Introduction:

To acquire a better understanding of friction between sliding contacts, it was important to transit from
static friction where slow speed is often applied to high sliding speed to inspect the role of kinetic
friction in a sophisticated device. Frictional interfaces are usually associated with contact
electrification caused by an energetically favourable transfer of electrons between the contacting
materials. When the surfaces are in physical contact, opposite charges will form on each side of the
interface. The periodic separation of these oppositely charged surfaces establishes a potential
difference. The existence of surface charges has long been undesirable in many applications,
particularly those that involve polymers. This is because polymers accumulate and preserve charges
so easily on their surfaces [18, 22, 103]. The continuous movement of parts that involve polymers can
give rise to excessive heat causing operation failure [18]. With small particles, the phenomenon can
cause agglomeration which then blocks up pipes and equipment (particularly in the pharmaceutical
industry). The contact charges, on the other hand, can also be used to advantage — this is a more
recent development. In 2012, a device known as a triboelectric nanogenerator (or TENG) was invented
to do just this. The clever innovation was the structure: the use of thin dielectric layers (about 100 to
500 um) to mirror the charges onto backing electrodes by electrostatic induction. Current then flows
between the two electrodes during separation and approach. TENGs are efficient (at low frequencies),
flexible and low cost energy harvesters. Although their power output is higher than that of
piezoelectric nanogenerators, they produce a comparatively low output (<500 W/m?). However, they
would appear to be ideal for supplying low powered small-scale devices (such as LEDs and self-

powered sensors [104]).

The link between friction and contact charges can be observed in metal-polymer or polymer-polymer
interfaces. Friction is correlated with contact charges due to the impact of Van der Waals, Coulomb
forces and chemical bonds on charge formation [21, 106, 107]. The correlation between friction and
charges has been widely studied in the literature [18-22]. These studies have been successful in
identifying a direct correlation between friction and surface charges. It has been found that
simultaneous fluctuations were observed in the frictional and electrical signals, indicating that they
originate from the same source [107]. Friction interactions namely “stick-slip” events have an
immediate impact on the charge transfer between the contacting surfaces [19, 20]. It has been
observed that the charge transfer occurs in the slip events when the bonds that are formed during the
stick events are ruptured [20]. This was evident in the coinciding increases in the charge transfer when
the interface was in the slipping phase [20]. However, it should be noted that these observations were
seen at a slow sliding speed (< 1 mm/s) which is not the case for TENG devices. There has been a lack

of studies in the TENG context, specifically sliding mode, that correlate friction with electrical output.
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The role of friction in the sliding mode TENG needs to be carefully considered. There are numerous
interesting questions: does frictional sliding enhance charge transfer (as compared to the normal
contact mode) and how do changes in friction effect charge transfer and TENG output. Likewise, there

is the question of how electrical charges can affect friction.

It is worth recalling the review of TENGs briefly after discussing the correlation between contact
electrification and friction. The idea for the TENG was put forward in 2012 by Prof Zhong Lin Wang
and his group in 2012 [105, 124-126]. TENG modes have been essentially categorised into two main
modes; namely, the contact separation (CS-TENG) and sliding (S-TENG) modes. The structure of TENGs
began with a simple design using two dielectric layers with electrodes placed on the backside of the
insulators. TENG research was initially directed toward contact (vertical) separation due to its
simplicity. The mechanism has evolved into a variety of structures to reflect daily life activities. The
structures that have been commonly used in the literature are single electrodes [133, 134] and two

electrodes with a gap between them (free-standing) [127, 133, 135] in contact with a dielectric layer.

This chapter aims to explore the role of friction in triboelectrification via the sliding mode TENG. To
achieve this, the rig designed in Chapter 3 and adapted in Chapter 5 (to facilitate reciprocating sliding)
was further modified to perform freestanding sliding mode tests. PET in contact with copper were
used as the core triboelectric pair for the study. The sliding mode has been promising due to its high
and stable electrical output [127, 135]. However, the tribological behaviour of the triboelectric layers
in the sliding mode TENG has not been studied adequately in S-TENG literature. In particular, the role
of friction and wear have not been comprehensively considered. Additionally, in many of the
published S-TENG papers, accurate and controlled experimental designs to implement sliding are
absent (particularly in the early papers). For example, some sliding TENG tests were carried out by
hand with no accurate control over sliding speed, stroke length and normal load and often no
concurrent measurement of friction force. It should be noted that there has actually been some recent
progress in realising more accurate testing of S-TENGS. For example, Armitage et al. [115] have
implemented an S-TENG testing approach in a commercial tribometer (Bruker UMT Tribolab) and have
successfully been able to measure electrical output concurrently with tangential force. In this chapter,
an investigation of the frictional and electrical behaviour of the PET-Cu interface will be presented.
The chapter aims also to present a systematic comparison between CS-TENG and S-TENG using the
same materials and experiential parameters. Since bulk sliding is absent in the CS-TENG, this direct
comparison should allow some identification of the role that friction plays. While there are
observations in the literature comparing sliding mode with normal contact mode (e.g. in review
papers), these are mostly from tests with vastly different parameters (e.g. different layer thicknesses,

different materials, different device sizes, different structures, different normal loads and frequencies
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etc.). This study aims to produce a careful comparison where as many as possible of the many variables

are kept the same between both test types.

6.2. Experimental procedure:

The friction rig described in Chapter 3 was adapted with electrical measurements to investigate the
frictional behaviour (friction and wear) and electrical properties of the triboelectric surfaces. The
experimental setup is similar to the one shown in Chapter 5. Tribological parameters (i.e. normal load
and tangential force) were measured using the button load cell (LBS, Interface Force Measurements,
UK) for normal load and the tension/compression load cell for tangential force (SML, Interface Force
Measurements, UK). Electrical measurements were first performed via oscilloscope (RSMSO-2202EA,
RS Components Ltd, UK) to measure the output voltage. This study also measured the electrical power
of the TENG. The rig was combined with an electrometer (6517B, Tektronix, Inc, USA) for measuring
voltage and a preamplifier (SR570, Stanford Research Systems, USA) connected to the oscilloscope to
measure the current. The schematic of the rig is shown in Fig. 6. 1 (the numbers indicate the main
components). The inset shows the contact zone in a close-up view. The normal load is applied by
compression springs which is transmitted through the x-shaped arm to the interface through the
button load cell. The button load cell has a spherical tip to allow the top surface to self-align with the
bottom surface. The top surface is Polyethylene terephthalate (PET) bonded to an acrylic block.
Dimension of PET is 20x25 mm?. The top part was constrained from movement by stoppers in either
direction. The bottom sample is composed of two strips of copper (Cu) with a 5-mm gap between
them and dimensions of 20 x 30 mm? each, producing a “free-standing” mode arrangement. They
were placed on a glass plate (to provide a smooth and highly flat backing surface). The bottom part is
positioned on a metal block that is placed on an ultra-low friction bearing. The motion was initiated
by pulling/pushing the metal block via a stepper motor (NEMA 23, Lin Engineering, USA). Tangential
force and electrical signal were measured simultaneously at the first instance of movement. Motion
control and force measurement were carried out using a LabView program. The signal from the load
cells was transmitted to the user interface via a full-bridge amplifier (NI-9237, National Instruments,

USA).
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Fig. 6. 1. Synchronous friction-voltage test rig of freestanding TENG: (1) PET layer, (2) Copper strips, (3) Acrylic
backing plate, (4) Glass plate, (5) Moving metal plate, (6) Button load cell, (7) x-shaped arm, (8) Springs, (9)

Stoppers, (10) Connecting rod, (11) Tension/compression load cell, (12) Motorised linear stage,

The investigation of the tribological and electrical behaviour of the PET-Cu interface was carried out
to study the effect of friction and wear on the electrical performance of the triboelectric interface. In
all tests, the start position of the pair was adjusted to achieve a full overlap between the PET surface
and the first electrode. Sliding then started until the PET fully aligned with the second electrode and
returned to the initial position to complete one cycle. The electrical measurements involved
measuring the output voltage and electrical power. The output voltage measurement was performed
by varying the sliding speed on each normal load. The normal load range was from 2 to 10 N with a 2-
N increment. For each normal load, the speed range started from 5 mm/s to 125 mm/s with a 30-
mm/s difference. At the same time, friction curves were generated to inspect friction throughout
sliding. The electrical power measurement was done by applying the maximum speed and normal
load (i.e. 125 mm/s and 10 N respectively) and connecting the interface with a wide range of resistors
to inspect the optimal resistance value that results in the highest power. This was performed by
multiplying voltage across each resistor by current passing through it to generate the power curve.
The wear study was also performed by applying the maximum speed and normal load. The surfaces
experienced 2 hours of sliding constituting 13 x 103 cycles. To inspect the impact of wear qualitatively,
the copper surfaces were scanned in an optical profilometer (InfinteFocus G4, Alicona, Austria) before
and after tests. While the previously developed rig was used for the sliding mode tests, an
electrodynamic mechanical test machine (Instron E3000, UK) was used to perform the normal contact
separation tests (using the same materials, device dimensions and experiment parameters). The
mechanism of this TENG configuration was to force the upper surface (PET) to fully contact (conformal
contact) the lower surface (Cu) and then release the force to permit the upper surface to return to its
original position, forming a single cycle. This movement was repeated with different normal loads and

motion frequency to mirror the mechanism performed in the sliding mode.
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6.3. Results and discussion

The working mechanism of the free-standing TENG is shown in Fig. 6. 2 The figure illustrates the
relative movement between the triboelectric layers in four stages showing the corresponding friction
and voltage curves for each stage. At Stage 1, charges with opposite polarities are formed in the
interface. Negative charges are distributed on the PET surface whereas positive charges are formed
on the copper surface due to the electrical induction. The polarity of charges is determined by the
positions of these two materials in the triboelectric series [128]. It is known that PET is more
electronegative than Cu (i.e. PET has more tendency to accept electrons), which means that PET would
be negatively charged when contacting Cu. The motion is initiated at this stage. The bonded surfaces
start to detach (i.e. PET leaves Electrode 1) as soon as the tangential force overcomes the static
friction. The output voltage at this stage is almost zero as there is no charge movement between the
electrodes. The motion continues forcing the charges to move from Electrode 1 to Electrode 2 to
neutralise the interface (Stage 2). This initiates potential differences between the electrodes. The
output voltage reaches the maximum once the PET surface is at almost the midpoint of the stroke
where the interface achieves the optimal charge separation. Following this, the PET surface reaches
the end of the stroke (Stage 3), mirroring the condition of Stage 1. Before returning to the initial
position, the output voltage gradually reaches the peak value (Stage 4) — approximately at the same
voltage value as Stage 2. The PET then reaches the initial position, completing a full cycle.

Subsequently, the interface experiences the same stages again for the following cycles.
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Fig. 6. 2. lllustration of the S-TENG test mechanism showing the relative movement between the triboelectric
layers and corresponding curves of friction and voltage.

The relationship between the output voltage and sliding speed with varying normal loads is shown in
Fig. 6. 3 This relationship is significant in investigating the electrical performance of the triboelectric
layers. The figure shows the expected linear increase between the output voltage and speed toward
a maximum averaged value of approximately 6 V. The low voltage at the slow speed is attributed to
the sufficient time available to neutralise the interface. In contrast, the frequent contact separation
at high speed forces the surface charges to continuously move between the electrodes, resulting in a
faster pumping of charge (i.e. / = dQ/dt). It can also be seen that there is an increase in the output
voltage with the normal load. This is believed to be correlated to the increase in real contact area with
contact pressure which is essentially due to the way in which rough surfaces deform when pressed
together [103, 114]. This contact force dependence has been extensively identified and studied for
the normal contact separation mode TENG [112, 113, 116]. The effect of normal load on the output
voltage showed no further increase after 4 N. Similar findings were obtained from Yang et al. [114]
where there was no increase in voltage for contact pressures higher than 7.5 kPa. This contact

pressure is comparable to the pressure applied on the interface in this study for the 4 N normal load
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which is around 8 kPa. This suggests that there was little growth in the real contact area (i.e. A,
approaches the nominal contact area) when the load was higher than 4 N. It has been shown that, for
polymers in contact with metals, if the pressure is lower than the plastic flow stress of the polymer,
there would be a linear increase between the pressure and real contact area, corresponding to the
elastic deformation regime [47]. Once the pressure exceeds the plastic flow stress, the asperities
would be all plastically deformed leading to no further growth in the real contact area [47]. The output
voltage obtained in this study is comparable to the voltage acquired by Yang et al. [114] which ranges

between 8 to 14 for their different contact arrangements.
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Fig. 6. 3. The output voltage versus the sliding speed with applying different normal loads.

The frictional behaviour was also studied to investigate whether the output voltage can be correlated
with friction. Here, the dynamic friction was plotted in Fig. 6. 4 (a) against the sliding speed with the
different normal loads. There does appear to be a gradual increase in friction with sliding speed. As
expected, the dynamic friction force increases in step with the normal load. In line with the literature,
it would be expected that the interactions that dictate the real contact area (i.e. deformation of
asperities) are the responsible element that directly influences the electrical and frictional behaviour.
This is also seen in the force ratio (i.e. coefficient of friction (COF)) required to maintain steady
movement (Fig. 6. 4 (b)). The COF during the elastic deformations, at relatively low loads, decreases
exponentially with the normal load from around 0.5 to 0.2. This is commonly observed in polymers
experiencing sliding friction as shown in Refs. [44, 47, 166]. It is worth saying that the COF resulted
from the polymer-metal interface in this study was similar to those obtained from the S-TENG
literature in Armitage et al [115] and Zhang et al. [132], where an average value of around 0.4 was
obtained. The decreasing of the COF trend in Fig. 6. 4 is attributed to the so-called “power law” that
governs the relationship between the real contact area (A;) and normal load (P) stating that A, < P"

where n lies between 0.74 and 0.96 [44, 166]. As the load increases, the exponent n reaches the unity
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(n = 1), resulting in the independency of COF on the normal load [47]. This is observed in the COF of
the loads higher than 4 N.

(a) (b)

z o7

= [©2Nc24N=6N*8No10N| o o5 mm/s
25 =06 3 o35 mm/s

3

.0 i ] S * 65 mm/s

ks] $ % ®os *95 mm/s

=2 ¢ =

= :E ’} = f 0125 mm/s|

S04 ®

st ~

= ; 8 o 5 03

© . 3 i O

c o 02

> ° ’

(@)

o
(3,1
oFT
o

100 120 140 o 2 12

20 40 60 80 4 6 8 10
Sliding speed (mm/s) Normal load (N)

Fig. 6. 4. Frictional behaviour of the triboelectric layers showing: (a) Dynamic friction versus sliding speed and
(b) COF against normal load.

Deviating from the sliding mode, the PET-Cu interface was also studied using the vertical contact
separation mode (CS-TENG) to inspect the electrical performance of the pair in this mode and compare
it with the performance obtained from the sliding one. The tests were performed by varying the
contact-separation frequency and changing the normal load. Fig. 6. 5 shows the output voltage versus
the frequency for the PET-Cu interface under different normal loads. The range of the frequency was
chosen depending on the corresponding frequency of the maximum speed set in S-TENG which is
around 1.8 Hz. It is seen that the output voltage increases as the frequency increases which has the
same effect as increasing the speed in the S-TENG (i.e. increasing frequency leads to a higher | =
dQ/dt). Notably, the output voltage is directly proportional to the normal load for the whole range of
the applied loads. In the CS-TENG case, it seems that the asperity deformations did not transit from
the elastic regime where the real contact area is increasing with the normal load giving rise to a higher
voltage. To apply a clear comparison between S-TENG and CS-TENG, the output voltage of 2 Hz was
compared with the output voltage of 125 mm/s (corresponding to 1.8 Hz) for the full range of the
normal load in Fig. 6. 6. It is noticed that there is a large difference in the voltage magnitude between
these two modes. The figure shows that the output voltage of S-TENG was far higher than CS-TENG
for the whole range of the normal load (with all other parameters equal). This is an indicator that the
frictional sliding contributes directly to boosting tribocharge transfer and electrical output. Even
though the output voltage was increasing with load in the CS-TENG, the maximum voltage (peak-to-
peak) for this frequency (= 4 V) was far lower than the one from S-TENG (= 8.5 V). In is likely that sliding
brings more area into contact and thereby allows for more charge transfer. It should be noted that

the output voltage in the CS-TENG of this study was notably less than the one obtained in Kumar et al.
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[116] which was in the range between 10 to 20 V. This can be attributed to the materials used in

Kumar’s study. They used mica in contact with PVS. The mica was believed to have high dielectric

strength which was beneficial for the charge induction [116].
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Fig. 6. 6. The voltage signals for (a) S-TENG and (b) CS-TENG tests experiencing different normal loads.

Another significant criterion to assess the electrical performance of a TENG device is the power
generated from the mechanical movement. To obtain the power curve of the device, a wide range of
resistors were connected to measure voltage and current resulting from individual resistors. Fig. 6. 7
(a) and (b) present the variation of current and voltage. As expected, the maximum currents were
obtained from the lowest resistance value that allows 0.98 pA and 0.21 pA to pass through the resistor
in the S-TENG and CS-TENG respectively. The voltage values, in contrast, were at their maximum when
the highest resistor was connected to the circuit. The open circuit voltages for the S-TENG and CS-
TENG were 90 V and 2 V respectively. It is observed that the S-TENG generated considerably high

voltage and current compared to the CS-TENG. Therefore, the generated power is also much higher
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when the triboelectric layers are set for sliding mode. This is seen in the large difference in power
between these modes in the power curves presented in Fig. 6. 7 (c) and (d). The significant difference
in the electrical output between the normal and sliding contact was also observed in Ref [135] where
the output from sliding was over 100 times larger. The optimal power values were 63 uW obtained
from the S-TENG and 0.15 pW from the CS-TENG. The optimal power was obtained from resistance
values of 1 GQ and 0.1 GQ for S-TENG and CS-TENG, respectively.
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Fig. 6. 7. Current and voltage measurements of: (a) S-TENG and (b) CS-TENG. Multiplication of these

measurements provide the electrical power of (c) S-TENG and (d) CS-TENG.

Having shown the superiority of the S-TENG, it is crucial to assess its stability and durability to examine
its performance with time. One potential disadvantage of the S-TENG might be suseptibility to higher
wear rates than the CS-TENG. The stability of the S-TENG was assessed by running the device for 1500
cycles under 10 N with a sliding speed of 125 mm/s. The output voltage for the full duration of sliding
is shown in Fig. 6. 8. It is encouraging to note that the output voltage was almost stable throughout
the test which took 14 minutes of continuous sliding. This is important because it indicates that the
devices can generate the same electricity for relatively long periods. This can power tens of LEDs for
a long time. The durability is another important aspect of assessing the S-TENG performance. The test
was done by applying 13 x 103 cycles using 10 N for the normal load and 125 mm/s for the sliding

speed to inspect the impact of wear qualitatively. The effect of the sliding on the triboelectric layers
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was investigated only on the copper surface. This is because the PET surface was transparent which
requires specialised equipment for characterisation. Fig. 6. 9 illustrates the impact of wear by
comparing optical images of the Cu surface of the before and after test scans. it is evident that the Cu
surface was severely worn after the test. The worn surface suffered from wear tracks, material
transfer from PET and presumably the presence of external particles. To inspect the effect of these
artefacts on the output voltage, the voltage was recorded for the full duration of the test. The output
voltage of the initial cycles was approximately 8.5 V which was then dropped (just before two hours
of sliding) to 5 V. It has been suggested that these artefacts affect the mechanism of the original charge
transfer due to new interfaces introduced throughout sliding, lowering the possibilities of the
formation of the triboelectric charges [115]. Even though triboelectric layers in THE S-TENG can
generate relatively higher output than their counterparts in CS-TENG, the wear effect is considerable

and this reduces the lifetime of the decives.
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6.4. Conclusion

This chapter has explored the role of friction in triboelectrification. The key test was a comparison of
electrical results from the sliding mode TENG (S-TENG) with the contact seperation mode TENG (CS-
TENG) while holding as many device parameters as possible constant (i.e layer thicknesses, device size,
materials, contact pressure etc.). The important difference being that the S-TENG experiences gross
sliding, while the CS-TENG does not. The materials used in this study were PET and Cu. The friction rig
was combined with electrical instrumentation to investigate the behaviour of these layers. The new
set-up of the rig enabled concurrent measurement of voltage and friction force. The rig also provides
a robust system for applying and measuring normal and tangential loads. The tests initially started by
varying the sliding speed and normal load to inspect the response of the triboelectric layers to these
changes. The experiments showed the expected increase in the output voltage with both sliding speed
and normal load. The relationship between the friction force and normal load behaved similarly to the
output voltage and normal load trend. This indicates that they both were influenced by the same
source which is the real contact area. The S-TENG produced a considerabley higher ouput compared
to the CS-TENG. This is in line with current consensus in the literature (where less appropriate test
results —with differing parameters - were used to make a comparison). One reason for this might be
the fact that sliding brought more area into contact and hence produced more opportunities for
charge transfer. Aother possibility (via the flexoelectric effect) might be the action of the frictional
traction which is likley to increase the strain gradients in the asperities. To obtain a more meaningful
illustration of the comparison between these modes, electrical power plots were created against
electrical resistance. The measurement was done by measuring voltage and current across a wide
range of resistors to obtain optimal electrical power. The final stage of the experiment was to assess
the stability and durability of the S-TENG device. It was encouraging to observe that the output voltage
was stable at around 8 V for a continuous sliding of 14 minutes. This voltage should be enough to
illuminate tens of LEDs for a relatively long time. Even though the S-TENG device generates higher
electricity, it can suffer from wear decreasing its output over time and reducing the lifetime of
materials —indeed, the tested S-TENG samples showed evidence of significant wear after the tests.
This work was the last experimental work that was applied in the customised friction rig. Three major
research topics were addressed using the rig. These topics were good indications of the applicability
of the friction rig in performing different contact scenarios and succeeding in achieving meaningful
conclusions. The next chapter will present the main conculsions of these three research topics along
with identifying future recommendations inspired by limitations encountered while performing the

tests.

108



Chapter 7: Conclusion and future
recommendations
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7.1. Conclusion

This thesis has investigated some key aspects and ideas on static and sliding friction. It began with the
design and assembly of an adaptable friction rig for implementing flat-on-flat linear sliding and then
proceeded to study three major aspects: the tailoring of friction using micropatterned surfaces, the
existence of the static friction peak in reciprocating sliding and finally, the role of friction in
triboelectrification. The main aim of the project was to tackle the research gaps associated with these
three major aspects. The first gap was the uncertainty about the explicit impact of structuring
techniques on tailoring static friction. After surveying the literature on friction of the structured
surfaces, it was observed that there have been indecisive conclusions on the effect of structuring
techniques on friction. Therefore, it was advantageous to examine the effectiveness of manipulating
surface topography on tailoring static friction on idealised materials with nanoscale roughness and
high flatness to attain a deeper understating of such a contact mechanism. To expand the study of
static friction, the focus was directed to the static friction peak in the reciprocating sliding. The
absence of the static friction peak in the reciprocating sliding needs investigating. This motivated
studying the transition from static friction to kinetic friction in the reciprocating sliding. Having
succeeded in studying static friction in the unidirectional and reciprocating sliding, it was vital to widen
our understanding of friction by investigating the role of friction in triboelectrification, particularly in
a TENG device. The impact of friction in S-TENG was not considered adequately in the literature. This

topic is still immature and requires a thorough investigation.

Studying friction of structured interfaces was the first experimental topic of this project. One of the
novel techniques applied in tribology is surface modifications using light-based structuring such as
laser surface texturing (LST) and photochemical etching (PCT). These techniques have been
implemented in the friction literature to inspect the possibility of controlling friction. LST has been
successful in obtaining a rough level of control over the frictional interactions of contacting surfaces.
However, structuring surfaces by LST is susceptible to chemical modifications on the structured
surfaces and has accuracy limitations, affecting the frictional behaviour of the surfaces. To mitigate
these impacts, PCT is considered a good alternative that can produce high-fidelity structured surfaces
with high productivity. Implementing such a technique as a means for controlling friction via surface
structuring seems worthy of study. This aspect was the first topic to be investigated in this project;
namely, the possibility of tailoring the static friction of structured silicon samples patterned using
photochemical etching (photolithography). The dry friction of these Si surfaces with nanoscale
roughness and the possibility of using micropatterning to tailor friction by manipulating contact area
was investigated. Square wave patterns produced on samples from silicon wafers (and their

unstructured equivalent) were slid against unstructured silicon counter surfaces. The width of the
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square wave features was adjusted to vary the apparent feature contact area. The existence of
nanoscale roughness was sufficient to ensure Amontons’ first law (F = uP) on both structured &
unstructured samples. Somewhat counterintuitively, friction was independent of the apparent feature
contact area making it difficult to tailor friction via the feature contact area. This occurred because,
even though the apparent feature contact area was adjusted, the surface roughness and nominal
flatness at the contact interface were preserved ensuring that the real contact area and thereby the
friction, were likewise preserved. Thus, the adjustments to the feature nominal contact area
amounted to the same behaviour as altering the nominal contact area of a fixed mass of material (i.e.
friction is generally independent of the nominal area as captured in the Amontons-Coloumb law). This
is an interesting special case, but not universally applicable: friction can indeed be adjusted by
structuring provided the intervention leads to a change in real contact area (or interlocking)— and this

depends on the specific surface geometry and topography.

The second aspect of friction investigated was the apparent absence of the static friction peak in the
reciprocating sliding literature. Studies on frictional hysteresis loops were reviewed in an attempt to
find the reason for the absence, but to the authors knowledge, there were no previous studies looking
into this interesting observation. Here, reciprocating sliding tests were conducted on ultra-smooth
silicon surfaces (equivalent to the unstructured samples in the previous work). The tests were done
for 100 cycles with 10 N normal load and 0.05 mm/s sliding speed. A prominent static friction peak
was present in the initial cycles. However, a rapid decay in the static friction peak occurred after the
first cycle with the peak being mostly absent by about 30 cycles. The existence of the peak in the first
cycles and then its disappearance in the subsequent cycles suggest that wear is most probably the
cause for the disappearance. Two possible explanations are proposed for the wear-induced decay: (1)
that increasing surface roughness (with cycles) reduces the fully stuck contact area and (2) that wear
reduces the bonding strength of the stuck interface by removing third body contaminant molecules.
Predictions from a multi-asperity friction model are used to support these arguments. The argument
based on surface roughness proceeds as follows: sliding roughens the surface (higher roughness)
thereby reducing the real contact area. Recalling the theory of Bowden and Tabor for sliding contacts,
one might assume that this reduction in the real contact area might lead to a decrease in the static
friction level resulting in less difference between static and kinetic friction. To verify the assumption
of the wear effect on roughness, the roughness data was inserted in the adhesive contact model. It
should be noted that the roughness parameters were the only variable in the model. The model results
showed the same behaviour observed in the experiments; namely, that the roughness-induced
reduction in the real contact area reproduces or predicts the decay of the static friction peak. Further

study is required to confirm the exact mechanism of the wear induced decay.
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The final topic of investigation concerned the role of sliding friction in triboelectrification. It was
apparent in the literature review, that there are few studies where tribological aspects such as friction
and wear are studied in relation to the sliding mode TENG (S-TENG). In addition, many S-TENG studies
lack a sufficiently accurate and repeatable testing approach. It is acknowledged that friction has a
pronounced impact on the formation of triboelectric charges. This is observed in contacting surfaces
moving at slow speeds to accurately capture the correlation between friction and contact charges.
With high-speed motion (typical speed in TENG), it might be difficult to correlate friction with the
electrical output in the S-TENG. Thus, it is worth investigating this correlation in a TENG device. A key
area of interest is the direct comparison between sliding TENG results and normal contact mode
results. The normal contact mode has no gross sliding, while the sliding mode does — the idea being
that a comparison could help isolate the role of frictional sliding. Loose comparisons had been made
in the literature, but between TENG constructions that were vastly different (i.e. different layer
thicknesses, different device sizes, different materials and different contact pressures and
frequencies). The study in this thesis conducts a careful comparison of S-TENG and CS-TENG output
while keeping as many device parameters as possible constant. Electrical instrumentation was
incorporated into the friction rig to simultaneously measure friction and electrical outputs. In line with
the presumptions in the literature, the S-TENG was found to have a significantly higher output
compared to the CS-TENG. The maximum power output from the S-TENG was more than 400 times
higher. The key reason for the difference would appear to be the frictional sliding in the S-TENG. It is
likely that gross sliding introduces more mutual contact area between the two surfaces compared to
the normal mode where there were no fresh regions to contribute to the contact area; thereby giving
extra opportunities for charge transfer. It is also possible that the frictional traction induces higher
strain gradients and, via the flexoelectric effect, this may lead to greater charge densities at the
interface. It is clear that the physics of the role that sliding plays here will require further study. Finally,
even though the output voltage of the S-TENG is higher, wear is likely to severely affect the contacting

surfaces as shown in the experiments in Chapter 6.

7.2. Future recommendation

1- The first research topic focused on investigating the feasibility of tailoring static friction via
structuring surfaces. The study assured that the structured surfaces (and the unstructured surfaces
with nanoscale roughness) still obey the known friction laws (i.e. COF is independent of normal load
and feature contact area). To widen our investigation on the structured surfaces, a wear study on
these surfaces would be valuable to assess the impact of surface structuring in another frictional
interaction. It has been suggested that channels between the micro-features might be useful to trap

wear particles eliminating them from the interface [8, 82]. This could potentially reduce the impact
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of wear on the interface and mitigate the contribution of ploughing on friction. Due to time restriction
and limited facilities, this project was not able to perform a full-scale wear study to inspect whether
the channels can be utilised to reduce wear. Additionally, it would be a good approach to implement
the surface structuring on materials used highly in engineering, such as polymers or even metals. 3D
printing might be used to generate these kinds of structured surfaces much more rapidly in a wide

range of materials (as its resolution is constantly improving).

2- The investigation of the static peak in reciprocating sliding was successful in finding the reason for
the disappearance of the peak —i.e. wear. However, it was not possible to definitively confirm whether
the mechanism was due to a wear-induced roughening of the surface or a wear-induced rubbing away
of surface layers that tended to bond the surfaces with higher strength before being rubbed away
after just a few cycles. On a more technical note, it was noticed that the experimental sliding curves
showed a slight rigid body shift for some cycles. The cause for this is believed to be related to the
stoppers used to constrain the top sample from movement. The stoppers could not be tightened
against the upper backing plate from each side as this would absorb some of the applied normal load,;
thus, a tiny gap had to be felt in place resulting in the displacement shift during motion reversal. Even
though the friction results were not affected by these features (which occur before the static friction
point), designing more robust stoppers would help obtain more accurate results. It was also observed
that the experiments and model results were not in full agreement. This is because the model predicts
the interfacial shear strength to be constant throughout sliding which contradicts with some
experimental studies. This gave rise to an observable difference between the experiment and model
results. Consequently, a model that allows the interfacial shear strength to be changing with cycles

would be beneficial.

3- Studying the tribological and electrical behaviour of triboelectric layers was necessary to
understand how the frictional response affects the electrical output. This study focused more on
friction to inspect its impact on TENG output. The results showed that frictional sliding does appear to
increase electrical output (as compared to the normal contact mode TENG). However, the reason why
sliding boosts electrical output is not fully clear and this warrants further study. It should be noted
that the triboelectric layers suffer a high degree of wear in the sliding mode. As stated earlier, this
project did not have time to perform a thorough wear study to analyse the impact of wear on the
triboelectric layers. A comprehensive wear study is needed for sliding mode TENGs — this is very
important as many TENG constructions in the literature use very soft or fragile materials as surface
layers (such as electrospun nano-fibrous layers). Additionally, it would be useful to optimise S-TENG
output based on the variable parameters such as the geometric ratios involving the gap distance, the

overlap lengths etc.
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Appendices

A. Engineering drawings of the friction rig components
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Fig. A 1. Drawing of the base plate that is the base for all the parts on the left side of the rig.
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Fig. A 2. The Bottom metal block that is used to place the bottom sample. This part has a hole on one side to
connect to either side of the rig.
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Fig. A 5. The stoppers to constrain the top sample from movement while sliding is taking place. The different
holes were drilled to insert small screws at different locations to accommodate a variety of top sample
dimensions.
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Fig. A 6. The posts to hold the x-shape and stoppers.
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Fig. A 7. The connecting rod between the bottom metal block and connecting cylinder.
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Fig. A 8. The connecting cylinder to switch the M4 connector to the M6 (the one that fits the tension load cell).
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Fig. A 9. The connecting rod with a shorter length to connect the left side of the rig with the right through the
tension/compression load cell.
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Fig. A 10. The right-angle part to transmit the tangential load from the motor to the interface.
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Fig. A 11. The spacer between the right-angle part and linear guide to meet the connecting line.
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B. LabView code
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Fig. A 12. The user interface of the unidirectional sliding experiments.
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Fig. A 13. The Block diagram of the unidirectional code for the motion control (No. 1).
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Fig. A 14. The Block diagram of the unidirectional code for the motion control (No. 2).
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Fig. A 17. The user interface of the reciprocating sliding experiments.
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Fig. A 19. The Block diagram of the reciprocating code for the motion control (No. 2).
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Fig. A 20. The Block diagram of the reciprocating code for the motion control (No. 3).
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Fig. A 21. The Block diagram of the reciprocating code for the normal load measurements.
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Fig. A 22. The Block diagram of the reciprocating code for the tangential force measurements.

C. Supplementary figures
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Fig. A 23. The full hysteresis loops for the first 12 cycles presented in Fig. 5. 7.
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