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ABSTRACT

Polymer-composites are indispensable tribo-materials in a wide range of
engineering applications, including gears, bearings, joint implants, and automotive
components. In many of these applications the presence of liquid lubricant is
unavoidable, requiring a thorough understanding of composite behaviour under
lubricated conditions. However, with growing emphasis on environmental safety, the
use of petroleum oil-based lubricants, especially near aqueous environments, such as
ships, pumps and turbines, has become increasingly dubious. Estimates suggest that of
the 30—40 million tonnes of lubricant used annually, around 55% may eventually re-
enter the environment, with approximately 95% of these being petroleum-based. These
systems contribute to emissions and resource depletion, driving interest in the
development of lubricant technologies free from petroleum-derived products. Some
potential replacements to them are acceptable alternate lubricants like esters and
glycerol, or mere water, which is abundantly available and emission free. The
tribological performance of polymer composites often differs between dry and
lubricated conditions, as contribution from polymer and fillers are observed to vary
across environments. While numerous studies have explored the role of various fillers
in water lubricated conditions, limited knowledge is available on other alternate
lubricants. More recently, the focus on polymer-composite side has shifted towards
multi-filler systems, which, when working synergistically, can provide superior
performance compared to having a single filler. However, the existing literature lacks
clarity on several key aspects: including the individual roles of filler material and scale;
the nature and effect of filler—filler and filler-lubricant interactions to overall
performance. This thesis investigates these gaps and provides deeper insights into the
mechanisms governing the lubricated tribological behaviour of multi-filler polymer
composites.

Keywords:
Composites, Tribology, Fillers, Water lubrication, Acceptable alternate lubricants
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CHAPTER 1

Introduction
1.1 Background

Friction and wear in water-based systems, such as marine propulsion systems,
hydropower turbines, and industrial pumps, result in staggering energy losses and
maintenance costs worldwide. Studies estimate that friction-related energy losses in
marine propulsion systems account for approximately 1520 % of the total energy
produced from fuel consumption [1,2]. However, the concern extends beyond unused
energy. According to a report by the European Commission, large vessels such as
container ships and oil tankers contributed to 4 % of total CO; emissions from the
transport sector in 2023 [3,4]. This equates to nearly 140 million tonnes of CO,
emissions annually, solely due to friction losses in international shipping, based on 2023
data [5]. In the case of hydropower turbines, although overall energy losses are lower
compared to propulsion systems, wear-induced inefficiencies gradually reduce energy
output, leading to costly repairs and downtime [6,7]. Similarly, statistics suggest that
approximately half of all failures in centrifugal pumps are attributed to rolling bearing.
However, even before complete failure, the defects in bearings can lead to an 20 %
increase in power consumption [8,9]. These figures underscore the need for advance
materials that minimize friction in water-based environments while sustaining
operational efficiently for decades.

Figure 1 — (a) Emission from ships [10], (b) Damaged thrust bearing from hydro-

turbine [11], (¢) Failed roller bearing from pump [12]
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1.2 Problem with conventional lubricants

Conventional oil-based lubricants, while effective in reducing friction, pose
significant environmental risks when used in water-based systems. Annually,
approximately 20 million tonnes of lubricants are estimated to leak into ecosystems
through spills, discharges, or evaporation [13]. While exact figures vary between
sources, all estimates indicate that millions of tonnes of lubricants are unintentionally
discharged into oceans each year, primarily through operational leaks, improper
disposal, and bilge water emissions from ships [14,15]. These lubricants contain
polycyclic aromatic hydrocarbons (PAHs), which accumulate in plankton, fish, and
other aquatic organisms, impairing reproduction and survival rates [16]. Studies suggest
that even low concentrations of PAHs (0.45 pg/L) can induce morphological defects
in marine species and disrupt food chains [17]. Furthermore, the remediation of oil-
polluted water is costly and complex. Mechanical recovery methods for marine oil spills
reclaim only 40% of spilled oil, while bioremediation (relatively eco-friendly) requires
months to years to degrade contaminants and incurs expenses exceeding tens of
thousands of euros per tonne [18,19].

Figure 2 — (a) Oil spill near coral atoll in the south pacific [20] and
(b) Contaminated river in Manipur, India after oil leak from power plant [21]

Biodegradable lubricants, such as vegetable oil and synthetic ester-based
lubricants, are often promoted as sustainable alternatives, but they also have limitations.
Firstly, the cost of these alternatives is typically two to three times higher than that of
conventional oil-based lubricants, making widespread adoption challenging [22,23].
Even so the vegetable oil is considered unsuitable for use in highly saline environments
as it may accelerate hydrolysis reactions [24], in-turn breaking the ester bonds in oils’
molecular structure. This oil with compromised structure then has lower lubricity
property than it should. Moreover, while the above lubricants contain lower PAH
content, their degradation byproducts (such as acids and ketones) are water-soluble and
can still exhibit toxicity in aquatic ecosystems. Studies imply the water-soluble fractions
of oxidised lubricants can cause morphological defects in aquatic life [17,25]. These
drawbacks highlight the need for lubricants that are safe for use in water-based
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environments while capable of delivering lubricating performance with minimal
compromise.

1.3 Water and water-based lubricants as an alternative

Water emerges as ideal lubricant for such applications, offering inherent
advantages. In places like the marine environment where water is readily available in
abundant quantity, its use as a lubricant reduces the need for lubricant storage or
transport. Additionally, having pure water as a lubricant (without additives) eliminates
the risks of bioaccumulation and marine pollution. Moreover, the high heat capacity of
water reduces thermal degradation risks in high-load scenarios, while its fire-resistant
properties enhance safety in industrial pumps and turbines.

Both the available results and computational fluid dynamics simulations
suggests that in high-speed applications water’s low viscosity enhances fluid film
formation and has suitably low coefficient of friction [26,27]. However, the same low
viscosity (1/100th that of oil and decreases rapidly further with temperature [26]) also
implies that water-lubricated contacts in most cases will spend a higher portion of their
operating cycle in boundary & mixed lubricated regime. Since surfaces in these regimes
are in full or partial contact, wear of the surfaces is expected to occur throughout the
operation cycle in water-lubricated contacts. This necessitates the development of
advanced materials to use with water-lubrication that exhibit extremely low wear rates
and are highly resistant to corrosion.

Operating in boundary and mixed lubrication regimes is not necessarily a
disadvantage, as in many cases the solid lubricants are observed to have no effect after
the system transitions to the hydrodynamic lubrication regime. For instance, Figure 3
delineates the effect on coefficient of friction with sliding speed from having graphene
as a filler in the poly alpha olefin (PAO) oil in a steel-diamond-like carbon (DLC)
contact. At lower sliding speeds, the incorporation of graphene in the lubricant is noted
to reduce the coefficient of friction, with higher graphene concentrations leading to a
lower coefficient of friction. However, at high sliding speeds—implying that the
contact conditions are transitioning towards mixed and hydrodynamic regimes—the
coefficient of friction is noted to be the same, irrespective of the presence or absence
of graphene as a filler or its concentration. This is because in mixed and hydrodynamic
conditions, the lubricant properties play the key role in determining the coefticient of
friction, whereas in boundary conditions both lubricant and surface characteristics play
a substantial role. This obervation underscores the advantage of operating in boundary
regime when using lubricant like water.
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Figure 3 — Variation of Coefficient of friction with velocity with poly alpha
olefin oil (PAO) containing difterent concentrations of graphene (G) [28].

Polyhydric alcohols, such as glycerol, present another promising alternative for
water-based tribological systems. Glycerol, a non-toxic and biodegradable compound,
forms hydrogen-bonded networks with water, increasing viscosity and thermal stability
without the oxidative instability seen in vegetable oils [29,30]. Molecular dynamics
simulations reveal that in comparison to pure water, having glycerol-water mixture as
lubricant significantly improve its ability to remain between surfaces and reduces density
fluctuations, thus enabling more stable lubrication film to form between surfaces
[31,32]. This is critical for applications operating across variable temperatures, where
glycerol’s cryoprotective properties may prevent ice nucleation, thereby reducing
mechanical stress in machines during cold starts [33]. Furthermore, multiple studies
demonstrate that glycerol-water mixtures exhibit lower coefficients of friction and
reduced wear volumes compared to conventional mineral oils as lubricant [34-36].
Additionally, glycerol’s hydroxyl-rich structure is observed to be effective in passivating
metal surfaces, thereby hindering corrosion of the surfaces [37-39], which can be a
major concern when using water as a lubricant. Finally, since glycerol is the primary
byproduct from biodiesel production, the existing infrastructure makes production of
glycerol more economically viable than other synthetic lubricants [40]. These advances
highlight the feasibility of integrating glycerol with water for use as lubricant as it
presents promising compromise between ecological safety and performance reliability
in water-based applications.

14 Polymer-metal contacts for water-lubricated conditions

Polymers are known for their self-lubricating properties, corrosion resistance,
among other advantages delineated in Figure 4, making them a promising candidate
for water-lubricated applications.



INTRODUCTION

(i g3y
NqIYX3 *2)3 sdrjoudyd
‘sI9qqn.r) auios
Supieq {(spusdpqn
JEWI3)XI JO padu
ou) YPLIqN-JRS
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1.4.1  Classification of polymer materials

A variety of materials are available for use, as shown in Figure 5. The easiest
classification between these polymers is thermoplastics, thermosets and Elastomers.

Extreme Temperature High Performance
Plastics Engineering
High Temperature PPSU | LCP  PPS
Plastics PEl | PAR  PAT1

PESU = PARA PA12

PPA

Engineering
Plastics
Commodity
Plastics

Figure 5 — Classification of polymers based on semicrystalline and amorphous [42]

Thermoplastics are polymer materials with ability to be remelted and reshaped,
making them recyclable and suitable for applications requiring repeated processing.
Thermoplastic polymers can be further classified as semi-crystalline or amorphous,
depending on their molecular arrangement. Semi-crystalline thermoplastics have an
ordered molecular structure with a sharp melting point and remain solid until a specific
amount of heat is absorbed. They offer good chemical resistance and show significant
improvement in heat deflection temperatures when reinforced, maintaining useful
strength and stiffness well beyond their glass transition temperature (Tg). Examples of
semi-crystalline thermoplastics include Polytetra- fluoroethylene (PTFE), Ultra-high-
molecular-weight  polyethylene  (UHMWPE), Polyoxymethylene (POM),
Polyphenylene sulfide (PPS), and Polyether ether ketone (PEEK). On the other hand,
amorphous thermoplastics have a randomly ordered molecular structure and do not
have a distinct melting point. Instead, they soften gradually over a temperature range.
These have lower mould shrinkage, making them ideal for precision applications.
However, amorphous thermoplastics typically lose strength more rapidly above Tg.
Common amorphous thermoplastics include Polycarbonate (PC), Polysulfone (PSU),
and Polyetherimide (PEI).
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Thermoset polymers undergo an irreversible curing reaction that forms a
highly crosslinked molecular structure, preventing them from being remelted or
reshaped after curing. This crosslinking results in exceptional thermal stability,
mechanical strength, and chemical resistance, making thermosets ideal for high-
performance applications such as aerospace, automotive, and electronic components.
Unlike thermoplastics, thermosets do not soften upon heating; instead, they degrade
or char at high temperatures. While some thermosets may exhibit an amorphous
molecular structure, others develop ordered regions during crosslinking. Thermosets
also generally have low mould shrinkage and high dimensional stability. However,
they are more brittle than thermoplastics and cannot be recycled due to their
permanent crosslinked structure. Some well-known thermosetting materials include
Epoxy resins, Polyimide (PI), Polyamide-imide (PAI), Phenolic resins, and
Bismaleimide (BMI).

Elastomers, on the other hand, are unique class of polymers characterized by
their exceptional viscoelastic behaviour (combining both viscosity and elasticity),
allowing them to undergo significant deformation and return to their original shape
with minimal energy loss. Elastomers can be categorized into thermosetting and
thermoplastic elastomers. Classic thermoset elastomer examples include natural
rubber, neoprene (polychloroprene), and vulcanized styrene-butadiene rubber (SBR),
which are form through irreversible curing, creating permanent crosslinks. Depending
on crosslink density, chemical makeup and saturation, these vary in temperature and
chemical resistance. In contrast, thermoplastic elastomers such as styrenic block
copolymers (SBCs), thermoplastic polyurethane (TPU), thermoplastic vulcanizate
(TPV), and thermoplastic polyolefins (TPOs) can be melted and reshaped multiple
times without significant loss of properties.

The mechanical properties vary significantly among polymers, even when
belonging to similar classification (see Table 1). Additionally, with variety of options
available the selection of appropriate matrix material for a specific application could
become a complex task. Luckily, reasonable research is available on virgin polymers
against metal in water-lubricated conditions, making it easier for selecting the correct
matrix materials.
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Table 1: Mechanical Properties and other characteristics of various polymers [43,44]
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S 2m £ Ex fEx £33 £25 2 38§55
1.06-
PA6 116 7-10 6-16 0.8-3.8 7.1-10 10-160
UHM- 57-68 0.01- 250-
WPE 0.93 (M) 2-5 >85 0.7-0.9 0.02 600 82
1.49-  79-92 0.80-
POM 153 M) 5-6 6-12 2.4-3.2 165 20-120 90
1.42-  90-95 0.01-
PPS 144 M) 9 0.2-0.3 38 0.03 3-8 < 240
1.38- 120
PEEK 1.40 (R) 7-10 7-9 3.5-4.0 0.10 20-50 260
1.38- 86-
PAI 142 127(E) 15-20 13-14 4.4-49 0.33 15-35 260
112 0.39- 250-
PI M) 8-24 4-11 1.2-3.8 .90 7-95 300

1.4.2  Tribological performance of neat polymer against metal

Golchin et al. conducted one of the most extensive studies comparing the
tribological performance of various thermoplastic polymers [45]. Among them,
polytetrafluoroethylene (PTFE) and ultra-high-molecular-weight polyethylene
(UHMWPE) exhibited the lowest coefficients of friction, making them attractive
choices for matrix materials. However, PTFE demonstrated extremely high wear rates
compared to other polymers, reducing its suitability. Conversely, UHMWPE, while
second in terms of low friction, exhibited the lowest wear rate, making it the most
favourable option overall.

Another promising material is polyphenylene sulfide (PPS), which has a
coefficient of friction of 0.33 and a wear rate of 6 X 10™* mm?/Nm under conditions
similar to Golchin et al. aforementioned study [46]. However, PPS is inherently brittle
(as observed in Table 1), necessitating fibrous reinforcement or blending with other
polymers for improved mechanical properties.



INTRODUCTION 11

0.45 A PTFE
0.40 © UHMWPE

0.35 = © = PET

X PVDF
0.30 % A e PEEK

0.25 I § - POM
0.20 o % L oLV
-~ o PP

0.15 %

S PC
0.10 A PMMA
0.05 mPA 66
0.00 0 PAG

Friction Coefficient

1.E-03 © UHMWPE
m PET
i,

- POM

L] oLV
1 E-04 %
- A X PVDF

§>|-|;QE_§ OPAG

EPA 66

A PTFE
E E{PC

§ ® PEEK

A PMMA
o PP

1.E-05

Specific Wear Rate (mm?®/ N m)

1.E-06

Figure 6 — Comparison of tribo-performance of various polymer materials in water

lubrication (5 MPa, 0.13 m/s) [45]

Meanwhile for thermosetting polymer such as polyimide (PI), studies with
identical conditions were not found, making it difficult to compare with above
materials. However, available studies indicate a relatively high coefficient of friction in
the range of 0.25—0.30 [47,48], making it rather unfeasible option.

Tanaka [49] and Evans [50] observed that introducing water as a lubricant in
polymer-metal contacts generally reduces the coefficient of friction but can also lower
the wear resistance of the polymer. Another key observation from Tanaka was that the
amount of transferred polymer in water-lubricated contacts was similar to that in dry
sliding. Further it was suggested that the increased wear in water-lubricated conditions
might be due to surface modification of the polymer by water rather than modification
of the countersurface by polymer transfer. However, many studies contradict the above
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and suggest that formation of the beneficial transfer film onto the countersurface is
hindered in water-lubricated contacts. Moreover, increase in wear rate is not always
observed upon incorporation of water as lubricant; it is highly dependent on the
polymer itself and the operating conditions [51-55]. To understand why outcome
differs in water-lubricated conditions even when surfaces are mostly in contact i.e., in
boundary lubrication, we need to examine their lubrication mechanisms and failure.

1.4.3  Mechanism of polymer in water lubricated sliding

The presence of water brings the basic benefits of having any lubricant in a
contact, as mentioned in Figure 7 (left). The melting of polymers due to increased
temperature at the contact zone is a key limitation in dry sliding, but this concern is
mitigated when water is present, as the lubricant acts as cooling agent. As a result,
materials should theoretically be capable of operating at higher loads and velocities
without failure. However, this also renders the concept of the ‘PV limit’ (which assesses
polymer applicability based on frictional heat generation as a product of the coefficient
of friction, pressure, and velocity) less relevant. When water is introduced, increasing
velocity shifts the lubrication regime towards the right side of the Stribeck curve,
increasing surface separation and reducing the real contact area. Furthermore, in many
cases, frictional heat plays a crucial role in lubrication mechanisms, such as aligning short
fibres, melting glass fibres to coat countersurfaces, or influencing the behaviour of wear
debris [56,57]. Consequently, friction and wear mechanisms in water-lubricated sliding
often differs from that in dry sliding.

The incoporation of water also brings several negative effects in polymer metal
contacts. For instance, in dry polymer-metal contact, the polymer transter layer on the
metal acts as an effective lubricant. However, in water-lubricated conditions, this
transfer layer is generally absent. Since surfaces like steel are hydrophilic i.e., they can
be wetted by water; the water molecules can easily fill the surface cavities and then
exclude any polymer from these cavities by hydraulic eftect. Water (as a fluid) can also
remove the worn material from the contact region and thereby avoid any accumulation
of the worn polymer debris on the surfaces and hence denying the beneficial transfer
layer formation on the metal surface.

However, some polymers, such as PPS, exhibit signs of physical transfer-layer
on the metal surface even in the presence of water [46,51,58]. PPS has been observed
to form a thin polymer transfer layer on the metal surface. In some cases, it also creates
an inorganic chemical film on the countersurface, which can further enhance friction
performance. However, the physical transferred layer is suggested to play the dominant
role in all studies.

Additionally, water interacts with the polymer through absorption and
penetration in several ways, the major ones being mentioned in Figure 7 (right) and
elaborated in detail in the following text:
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=> Plasticisation- absorption of water molecules by the polymer surface and entering
the bulk can soften and plasticise the polymer matrix, affecting its mechanical
properties. This is a diffusion-controlled process and hence dependent on polymer,
time, stress, temperature.

=> Prevention of worn polymer debris reattachment- as the temperatures are kept low
by water. Additionally, water flow removes debris from the contact area, further
hindering transfer layer formation on metal surface. Some rolled and flattened debris
do attach back to polymer trapping the water inside.

=> Surface swelling- absorption of water leads to alterations in polymer structure at
surface level. This alters the polymer material’s elastic modulus and strength, which
in turn affects its friction and wear behaviour.

=> Reduction in shear strength- water absorption by polymer material can also lead to
reduction in shear strength, potentially increasing its wear rate. However, this could
also accelerate the initial formation of polymer transfer layer on the metal surface if
the polymer is already plasticised before tribological testing.

=> Filler removal in composites- In composite materials, water penetration can weaken
the interface between the fillers and polymer matrix, leading to their removal and
consequently increasing the wear rate.

|

Reduction in abrasive wear from ‘ Reduction in shear strength of

—

removing wear debris in path polymer material
Higher velocity increases sgrfaceear ‘ Prevention of worn p olymer
separation, thereby denieninz v debris reattachment

Lower temperature rise frf)m frictional ! Hindered polymer transfer layer
heat, water acting as cooling agent. over metal surface

—

Lower coefficient of friction;' ‘ Deterioration of fibre-matrix .
Consequent to boundary lubricating interface from water penetration

effects of having water.

Figure 7 — Benefits and Detrimental effects of incorporating water in Polymer-Metal
Contacts
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1.4.4  Drawback of using neat polymer

The review of available studies has shown that polymers such as ultra-high-
molecular-weight polyethylene (UHMWPE), polytetra- fluoroethylene (PTFE) and
polyphenylene sulfide (PPS) exhibit excellent tribological performance under water-
lubricated conditions. However, their use as neat materials in real-world applications is
limited by several inherent drawbacks.

The key drawbacks (among others shown in Figure 4) include:

e  For many practical applications, a material must not only provide low friction
but also sufficient load-bearing capacity, a requirement that neat polymers often
fail to meet. The neat polymers generally have low strength as see Table 1.

e The tribological performance of neat polymers under aqueous conditions is
generally inferior to that achieved with oil-based lubricants. Not only a lower
coefficient of friction is noted with oil-based lubricants, the formation of a stable
hydrodynamic lubricating film also leads to lower wear rate of the surfaces [59].

This necessitates taking remedial actions such as inclusion of fibrous
reinforcements and other fillers into the polymer. Consequently, the focus has shifted
from the use of neat polymers to the ‘polymer-composites’, whose performance is of
greater interest for real-life applications.

1.5 Fillers and additives into polymer matrix

Research has demonstrated that reinforcing polymers with fibres can improve
their mechanical properties, while the inclusion of particulate fillers into the polymer
matrix can enhance the tribological performance. However, these fillers come with
their own set of drawbacks and adverse effects that are not encountered with neat
polymers. Moreover, the introduction of water can also add to adverse effects in case
of some fillers. For example, molybdenum disulfide (MoS;) and tungsten disulfide
(WS3) can, under selective conditions, react with water to form acidic products [60,61].
Consequently, in this section we will look at the ambivalent effects from having fillers
and possibility of using additives to counter them.

1.5.1 Fibrous reinforcements

The main purpose of fibrous reinforcements is to carry loads far excess of what
the polymer matrix can support on its own. If the adhesion between the polymer matrix
and fibre is good, the fibres bear the majority of load, resulting in significant
improvement in overall strength of the material. Table 2 shows the comparative
strength of several reinforcement materials. As observed, many of the reinforcement
materials have properties comparable or even exceed that of certain steels while still
weighing only a fraction of it. This means compared with traditional metal stuft like
steel, the reinforcement materials can carry a higher load for a given weight.
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Additionally, the melting temperature of these reinforcement materials is extremely
high [62,63] so they do not suffer the same drawback as the polymer-matrix.

Table 2: Strength of various engineering fibers [64,65]

Material Strength (GPa) Modulus (GPa) Density (g/cm?)
Carbon 3.5 230 1.75
E-glass 3.4 150 2.6
p- Aramid 2.8 109 1.45
m-Aramid 0.85 17 1.38
Steel 2.8 200 7.6

Effect of fibrous reinforcements on tribological performance

Fibrous reinforcements are observed to provide different influences in dry and water-
lubricated sliding. Hanmin et al [66] pointed the beneficial and detrimental effects of
incorporating water in fibre-reinforced composites. The beneficial eftect of water
includes removing the generated frictional heat and considerably reduce temperature.
Therefore, the deterioration of mechanical properties (such as strength and rigidity) in
the contact region due to temperature rise is reduced. Another beneficial effect of
having water lubrication is it facilitates removal of debris from the sliding region. This
reduces the abrasive wear and in-turn enhances the polishing eftect by fibres on the
metal surface. The resulting decrease in surface roughness contributes to reduction in
wear. On other hand, detrimental eftects of having water include corrosion of fibres
and worsened fibre-matrix interface from water penetrating the polymer. Table 3
summarises the advantages and drawbacks of using different fibres on tribological
performance.

Table 3: Advantages and Drawbacks of using fibers in composites [41]

Fiber Advantages Disadvantages
Carbonaceous Highest Strength, self- Disadvantageous in abrasive
Carbon lubricity, efficient in film wear mode; Cost

Organic Fiber
Aramid

Ceramic Fibers

Glass

transfer, effective in friction
and wear reduction

Good strength and wear
resistance (even in abrasive
mode), Highest impact
strength

Good Strength and moderate
resistance to abrasion, low cost

No self-lubricity, low
thermal conductivity, and
moderate thermal stability

No self-lubricity, increases
friction, moderate thermal
stability
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Among the commonly used reinforcements, carbon fibres exhibit the greatest
potential for enhancing the tribo-properties of polymer composites in water-lubricated
condition. Their superior performance is due to the passivation of the dangling covalent
bonds by adsorption of water during the wear process which enables maintaining low
friction [67] while simultaneously enhancing the mechanical and wear-resisting
characteristics of the polymer composites. Compared to composites containing glass
(SGF) or quartz fibre (SQF), the short carbon fibre (SCF) reinforced polyimide (PI)
composites were observed to have better mechanical and tribological properties [47].
SCE-PI composites showed lower friction and wear characteristics under both dry and
water-lubricated conditions. Meanwhile, the SGF or SQF containing composites were
observed to be more susceptible to abrasion and breakage of fibres during sliding against
metal in water-lubricated conditions. The transfer of broken fibres onto the metal
surface increased its roughness which was designated as the main cause for increase in
wear rate of the composite. Similar results have been reported with epoxy composites
(EP) reinforced with SCF and SGF [68]. The surfaces obtained from test against
composites reinforced with SCF exhibited significantly reduced abrasive wear and had
signs of physical tribo-film present over the metal surface, whereas surfaces from
composites reinforced with SGF endured severe scratching (owing to the high
abrasiveness of SGF). As a result, the formation of physical tribo-film over metal surface
was inhibited for SGF composites especially ones without sold lubricants.

Moreover, the constituents of glass fibre (Si02) produce hydroxides and
hydrates in water. The mechanical strength of these is lower than SiO2 [38—40], which
might be another reason why glass fibre exhibit poor wear resistance compared to
carbon fibre in water-lubricated condition. Additionally, because water alleviates the
temperature rise at the contact region, short glass fibres do not melt to form a lubricating
layer over the metal surface-as is sometimes observed in dry sliding conditions [56].

Issues with fibrous reinforcements

Although incorporating fibrous reinforcements allows the resulting composite
to withstand higher loads and reduces wear relative to neat polymers, it can also
introduce new challenges. In highly non-polar matrices such as UHMWPE, the
interaction between the polymer and reinforcement fibres is often suboptimal (see
Figure 8).

Moreover, the above not only diminishes the anticipated benefits of fibre
reinforcement but can also adversely affect the performance of other fillers within the
matrix. For example, Golchin et al. [46] investigated having SCF, graphite and
multiwall carbon nano tubes (MWCNT) in PPS matrix under distilled water
lubrication. They observed that the addition of either MWCNT or graphite did not
improve the wear resistance of SCF reinforced PPS composite. The weakening of
interfacial bonds between the fibre and matrix was attributed as the reason for this. The
weakened interfacial bonds led to easy removal of thinned and broken fibres, which
consequently increased the wear rate of the composite.
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A potential strategy to address this issue involves either treating the individual
components to increase their polarity or introducing another component, a
compatibilizer, whose primary function is to mediate the interaction between the
original components.

Figure 8 — Interface between short carbon fibres and UHMWPE observed in composite
[72]

1.5.2  Compatibilizers

Compatibilizers are molecules that contain highly polar functional groups,
enabling them to form physical and chemical bonds with polymer chains and other
composite components, thereby acting as chain extenders or adhesion improvers as can
be seen in Figure 9.

Cgmpo-site :
with Graftbond MAH based
B

compatibilizer ﬂ %4

Figure 9 — Scanning electron images showing status of polymer material around carbon
fibre in absence (left) and presence (right) of maleic anhydride based compatibilizer.
[73]
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The above action not only abates fibre pullout but also improves the overall
mechanical properties of the composite. Karsli et al. [74] observed that the
incorporation of a small concentration of maleic anhydride (MAH)-modified
polypropylene (PP) as a compatibilizer increased the tensile strength of the composite
by approximately 30 % compared with a composite lacking a compatibilizer (see Figure
10a). A similar increase in hardness was also noted. Lv et al. [75] on the other hand
incorporated the MAH grafted compatibilizer to nylon 1212 reinforced with MWCNT
and observed the wvariation in impact strength. The results showed a significant
improvement in impact strength (upto 4 times) in presence of compatibilizer (see Figure

10b).

All the above suggest that compatibilizers not only help address issues such as
fibre pullout but can also contribute to overcoming inherent drawbacks of materials
such as low impact strength in case of PPS (which is a critical issue when using material
in real-world applications).
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1.5.3  Fillers for improving tribo-performance

For ease of understanding and how fillers work to improve tribological
performance composite metal / contacts, we can classify fillers into ‘soft” and
‘hard/strong’.

=> Interface modification: The composites here consist of a soft filler dispersed in a
hard, strong matrix. Soft fillers, such as PTFE and graphite, exhibit superior lubricity
(i.e. a lower coeflicient of friction) due to their low shear strength, while the strong
matrix, for example PEEK or epoxy, provides high wear resistance. Initially when
composite meets the metal surface, see Figure 11 (1a), high coefficient of friction
(COF) is encountered, and the asperities metal the metal wears off the matrix. No
matter how sturdy the matrix polymer is, its strength is still quite low compared to
metal countersurface. Consequently, the wear of polymer will occur however the
wear rate will be significantly less compared to if the soft filler material was used as
a matrix. The worn matrix material fills the dips in the countersurface trying to form
a transfer film. With the removal of matrix by countersurface asperities, there comes
a time when fillers (present inside composite) start to expose Figure 11 (1b). The
sliding motion between the polymer and metal has shearing stress on these exposed
fillers. Since these fillers have low shear strength, they get easily sheared oft and start
forming their film together with the one with matrix Figure 11 (1¢). When sufficient
fillers have been exposed & sheared upon the continuous wearing of a matrix, the
film gets thicker and protects above unworn composite from the countersurface
asperities. Since fillers possess better lubricating properties, the observed friction is
lower than that with only a matrix. The main requirement for this is the availability
of the fillers in sufficient amounts at the interface for a noteworthy reduction in
coeflicient of friction to happen. The main disadvantage is the reduction of strength
and load-carrying capacity of the composite compared to the matrix material.

=> Bulk modification: The wear properties of excellent self-lubricating polymer matrix
such as PTFE can be improved by adding hard or strong filler materials (particles or
fibres). The filler here can be metals or ceramics, for example Titanium dioxide
(Ti0Oy), potassium titanate (KT), etc., which have the strength to smoothen the
metal countersurface if required. Similar to the previous case the polymer matrix
fills the voids until fillers are exposed Figure 11 (2b). Upon exposure of fillers to the
surface, they can provide surface smoothening action by ramming with the
countersurface asperities Figure 11 (2c¢). Decrease in countersurface roughness
means lower wear-causing effects such as ploughing. Once the surfaces are smooth
enough the hard fillers roll between the two surfaces preventing the surfaces to
contact each other ergo converting sliding into rolling Figure 11 (2d). The COF
remains low or increases marginally but wear resistance increases significantly.
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a b c d
a b c d

Figure 11 — General working mechanisms in 1. Interface and 2. Bulk Modification

Various particles have already been explored to be use as fillers in the polymer
matrix under water lubricated conditions. In addition to the Interface and bulk
modification mechanisms, certain fillers also react with water to provide an additional
lubrication effect. However, the nature of this reaction is dependent on the filler and is
best to discuss separately for each type. For ease these are going to be classified as
carbonaceous and non-carbonaceous.

Carbonaceous filler as additive in polymer matrix

Graphite is a crystalline form of carbon known for its lubrication properties,
resulting from its layered structure. The atoms are arranged in hexagonal sheets held
together by strong covalent bonds within each layer, while weak van der Waals forces
act between the layers as shown in Figure 12a. This allows the layers to slide over one
another with minimal friction when subjected to pressure, making graphite a great solid
lubricant. During sliding, defects are generated in the graphite structure which can be
evaluated from observing the D and G bands from Raman before and after sliding [76].
In humid environments these defects are closed by different structures and the repulsive
effect between these structures being responsible for the reduction in the coefficient of
friction [77,78].
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Figure 12 — (a) Structure of Graphite [79], (b) Possible functional groups closing the
edge (in humid environment, hydroxyl is most possible to close defects) [80]

Various studies [46,68,81,82] have demonstrated that graphite is an effective
microscale filler for water-lubricated conditions. It has been tested as filler in various
polymer materials including PPS, and epoxy in the presence of distilled and tap water
as lubricants. In both cases, introduction of graphite showed a reduction in the
coefficient of friction. Additionally, graphite was observed to reduce the coefficient of
friction even in presence of carbon fibre reinforce in the matrix [46]. Cui et al. [82]
evaluated the performance of graphite and Ni coated graphite in seawater at various
loads and speeds, concluding that graphite serves as an effective solid lubricant for
friction reduction in seawater environments as well. From a concentration assessment,
the two studies investigating the effect of concentration [46,82] indicated a high
concentration of graphite (around 10 wt.%) yields a significant reduction in friction.

Non-Carbonaceous filler as additive in polymer matrix

Ceramics are inorganic, non-metallic materials that are brittle and hard in
compression but comparatively weak in shearing and tension. They have been observed
to improve the mechanical properties when incorporated in composites [83—85]. The
ceramic particles that were observed to be effective and improved the performance with
water-lubricated systems consist of both oxides (Si0,, TiO) and non-oxides (SiC,
Si;Ny, hBN) [86-93].

Silicon dioxide (5iO;) features a network of silicon and oxygen atoms as shown
in Figure 13a that can form a protective layer on surfaces. This layer eftectively reduces
coefficient of friction and wear rates by creating a self-laminating film during
tribological interactions. Under water lubricated conditions, it is observed that the low
friction is a result of the dissolution and hydration of silicon dioxide. The hydration and
dissolution products of silicon dioxide (shown in Figure 13b) smoothens the surface
and increases the viscosity of water to promote hydrodynamic lubrication. However,
less is known about the effects of surface modified hydrophobic silica particles on the
tribological performance.
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Figure 13 — (a) Structure of silicon dioxide, (b) Reaction of silicon dioxide with water

Studies on using SiO: as a filler have reported both positive and negative
outcomes. Song et al [94] investigated the possibility of using nano-SiO»/PU coating
in different lubrication mediums and observed that adding SiO; in PU matrix
deteriorated the friction and wear performance at all concentrations. Additionally, the
wear mechanism was observed to be abrasive in water-lubricated condition. In contrast,
another study demonstrated that the addition of SiO; nanoparticles to phenolic
laminates yielded ultra-low friction behaviour against 316 steel under water-lubricated
conditions [86] (block-on-ring, 200 N, 0.5 m/s, pure water).

Hexagonal boron nitride (hBN) often referred to as "white graphite", possesses
a layered structure similar to graphite as shown in Figure 14a. This allows its sheets to
slide over one another easily, which results in excellent lubrication performance under
high temperatures and pressures. Under water lubricated conditions however, studies
indicate that hBN reacts with water to form diboron trioxide (B,O3), with further
reaction leading to formation of a water-soluble product (H3;BOs3), as shown in Figure
14b. These reaction products are believed to form a protective layer on the surface,
reducing wear while also providing additional lubrication.

Several studies have proven the effectiveness of hexagonal boron nitride (hBIN)
as both an anti-friction and anti-wear filler in distilled water and seawater environments
[89-92]. However, its use as a filler in polymer matrix under water has been less
extensively explored. Li et al. [89,90] investigated hBN as an filler in boron carbide
(BC) under distilled water-lubrication. The hBN particles used were micron size and
tribological characteristics were evaluated in a rounded-pin-on-disc configuration (10
N, 1.31 m/s) with the concentration of hBN varied from 0-30 wt. %. They observed
a significant reduction in both friction (0.373 to 0.005) and wear rate (1.5x107° to 0.15x
10> mm?®/Nm) with optimum concentration of hBN particles in both studies to be 20
wt. %. One study was noted where use of nano-sized hBN was explored as filler in
carbon fibre reinforced POM matrix at various loadings in a block-on-ring arrangement
under tap water lubrication [92]. Similar results delineating reduction in coefficient of
friction and wear rate were again observed. In all the above studies, it was inferred that
the formation of B>Os3 protected the surface.
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Figure 14 — (a) structure of hexagonal-Boron Nitride (h-BN) [95],
(b) Reaction products of h-BN with water [89]

Titanium dioxide (TiO2) is another ceramic material that has been found to be
effective under water lubricated conditions. Naturally, TiO, exists in three forms with
structure shown in Figure 15. Among these, Rutile & Anatase are in more stable forms
and easily available In terms of particle morphology, rutile particles are needle-shaped,
whereas anatase particles are more rounded, making them more favourable as fillers
[96]. Further, the anatase form is also more cost effective than rutile.

Figure 15 — Structures of different forms of Titanium dioxide available [97]
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Kurdi et al [98] investigated the effect of concentration of nano-TiO; under
dry and water-lubricated conditions. Tests were conducted on a pin-on-disc
arrangement at 5 N load and 0.1 m/s for 24hrs against 100Cr6 steel disc. The results
are shown in Figure 16. It was inferred that in dry conditions the lubricating
performance was determined by the PEEK polymer with negligible contribution from
the nanoparticles. With the incorporation of water, the wear of the PEEK matrix
increased significantly due to the absence of the brittle-to-ductile transition, as water
dissipates frictional heat. However, the deterioration in wear was minimized to a large
extent by incorporating TiO,. Having TiO, nanoparticles as filler reduced the
coefficient of friction further and abated wear rate under water-lubricated sliding.
Moreover, concentration of nanoparticle exceeding 5 wt.% did not yield further
improvements in tribological performance, suggesting 5 wt.% to be the optimum
concentration.
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Figure 16 — Effect on coefficient of friction and wear performance for PEEK
composites incorporating various concentration of nano TiO; against 100Cr6 steel in
pin-on-disc arrangement under dry and water lubricated condition. (Data from [98])

Similarly, Li et al. [99] reported that having TiO; nanoparticles eftectively
reduced the wear rate and improved the vibration dampening in bearings made from
UHMWPE designed for marine applications. Additionally, introduction of titanium
dioxide as filler is known to improve the mechanical properties of composites
[100,101], with the nano-scale particles providing superior improvements compared to
micro-scale, even at a fraction of the concentration. The UHMWPE composites
containing nano-scale titanium dioxide particles also have a better resistance to abrasive
wear than their micro-scale equivalent [101,102].

It is observed from the literature survey that an effective way to obtain even
lower coefficient of friction and wear rate is by incorporating multiple fillers into the
polymer simultaneously.
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1.6 Multiscale composites

Incorporating fillers of different scales into a polymer matrix might lead to
significant improvements in tribological performance, provided the components
interact synergistically. Additionally, when the fillers of different scales (micro and nano)
are present the resulting material is then referred to as a ‘Multiscale composite’. This
tactic of employing several multiscale fillers in search for superior performance has been
observed in studies under both dry [65,103,104] and water-lubricated [46,68,105-107]
sliding.

For example, Gao et al. [68] observed this effect from having 3 wt. % nano-
SiO; and 8 wt. % graphite in SCF reinforced epoxy. The tests were performed on
block-on-ring arrangement with the rings made of water-resistant stainless steel and
entire arrangement immersed in tap water. Tests were conducted with varying speeds
from 0.1 to 3 m/s and a constant load of 100 N. They observed the incorporation of
nano-Si0; into the graphite-containing epoxy proved beneficial in lowering the
coefticient of friction and wear rate across all test parameters.
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Figure 17 — Variation of coefficient of friction with sliding speed for neat epoxy and
composites containing different filler combinations tested against stainless steel in
block on ring arrangement. [68]

Similarly, Chen et al.[107] explored the possibility of synergism between
graphite and carbon nano tubes (CNT) under sea-water lubrication. Initially, the
optimum concentration fillers were determined in the parent polymer, which turned
out to be 10 wt.% for graphite and 5 wt.% for CNT respectively. Following which it
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was observed that having both graphite and CNT in optimum quantities in a single
composite led to further improvements in tribological performance. However, it was
also noted that the incorporation of graphite did not improve the friction-related
properties of the matrix. This was because the multilaminate structure of graphite was
destroyed and transformed into much thinner layers, losing its self-lubricating qualities.
However, the composite containing both fillers showed further improvement in
friction and wear resistance compared to the composite containing only one filler,
implying having additional filler may have somehow contributed to the functioning of
graphite.

However, an improvement in tribological performance from introducing
multiple fillers in the polymer is not always the case. This is because the incorporation
of an additional filler may also hinder the performance of another filler, instead of
working synergistically like observed in the previous study from Chen et al.[107]. A
good example of this is a study from Golchin et al. [46] which similar Chen et al. also
investigated the effect on tribological performance upon having graphite and multi-wall
carbon nano tubes (MWCNT) as fillers in SCF reinforced PPS under distilled water
lubrication. It was observed that introducing either MWCNT or graphite as the
additional filler in SCF reinforced composite led to an increase in wear rate. The
weakening of interfacial bonds between the fibre and polymer-matrix was attributed as
the reason for this. The weakened interfacial bonds caused easy removal of thinned and
broken fibres, which acted as 3rd body and moved wear mechanism towards abrasion,
consequently increasing the wear rate of the composite. Therefore, it is important to
understand how each

All the above highlights the importance of understanding the interactions
between different fillers, as their incorporation has not always led to synergistic effects
in tribological performance. However, relatively less research has examined how the
presence of one filler influences the performance of another, especially under lubricated
conditions.

1.7 Current issues and Research gaps

Based on all the aforementioned subsections, here are the current issues :

=> Based on the available numbers for water-based application, there appears to be a
need for advance materials that minimize frictional losses in these environments
while sustaining operational efficiently for decades. (Sub-section 71.7)

=> Additionally, use of conventional oil-based lubricants in these applications pose
environmental risks if these lubricants find way into the water table. Further, since
the remediation of oil-based lubricants is expensive and even then, only part of it is
recoverable, need for more environment friendly alternatives is needed. (Sub-
section 1.2
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=> A feasible solution appears to be using water itself as the lubricant or a mixture of
water-glycerol (Sub-section 7.3). Having water as lubricant, makes polymers
particularly suitable as material due their self-lubricating and corrosion resistance
properties (Sub-section 7.4).

=> Although neat polymers against steel are capable of providing decent coefficient of
friction under water lubrication (Sub-section 1.4.2), they also pose several
drawbacks (Sub-section 7.4.4), requiring the need of polymer-composites.

=> The current status of work in the field of polymer-composites suggests that
simultaneous incorporation of several reinforcement, fillers, and additives, has
potential to solve the drawbacks and provide even superior tribological
performance. However, limited studies exploring the effect of filler combinations
on tribological performance under lubricated conditions are available, due to which
the following gaps remains in the understanding:

1.8

o

Limited research exists on which filler combinations perform the best and if
material type plays a role, i.e. is having carbonaceous-carbonaceous filler pairs
are more effective over carbonaceous- non-carbonaceous filler combinations.

Although the concept of multi-scale composites has received considerable
attention in the recent studies, the focus has predominantly been on combining
fillers of varying scales, as a material-variation strategy. Consequently, there is
still a limited understanding of whether the observed tribological improvements
and the associated mechanisms are primarily due to variations in the material,
the scale, or both.

Little is known about the interaction different fillers may have (filler-filler
interaction) and how it affects the tribological performance or if one filler
influences the performance of another.

Additionally, the effect of lubricant on filler performance is not well understood.
While a few studies have tested composites performance in different lubricants,
it remains unclear how much of the contribution to the tribological performance
is due to viscosity effect and what part results from filler-lubricant interactions.

Hypothesis and Goals

Research hypothesis

A simultaneous incorporation of a combination of several multiscale carbonaceous

and non-carbonaceous reinforcements in a polymer composite can significantly

enhance tribological properties of various types of water-lubricated polymers.

These reinforcements can in addition result in a multifunctional polymer composite

properties or their improvements, like mechanical strength, hardness, heat

conduction, wetting and others.
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e Moreover, selected compositions are expected to have diverse eftects in different
types of aqueous solutions, which can in some cases result in a notably improved

performance in these environments.

Goals and Expected outcomes

e To determine if the selected combinations of multiscale reinforcements can enhance
specific or multiple polymer composite properties.

e Explore the effect of load and velocity on the performance of the multiscale polymer
composites.

e To determine the effect of different lubricated conditions on the performance of the
multiscale polymer composites.

e Examine the change in wear mechanism due to the incorporation of different multi-

scale reinforcements.



CHAPTER 2

Materials & Methodology

In Chapter 1, we discussed the introduction, the research problem, and the
gaps this work aims to address. Whereas in this chapter, we will explore the materials
used, the rationale behind their selection, and the characterisation methods employed.

2.1 Materials used

The materials used included polymer powders; fibrous reinforcements, additives, and
particulate fillers incorporated into the polymer to create composites; metal
countersurfaces for testing the produced composites; and, lastly, the lubricants.

2.1.1  Polymer powders

Three polymer materials were used as the matrix in this work: UHMWPE,
PPS, and PTFE. The selection of these materials was based on the literature review
discussed in Chapter 1, section 1.4.2: Tribological performance of neat polymer against
metal.

Ultra-high-molecular-weight polyethylene (UHMWPE)

UHMWPE is a thermoplastic polymer characterised by exceptionally long
molecular chains (structure shown in Figure 18a), typically exceeding 3.5 million amu
in molecular mass. These long chains impart strength and durability, surpassing that of
high-density polyethylene (HDPE) and make UHMWPE highly resistant to wear,
impact, and various chemicals. UHMWPE is widely used in industries such as food
processing, automotive manufacturing, and biomedical applications, particularly for
components requiring a long service life and minimal maintenance.

The UHMWPE used in this study was GUR 4170, produced by Celanese
(TX, USA) and procured with the help of Resinex (Logatec, Slovenia). The material
has an average particle size of 120 pm (d50). This specific grade was selected for its
extremely high molecular weight of ~10.3 million amu, the highest available at the
time. Since the mechanical properties of the moulded part are expected to be directly
proportional to the molecular weight of the polymer, this grade was deemed the most
suitable for producing high-strength composites.

29
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Figure 18 — Chemical structure of polymer matrix used in this study:
(a) UHMWPE, (b) PPS, (c) PTFE

Polyphenylene sulphide (PPS)

PPS is a high-performance, semi-crystalline thermoplastic (structure shown in
Figure 18b) known for its exceptional thermal, chemical, and mechanical properties.
‘With a high melting point of around 280°C, PPS retains its strength and rigidity even
in extreme conditions, making it ideal for demanding applications. It is highly resistant
to chemicals, corrosion, and hydrolysis while also offering excellent dimensional
stability and electrical insulation properties. PPS is widely used across industries such as
automotive (e.g., engine components, fuel systems), electronics (e.g., connectors,
circuit boards), aerospace (e.g., lightweight structural parts), and industrial machinery
(e.g., pumps, valves). Its ability to replace metals and thermosets in high-stress
environments highlights its versatility and cost-effectiveness.

The PPS used in this study was purchased from Sigma Aldrich (Product No.

182354, CAS No. 25212-74-2). According to the available specifications, it has an
average molecular weight of 10,000 amu.

Polytetrafluoroethylene (PTFE)

PTFE, commonly known by the brand name ‘Teflon’, is a high-performance
fluoropolymer (structure shown in Figure 18c¢) renowned for its exceptional properties.
It is chemically inert, offering resistance to nearly all chemicals, and can withstand
extreme temperatures ranging from -200°C to 260°C. PTFE has one of the lowest
coefticients of friction among solids, making it ideal for non-stick applications such as
cookware and low-friction components like bearings and seals. It is also hydrophobic,
non-toxic, and highly resistant to UV light, weathering, and electrical currents. These
characteristics make PTFE indispensable in chemical processing, automotive, aerospace,
electronics, and medical devices.

However, in this work the PTFE was used to blend with PPS. This can abate
the brittle behaviour of PPS to some extent as observed in previous studies from the
group. The PTFE used for this was also purchased from Sigma Aldrich (Product No.
468096, CAS No. 9002-84-0). The average particle size of the powder is 35 pm based
on the provided specification.
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2.1.2 Fibrous reinforcements

Based on the literature review, carbon fibres were identified as superior for
water-lubricated environments compared to glass and other materials (refer to Chapter
1 Section 1.5.1: Effect of fibrous reinforcements on tribological performance).

In this study, two forms of short carbon fibre were used:

> Pristine fibres (100 um length) — These fibres were produced by Teijin (China)
under the product code Tenax HT-M100. These are milled fibres produced without
any sizing agent, making it difficult for any material to adhere to them. According to
the provided specifications, the powder has a bulk density of 400 g/L.

> Recycled fibres (100 um length) — These are ex-PAN fibres (CF.LS-MLD100)
which were obtained from Procotex S.A. corporation (Languidic, France). Since they
are recycled fibres, some residual sizing agent is expected to remain on their surface,
making it relatively easier for materials to adhere onto them. The carbon content based
on available specification is 94 % and bulk density is 350 g/L.

The Raman analysis conducted on both fibres imply the same. As observed
in Figure 19, the pristine fibres exhibit only the defect band peak at 1340 cm™ and the
graphitic band peak at approximately 1600 cm™. In contrast, the recycled fibres display
additional distinct peaks between 700 and 1250 cm™ and around 2300 cm™, alongside
the defect and graphitic bands.

Pristine milled fiber

Intensity

Recycled fiber

T T T T T T T
500 1000 1500 2000 2500 3000 3500

Raman shift (cm™")

Figure 19 — Raman analysis of the Pristine and Recycled fibres used in this study.
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2.1.3  Adhesion improvers and Chain Extenders

As discussed in Chapter 1 Section 1.5.1 & 1.5.2, Compatibilizers might be
useful in abating the critical issue of fibre pullout and other challenges observed in
previously available studies. Different compatibilizers were used depending on the
polymer:

e For UHMWPE, maleic anhydride (MAH)-grafted compatibilizers were used. Two
highly reactive MAH with polyethylene as the base chain were selected to help its

integration with the matrix. Both compatibilizers were produced and provided by
BYK (Wesel, Germany):

= SCONA TPPE 1102 PALL — Linear low-density polyethylene (LLDPE)-based
= SCONA TPPE 1212 PAHD — High-density polyethylene (HDPE)-based

e Whereas for PPS and PPS/PTFE blend, an epoxy-based compatibilizer, Joncryl
ADR 4468, was used. It was produced by BASF (SE, Ludwigshafen, Germany) and
supplied by the BTC Chemical Distribution Unit (Copenhagen, Denmark) for this
study.

The chemical structure of both compatibilizers is shown in Figure 20.

(@) (b)

Figure 20 — Chemical structure of compatibilizers (a) MAH grafted polyethylene [108]
and (b) Joncryl ADR 4468 [109].

2.14 Particulate Fillers

Four particulate fillers were used in this work. Their specifications, based on
the datasheets, are provided below. Physical and chemical characterisation of the fillers
was also conducted in the laboratory and is detailed in Part II: Appended Papers of this
thesis.

e  Graphite — The graphite used in this work was Timrex KS4, purchased from Imerys
(Switzerland). It is a synthetic graphite with particle size of 4.1 um (d90) and purity
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exceeding 99.5 %. Additionally, the selected graphite powder has a very low ash
content of 0.07 % and a bulk density of 0.07 gm/cm?®.

e Hexagonal Boron Nitride (hBN) — Two grades of hBN were used in this work

= The micro boron nitride (Product no. 255475, CAS No. 10043—11-5) was
obtained from Merck (USA) in powder form. According to provided
specifications, the powder has a purity of 98 %, an average particle size of 1 um,
and a molecular weight of 24.82 gm/mol.

=> Additionally, a nano-grade of boron nitride (Stock No. NS6130-02-260, CAS
No. 10043-11-5) was also used. It was also in powder form produced by
Nanoshel (USA), with an average particle size of 60 nm and a purity of 99.8 %
according to the specifications.

e Silicon dioxide (5103) — The SiO; used in this work (Stock No. NS6130-12-
000077, CAS No. 7631-86—9) is of hydrophobic nature and was purchased from
Nanoshel (UK), also in powder form. Based on its specifications, the powder has a
purity of 99.9 %, an average particle size of 1-2um and a molecular weight of
60.08 gm/mol.

o Titanium dioxide (TiOs) — A nano grade TiO; powder (Product no. 637254, CAS
No. 1317-70-0) in anatase form was purchased from Merck (USA). According to
provided specifications, the powder has a purity of 99.7 %, an average particle size
of 30 nm, and a molecular weight of 79.87 gm/mol.

2.1.5  Lubricants used
Following are the lubricants used in this work

o Distilled water was used as the primary lubricant for evaluating the tribological
performance all the produced composites. Distilled water lacks bivalent 1ons such as
Ca?", Mg?*, and Sr?*, which are present in seawater. These ions trigger the
formation of carbonates and hydroxides such as CaCO3 and Mg(OH). on the metal
surface, which are responsible for additional friction reduction, as confirmed with
XPS in various studies with sea water [48,110—113]. The absence of these ions in
distilled water ensures that any variations in performance can be attributed to
incorporated fillers and their reaction products with water.

e Glycerol was used as a substitute, whose use was justifiable based on findings from
the literature review (refer to Chapter 1, section 1.3: Water and water-based
lubricants as an alternative). The glycerol used in this work was purchased from
Sigma Aldrich (Product No. 911046, CAS No. 56-81-5). This product is derived
entirely from renewable sources, specifically palm tree extract. For tribological
testing, a 65:35 mixture of glycerol and distilled water was used. This ratio lowered
the freezing point of the mixture below that of water and adjusted its viscosity to
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match that of the propylene glycol-based diester (PG, discussed later in the section).
Having same viscosity for the two lubricants minimized the effects from lubricant
viscosity on tribological performance, thereby the two lubricants (water-glycerol
mixture and the diester) could be evenly compared.
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Figure 21 — Chemical structure of (a) Glycerol and (b) Propylene glycol-based ester (PG)
[114]

In addition to above, two ester-based lubricants were used for performance
comparison and to gain better understanding of the working of other lubricants.
Following are the esters used:

e The first synthetic ester is a propylene glycol-based diester (termed as PG in this
work) which has a vegetable-based fatty acid part. It is produced as RADIA 7208
(CAS No. 68583-51-7) by Oleon (Ertvelde, Belgium) and its structure is shown in
Figure 21. Additionally, this ester is termed as ‘readily biodegradable’ according to
the provided OECD 301B rating.

e Another synthetic ester used is commercial ester named Atlantis 5 (termed as ALT
5 in this work), which is produced by Panolin (Madetswil, Switzerland). It is a
saturated synthetic ester with additives for enhancing the corrosion protection and
wear resistance. It is also ‘readily biodegradable’ according to the OECD 301B
rating and can be used in marine environment based on the certification from
OSPAR commission.

2.1.6 Counter-surface used

The material selected for sliding against produced polymer-composites was
AISI 316 L stainless steel. It was produced by Inox Center (Nova Gorica, Slovenia) in
the form of a 1-meter-long cylindrical rod with a diameter of 40 mm.

From the procured rods, discs with a diameter of 30 mm and a thickness of
5 mm were machined. Subsequently, the surface of the disc was prepared by
sequential grinding using different grades of abrasive paper. This was followed by
measurements of the surface roughness using Talysurf i-Series pro (Taylor Hobson,
UK), a stylus tip profilometer, ensuring a final roughness of 0.10 = 0.01 pm.
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2.2 Preparation of polymer composites

For preparing the polymer-composites, the solvent manufacturing method was
used. Ethanol was selected as the solvent, as it was observed to be efficient in segregating
all the nano fillers used in this work.

2.2.1 Composite with Particulate Fillers

The process of manufacturing multi-scale composites involves several steps,
each explained in step-by-step manner below.

a. Segregation of Particulate Fillers

To disperse the fillers, probe sonication was used. The ultrasonic power supply
generates high-frequency electrical signals, which are converted into mechanical
vibrations. These longitudinal vibrations are amplified by the probe and transmitted
into the liquid, creating pressure fluctuations that generate shock waves (extreme in
pressure and temperature) capable of disrupting nano-particle agglomeration.

To ensure that deagglomerated nano-particles do not attach with micro-
particles, the batch was kept separate based on their scale as shown in Figure 22. Initially,
only fillers are sonicated with around 20 mL of solvent. In the case of nano-particles,
the sonication time depended on the dynamic light scattering (DLS) analysis conducted
on the filler. Meanwhile for micro-particles, it was fixed at 30 minutes. Following this,
a portion of polymer powder was added to each dispersion (or entire polymer to it in
case creating a micro-composite) and the mixture was sonicated again to ensure the
dispersed fillers adhere to the polymer. Finally, the batch containing micro fillers was
added to the nano filler batch and given an additional sonication cycle. This final
sonication step was skipped when creating a micro-composite.

b. Ball milling

The entire mixture then goes through extensive homogenization on a
planetary ball mill. This was done by placing the slurry mixture from the previous step
into a cup with zirconia balls, so that the weight of the mixture to that of accumulated
weight of zirconia balls was 1:5. The milling process was carried out for 2 hours at 200
rpm. The equipment used for this was PM 100 planetary ball mill manufactured by
Retsch GmbH (Haan, Germany).

¢. Drying

After ball milling, the homogenised mixture was separated from the zirconia
balls and left to dry for 24 hours. In case of UHMWPE composites, the temperature is
set to 65 °C while drying, while for PPS higher temperature of 75 °C is used.
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Figure 22 — Process used for segregation of particulate fillers for creating multiscale
composites.

d. Short milling with fibres

Once the solvent is evaporated during drying process, a dry homogenised
powder remains behind. This powder then undergoes another round of ball milling,
though less extensive compared to previous stage. In this stage, the dried powder is
added with set quantity of short carbon fibres and zirconia balls. The ratio of mixture
to ball is kept at only 1:2 and the milling duration is just 5 minutes at 100 rpm to
minimize fibre breakage that might occur from milling.

e. Moulding

Before moulding the powder was re-dried for 24 hours to ensure there was no
moisture or solvent remaining in it. Following this step, the procedure differed
depending on the polymer material.

= For UHMWPE composites, Compression moulding was used for preparing the
composites. The equipment used for this purpose was LZT-UK-35-L Laboratory
press by Langzauner GmbH (Lambrechten, Austria). The entire process is illustrated
in step form in Figure 23.
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Other parameters
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Figure 23 — Process used for compression moulding for preparing UHMWPE

composites.
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=> For PPS and PPS/PTFE blends on the other hand, injection moulding was
employed for preparing the composites. This was done using a Hakke Minijet pro
piston injection moulding machine manufactured by Thermo Fisher (Karlsruhe,
Germany). The dried powder mixture was loaded into the cylinder and parameters
listed in Table 4 were used to make the composites.

Table 4: Parameters used for injection moulding

Parameter Value
Pressing 500 bars
Pressure Post Pressing 300 bars
Cylinder 315 or 375 °C
Temperature Mold 200 °C
. Injection 45 sec
Time Hold 15 sec

2.2.2  Incorporation of compatibilizers

For all selected compatibilizers, two locations in the manufacturing process
discussed in sub-section 2.2.1 were chosen. The first incorporation location was with
the polymer in step a. (Segregation of Particulate Fillers) and the second location was
prior to step e. (moulding).

2.3 Performance evaluation

2.3.1  Thermal characterization of composite material

Differential scanning calorimetry (DSC) was used to examine the changes in the
melting peaks and crystallinity of the polymers in the presence of fillers. Crystallinity of
the polymer is an important property, as it indicates the composite’s susceptibility to
water absorption. When polymers are exposed to an aqueous environment, water
molecules can more easily penetrate the amorphous regions, thereby altering properties
such as strength, hardness, and contact angle [106,115,116]. In contrast, the crystallites
are impenetrable for non-reactive molecules [117,118]. Since crystallinity indicates the
percentage of crystallites/non-amorphous zones, a higher crystallinity for the polymer
indicates lower water absorption from it.

The measurements were made using a DSC-2 instrument by Mettler Toledo (USA).
Samples of composite material weighing 10mg  were placed in
standard alumina crucibles and heated in a nitrogen environment at a flow rate of
80 mL/min for all the measurements. The samples were initially heated to 200 °C and
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kept there for 5 min to erase residual stresses and minimize other effects that derived
from manufacturing. After this the samples were cooled to 25 °C and subjected to a
second heating cycle. The heating and cooling rates were maintained at a constant
10 °C/min. The crystallinity (X.) was determined based on the average of two
measurements. For both heating cycles, the crystallinity was calculated using the
following equation:

B AH
~ (100 — fc).x A Hyg,

X, x 100
where fc is the fraction of filler concentration in the composite material, AH is the
enthalpy of fusion determined using the melting peak and AHjo is the enthalpy of
fusion for 100 % crystalline polymer.

2.3.2  Surface characterization of composite material

Wettability

The composite’s affinity towards water is expected to influence its tribological
performance. A more hydrophobic composite, when tested with water as a lubricant,
will have lower water absorption. To determine the affinity of polymer-composites
towards water, contact-angle measurements were performed on the surface of the
composite using an optical goniometer, the CAM101 tensiometer by KSV Instruments
(Finland). Drops of distilled water with volume of approximately 4 pL were carefully
placed on the surface of interest, and the contact angles were measured. A total of 10
measurements were made along the surface for each composition.

2.3.3  Mechanical characterization of composite material
Hardness

The hardness of the polymer-composites was determined using
Vickers method. Measurements were carried out on a Duramin AC40 instrument
manufactured by Struers (Denmark) with a diamond cone as the indenter. A total of 10
measurements were made, each with a dwell time of 10s. The loading used varied
depending on the polymer material. The resulting hardness values (HV) were
determined as follows:

P 6
HV=kXﬁx 10

where ‘d" is the average diagonal length of the indentation, ‘P’ is the load, and ‘k’ is a
geometrical factor.
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Impact strength

The Impact strength measurements were conducted according to the standard
for impact properties of plastics (ISO 179). The samples had dimensions of 80 X 10 X
4 mm?®. Three tests were performed for the average value and variation in the impact
strength.

Density

The density of composites was measured according to ASTM D 792-86
(displacement) method using an electronic balance as per the following equation
p = p . . Wair
Laid (Wair - WLiquid)

where p is density of the sample, p riquid 1s the density of liquid used, W 4 is the weight
of the sample in air and W piquia 1s the weight of the volume of liquid displaced when
the sample is fully immersed into the liquid.

2.3.4  Tribological characterization of composite material against
316L steel.

Testing of the produced composites was carried out in reciprocating mode
using a pin-on-disk arrangement on a Cameron Plint TE-77 tribometer produced by
Phoenix Tribology (UK). The equipment is shown in Figure 24. The arrangement
consisted of a steel disk that was fully submerged in the lubricant and a polymer-
composite pin sliding on top of it. Additionally, the equipment also has a heating plate
beneath the lubricant container to maintain the lubricant at a specific temperature
throughout the test if required.

All the composites produced were tested at two loads corresponding to a
contact pressure of 5 and 15 MPa. The other test parameters were 0.1 m/s for the
relative velocity and 10.6 mm for the stroke length, which were kept the same for all
the tests performed. Each test ran for 20 hours, i.e., a total sliding distance of 7200 m.

Additionally, start stop tests were performed for specific composite and
lubricant combinations. For these tests, after running for 20 hours, the test was
stopped and the contact disengaged for 4 hours. The test was then restarted, but with
a different load and velocity. The cycle of stopping, disengaging and restarting the test
with different load and speed was then continued.
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Figure 24 — Equipment on which the tribological tests were performed (left) and
schematic showing the arrangement of components (right)

Calculation of steady-state coefficient of friction and wear rate

During the final 8 hours, the friction was stabilized in all the tests and the
average was used as the steady-state coefficient of friction. Wear was determined in
terms of wear volume using the calculated density for the compositions and the change
in weight of the pins before and after the test. Even though water absorption by the
UHMWPE composites was expected to be negligible during the 20-hour test
period [45], the pins were dried in an oven for 48 h at 65 °C to ensure the drying out
of any remaining water. The wear volume (wv) and specific wear rate (k0) were
calculated as:

Aw
Wy = — (mm3)
p
= Aw 3N
0= SPL (mm°/ N.m)

where Aw is the weight difference before and after the tests (mg), p is the density of
the composite material (mg/mm?), P is the normal load (N), and L is the sliding distance

(m).

While the water absorption by UHMWPE composites was known to be
minuscule, absorption of other lubricants could vary, thereby when comparing wear
rate in different lubricants, the wear rate was calculated using change in length of the
polymer-composite pin as
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3 Al.m.r?

3
ko = P L (mm°/ N .m)

where Al is the length change before and after the tests (mm), r is the radius of the
composite pin (mm), P is the normal load (N), and L is the sliding distance (m).

Finally, to ensure repeatability, three tests were made for each condition and
the average values, as well as the standard deviations, of the coefficient of friction, wear

volume and specific wear rate were recorded.

2.3.5 Post characterization of worn surfaces from tribological tests

Physical characterization

Scanning electron microsco SEM

To determine the wear mechanisms, the worn surfaces of the polymer-
composite and steel were observed under a scanning electron microscope. The
instrument used for this was JSM IT100 manufactured by JEOL (Japan). Due to the
non-conductive nature of the polymer material, the composite pins were gold sputtered
prior to the observation (SCDO005, Baltec AG, Liechtenstein) with a coating thickness
of approximately 12 nm (sputtered at a 50-mm working distance using 30 mA for 80s).
This step was not required when observing the steel discs for a transfer film, as only a
very small amount of charge accumulation was noticed when acquiring images from
the wear tracks. The acceleration voltage used for the secondary-electron (SE) images
was 10 kV.

Atomic force microscopy (AFM)

The wear tracks on the steel surface were also examined using an atomic force
microscope to analyse the changes in the topography and inspect the state of any
additional material present over the steel surface. The equipment used for this was
MFP-3D Origin manufactured by Asylum Research (UK). Scans inside the wear-track
region were performed for all the compositions and test conditions. The scans covered
an area of 30 X 30 um? at a speed of 0.15 Hz in continuous-contact mode. The tip used
was an AC240TS-R3, which has a spring constant of approximately 2 N/m, and is
therefore also suitable for mapping the topography of softer materials that might have
adhered to the steel surface during sliding. The generated topography data were
analysed and processed using Gwyddion software (version 2.65).

Lateral force microscopy (LEM)

In addition to AFM, lateral force microscopy was performed inside the wear-
track region on the steel disks of selective compositions. This analysis aimed to provide
insight into the role of the material present over the steel surface in the observed friction
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behaviour. For this, the AFM tip was first allowed to slide over the material covering
the steel surface for an extended period so that the material could adhere to the tip
(Raman spectroscopy was used to conform the presence of adhered material over the
tip). Following this, the tip with adhered material was made to slide over a new area
on the steel disc wear track and the lateral voltage, thereby the lateral force was
evaluated. Since the tip already bore the same transfer material from the polymer-
composite as the one covering the steel disc, the system effectively simulated a transfer
material-to-transfer material sliding interface.

White light interferometry

The worn surfaces of the polymer-composite were also examined using an
optical interferometer for evaluating the condition of the carbon fibres after sliding.
The equipment used for this was Contour GT-KO produced by Bruker (USA). The
analysis was done in a high-resolution vertical scanning interferometry (VSI) mode with
a 50 X objective and a white-light source. The data were analysed and processed using
the onboard Vision 64 software.

Nano Indentation

The wear-track region on the steel surface was analysed using a nano indenter
(Step 700 + UNHT?, Anton Paar, Austria) to determine the thickness and hardness of
the material transferred from the composite. This was conducted using a Berkovich
(BS-47) pyramid-shaped diamond indenter in sinusoidal loading mode, which allowed
for an evaluation of the hardness along the indentation depth. The main curve
employed a constant strain-rate loading from 0 to 95 mN, with the loading rate/load
being set to 0.05 1/s and a 30-second pause upon reaching the maximum load. The
contact force was set to 0.3 mN for the main curve. The additional sinusoidal loading
alongside the main curve had an amplitude of 5 mN and a frequency of 5 Hz. To
validate the results and observe the variation with location on the surface, 6 indents
were made, placed at a distance of 50 micrometres in form of a 2 X 3 matrix on each
sample. The harness of the transferred material was determined using the following

(1 - hf/ht)Z-Hs - Hc
(1 - he/h)? -1

Hf=

where Hy is the hardness of the transferred material layer over the steel surface (GPa),
H; is the hardness of the underlying steel (GPa), H. is the combined hardness from the
transferred material layer and steel evaluated from the main curve (GPa), h¢ is the
thickness of the transferred material layer evaluated using the sinusoidal curve (nm) and
he is the total penetration depth of the indenter (nm).
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Chemical characterization

Energy dispersive X-ray (EDS) analysis

To assess the distribution of these elements in the analysed areas, elemental
maps were also produced in addition to SEM. The acceleration voltage used for EDS
was 20 kV.

Raman spectroscopy

The wear tracks on the steel surfaces were also examined using Raman
spectroscopy to determine the formation of the transfer layer and the adhesion of
constituents during sliding. The equipment used for this was Scientific XploRA Plus
V1.2 Raman spectrometer produced by Horiba (Japan). Spectra were taken from wear
tracks on the steel disc for the range 300 to 4000 cm~". The laser used for this purpose
had wavelengths of 532 (with the filter set to 25 %) and 638 nm (with the filter set to
50 %), which was selected after confirming their interaction with the polymers and all
the fillers used in the composition. To keep the analysis limited to the transfer layer, a
50 X objective was used. This kept the vertical resolution confined to about 2 pm.
Other parameters included the selection of the grating (1200 nm), the hole (300 pm),
and the slit size (100 pm).

X-ray photoelectron spectroscopy

To track the chemical interactions that occurred during the tribological testing,
both the surface of the composite pin and the wear tracks were analyzed using X-ray
photoelectron spectroscopy (XPS). These analyses were performed on a PHI TFA XPS
spectrometer produced by Physical Electronics (USA) using an Al Ka monochromatic
source for the irradiation. Region of 400 um in diameter on the surface was excited
with X-rays and the emitted photoelectrons were collected originating typically from a
depth of 3—5 nm. The composition of the worn pin’s surface was determined from the
peaks corresponding to C 1s, B 1s, O 1s, N 15, considering the relative sensitivity
factors provided by the manufacturer. Due to possible charging of the surface, the C 1's
spectra were shifted to 284.8 eV prior to the deconvolution. For quantifying the
composition on the steel surface, C 15, N 15, O 1 sand Fe 2p peaks were used. Further,
for analyzing the changes occurring underneath the surface of the pin and the steel, ion
etching was performed using an Ar-ion beam of energy 1keV for different etching
times. The estimated etching rate was 1 nm/min.

2.3.6  Lubricant analysis

For selective cases, the lubricant obtained from the tribological tests was also analysed
using Raman and Fourier Transform Infrared (FTIR) Spectroscopy to detect any
variations compared to original.



CHAPTER 3

R esults and Discussion

Following the literature review in Chapter 1, which identified gaps leading to
the research problems, and the methodology outlined in Chapter 2, this chapter
presents the results of the work. The findings are presented step-by-step, reflecting the
four publications derived from this work. Alongside the outcomes of each publication,
a ‘Conclusion and Next steps’ section is provided highlighting the major takeaways and
the reasoning behind subsequent publication.

The first step involved mitigating the known issues with the selected materials,
namely fibre pullout and brittle behaviour of selective polymer materials. As outlined
earlier, compatibilizers (refer sub-section 2.1.3: Adhesion improvers and Chain
Extenders) were introduced into the polymers (refer sub-section 2.1.1: Polymer
powders) and filler systems (refer sub-section 2.1.2: Fibrous reinforcements) using the
manufacturing process described in sub-section 2.2.2: Incorporation of compatibilizers.
Below are briefly summarised the results and mechanisms as part of Paper A.

3.1 Paper A

Title - Does a Compatibilizer Enhance the Properties of Carbon Fiber-Reinforced
Composites ?

Outcomes from the publication

The incorporation of compatibilizers affected properties like hardness, impact
strength, wettability and crystallinity. These effects depended on the polymer type,
compatibilizer incorporation location, and manufacturing temperature.

For UHMWRPE, the introduction of the compatibilizer showed a decline in
material’s impact strength. This reduction was more pronounced when the
compatibilizer was added before the moulding stage. The material’s hardness on the
other hand had no effect from compatibilizer. Comparison of compatibilizer types
revealed only a marginal difference, with the HDPE-based option performing slightly
better than the LLDPE-based one. Lastly, the addition of the compatibilizer did not
affect the material’s wettability or the polymer’s crystallinity.

45
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For PPS-based compositions, the compatibilizer could only be incorporated
before the moulding stage due to its low glass transition temperature. Having 1.5 wt.
% of compatibilizer in presence of either SCF or PTFE improved hardness by 10-13 %
and impact strength by up to 20 %. However, when both SCF and PTFE were present,
a higher concentration of compatibilizer (about 3 wt. %) was required to match above
improvements. A variation in crystallinity of polymer materials was also noted with
compatibilizer. A decrease was observed for PPS by around 7 %. In contrast, an increase
in crystallinity for PTFE by 4-5 % was noted. The manufacturing temperature had
negligible effect in the absence of PTFE. With PTFE present, hardness and impact
strength values were 10 % greater with higher cylinder temperatures (375 °C).
Additionally, the material’s wettability varied significantly with manufacturing
temperature capable of increasing or decreasing the contact angle by up to 10°.

To understand the mechanisms, several analyses were carried out on selected
samples:

e The FTIR analysis carried on UHMWPE powders and compositions revealed that
chosen compatibilizers lose their polarity in the presence of the solvent, rendering
them unsuitable for introduction before or during the manufacturing process.

e Meanwhile, the micrography of the fractured UHMWPE composites from impact
testing implied that when the compatibilizer was added before moulding, it
remained agglomerated and possibly acted as stress concentration sites.

e The SEM and EDS analysis on PPS based compositions, showed improvement in
homogeneity between different components and fibre-polymer interface when the
compatibilizers were present, supporting the observed variation in hardness and
strength.

e The FTIR analysis conducted on PPS based compositions demonstrated that the
compatibilizer was consumed, as indicated by a diminished C—O—C linkage after
moulding. One way PPS chains end is with a —=Cl group, the reduction in area under
C-Cl peak with the introduction of compatibilizer in association with reduced
crystallinity indicate chain extension, whereas peaks in N—H region points to
possible bonding with groups on fibres. Further, the variation in CF; and CF; peaks
aligned with the observed wettability results.

Conclusion and Next steps

The improvement observed with compatibilizers make PPS-based composites
more useful in already-established applications (such as gears or bearings) where
resistance to impact loading and durability are essential. Additionally, the ability to
adjust the material’s wettability by changing the manufacturing temperature in the
presence of compatibilizers further expands their potential use in components such as
pumps and valves.
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However, the highest values recorded for hardness and impact strength upon
incorporation of compatibilizer into PPS/PTFE blend with SCF as reinforcement were
27 H.V0.5 and 17.5 KJ/m? respectively. Which even though is a huge improvement
compared to neat PPS, still insignificant compared to UHMWPE which stands at
100 KJ/m? without any reinforcements. Additionally, compatibilizers increased the
melt viscosity, which would likely rise further with introduction of particulate fillers in
the composition. This limited the concentration of fillers that could be incorporate in
the PPS based composites.

This led to a choice between the following two approaches for future work:

» Reduced filler concentration in PPS composites and rely on compatibilizers for
issues such as brittle material behaviour and fibre-polymer interface.

» Use optimum concentration of fillers (based on literature) using UHMWPE as the
polymer matrix.

After careful consideration, the latter option was selected. Thereby,
UHWMPE was selected as the base polymer material for subsequent publications to
address the research questions outlined in sub-section 1.8. Since, compatibilizers did
not work for UHMWPE in our selected manufacturing process, incorporating another
filler to deal with the known issues of fibre pullout with the material was tried.

3.2 Paper B

Title - Effect of multi-scale fillers on the tribological behavior of UHMWPE
composites in water-lubricated contacts

This study addresses research gaps and hypotheses related to how simultaneous
incorporation of several carbonaceous and non-carbonaceous fillers into the polymer
affects composite properties such as hardness, crystallinity of polymer, wettability and
tribological performance of the composite material against steel under distilled water-
lubricated conditions. Moreover, emphasis was placed on understanding the role of
filler scale in these properties, to determine whether improvements stem from the filler
material itself or its size. This helps clarify whether developing multi-scale composites
is justified.

For this, three fillers were incorporated into the UHMWPE polymer, namely
SCF, graphite and hexagonal boron nitride (h-BN). To test whether carbonaceous-
carbonaceous filler pairs (e.g., SCF-graphite) perform better than carbonaceous-non-
carbonaceous pairs (e.g., SCF-hBN), compositions with 10 wt.% micro-scale fillers
were prepared. Additionally, a composition with all three fillers was also prepared.
Further, to analyse the effect of filler scale, multi-scale compositions containing same
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concentration of fillers as the micro-scale compositions were prepared by replacing
3 wt.% of micro-hBN in the composition with equal wt. % of nano-hBN.

Outcomes from the publication

The results indicated varying effects on composite’s properties from having
several fillers and their scale. For example, the hardness of the composite improved with
the inclusion of several fillers. Selective combination of fillers showed a higher hardness
value compared to other combinations (for instance, composite with SCF and Graphite
showed higher hardness value than one with SCF and h-BN), implying filler material
played a role for the property. However, the highest hardness was recorded in a
composition containing all the selected fillers, suggesting a cumulative effect and
incorporation of several fillers to be beneficial. Additionally, the scale of the fillers
played a role, as multi-scale composites demonstrated hardness value 10 % greater than
a micro-scale composite with the same filler concentration.

Not all properties displayed this cumulative effect. In the case of wettability,
SCF was the dominant filler in determining the contact angle. The addition of other
fillers, combinations of fillers, or the scale only demonstrated marginal changes (less than
4°), which is within the range of measurement error.

Furthermore, the inclusion of fillers did not always yield a positive impact;
some properties deteriorated with specific fillers. For example, the crystallinity of the
polymer was reduced by the presence of carbon-based fillers, such as SCF and Graphite.
This reduction was more severe when both carbon-based fillers were used together,
with crystallinity levels up to 15% lower than those of UHMWPE without fillers.
However, adding h-BN helped to abate this deterioration, suggesting presence of
several fillers to be beneficial. The filler scale, on the other hand, had no effect on
crystallinity.

The tribological performance of the composite containing all the selected fillers
was found to be the best. This micro composite was able to sustain much higher loads
(corresponding to 15 MPa) than pure UHMWPE, had friction performance
comparable to that of other composition with graphite (coefficient of friction ranging
between 0.065 and 0.085) and wear rate similar to those composition with h-BN
(ranging between 1 and 3 x 10E-7 mm?®/N.m). Moreover, the filler scale played a role,
as the multi-scale composite showed up to a 40% lower coefficient of friction (ranging
between 0.05 and 0.06) compared to a similar micro composite with the same filler
concentration.

The analysis of the worn surfaces provided significant insights into the role of
different fillers and possible filler interactions in the observed performance:
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e The SEM analysis demonstrated that composites containing only carbon-based fillers
exhibited fibre pullout. In contrast, those with h-BN did not show this sign. The
EDS and XPS analyses indicated that diboron trioxide formed during sliding and
accumulated at cracks or the fibre—polymer interface, which helped to prevent fibre
pullout as shown in Figure 25a.

(a) 1. Fresh surface . Undesirable effects 111, Diboron triexide neutralizing
(consequence of testing) the undesirable effects
Carbon fibers Opening B0, patching
Polymer with Inadequate fiber-polymer B,0; accumulating at
boron nitride filler interface ultimately leading interface hindering
to fiber pullout fiber pullout
(b) Thinning on adhered fibers

Fiber thinning

Thinned fiber residuals
contributing to transfer =~ — =
film

Transfer film
Countersurface

Figure 25 — Proposed mechanism showing (a) test causing the fresh composite surface
(I) to develop undesirable features (II) and accumulation of B>O; impeding the
worsening of these features (III), (b) side view illustrating fiber thinning taking place
at the composite pin and residuals contributing to the transfer film on the steel disc.
Valid for compositions containing boron nitride.

e The SEM analysis of steel discs on the other hand, revealed material adhering to the
surface in wear track region. The Raman and XPS analysis of the adhered material
identified it to be carbon-based (specifically SCF and Graphite), suggesting a strong
affinity between carbonaceous materials and metals. In many cases, no fibres were
found on the worn surface, suggesting the material over steel surface to be from
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residual from fibre thinning, which was also confirmed by AFM analysis of the
composite surfaces.

e The Raman spectra from the wear tracks on the steel disc showed that the In/Ig
ratio was lower for the multi-scale composition compared to the micro-
composition. This suggests a higher graphitic-like crystalline structure in the transfer
film of the nano-composition. Additionally, the XPS analysis also indicated an
increased concentration of C-OH bonds for the multi-scale composition.

Note: An increase in H-H, H-OH, and OH-OH groups also support lower
coefticient of friction due to repulsive actions between these bonds. Additionally,
with more comprehensive thinning occurring on the composite pin, a higher
concentration of residual material is expected to transfer onto the steel disc.

e The Raman and XPS analysis of the steel disc wear track indicated no transfer of
boron related materials from the polymer composite. Additionally, the Raman and
FTIR analysis of the lubricant obtained from tribological tests implied that any
boron-related material present was below the measurable concentration.

Conclusion and Next steps

The results demonstrate that incorporating several fillers into the polymer-
composites let to improved properties such as hardness and tribological performance.
Additionally, combining carbonaceous and non-carbonaceous fillers helped abate the
loss of polymer crystallinity.

The composite containing several fillers type had the lowest wear volume and
coefficient of friction, indicating synergistic behaviour between the fillers irrespective
of the scale. Further it was observed that having h-BN caused SCF to contribute to the
tribological performance, implying positive outcome from filler interaction.

Additionally, it was observed that Nano fillers, owing to their higher surface
area and superior interfacial interaction with the matrix material, exhibit a more
uniform dispersion within the polymer material and around the carbon fibres compared
to micro fillers in the composite. As a result, entire fibres or portions of partially thinned
fibres being pulled from the composite pin into the transfer material on the steel surface,
due to the absence of hBN around them, is less likely to happen in multi-scale
composition. This could account for the higher graphitic content in the transfer film
for compositions with nano-fillers, as more comprehensive thinning is anticipated
before pullout occurs. This is why the multi-scale composition had a more coherent
film with better coverage, overall leading to a much lower coefficient of friction in
tribotesting.  Owerall, both filler type and scale had effect on the tribological
performance observed from the composite.
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As observed from the literature review that the working of hard and soft
particulate fillers can vary significantly (see section 1.5.3: Fillers for improving tribo-
performance). Since the particulate fillers used in this study were soft and less is known
how filler interaction will vary if one of the selected fillers is hard. Therefore, to better
understand the above, similar study with hard filler is needed, which is the basis for next
study, denoted as Paper C.

33 Paper C

Title - Tribological behaviour of nano-titanium dioxide filled UHMWPE composites
with a variety of micro fillers based on carbon, boron nitride and silicon

dioxide under water-lubricated condition

Hard inorganic fillers, such as aluminium oxide and zirconium oxide, are also
expected to contribute to the transferred material, thereby improving the tribological
performance through surface separation and acting as rolling elements because of their
spherical shape. However, limited knowledge is available on the tribological
performance and working mechanism of these hard inorganic fillers in combination
with other fillers, especially under water-lubricated conditions.

In this study we combine nano-scale titanium dioxide with other fillers whose
working mechanisms when in combination are well researched. This is to see how the
interaction between the fillers varies upon having hard filler into the composition. The
polymer matrix used for this is UHMWPE and the other fillers used in combination
are graphite, hexagonal boron nitride (h-BN) and silicon dioxide, all of the same scale.
Moreover, as it was observed in the previous study that for UHMWPE to be able to
bear high loads, fibrous reinforcements were necessary. Therefore, all prepared
compositions were reinforced with SCF. Further, the compositions prepared for this
had titanium dioxide in nano scale, always in same concentration of 5 wt.% and one of
the above micro scale fillers in 10 wt.% concentration.

Outcomes from the publication

The results indicated varying effects in composite properties upon combining
titanium dioxide with various carbonaceous and non-carbonaceous fillers.

The hardness of the composite was observed to increase with the incorporation
of additional filler in the titanium dioxide-containing fibre-reinforced UHMWPE
composite. With the inclusion of graphite as the additional filler in the titanium dioxide
and SCF-containing composition, a hardness of 8.03 H.V. was noted, which was 53 %
higher compared to the same composition lacking graphite. With h-BN or silicon
dioxide as additional filler, on the other hand, the increase in hardness was only about
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15 % compared to titanium dioxide-containing fibre-reinforced UHMWPE composite
without these additional fillers.

Not all properties showed variation with the inclusion of additional filler to
the titanium dioxide-containing fibre-reinforced UHMWPE composition. For
example, the crystallinity of the polymer in the produced composites was noted to range
between 47-51 %, irrespective of the inclusion of additional filler into the titanium
dioxide composition or the material of the additional filler. The above variation is
within the margin of error for the measurements.

Surface wettability, on the other hand, showed variation in either direction
with the inclusion of additional filler to the titanium dioxide and SCF-containing
composition. With the inclusion of graphite or h-BN as the additional filler, the contact
angle showed a slight reduction of 2-3 degrees, which is marginal. Whereas with silicon
dioxide as an additional filler, an increase of 8 degrees in contact angle was noted
compared to the titanium dioxide-containing fibre-reinforced UHMWPE composite
lacking the additional filler. The highest contact angle noted was with the inclusion of
silicon dioxide as the additional filler, having a value of 108 degrees.

Overall, no significant detrimental effects were observed in composite
properties with the inclusion of additional filler in the fibre-reinforced titanium dioxide
composition.

The eftect of having additional filler on the tribological performance of the
produced titanium dioxide composites was noted to be dependent on the filler material
and the contact pressure. At a low contact pressure of 5 MPa, the results implied having
any of the additional fillers (graphite, h-BN or silicon dioxide) had no effect on the
friction performance of the composite-steel pair, as the coefficient of friction was noted
to be about 0.08 for all compositions. In contrast, the wear results at 5 MPa showed a
reduction in wear rate for the titanium dioxide compositions with the incorporation of
additional filler. Additionally, the wear rate was noted to be dependent on the additional
filler material. The lowest wear rate was noted with graphite as the additional filler,
exhibiting a value of 8.2 X 107 mm?/N, which is an 86% reduction compared to the
titanium dioxide-containing fibre-reinforced UHMWPE composite lacking any
additional filler. Meanwhile, the reduction noted with h-BN and silicon dioxide as
additional fillers was 83% and 53% respectively.

At a higher contact pressure of 15 MPa, the results implied selective fillers to
be contributing to the frictional performance. For compositions with h-BN and silicon
dioxide as fillers, the coefficient of friction was about 0.05, which is about 32% lower
compared to the fibre-reinforced titanium dioxide composition lacking these additional
fillers. Meanwhile, for the composition with graphite as the additional filler, the
coefficient of friction was again noted to be similar to the fibre-reinforced titanium
dioxide composition, i.e. between 0.075-0.080. The wear rate at 15 MPa, on the other
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hand, followed the same trend as observed at 5 MPa, where the lowest wear was noted
with graphite as the additional filler, followed by h-BN and silicon dioxide.

The analysis of the worn surfaces provided significant insights into the role of

different fillers and possible filler interactions in the observed performance:

The SEM analysis of the worn polymer-composite surface demonstrated that the
composite containing only SCF and titanium dioxide as fillers exhibited fibre
pullout. In contrast, composites with graphite and h-BN as additional fillers did not
show this sign. Meanwhile, the composite with silicon dioxide as an additional filler
still exhibited signs of fibre pullout.

The optical interferometry of the worn polymer-composite revealed the adhered
fibres in most cases to have a flatter profile compared to fresh fibres, implying fibre
thinning taking place during sliding.

The SEM analysis of steel discs, on the other hand, revealed material adhered to the
surface in the wear track region, with coverage varying between compositions. The
highest coverage was noted for wear tracks from compositions containing h-BN as
the additional filler, whereas the lowest coverage was noted for the wear track from
the fibre-reinforced titanium dioxide composition lacking any additional fillers.

The Raman analysis of the material adhered onto the steel disc revealed D-G bands
for all compositions, implying the residue from fibre thinning contributed to the
adhered material. For the composition with graphite as the additional filler, an extra
apex for the G-band was noted, implying graphite contributed to the transferred
material as well. Additionally, the results from spectroscopy implied presence of
titanium dioxide in the adhered material for selective compositions, and only in
wear tracks obtained from testing at high pressure.

The transfer of graphite and titanium dioxide to the steel surface in the wear track
region was confirmed with AFM and nano-indentation. The nano-indentation
showed the transferred material over the steel disc wear track to have lower hardness
for the composition with graphite, and significantly higher hardness for wear tracks
where Raman spectroscopy indicated the presence of titanium dioxide. The AFM
indicated materials matching the dimensions of used graphite and titanium dioxide
to be present in the wear track region. However, the graphite was noted to have a
lower lateral dimension, and titanium dioxide nanoparticles were noted to be
embedded in the surrounding transferred material.

The results of lateral force microscopy conducted over the material adhered onto
the steel disc showed significantly lower lateral force in cases where titanium dioxide
was present in the adhered material.
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Conclusion and Next steps

Based on the results, it was observed that the selected hard filler (titanium
dioxide) contributed to the tribological performance even in the presence of all the
other fillers in the composition. Further, the friction behaviour of the polymer
composite—steel pair depended on factors including the composition of the material
transferred to the steel surface, its coverage, and its ability to cover the rough surface of
the steel. The wear of the composite, however, mainly depended on the fibres’ ability
to remain adhered, in which other fillers played a dominant role.

Upon combining with only carbon-based filler in the composite, the nano-
titanium dioxide was absent from the material transferred to the steel surface, and a
higher friction was observed. However, with other non-carbon-based fillers present in
the composition, the nano-titanium dioxide was part of the transferred material, where
it was found embedded in a relatively softer layer of material composed of other
components transferred from the composite.

Additionally, the contact pressure played a key role, as it is only at a high
contact pressure that the nano-titanium dioxide was present in the transferred material
(as shown in Figure 26) and under this condition the lowest coefticient was observed.

Fibre reinforced UHMWPE with Fibre reinforced UHMWPE with
micro-hBN and nano-TiO, micro-SiO, and nano-TiO,
l Low load ‘ High load ‘ Low load ‘ High load
Composite Composite Composite ‘omposite
posite omposite Risction omposite Composite
product of Si0,
h-BN with

water

nano- TiO, contributing to transferred material
onto steel at high load for these cases

Figure 26 — Illustrations delineating variation in composition of adhered material on
steel disc with pressure for compositions containing short carbon fibre, nano- titanium
dioxide and micro hexagonal-boron nitride (left) / micro silicon dioxide (right)

With filler—filler interaction now studied in Paper B and Paper C under water
lubrication, the next step was to analyse whether the contribution from fillers varies
with the lubricant, i.e. to study the filler-lubricant interaction. Additionally, whether
the scale effect observed in Paper B persists with a different lubricant. The above forms
the basis for the next study, denoted as Paper D.
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34 Paper D

Title (Tentative)- Role of fillers on the tribological behaviour of UHMWPE

composites in environmentially acceptable lubricants.

To understand how the lubricant affects the contribution from different fillers
to the tribological performance, various multiscale composites which were noted to
perform well under water lubrication were tested with different lubricants. The
multiscale composites selected for this study incorporated SCF, graphite, h-BN and
titanium dioxide as fillers. Meanwhile, for lubricants, two esters (base and commercial)
and a water—glycerol mixture were used as lubricants. The base ester was propylene
glycol-based (termed as PG), and the commercial ester used was Panolin Atlantis 5
(termed as Alt in this study). The water—glycerol mixture (termed as WG), on the other
hand, was used in a ratio such that its viscosity matched that of the propylene glycol-
based ester.

Outcomes from the publication

The tribological tests revealed that the composites had different performance
even with lubricants of similar viscosity, implying that the fillers played a critical role in
the observed performance.

At 5 MPa, the coefficient of friction with PG ester varied from 0.045 to 0.065
between compositions. Whereas with WG as the lubricant, the mean coefficient of
friction was observed to range from 0.009 to 0.023 between compositions, which is
65—79% lower compared to the values with PG ester as lubricant. On the other hand,
the mean coefficient of friction observed with Alt as the lubricant was in the 0.03—-0.04
range, which was between PG and WG.

At 15 MPa, depending on both the composition and the lubricant, an increase
or decrease in the mean coefficient of friction was noted compared to values at 5 MPa.
With PG ester as lubricant, the compositions containing graphite exhibited mean
coefticient of friction between 0.02 and 0.03 at 15 MPa, whereas in case of graphite-
lacking composition, a higher mean coeflicient of friction of 0.05 was noted. On other
hand with WG as lubricant, the coefficient of friction was again noted to be lower
compared to PG for all compositions. The lowest value noted with WG mixture as
lubricant was 0.0075, which was for the graphite and h-BN containing nano
composition. With Alt ester as lubricant, depending on the composition, an
improvement or deterioration in the mean coefficient of friction compared to PG ester
was noted at 15 MPa. For compositions containing graphite and h-BN, the coefficient
of friction with Alt was 67-82% higher compared to PG ester and was the highest
among all compositions with any lubricant. Whereas for compositions containing
titanium dioxide, a significantly lower mean coefficient of friction, around 0.018, was
noted with Alt as lubricant.
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At a low contact pressure of 5 MPa, the specific wear rate with PG ester was
noted to be lower compared to the Alt ester and higher compared to the water—glycerol
mixture as lubricant, irrespective of the composition. The specific wear rate with PG
ester was noted to vary from 4.3E-7 to 6.5E-7 mm?*/Nm between compositions, with
the lower value noted for the graphite- and h-BN-containing nano composition, and
the highest for the graphite- and titanium dioxide-containing nano composition. With
WG as lubricant, the specific wear rate was observed to be the lowest across all
compositions compared to other lubricants, with values ranging from 1.8—4.6E-7
mm?/Nm. Compared to PG as lubricant, WG showed 1.4-2.4 times lower specific
wear rate, with higher reductions noted in compositions with h-BN. On the other
hand, with Alt ester, the highest wear rate was observed, ranging between 3.9—4.9E-6
mm?®/Nm.

At 15 MPa, depending on both the composition and lubricant, an increase or
decrease in the specific wear rate was noted compared to values at 5 MPa. With PG
ester as the lubricant, the specific wear rate was noted in range of 7.2-9.3E-7 mm?®/Nm,
which is only a marginal variation. In the case of Alt ester, for compositions containing
graphite and h-BN, the specific wear rate noted was 4.9—-7.9 times higher compared to
PG ester, with the value noted for the micro composition, i.e. 5.7E-6 mm?*/Nm, being
the highest wear rate among all compositions with any lubricant. Whereas for
compositions containing titanium dioxide, a significantly lower specific wear rate of
around 5.1E-7 mm?3/Nm was noted with Alt, which is 1.6—1.8 times lower than the
specific wear rate observed for the same compositions with PG ester. With WG as
lubricant, the compositions containing h-BN were noted to have a lower specific wear
rate at 15 MPa in comparison to the other lubricants (2.9—4.4 times lower compared to
PG and 2.4-23.4 times lower compared to Alt). The h-BN-lacking composition, on
the other hand, showed a specific wear rate of 8.3E-7 mm?®/Nm with the water—
glycerol mixture as lubricant, which is similar to the value noted with PG ester. Finally,
the lowest specific wear rate at 15 MPa was again noted for the nano composition
containing graphite and boron nitride in WG lubricant, which was 1.2—4.1 times lower
compared to other compositions in the same lubricant.

The analysis of the worn surfaces provided significant insights into the role of
different fillers and possible filler-lubricant interactions in the observed performance:

e The SEM analysis of worn polymer—composite surfaces demonstrated that
compositions tested in esters exhibited fibre pullout. In contrast, the compositions
tested with the WG mixture did not show this sign. Additionally, optical
interferometry conducted on the composite surfaces indicated adhered fibres to have
a flatter profile compared to fresh fibres, confirming that fibre thinning occurred in
all selected lubricants.

e The SEM analysis of steel disc wear tracks, on the other hand, showed additional
material adhered to the steel surfaces lubricated with PG and WG. The AFM analysis
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of steel disc wear tracks obtained from testing against graphite-containing
compositions with PG and WG as lubricants indicated regions with dimensions
similar to the incorporated graphite. Raman analysis of the steel disc wear tracks
confirmed the presence of graphite in the material adhered to the steel surface for
these compositions.

e The LEM analysis of the material adhered onto the steel surface showed significantly
lower lateral force on graphite in steel disc wear tracks lubricated with WG
compared to PG.

e In contrast, no additional material was noted on the steel disc wear tracks obtained
from testing with Alt, based on SEM and AFM analysis. Additionally, in the wear
tracks obtained from testing against titanium dioxide compositions, the roughness
of the steel surface was noted to be significantly lower compared to pre-testing,
especially along the sliding direction. Moreover, EDS analysis of the worn polymer—
composite and steel disc wear tracks indicated the presence of sulphur on surfaces
lubricated with Alt.

Conclusion

The selected UHMWPE composites containing various fillers exhibited
superior tribological performance with WG as the lubricant compared to an ester of
similar viscosity.

With PG ester and WG, carbonaceous fillers (graphite and SCF) contributed
directly to tribological performance by participating in transferred material from the
polymer composite to the steel surface; boron nitride contributed indirectly and only
in the water—glycerol mixture. In contrast, with the commercial Alt ester, material
transfer from the polymer composite to the steel disc was significantly hindered; only
titanium dioxide exhibited an indirect contribution—and only at elevated contact
pressures.

The lubricating property of the graphite transterred onto the steel surface was
found to depend on the lubricant, with WG yielding superior performance from the
filler compared to the ester. This was because, in the case of WG, the water molecules
passivate the defects formed in the carbon lattice during sliding. In contrast, for esters,
the long-chain molecules tend to form an adsorbed film, with the polar carbonyl group
interacting only weakly with the carbon lattice. Therefore, sliding occurs on the layers
of alkyl tails over the graphite surface for esters, resulting in higher lateral force.
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Figure 27 — Schematic illustrating the possible interactions between graphite and the
lubricants used in this study. In esters (a), sliding occurs on the layers of alkyl tails over
the graphite surface. In contrast, for the water—glycerol mixture (b), sliding takes place
on the top carbon lattice layer, with water molecules passivating the defects formed in
the graphite structure, thereby facilitating interlayer slip.

Finally, the best performance was noted with the nano composition containing
SCF, graphite and h-BN as fillers where the coefficient of friction was noted to be
below 0.01 and specific wear rate of around 2E-7 mm?/Nm. This low friction state was
observed to be robust with no effect from changing sliding parameters or start-stop
conditions as shown in Figure 28.
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Figure 28 — Variation in coefficient of friction obtained from reciprocating tests
conducted in pin-on-disc arrangement with Grm + BN m+n and 316L steel as surfaces
and water-glycerol mixture (WG) as the lubricant. The sliding conditions were varied

every 20 hours into the test, with conditions shown above.



CHAPTER 4

Conclusion and Future aspects

Upon a comprehensive review of the existing literature, various key gaps and
issues were identified across the available foundational work in the field. These issues
directly contributed to the formulation of the research hypotheses and goals that guide
this thesis.

Prior to jumping into the hypothesis, the work began with tackling the known
issues with the polymer materials and fillers of interest. This was done by using additives
during manufacturing. The above step was necessary to have composites that are viable
for use in real world applications. Upon doing work and finding the solutions that
worked to resolve the known issues a decisive choice needed to be made, i.e. to use
additive and reducing the filler concentration or finding another solution to known
issues. After careful reasoning the later was selected.

Thereby various UHMWPE composites were manufactured containing
different fillers to study the hypothesis. These composites had various carbonaceous and
non-carbonaceous fillers and of different scale. The testing of these composites has
contributed to the scientific knowledge in the following ways

e More scientific studies now exist relating to which filler combinations perform
better, with this research providing clear evidence on which material pairs—
particularly the difference between carbonaceous—carbonaceous and carbonaceous—
non-carbonaceous filler pairs—affects composite properties and tribological
performance.

e A better understanding has been developed on whether composite properties and
tribological performance observed in multi-scale composites arise from filler scale,
material type, or both, as this work systematically decouples these parameters to
examine their individual and combined effects.

e More clarity now exists regarding filler—filler interactions, with this study showing
how different filler types may influence one another’s performance and contribute
either synergistically or antagonistically to the overall behaviour of the composite.

e The influence of lubricants on filler performance is now better understood, as this
research helps separate the effects of viscosity from those of filler—lubricant
interactions, shedding light on their distinct roles in enhancing or diminishing
tribological outcomes.

59
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Ultra-high-molecular-weight polyethylene composites incorporating various

fillers (short carbon fibres, graphite, boron nitride, silicon dioxide and titanium dioxide)
were prepared. From the observed variation in composite properties, the following
conclusions can be drawn:

The incorporation of multiple fillers in the composite material led to enhancement
of selective composite properties, for example hardness, as incorporation of several
fillers showed greater hardness values than have single filler. Furthermore, the filler
scale was found to influence hardness, as having nano-scale fillers yielded higher
hardness than micro-scale filler in same concentration.

Selective composite properties were also noted to depend on filler type and not
scale, such as crystallinity of the polymer material. Upon having only carbonaceous
fillers in the polymer-composite a reduction in crystallinity was observed, which
declined steadily upon having more carbonaceous fillers. However, when non-
carbonaceous fillers were introduced into the composition, the reduction in
crystallinity abated.

Surface wettability of the manufactured composites also implied filler type to play
key role rather than the scale. Further when more than one filler was present the
overall nature of the surface was the sum of the individual effects. However, in all
cases the composites remained on the hydrophobic side based on contact angel
measurements.

Upon testing these manufactured Ultra-high-molecular-weight polyethylene

composites against 316L stainless steel under water lubricated condition, the following
conclusions could be drawn:

It was confirmed that incorporation of several fillers into the polymer led to
improvement in tribological performance from the resulting composite against steel
under water lubricated condition.

Additionally, it was noted that both the filler type and scale played a role in the
observed improvement, as incorporating nano-scale filler provided better
performance than having their micro-scale equivalents in same concentration.

When several fillers are incorporated, it was noted that the presence of one filler
could alter the contribution from another filler, thereby confirming filler-filler
interaction. For instance, with hexagonal-boron nitride present as filler, the short
carbon fibres remained adhered, which would otherwise have been easily pulled out
in the absence of hexagonal-boron nitride.

Not all filler-filler interaction were noted to provide a positive outcome. For
example, having graphite as filler hindered the transfer of other fillers to from the
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composite to steel surface, altering the composition of the beneficial transfer film
and thereby the observed tribological performance.

Lastly, upon testing these manufactured Ultra-high-molecular-weight
polyethylene composites against 316L stainless steel under alternate lubricants such as
esters and water-glycerol mixtures, the following conclusions could be drawn:

e The selected composites exhibited diverse effects in different lubricants, showing
lower coefficient of friction and wear rates in water-glycerol mixture compared with
ester of same viscosity.

e The contribution from fillers varied with lubricant, thereby confirming the filler-
lubricant interaction happening alongside to the filler-filler interaction. For
example, graphite was noted to provide better lubricating property in water-glycerol
mixture than in esters.

e Additionally, the effect of filler scale on the tribological performance initially noted
with water lubrication was noted to persist, but only with water-glycerol mixture.
Where again, the composition containing nano-scale filler performed better
compared to micro-scale filler containing composition for the same concentration

of fillers.

It was noted that when interactions between components are favourable, effect
of filler scale is utilized, and with selective fillers incorporated into the composition a
state of superlubricity can be achieved in polymer composite-steel contacts. This state
is robust and can be attained for prolonged sliding durations. Moreover, it does not
require any unpractical conditions such as ultra smooth surfaces, specific atmospheric
conditions or toxic materials.

While this work aims to provide comprehensive knowledge on the individual
roles of filler material and scale, the nature and effect of filler—filler and filler—lubricant
interactions to overall performance; numerous new openings appeared while the course
of this study that offer scope for future work

e Based on the results noted in this work, aqueous glycerol mixtures show great
potential to be use with polymer-composites. This requires other polyhydric
alcohols to also be explored for their lubricating potential in polymer composite-
steel contacts.

e Upon testing commercial ester with multi-scale composites, it was observed that the
transfer of material from the composite to steel surface was greatly impeded, possibly
from the additives present in the lubricant. This requires exploration on which
additives are favourable for use in polymer composite-steel contacts.
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e As the transportation sector shifts towards electrification, it is essential to examine
how the contribution from fillers and other observed eftects evolve under applied
electric fields.
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