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Polymers and polymer-based composites are becoming the preferred materials in many tribological
applications due to their advantages such as lightweight, reduced noise and self-lubricating
properties. In terms of green technology, reducing weight by replacing metallic parts for polymeric
ones is a very promising way to improve fuel efficiency in the automotive industry. Poly-Ether-
Ether-Ketone (PEEK) and its composites have superior mechanical properties and higher thermal
stability than other conventional polymers which make them suitable for tribological applications
operating under severe conditions. Lubrication has the potential to reduce further friction and wear.
However, the tribological behaviour of PEEK and its composites under lubrication has been less
reported than under dry conditions, and a solid understanding of the lubrication mechanism is still
lacking. Therefore, the aim of this study is to elucidate the effect and mechanism of lubrication on
the tribological properties of PEEK and its composites.

Tribological tests were mainly performed on PEEK-steel and PEEK composites-steel contacts
using a Mini Traction Machine (MTM) which simulates the sliding-rolling contact motion as
encountered in gears, one of the main expected applications of this study. In addition to pure PEEK,
carbon fibre reinforced (CFR) PEEK and glass fibre reinforced (GFR) PEEK as typical PEEK composites
were investigated paired with steel counterparts. Base oils with/without lubricant additives,
namely organic friction modifiers (OFMs) and anti-wear (AW) additives, were applied as test
lubricants. To further investigate the mechanism of action, after-test specimens were analysed
using various surface analysis techniques e.g., 3D surface profilometer, nanoindentation, Electron
Probe Micro Analysis (EPMA), X-ray Photoelectron Spectroscopy (XPS) and Raman spectroscopy.

The results indicate that the polymer transfer film that formed on the steel counterparts is the
dominant factor controlling the tribological properties of the PEEK-steel and PEEK composites-steel
contacts, especially when the steel has a rough surface. The polymer transfer films are assumed to
act as protective films, thus preventing the direct contact of the relatively soft polymer surfaces
with the hard asperities of the steel surfaces and so reducing the wear of the polymers. Although
this contribution of polymer transfer films has been previously found in dry conditions, this study
reveals their significance under lubrication and the mechanism of action. Furthermore, the novelty
of this study is that essential but little-known knowledge such as the effect and working mechanism
of lubricant oil viscosity and lubricant additives (OFMs and AW additives) on tribological properties
of the PEEK-steel and PEEK composites-steel contacts, was discussed based on the tribological test
results and surface analyses of after-test specimens.
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PA o, Polyamides or Nylon

PAEK ...viieeeeieeeeceee e, Poly-aryl-ether-ketone

PAO ..o, Poly-a-olefin

PBI .. Polybenzimidazole
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PDMS ..., Poly-dimethyl siloxane

PEEK ..o, Poly-ether-ether-ketone
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N Qil film thickness
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N Lubricant film parameter, Lambda ratio
P, Pressure

2 [T Arithmetic average of the roughness profile
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Chapter 1 Introduction

1.1 Back ground

Polymers are becoming preferred materials in many tribological applications such as gears, seals
and bearings. Compared with metals, polymers have advantages such as lightweight, reduced noise
and self-lubricating properties which make their use in automotive, aerospace, medical, industrial
applications highly desirable [1-6]. In terms of green technology, reducing weight by replacing
metallic parts for polymeric ones is a very promising way to improve fuel efficiency [7-11]. However,
the mechanical strength and thermal stability of polymers are lower than those of metals, and
therefore they tend to fail from, for example, wear, local melting and pitting when used in severe
conditions [12—17]. Due to these shortcomings the use of polymers is restricted to applications in
comparatively mild conditions; therefore, there is an increasing demand to improve the tribological

properties of polymers.

Among the various types of polymers which have been developed and used for tribological
applications, Poly-Ether-Ether-Ketone (PEEK) has superior mechanical properties and higher
thermal stability which make it suitable for applications operating under severe conditions
[2,3,18,19]. For further improvement of its tribological performance, PEEK composites with specific
fillers such as carbon/glass fibres and solid lubricants (e.g. graphite, PTFE and MoS;) have been
extensively investigated and their working mechanisms discussed [20-24]. Nevertheless, most of
the studies mentioned above were performed mainly under dry conditions relying on the self-

lubricating properties of PEEK and its composites.

However, lubrication also has the potential to improve further the tribological performance of
polymers. In most tribological applications with steel parts lubrication, which reduces friction and
wear by mitigating the direct contact of the two sliding surfaces, is essential to ensure their efficient
operation and durability. For polymer applications, some research groups have reported that
friction and wear were reduced under lubricated conditions compared with dry conditions [25—29].
On the other hand, negative effects of lubrication, especially on the wear of polymers have also
been reported [30—32]. Despite hardness modification of polymer surfaces and polymer transfer
films on steel counterparts being proposed as the key factors in understanding their behaviour,
these factors have not been fully investigated in previous studies and the reason why lubrication
can have opposite effects on the tribological performance of polymers remains unclear. In the
lubrication of PEEK and its composites, positive and negative effects have been also reported and

a clear understanding of their mechanisms is still lacking [26,27,31-35]. In addition, previous
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studies mainly used water or fuel lubrication, and little is known of the effect of oil lubrication and
especially of lubricant additives commonly added to lubricants for improving tribological

performance.

Lubricants in tribological applications with steel parts are basically formulated from various types
of base oils and additives depending on the purpose they are used for, and their formulation
optimization relies much on the fundamental knowledge of their effect and working mechanism
which has been historically well investigated [36—40]. While the lubrication mechanism of PEEK and
its composites may be partly the same as that of steel, they should be different in many ways due
to the large difference in mechanical properties and reactivity of steel and polymer. Bearing in mind
the growing demand for improvement in the tribological properties of PEEK and its composites and
the lack of fundamental knowledge of their lubrication, there is an urgent need to investigate the
effect of lubrication on the tribological properties of PEEK and its composites, and its working

mechanism.

1.2 Aims and objectives

The aim of this study is to elucidate how lubrication influences the tribological properties of PEEK
and its composites and its working mechanism. To obtain fundamental knowledge of lubrication,
the effect of base oil lubrication and lubricant additives were investigated stepwise for pure PEEK
and PEEK composites, respectively. From the various types of lubricant additives, organic friction
modifiers (OFMs) and anti-wear (AW) additives were focused on because of their strong influence
on tribological properties. Carbon fibre reinforced (CFR) PEEK and glass fibre reinforced (GFR) PEEK

were used in this study as they are the most typical PEEK composites.
The main objectives of this work are to clarify the followings:

The effect and working mechanism of base oil lubrication on the tribological properties of PEEK
The effect and working mechanism of lubricant additives (OFMs and AW additives) on the
lubrication of PEEK

The effect and working mechanism of base oil lubrication on the tribological properties of CFR
PEEK and GFR PEEK

The effect and working mechanism of lubricant additives (OFMs and AW additives) on the
lubrication of CFR PEEK and GFR PEEK
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The knowledge obtained in this study is essential to be able to formulate suitable lubricants for the
tribological applications envisaged for PEEK and its composites. Furthermore, this study could
contribute to helping to understand the tribological properties of other polymers under lubrication,
because the fundamental mechanism of action is expected to be common. The formulated
lubricants will help to improve the efficiency and durability of the systems by reducing friction and
wear, thus promoting the adoption of polymer applications in green technologies so as to reduce
weight by the replacement of metallic gears for polymeric ones in automobiles where numerous

gears transmit engine/motor power to the wheels, thus contributing to reducing CO, emission.

1.3 Thesis outline

This thesis is divided into eight chapters summarized as follows:

Chapter 1 introduces this study and includes its background, aims and objectives,

Chapter 2 reviews the literature to understand the research context,

Chapter 3 summarizes the materials and experimental methods applied in this study,

Chapter 4 contains experimental results of base oil lubrication of PEEK and discusses the
mechanism of action,

Chapter 5 investigates the effect of lubricant additives, organic friction modifiers (OFMs) and
anti-wear (AW) additives, on the lubrication of PEEK,

Chapter 6 covers base oil lubrication of PEEK composites namely carbon fibre reinforced (CFR)
PEEK and glass fibre reinforced (GFR) PEEK,

Chapter 7 investigates the effect of OFMs and AW additives on the lubrication of CFR PEEK and
GFR PEEK,

Chapter 8 summarizes the conclusions of the experimental results and the discussions

contained in chapters 4, 5, 6 and 7, and presents future work arising from this study.

The thesis structure is schematically illustrated in Figure 1.1.
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Chapter 1:
Introduction

Chapter 2:
Literature review

Chapter 3:
Methodology
[
! l
Chapter 4: Chapter 6:
Base oil lubrication of PEEK Base oil lubrication of PEEK composites
Chapter 5: Chapter 7:
Effect of lubricant additives on “ Effect of lubricant additives on
lubrication of PEEK lubrication of PEEK composites
|
!
Chapter 8:
Conclusions

Figure 1.1. Thesis structure
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Chapter 2 Literature Review

This chapter reviews the literature relevant to understanding the research context of the studied
topic. Section 2.1 gives an overview of polymers in tribological applications and their tribology
under dry conditions. Section 2.2 reviews existing research related to the lubrication of polymers

and includes in depth section on PEEK and PEEK composites.

2.1 Tribology of polymers

2.1.1 Introduction

The word of “tribology” was derived from “tribos”, the Greek word for “rubbing”. It was coined by
Peter Jost, and became widely used following his report published in 1966 [41]. The concept was
defined as “The science and technology of interacting surfaces in relative motion — and of
associated subjects and practices”, focusing on the research of friction, wear, and lubrication.
According to his report, much money was lost through unnecessary wear, friction and connected
breakdowns. Additionally, if greater attention was paid to tribology, approximately 500 million

pounds (at 1965 values) could be saved annually in the U.K. alone, as shown in Figure 2.1.

Savings in Savings of losses
mainterrance and consequential upon
replacement costs breakdown

Reduction in enetgy
_}-- censumption throngh
lower friction

_ Savings in jnvestment
through increased life
of machinery

Reduction in
manpawer L _

"__ Savings in investment
due to higher utilisation
ratios and greater
mechanical efficieney

Savings in Jubricant costs =

Figure 2.1. Economic savings through tribology (in £ million at 1965 values) (adapted from [41])
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Recently, the significance of tribology is increasing because of not only economic issues but also
environmental concerns. Figure 2.2 shows the International Energy Agency (IEA) estimation of key
technologies for the reduction of CO, emissions in order to limit global warming to 2 °C above pre-
industrial levels by 2050 [42]. Tribology is mainly expected to contribute to the area of “End-use
energy efficiency” which has the largest weighting (38%). Holmberg and Erdemir reported that by
taking advantage of the new surface, materials, and lubrication technologies, energy losses due to
friction and wear could potentially be reduced by 40% in the long term (15 years) and by 18% in the

short term (8 years).

60

Carbon capture
50 | and storage (17%)

s Renewables (28%)

End-use energy

%0 efficiency (38%)

End-use fuel
switching (10%)

Nuclear (6%)

20

Billion tonnes (Gt} of CO,

10 Power generation

efficlency and fuel
switching (<1%)

0 | l | ] | 1 | 1
2011 2015 2020 2025 2030 2035 2040 2045 2050
Ref.: Energy Technology Perspectives 2014, Paris, QECDAEA

Figure 2.2. Key technologies for the reduction of CO, emissions (adapted from [42])

The term “polymer” was derived from “polys”, the Greek word for “many”, and “meros”, for “part”,
and was first introduced by Jons Jakob Berzelius in 1833 [43]. It is basically synonymous with “resin”
and “plastic”, and means a material consisting of large molecules made up by structural units bound
together by covalent bonds. Polymers are obtained through the polymerization processes where
monomers react with each other and form large molecules. There is a wide range of polymers, and
they are classified in terms of their compositions, structures, properties, and chemical reaction
processes. Figure 2.3 shows an example of the classification of polymers (plastics) focused on the
macromolecular structure and the temperature-dependent physical properties [44].
Thermoplastics have linear or branched macromolecule chains and are used in applications where
stiffness and toughness are needed. Elastomers and thermosets have crosslinking-macromolecule

chains, the lower crosslinking in the elastomers providing their elasticity. Compounds are composed
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of several base materials. This composition can be achieved on a physical basis (e.g., polymer blends

or composite materials) or on a chemical basis (copolymers).

e

Butadiene- | ' Epoxy Resins (EP)
Elastomers (BR) | Phenol Resins (PF)
Styrene-Butadiene- | Polyester Resins (UP) | |
TR EE Elastomers (SBR) | | ABS/PC
Polycarbonate (PC) Polyurethane (PUR) | i - EVA/PVC
Polymethylmethacrylate L - ! e i | PBTP/PC
| (PMMA) i PE/PA6
| Polystyrene (PS) - PP/PA
Polysulphone (PSU) e
| Polyvinylchloride (PVC)

with particle Acrylnitrile-Butadiene- |

| Polyamide (PA) reinforcement | | Styrene (ABS)
| Polyethylene (PE) with fibre reinforcement | Styrene-Acrylnitrile
| Polyethylen- with fibre layer i | (SAN)
terphtalate (PETP) reinforcement |

| Polyoxymethylene (POM)

Polypropylene (PP)
| Polyphenylen- bocllfee i o
| sulphone (PPS)

Polyvinylden-

| fluoride (PVDF)

Figure 2.3. Classification of plastics (polymers) (adapted from [44])

2.1.2 Polymers for tribological applications

Polymers are becoming preferred materials in many tribological applications such as gears, seals
and bearings. Compared with metals, polymers have advantages such as lightweight, reduced noise
and self-lubricating properties which make their use in automotive, aerospace, medical, industrial
applications highly desirable [1-6,45—-47]. Figure 2.4, Figure 2.5 and Figure 2.6 show some examples

of polymers used in tribological applications [48-50].

Figure 2.4. Moulded polymer gear made of PEEK (adapted from [48])
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Figure 2.5. Seal rings made of polymers (polytetrafluoroethylene, PEEK and rubber) and steel

(adapted from [49])

Figure 2.6. Polymer ball bearings (left) and Polymer bearing cages (right) (adapted from [50])

Polymers are also used as hybrid materials with metals. Figure 2.7 shows an example of hybrid
bushings [51]. By incorporating a polymer material into a porous metal layer, a low friction matrix
with favourable tribological properties, load carrying properties and thermal conductivity of metals

can be obtained.

Steel Substrate

ismterlng Bronze

“Polymeric Layer

Figure 2.7. Schematic structure of hybrid bushings (lower right) and their use in various

automotive locations, including shock absorbers (lower left) (adapted from [51])
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Typical polymers used in tribological applications can be schematically arranged in a pyramid on
the basis of their physical properties, operating temperature ranges and cost, as shown in Figure
2.8 [3]. The “Commodity Polymers” of PS (Polystyrene), PVC (Polyvinyl Chloride), PP
(Polypropylene), and PE (the various forms of Polyethylene) are relatively weak materials with
Tensile Strengths, Ts, of the order of 20 MPa. Ts is measured as the maximum stress that a polymer
can support without breaking when being stretched. They have limited operating temperature
ranges of up to 100 °C, but are produced internationally because of their cheap cost, (<£1/kg). The
“Engineering Polymers” such as PA (Polyamides, ‘Nylon’), POM (Polyoxymethylene or Polyacetal)
and PET (Polyesters) have higher strengths of the order of 75 MPa with continuous operating
temperatures of up to 110/120 °C and a cost range up to £10/kg. The “High Performance” polymers
have a higher level of physical properties, higher melting points and very good resistance to
degradation and cost up to £100/kg. This class merges into the ‘Ultra-high Performance Polymers’,
with very high melting points, higher strength such as the polyaramids and the PAEK (Poly-aryl-
ether-ketone) family which includes PEEK (Poly-ether-ether-ketone), with Ts up to 100 MPa,
melting point around 343 °C and a usable temperature range to 250 °C, with prices beginning in the

region of £100/kg [52].

High Temperature Stabil A
Ultra-High Performance iy,
Polymers Good Wear Resistance

(]
Qo
eA
S
=
S
o
o3
7
o
o
o
£
[}
©
2
Q
F

Increasing Difficulty of Forming

Figure 2.8. Polymer pyramid with regard to cost, performance and formability (adapted from [3])

A number of papers have been published on the tribological properties of polymers in dry
conditions [53—62]. An overview of the tribological characteristics of various polymers used in
tribological applications is also shown in Table 2.1 [2] where “+“ indicates the range of values.
Operational temperature ranges depend mainly on their melting temperatures. Most polymers give
friction coefficients u (1 = F/N, where F frictional force and N the normal force) of 0.1 to 0.5 in dry
conditions, while fluoroplastics such as polytetrafluoroethylene, PTFE, provide remarkably lower

friction coefficients of 0.01 to 0.05. Due to the low mechanical strength of PTFE, it is commonly

41



Chapter 2 Literature Review

used as composite materials with various fillers added to improve its strength. PTFE is also applied

as antifriction fillers in other polymers.

Table 2.1. Tribological characteristics of polymers (adapted from [2])

Friction Operation

Material coefficient temperature [°C] Advantages Disadvantages
Aliphatic polyamides| 0.2+ 0.5 -40++85 Low wear a.nd high fatigue Wate.r sorption, thh
resistance coefficient of friction
. . . . Low wear, high fatigue resistance . .
Aromatic polyamides 0.1+0.3 -100 =+ 200 and heat stability High cost, water sorption
Fluoroplastics 0.01 = 0.05 ~269 =4+ 260 Low fl‘lCtl()n., resnstapce to Creep and low mechanical
aggressive media strength
. . Rigidity and resistance to .
Polycarbonate 0.2+05 -60++125 . ) Low fatigue strength
aggressive media
Polyacetals 0.1+0.3 -50++120 High wear and fatigue resistance Abrasive effe.Ct. due to high
rigidity
Polyolefins 0.1+0.3 -100 =+ 100 High resistance to aggressive media| Low mechanical strength

Polyalkylene Resistance to aggressive media and

terephthalate 0.1-03 ~20=+115 heat resistance Sensitivity to hot water
Thermoplastic 0306 —60++120 High elasticity a.nd resistance to High ﬁ'lC.tlf)n and low
elastomers ambience mechanical strength
Polyetherether 0.2 = 0.4 ~30 =+ 250 High heat and amb}er!t resistance, High cost
ketone and y-radiation.
Polyg]];gl;};lene 0.2+ 0.5 -30++220 High wear and fatigue resistance High cost

In terms of wear resistance, polymer composites with fillers such as glass fibres and carbon fibres
are effective in improving the mechanical properties. Additionally, solid lubricants such as graphite,
PTFE and MoS; are typically incorporated to improve tribological performance [3,23,29,63,64].
Reinforcement fibres and solid lubricants are used solely or in combinations to achieve a desirable
performance for their intended use. Figure 2.9 shows an example of the microstructure of polymer
composites with fillers [3]. Recently, various types of inorganic nano-particles (NPs) such as Al,0s,
Zn0, Si0O,, and TiO, have been investigated as solid lubricants for polymer composites [51,65—67].
As shown in Figure 2.10, the size of NPs is much smaller than that of the reinforcement fibres or

solid lubricants [66].

Graphite Flakes PTFE Matrix
(silver particles) (black background)

Glass

Fibers

(white
elypses)

PPS Filler

(grey
particles)

Figure 2.9. Microstructure of polymer composites with fillers (adapted from [3])
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Short
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Fiber
300 nm_&
Tio,
Particles Graphite
Lamellae

Figure 2.10. Facture surface of polymer composites with fillers (adapted from [66])

Some previous studies have focused on polymer parts such as gears and bearings [68—73]. Figure
2.11 shows the typical forms of polymer gear failure [12]. Polymer gears usually fail due to cracking
at the root, wear, cracking at the pitch circle and pitting. A pitch circle is the imaginary circle that
rolls with a pitch circle of a mating gear, and their radius is equal to the distance from the centre of
the gears to the contact point of the circles. With the exception of wear, the other failure modes
are considered to be some form of fatigue failure. Among these failures, cracking at the pitch circle
is unique to polymers. This is explained by the high temperatures at the pitch circle which leads to
a decrease in the strength of polymers. In fact, Terashima et al. (1986) investigated the failure
modes of a polymer (improved 6-nylon) gear paired with a steel gear, and found that most of the
failures (62%) were cracking near pitch points [74]. They also found that the temperature at the

pitch point was higher than at the tooth root by 15-20 °C.

Cracking at root Wear Cracking at pitch circle Pitting

Figure 2.11. Typical forms of plastic gear failure (adapted from [12])
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213 Factors influencing the tribology of polymers

(a) Heat

The tribological properties of polymers are very sensitive to heat because of their lower thermal
stabilities compared to metals. Figure 2.12 shows the wear rates of POM gears to composite gears,
which consist of 55% nylon, 30% glass fibres and 15% PTFE, as a function of torque for ambient
temperatures and the torques at which the transition from low to high wear occurs [75]. Increasing
the ambient temperature reduces the transition torque, and the torque/temperature curve
appears to cross the zero-torque line close to the melting point of acetal (175 °C). This indicates the
sudden increase in wear rate is due to the gear surface temperature reaching the material melting
temperature under the tribological condition. Mertens and Senthilvelan reported the effect of
cooling on the wear resistance of PP gears to steel gears [14]. A temperature drop of 10to 20 °C is
observed when the compressed air is delivered near the gear mesh region during the test. As shown
in Figure 2.13 with increased load, gear tooth wear increased due to the higher contact pressure,
while air cooling improved wear resistance especially at high loads associated with higher frictional
heat. Kalin and Kupec reported the dominant effect of temperature on the fatigue behaviour of
POM gears in contact with steel gears (Ra roughness of 0.60 um) [17]. As shown in Figure 2.14,
temperature changes the fatigue life and damage of POM gears dramatically: the fatigue life at
30 °C is up to four times longer than that at 70 °C and up to two times longer than that at 50 °C.
Thus, heat greatly affects the tribological properties of polymers at least when tested in dry
conditions. In addition to the low thermal stability of polymers, the heat conduction of polymers is
much lower than metals, and therefore frictional heat accumulates on the polymer surface, causing
thermal failures [72]. This is the reason why polymers are commonly used paired with steel

counterparts which have good heat transfer characteristics.

12
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Figure 2.12. Ambient temperature effects on (a) wear rates and (b) transition torques of POM

gears to composite gears (adapted from [75])
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Figure 2.13. (a) Effect of cooling on the wear resistance of PP gears to steel gears and (b) PP gear

tooth thickness reduction during testing (adapted from [14])

Number of cycles (x 10°%)

300

600 2000

30

50

Temperature (°C)

70

Figure 2.14. Optical images of the worn teeth profiles with an increasing number of cycles at

(b)

controlled temperatures (adapted from [17])

Polymer transfer films on the steel counterparts

As described above, polymers are commonly used with steel counterparts because of the good heat

transfer characteristics of steel. Therefore, numerous studies have investigated the friction and

wear properties of polymer/steel contacts under dry conditions [2—4,54,56,61,76—79]. One of the

key factors reported for the favourable tribological properties exhibited under dry conditions is the

formation of polymer transfer films on steel counterparts [80-84]. They act as protective films

avoiding the direct contact of polymers with the hard asperities of steel and thus reduce wear as
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shown in Figure 2.15 [56]. Figure 2.16 shows an example of the behaviour of the friction coefficient
as a function of sliding distance [56]. The transfer film is gradually formed on the steel counterpart
during the initial running-in stage. As the transfer film forms, the friction coefficient increases due
to the adhesion at the polymer/polymer contact which is greater than at the polymer/steel contact.
At greater sliding distances a steady state develops, and the friction coefficient becomes stable

from pmax at the transition state to L.y shown in Figure 2.16.

E F moving
) ! plastic
v plastic , * polymer
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Figure 2.15. Running-in (left) and steady-state friction (right) with dynamic balance of polymer

film (adapted from [56])
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Figure 2.16. Friction stages between polymer/steel pairs (adapted from [56])

Kurdi et al. investigated the effect of temperature on the formation of the polymer transfer films
formed on steel counterparts [19]. Table 2.2 summarizes the values of the transfer layer efficiency
factor, the ratio of the average thickness of polymer transfer films to the Ra surface roughness of
steel counterpart, at different temperatures. The dependency on temperature depends on the
polymer type: pure PEEK and PEEK composites with TiO; fillers show higher values of transfer layer
efficiency factors at higher temperature, while polyparaphenylene (PPP) provides lower values as
temperature increases. The values for polybenzimidazole (PBI) are less influenced by the test
temperature. The authors suggested that heat caused softening of the polymer surfaces and as a
result, there was an increase in the amount of film that adhered on the steel counterpart, especially

in the case of PEEK and PEEK composites which show more ductile behaviour at higher temperature.
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Table 2.2. Transfer layer efficiency factor at different temperatures (adapted from [19])

Sample At 23°C At 150°C At 210°C
Pure PEEK 0.45 0.97 1.01
PEEK + 5%TiO5 0.62 0.87 0.91
PEEK + 10%TiO, 0.59 0.77 0.88
PEEK + 15%TiO; 0.33 0.49 0.54
PPP 0.41 0.18 0.17
PBI 0.78 0.73 0.72

Chang et al. reported that in the contact of polymer composites with steel, polymer transfer films
still played an important role, mitigating the contact between steel and “hard” fillers such as glass
fibres or carbon fibres exposed on the surface of the polymer composites [84]. As shown in Figure
2.17, contact modes can be designated as follows depending on the thickness and distribution of
the transfer films; hard-on-hard (rigid fillers against asperities of steel), hard-on-soft (rigid fillers

against polymeric transfer films) and soft-on-soft (polymer against polymeric transfer films).

Polymeric matrix
“hard-on-hard” contact
“soft-on-soft” (SCF vs. steel)
contact
(polymer vs. polymer)

Ateel counterpart

“hard-on-soft” contact
(SCF vs. polymer)

polymeric TFLs

Figure 2.17. Schematic illustration of the contact modes of polymer composites against steel

counterparts (adapted from [84])

2.1.4 Tribology of PEEK and PEEK composites

(a) PEEK and PEEK composites

Poly-ether-ether-ketone (PEEK) is considered as one of the most promising polymers for tribological

applications because of its superior mechanical properties and higher thermal stability than other
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conventional polymers [5]. PEEK is a semi-crystalline polymer with a melting point of approximately
340 °C and a glass transition temperature of approximately 140 °C, whose aromatic ring backbone

(Figure 2.18) provides the desirable properties of PEEK [85,86].

RoSene|

Figure 2.18. Chemical structure of PEEK

There are various methods to synthesis PEEK, but the nucleophilic substitution reaction is the most
widely applied route for commercial production. Figure 2.19 shows the scheme developed by
Imperial Chemical Industries (ICl) and now manufactured by Victrex, following a management
buyout of the PEEK polymer business of ICI [87]. The reaction was carried out by polycondensation
of equimolar amounts of the aromatic halide 4,4’-difluorobenzophenone and bisphenol
hydroquinone in solvent diphenylsulfone with a catalyst of potassium carbonate. The reactants
were heated with stirring between the temperatures of 180 °Cto 320 °C. The resulting solid reaction

product is washed with acetone, water, and finally acetone/methanol solution.

Ho—{__)-oH + F F

hydroquinone
4.4-difluorobenzophenone
Ph-SO,-Ph | 180°C

Colourless Solution

200 °C (1h)
Catalyst K,CO4 250 °C (1h)
& finaly 320 *C (1h)

Viscous Solution

Cool, precipitate,
filter, wash,dry

Poo’l

Figure 2.19. Scheme of the PEEK synthesis in diphenylsulfone (adapted from [87])
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PEEK is often used as fibre reinforced PEEK composites such as carbon fibre reinforced (CFR) PEEK
and glass fibre reinforced (GFR) PEEK to further improve the mechanical properties. Figure 2.20
shows the effect of fibre content on the tensile properties of CFR PEEK and GFR PEEK [88]. For both
PEEK composites, the tensile strength and modulus increase as the weight content of fibres
increases from 0 to 15%. On the other hand, the addition of reinforcement fibres does not affect

the thermal stability or degree of crystallinity of the materials as reported in Table 2.3 [89].
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Figure 2.20. Effect of fibre content on the tensile properties of CFR PEEK (left) and GFR PEEK
(right) (adapted from [88])

Table 2.3. Thermal properties of the pure PEEK, CFR PEEK and GFR PEEK (reproduced from [89])

Reinforced
pure | Carbon fibres (CF) Glass fibres (GF)
Thermal properties +10% |+20% |+30% |+10% |+20% |[+30%

Melting temperature (°C) 331.2 |329.6 |3269 |[326.0 ([329.5 (3294 3295

Melting enthalpy (Jg!) 34.0 31.4 27.7 26.1 311 28.0 24.5

Crystallinity degree (%) 29 30 30 32 29 30 30

(b) Tribology of PEEK and PEEK composites

The tribological properties of PEEK with steel counterparts have been extensively investigated
under dry conditions and the transfer films are reported to affect strongly their tribological
behaviour. In-situ observation of the PEEK wear process with steel and sapphire counterparts (Ra

steel roughness of less than 0.02 um) was reported by Puhan and Wong who proposed that PEEK
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wear debris produced by ploughing of the asperities of the counter surface (steel) re-entered the
contact and became trapped between the asperities of the counter surfaces by compression, so
forming the PEEK transfer films on the counter surfaces (Figure 2.21) [90]. Laux and Schwartz
investigated the influence of sliding motions on wear behaviour and transfer film formation [91].
They reported that there is a significant difference in the wear volume of PEEK with steel (Ra
roughness of 0.5 um) depending on the sliding motion (Figure 2.22). The reciprocating motions
(indicated as “RC” and “RL") results in lower wear volumes of PEEK. In addition, they provided more
continuous PEEK transfer films than the sliding motion in a single direction (indicated as “VVC”)
(Figure 2.23). The authors assumed that the reciprocating motion enables both sides of the steel
asperities to be covered with PEEK transfer films, while the one direction sliding motion keeps the
trailing edge of the steel asperities exposed and capable of abrading PEEK. The tribological
mechanism aspects described in this section were obtained in dry conditions, but they could also
be relevant for lubricated conditions, and contribute to the understanding of the mechanism of

lubrication in PEEK-steel contacts.

T —1
(a) Steel ball | (b) Steel ball before cleaning : . (c) Steel ball after cleaning
- N -3 S0 Transferfim [ EEE T ]

PEEK debris
on steel ball > g
Sheared film  Shredded o5 :
(out of contact) debris Thin film (multi-coloured)

Figure 2.21. Appearance of PEEK transfer film formed on the steel ball (adapted from [90])
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Figure 2.22. Wear volumes in different sliding motions (adapted from [91])
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Figure 2.23. PEEK transfer films formed on the steel counter surface in different sliding motions

(adapted from [91])

The roughness of steel counterparts has been reported as an important factor in the tribological
performance of PEEK/steel contacts. Figure 2.24 shows the effect of the surface roughness of the
steel disc on the wear factor (specific wear rate) of PEEK in the pin-on-disc configuration [92].
Specific wear rate (SWR, w) is defined as the wear volume (V) per sliding distance (D) and per load

(L) and calculated according to Equation 2-1:

SWR = (Eq. 2-1)

DXL

The results indicated that the wear of PEEK is dependent on the surface roughness of steel, and a
relative minimum wear occurs in a specific root mean square (RMS) roughness range between 0.1-
0.2 um. Interestingly, the morphology of the wear debris changed with surface roughness from a
sheet-like or platelet form (indicative of delamination) to smaller-sized, irregularly torn particles
(indicative of abrasion). Friedrich et. al investigated the influence of steel roughness orientation in
the block on ring test (Figure 2.25) [93]. When the sliding direction was parallel to the steel
roughness orientation, SWRs (ws) of PEEK blocks became larger depending on the Ra values of steel
rings. By contrast, the specific wear rates of PEEK were almost constant regardless of steel
roughness when the sliding direction was perpendicular to the steel roughness orientation. Placette
et.al also reported a similar effect of steel roughness orientation on the wear of PEEK in linear

reciprocating tests [65].

51



Chapter 2 Literature Review

104
O v=0.38m/s, Load PerPin=2.6N
* v=050m/s, Load PerPin=5.6 N
E
=
v\g 14
s )
¥
g
s
49
; 0'1 T T I 1 LML T 1
0 01 02 03 04 05 06 07 08

rmg roughness {micron)

Figure 2.24. Wear test results for PEEK on mild steel with different roughness (adapted from [92])
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Figure 2.25. Specific wear rates of PEEK as a function of steel roughness. The sliding direction was

parallel (II) and perpendicular (L) to the steel roughness (adapted from [93])

The effect of the type and volume of reinforcement fibres contained in PEEK composites on the
tribological behaviour has been investigated in some depth. Figure 2.26 shows the improvement
achieved by carbon fibres in PEEK composites [20]. The specific wear rate of PEEK composites paired
with steel (Ra roughness of 0.2-0.3 um) was reduced by approximately one order of magnitude
when at least 10 vol.% of CF was added. A similar trend was observed with the friction coefficient.
Pei et al. investigated the friction and wear mechanism of carbon fibre reinforced (CFR) PEEK using
different contact configurations in a triboindentor (Figure 2.27) [94]. Sliding of a fibre on the surface
of CF (indicated in Figure 2.27 as “Against CF”) or sliding between two fibres (indicated in Figure
2.27 as “Against CF/PEEK/CF”) led to the friction coefficient being at a lower value. These results
suggested that carbon fibres bear the load, thereby reducing the shear contribution to friction of

the polymer matrix in CFR PEEK. In addition to the type and volume, the orientation of the
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reinforcement fibres strongly affects the tribological properties of PEEK composites with steel (Ra

roughness of 0.3 um), as reported by Zhang et al. [95]. The effects of fibre orientation, which were

tested in parallel (P-orientation), anti-parallel (AP-orientation) and normal (N-orientation) relative

to the sliding direction, on the tribological behaviour was investigated (Figure 2.28 and Figure 2.29).

Under higher pressures, the wear rates in the antiparallel orientation (the perpendicular

orientation) were notably lower than those in the normal and parallel-orientations. The authors

concluded that the shear stress of the PEEK matrix is reduced by carbon fibres more effectively in

the antiparallel orientation than in the other orientations. The results of these studies run in dry

conditions suggest that the distribution and orientation of the reinforced fibres are important

factors which should also be investigated under lubrication.
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Figure 2.26. Friction coefficients (left) and wear rates (right) of PEEK composites paired with steel
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as a function of content of carbon fibres (adapted from [20])
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Figure 2.27. Friction coefficients under different contact configuration (adapted from [94])
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Figure 2.28. (a) Schematic of test apparatus and (b) designations of fibre orientations (adapted

from [95])
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Figure 2.29. Wear rates in the three orientations as a function of apparent pressure (adapted

from [95])

Solid lubricants such as graphite and PTFE further enhance the tribological properties of PEEK
composites. The tribological behaviour of PEEK-PTFE blends with steel counterparts (Ra roughness
of 0.2-0.3 um) was investigated by Lu and Friedrich [20] (Figure 2.30). Both the wear rates and the
friction coefficients exhibit minimum values at PTFE volumes of 10 to 20%. The friction reducing

effect of PTFE is considered to be due to the formation of a lubricating transfer film of PTFE on the
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steel counterparts (Figure 2.31), but with a higher PTFE content this phase becomes continuous so
that the poor wear resistance of PTFE dominates the performance of the blends. The performance
of MoS; and WS; as solid lubricants for PEEK composites paired with stainless steel (Ra roughness
of 0.030 + 0.005 um) was reported by Zalaznik et al [96]. Figure 2.32 shows friction coefficients and
wear rates of the PEEK composites with micro/nano MoS; and WS,. Friction coefficients showed
lower values at higher concentrations of solid lubricants. Wear volumes were improved with low
concentrations (0.5 wt.% and 1 wt.%) of micro MoS,, nano MoS; and nano WS,. Based on the results
that the composites with a higher hardness had a much better wear performance than the
composites with a lower hardness, the authors concluded that the wear behaviour was closely
related to the hardness of the PEEK composites. Kalin et al reported that a similar relationship
between wear behaviour and hardness was observed for the PEEK composites with graphene and

carbon nanotube nanoparticles [97].
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Figure 2.30. Friction coefficients and wear rates as a function of content of PTFE (adapted from

[20])
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Figure 2.31. Schematic of the lubricating of PTFE (adapted from [20])
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2.2 Lubrication of polymers

2.2.1 Introduction

The term “lubrication” is usually used for two different situations: solid lubrication and fluid
lubrication. In both cases, lubricants (solid or fluid) are used to reduce friction and/or wear in a

contact between two surfaces. In this study the focus is mainly on fluid lubrication.

In comparison to metals, one of the advantages of polymers is their self-lubricating properties.
Therefore, they are widely used with steel counterparts under dry conditions. On the other hand,
in some applications, e.g., water/fuel pumps, polymers are used under fluid lubricated conditions
by default. In general, lubrication has a positive effect as it prevents the direct contact of two
surfaces and basically reduces friction and wear. In addition, fluid lubrication effectively removes
frictional heat from the contact surfaces which is expected to improve tribological performance.
However, this is not always true of polymers and both positive and negative effects of fluid

lubrication have been reported as detailed below.

Figure 2.33 shows wear rates of different materials sliding on stainless steel (roughness of
approximately 0.15 um) under dry and water lubricated conditions, reported by Lancaster [30]. All
the materials based on polymers exhibited higher wear rates under the water lubricated condition
than under the dry condition. It was argued that water lubrication inhibited the formation of
transfer films on the steel surface thus increasing the wear rates of polymers. A similar negative

effect has been reported also for the lubrication of PEEK which will be described in section 2.2.5.
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Figure 2.33. Wear rates of different materials sliding on stainless steel. Full lines, water

lubricated; dotted lines, unlubricated. (adapted from [30])

On the other hand, a positive effect of lubrication with poly-dimethyl siloxane (PDMS) was reported
as shown in Figure 2.34 [25]. Despite the low viscosity of PDMS (10 cSt), lubrication improved both
friction and wear for all polymers tested (polyphenylene oxide (PPO), PEEK and PTFE) in contact
with steel counterparts (Ra roughness of 0.10 um). The authors pointed out that the positive effect
of lubrication was especially seen at high speeds, due to the transition from boundary or mixed
lubrication regime to elastohydrodynamic lubrication (EHL) or hydrodynamic lubrication regime. In
this case, no negative effect was shown even at low speeds, governed by boundary or mixed

lubrication regime. Note that lubrication regimes will be described more in section 2.2.2.
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Figure 2.34. Friction coefficients and wear rates for PPO, PEEK and PTFE in dry and lubricated

conditions (adapted from [25])

2.2.2 Lubrication regime

Lubrication regimes are generally classified into the following four regimes: (a) Hydrodynamic
lubrication, (b) Elastrohydrodynamic lubrication, (c) Mixed lubrication, and (d) Boundary lubrication.

The schematics of these lubrication regimes are shown in Figure 2.35 [98].

Hydrodynamic Elastohydrodynamic
(h > 0.25 um) (h ~ 0.025-5um)

Breakdown of
— R boundary film

B AT 7 2 ¥ _Boundary lubricant
A a i SSA SAS T molecule 1-3 nm

Mixed Boundary

Figure 2.35. Schematics of lubrication regimes (adapted from [98])

(a) Hydrodynamic lubrication

Hydrodynamic lubrication is sometimes called fluid-film lubrication and referred to as the ideal

lubricated contact condition because the fluid films are normally many times thicker than the
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roughness of the two surfaces, which means solid contacts do not occur. Therefore, the friction

coefficient in the HD regime can be as small as 0.001.
(b) Elastrohydrodynamic lubrication

Elastohydrodynamic lubrication (EHL) is a part of hydrodynamic lubrication in which the elastic
deformation of the contacting surfaces plays an important role. EHL readily occurs in highly
pressured contacts, such as the point contacts of ball bearings and the line contacts of roller
bearings and of gear teeth. At highly pressured contacts, both the viscosity of the lubricant and

elastic deformation of the bodies in contact can change dramatically and influence film thickness.
(c) Mixed lubrication

The transition regime between hydrodynamic lubrication and boundary lubrication is known as
mixed lubrication in which two lubrication regimes combine. There are more frequent solid

contacts, but a portion of the two surface remains supported by a partial hydrodynamic film.
(d) Boundary lubrication

Boundary lubrication is the regime in which the solid surfaces are so close together that surface
interaction between monomolecular or multimolecular films of lubricants and the solid asperities
dominates the contact. The friction coefficient in boundary lubrication can approach high levels

(about 0.1 or much higher).

The representative friction curves in these four regimes are described in the so-called Stribeck curve
shown in Figure 2.36 [98]. Friction coefficients are plotted as a function of the product of dynamic
viscosity “n” and rotational speed in revolutions per unit second “N” divided by the load per unit
projected area “P (pressure)”. The lubrication regimes are commonly identified by a lubricant film

parameter “A”, also called Lambda ratio. Lambda ratio is calculated from Equations 2-1 and 2-2:

A=h/o (Eqg. 2-1)

o =+/(01% + 0,2) (Eq. 2-2)

where h is the oil film thickness under operating conditions, o is the composite surface roughness,

and o; and o, are the surface roughness of the two contact surfaces.
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Figure 2.36. Lubricant film parameter (h/o) (upper) and friction coefficient (lower) as a function

of NN/P (Stribeck curve) (adapted from [98])

2.2.3 Lubricants and lubricant additives

(a) Lubricants

Lubricants basically consist of base oils and additives. Various types of base oils and additives are
used depending on the purpose the lubricants are used for. Table 2.4 shows the classifications of
base oils by the American Petroleum Institute (API) (https://www.api.org/). Base oils are classified
into five groups according to their ingredients and performance characteristics. The Viscosity Index
(V1) characterizes the viscosity-temperature behaviour of a lubricant. A higher VI value indicates a
more stable viscosity to temperature variations. Group | to lll base oils are mineral oils commonly
used as base stocks for lubricants because of their low cost. They are refined from crude oil and
classified depending on the remaining sulphur contents and ratios of saturated-hydrocarbons.
Typical chemical structures contained in mineral oils are shown in Figure 2.37 [99]. Group IV
consists of synthetic poly-alpha-olefins (PAOs). They are expensive compared to mineral oils, but
the use of synthetic oil has increased gradually, especially in more specialized applications such as
in the automotive industry. PAO is synthesized by oligomerization of a monomer with a straight
carbon chain with an unsaturated carbon atom at one end of the chain (a-olefin). PAOs in the

market are basically a mixture of oligomers with different chain lengths such as dimer, trimer and
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so on. The viscosity of PAOs depends on the ratios and type of oligomers and is available as several

grades. All base oils, not included in Group | to IV, such as silicones, naphthenics, polyalkylene

glycols and organic esters are included in Group V.

Table 2.4. API base oil classification (source: https://www.api.org/)

Group Sulphur, % Saturates, % | Viscosity Index
I >0.03 and/or <90 80-119
1] <0.03 And >90 80-119
I <0.03 And >90 >120
v All poly-alpha-olefins (PAOs)
\" All base oils not included in Groups I-IV
H H H
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Figure 2.37. Typical chemical structures contained in mineral oils : (a) straight paraffin, (b)

branched paraffin, (c) naphthene, and (d) aromatic (adapted from [99])

(b) Lubricant additives

Lubricant additives are added to base stocks in quantities of a few weight percent to improve their

lubricity and lifespan [38,100,101]. There are various types of lubricant additives as shown in Table

2.5 [100]. They work chemically and/or physically at the interfaces between different phases or in

bulk lubricants. Minami depicted the interactive features of various lubricant additives in Table 2.6

[101]. In terms of the working function, extreme pressure (EP) additives, anti-wear (AW) additives

and friction modifiers (FMs) are listed as tribo-improvers which reduce friction and wear. They work

chemically/physically on the interface, mitigating direct contacts of the two sliding surfaces by
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forming adsorption films and/or reaction films. Although other additives also influence the
tribological properties to some extent, the effect of EP additives, AW additives and FMs is much

higher than that of other additives.

Table 2.5. Types of lubricant additives (reproduced from [100])

Additive Use
Antioxidant Prevent oil decomposition
Lubricity additive Reduce friction and wear at moderate temperature
Extreme pressure agent Reduce friction wear at high temperature
Pour-point depressant Decrease low-temperature use limit
Viscosity index improver Lower the viscosity-temperature coefficient
Rust inhibitor Protect metal surfaces against corrosion
Detergent Prevent formation of sludges and varnishes
Dispersant Keep insoluble decomposition products in suspension
Foam inhibitor Break foams

Table 2.6. Interactive features of various lubricant additives (reproduced from [101])

. WorkKing Site
Working g
Mechanism
Interface Bulk
Corrosion
Chemically Extreme Anti- e e Anti- Detergent
pressure wear ; oxidant
agent agent HHSSIIEE
A
Physicall i Demulsifier Pour point Viscosity
Y y Dispersant depressant coi

Organic friction modifiers (OFMs) are historically some of the most essential lubricant additives
[40,102]. OFMs are surfactant-like molecules generally consisting of long hydrocarbon chains

(usually more than 10 carbon atoms) with polar groups (e.g., alcohol, amine, amide and carboxylic
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acid groups) at their ends. The effect of OFMs has been extensively investigated in steel-steel
contacts [103-111], and the working mechanism proposed was that OFMs adsorb or chemically
react on the polar steel surfaces to form dense monolayers or thick reacted viscous layers, thus
preventing direct contact between two sliding surfaces and mitigating friction and wear. Figure 2.38
and Figure 2.39 show examples of the adsorption of OFMs with polar groups on a surface and the
formation of durable films [98,99]. As can be seen from these schematics the effects of OFMs
depend on their chemical structures and the tribological conditions such as surface materials,
contact pressure, sliding speed and temperature, therefore when lubricants are formulated it is

important to choose suitable OFMs from the many chemical structures available.
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Figure 2.38. Schematic of the adsorption of OFM on a metallic surface (adapted from [98])
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Figure 2.39. Schematic of OFM molecular layer on a metallic surface (adapted from [99])
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EP additives and AW additives are also essential additives especially for the lubricants used under
severe conditions such as in automobiles. Among the various types of EP/AW additives, Zinc
dialkyldithiophosphate (ZDDP) and tricresyl phosphate (TCP) are the most standard additives widely
used in lubricants for many applications and an enormous number of studies on their effect and
working mechanism in steel-steel contacts has been reported [39,112-116]. ZDDP contains
phosphorus and sulphur atoms in its structure (Figure 2.40), and therefore has characteristics of
both EP additive and AW additives. Sulphur atoms in ZDDP play a distinctive role in preventing
seizure as an EP additive. ZDDP also act as an AW additive by forming reaction films consisting of
phosphorus atoms on the steel surface as shown in Figure 2.41 [39]. Although the reaction
mechanism of ZDDP is complicated and multiple processes have been proposed, they basically need
the decomposition of ZDDP to work. This also applies to the working mechanism of TCP which

functions as an AW additive (Figure 2.42) [114].

\/\/\/
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Figure 2.40. Structure of ZDDP (adapted from [113])
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Figure 2.41. Schematic of structure and composition of ZDDP reaction film (adapted from [39])
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Figure 2.42. Schematic of TCP decomposition and film formation on steel (adapted from [114])
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Despite the large number of studies reported on the effect and working mechanism of lubricant
additives described above, most of these studies have been limited to metal-metal contacts,

especially steel-steel contacts.

224 Factors influencing the lubrication of polymers

(a) Heat

As described in section 2.1.3, heat causes an unfavourable effect on the tribological properties of
polymers because of their lower thermal stabilities compared to metals. In addition, due to the low
thermal conductivity of polymers, frictional heat accumulates on the polymer surface, causing
thermal failures. One of the advantage of lubricating polymers is that it will effectively remove
frictional heat from the contact surfaces [32,117-123]. Sarita and Senthilvelan reported that
polymer (PA66) gear life was longer under lubrication with gear oil compared to under dry condition
[122]. Based on the result that cracking near pitch points, which is caused by a decrease in polymer
tensile strength with the frictional heat, was not observed under lubricated conditions (Figure 2.43),
the authors concluded that lubrication dissipates the frictional heat effectively, thus achieving a

longer polymer gear life.
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Figure 2.43. PA66 gear life under dry and lubricated condition; the circled area indicates the

presence of thermal failures of polymer gears (adapted from [122])

(b) Polymer transfer films on steel counterparts

As mentioned in section 2.1.3 and section 2.1.4, the formation of polymer transfer films on steel

counterparts is considered to be the key to reducing the friction and wear of polymers with steel
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counterparts in dry conditions. Itis therefore assumed that the negative effect of lubrication mainly
results from the inhibition of transfer film formation on the steel counterparts. Figure 2.44 shows
the wear volumes of epoxy composites in contact with steel (roughness of approximately 0.15 um)
plotted as a function of revolutions reported by Lancaster [30]. Water additions following
unlubricated sliding caused the rapid increase of wear volumes. The author mentioned that these
results indicate that transfer films formed in dry conditions were removed by the addition of water
within a few revolutions and the wear rates then increased markedly. Zhang et al. also reported the
addition of diesel onto the wear track of PEEK composites paired with steel (Ra of 0.25 um) caused
the friction coefficient to increase significantly due to the removal of the transfer film as shown in

Figure 2.45 [124].
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Figure 2.45. Effect of diesel injection following unlubricated sliding (adapted from [124])

66



Chapter 2 Literature Review

Zhang et al. reported the positive effect of diesel lubrication on the friction and wear of poly
phenylene sulfide (PPS) composites and observed the presence of some films on steel counterparts
(Figure 2.46) [28]. PPS composites were rubbed against a dry, diesel pre-wetted and diesel
continuously lubricated rings (Ra roughness of approximately 0.2 um). Interestingly, the prewetted
ring showed the lowest friction and wear of all the PPS composites tested. Continuous lubrication
with diesel showed higher friction and wear than prewetted, but less that observed under dry
conditions. Optical images of the steel surfaces after the tests indicated that the presence of diesel
inhibited the formation of the film on the steel counter face. Nevertheless, some film formation
was observed under lubricated conditions. Based on the EDX analysis of the film, the authors
proposed that the superior tribological performance with prewetted steel rings was due to the
combined effects of both a diesel film (liquid) and a tribofilm formed by the solid lubricants of
tungsten disulphide (WS;) and aluminium nitride (AIN) nano particles (NPs) contained in the PPS
composites. On the other hand, Zhao et al. reported that the addition of solid lubricants of PTFE
and graphite, and SiO, NPs did not change the friction coefficients and wear rates much of short
glass fibre (SGF) reinforced epoxy composites under oil lubrication with poly-alpha-olefin (PAQO)

(Figure 2.47) [125].
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Figure 2.46. Tribological performance of PPS composites under dry and diesel lubricated

conditions (adapted from [28])
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Figure 2.47. Friction coefficients and wear rates of epoxy composites under oil lubrication

(adapted from [125])

2.25 Lubrication of PEEK and PEEK composites

Similar to other polymers, positive and negative effects of lubrication on the tribological

performance of PEEK and PEEK composites have been reported by several groups as follows.
(a)  Positive effect of lubrication

Jia et al. reported the positive effect of lubrication for the tribological contact of carbon fibre and
PTFE reinforced PEEK composite with steel counterparts (Ra roughness of 0.1 um) [26]. Figure 2.48
shows the friction coefficients and wear rates of PEEK composites under dry and water lubrication
at various loads. The friction coefficients under dry conditions and loads above 500 N exhibited
lower values than those under water lubrication because of the action of the solid lubricant PTFE
contained in the PEEK composite. By contrast, wear rates under water lubrication were lower than
those for the dry conditions over the whole range of loads studied. The worn surfaces of the steel
counterparts were investigated by XPS. Interestingly, the peaks assigned to iron fluoride appeared
on the surface only under dry condition and almost no iron fluoride was observed on the surface
under water lubrication. The authors concluded that the role of the solid lubricant, PTFE, would
have less effect on the tribological behaviour of polymers under water lubrication than under dry
conditions, while the cooling and boundary lubricating effects of water would dominate the

tribological behaviour.
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Figure 2.48. Friction coefficients (left) and wear rates (right) of PEEK composite under dry and

water lubrication (adapted from [26])

The positive effect of lubrication on the contact of pure PEEK and glass fibre reinforced (GFR) PEEK
with steel counterparts (roughness of 0.28-0.35 um) was also reported by Sumer et al. [27]. Figure
2.49 shows the friction coefficients and wear rates under dry and water lubrication. Water
lubrication reduced friction and wear for both pure PEEK and GFR PEEK, while the change in the
combined pressure and speed factor (PV factor) influenced less the tribological behaviour. For both
pure PEEK and GFR PEEK under water lubrication, polymer transfer films on steel were hardly
observed in the optical images of the steel counterparts, implying that water lubrication inhibited
the formation of transfer films. The authors assumed that the cooling effect of water prevented

thermal degradation (melting) of the PEEK and PEEK composite, thus improving tribological

performance.
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Chen et al. reported that lubrication with pure and sea water improved the tribological
performance of the carbon fibre reinforced (CFR) PEEK with steel (Ra roughness of approximately
0.1 um) [126]. Figure 2.50 shows friction coefficients and wear rates of CFR PEEK under dry, pure
water and sea water lubrication. Transfer films were not observed on the steel surfaces under pure
and sea water lubrication. The authors noted that the better tribological performance under pure
and sea water lubrication relied on their cooling effect eliminating much frictional heat.
Interestingly, the wear rate under sea water lubrication was much smaller than under pure water
lubrication, despite the film thickness being almost the same. Based on the previous study using
XPS analysis [127], the authors proposed that the superior lubrication of sea water originated from

the deposition of Ca?* and Mg?* in the form of CaCO; and Mg(OH); on the sliding surface.
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Figure 2.50. Friction coefficients (left) and wear rates (right) of CFR PEEK under dry, pure water

and sea water lubrication (adapted from [126])

Apart from water lubrication, Zhang et al. investigated the tribological behaviour of pure PEEK and
PEEK composites with multiple fillers i.e. short carbon fibres, solid lubricants and ceramic particles
under diesel and engine oil lubrication (Figure 2.51) [33]. In comparison with the dry condition,
diesel lubrication showed a positive effect for the pure PEEK-steel contact, and a negative effect for
the PEEK composite-steel contact (100Cr6 bearing steel, Ra roughness of 0.2-0.3 um). Under diesel
lubrication the polymer transfer film observed on the steel counterparts rubbed with pure PEEK
was thicker than that on the steel counterparts rubbed with PEEK composite, indicating the
importance of the transfer films for obtaining better tribological behaviour. The authors also
compared wear volumes of St50 (low alloy steel), pure PEEK and the PEEK composite with steel
counterparts as shown in Figure 2.52. The PEEK composite showed a better wear performance than
St50 and pure PEEK. The authors conjectured that the enhanced abrasion resistance of the PEEK

composite due to the reinforcing fibres is beneficial to its wear resistance. In addition, the authors
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assumed that films were produced by PEEK transfer and tribo-chemical reactions, but no chemical

analysis was carried out to confirm that.
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Negative effect of lubrication

Yamamoto et al. reported the negative effect of lubrication on PEEK as well as PPS [31]. Figure 2.53

shows wear rates of PPS and PEEK with steel counterparts (average roughness of 0.8 um) under dry

and water lubrication. Water lubrication increased the wear rates of both polymers, but PEEK

showed a greater deterioration than PPS. To explain the difference of wear rates between the two

polymers, the authors noted that sulphur atoms in the PPS structure contributes to its greater

ability to form a polymer transfer film on the steel counterparts compared to PEEK. In addition, the

authors pointed out that the hardness modification of the polymer surfaces was another factor

affecting tribological behaviour. Figure 2.54 shows the surface hardness of the polymers at the
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sliding area measured using a micro Vickers hardness tester. Under water lubrication, the hardness
of the sliding surface of PEEK significantly decreased, but not that of PPS. The authors confirmed
that the hardness of PEEK was not decreased just by immersion in water and concluded that the
reduction in hardness promoted the wear of PEEK under water lubrication. The authors also
assumed that this softening was due to the water molecules attacking the carbonyl groups
contained in the PEEK molecule, as this did not occur in PPS. Similar softening of PEEK in water
lubricated conditions were reported by Yamaguchi and Hokkirigawa [128]. However, no
investigation was carried out to demonstrate this hypothesis by using less polar lubricants such as

oils.
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Figure 2.53. Wear rates of PPS and PEEK under dry and water lubrication (adapted from [31])
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The negative effect of lubrication was also reported by Kurdi et al. [32] who investigated the

tribological behaviour of pure PEEK and PEEK composites with TiO, nanoparticles under dry and

water lubrication, followed by the characterization of the thickness of the polymer transfer films

(transfer film layers (TFLs)) by a nanoindentation technique. Water lubrication inhibited the

formation of transfer films for both pure PEEK and PEEK composites (Figure 2.55), and also

increased the wear rates of these polymers. The authors also reported a softening of the PEEK after

the sliding tests. Similar to the results reported by Yamamoto et al. [31], the hardness of the worn

PEEK wear track under water lubrication was lower than that under dry conditions as shown in

Figure 2.56. However, Fourier-transform infrared spectroscopy (FTIR) analysis indicated no

significant differences between the worn PEEK wear track under water lubrication and the original

PEEK surface. These results did not support the hypothesis of water molecules attacking the

carbonyl groups from the PEEK molecule proposed by Yamamoto et al. [31].
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The studies mentioned so far in this section investigated PEEK and/or PEEK composites against steel
counterparts but the negative effects of lubrication on PEEK composites have also been reported
with counterparts of various materials. Wang et al. reported the tribological behaviour of the PEEK
composite with PTFE against SisN4 ceramic (roughness of 0.014 um) [129]. Figure 2.57 shows the
friction coefficients and wear rates of the PEEK composite with SisN4 ceramic under dry and water
lubrication at different loads and sliding velocities. Under most conditions, water lubrication
increased wear rates compared with the dry condition, while similar values for friction coefficients
were observed. As described above, in most cases of PEEK-steel and PEEK composites-steel,
transfer films were thinner under lubricated conditions than dry conditions. On the other hand, the
authors of this study noted that transfer films on SisN4 ceramic counterparts were thicker under
water lubrication than under dry conditions. Note that compared with the roughness of steel
counterparts described above (in a range of 0.1-1 um), the roughness of SisN4 ceramic counterpart
(0.014 um) was very low. This implies that the roughness of counterparts can affect the tribological

behaviour of PEEK and PEEK composite under lubrication as well as under dry conditions.
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Figure 2.57. Friction coefficients (left) and wear rates (right) of PEEK composite paired with SisN4

under dry and water lubrication (adapted from [129])

Jacobs et al. reported that water lubrication shows positive or negative effect on the wear of CFR
PEEK depending on the counterpart materials (Rz roughness of 0.1-0.5 um) [34]. Figure 2.58 shows
the wear rates of CFR PEEK against different material surfaces under dry and water lubrication.
Notably, water lubrication reduced wear rates with the alumina (Al,0s) and the tungsten doped
diamond like carbon (W-DLC), while it notably increased with steel (X5CrNi18-10 and plasma-
nitrided X5CrNi18-10). W-DLC under water lubrication delivered the best result for wear rates,

producing a particularly smooth surface of the wear track after sliding (Figure 2.59). Al,Os also gave
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a smooth surface under lubrication due to the tenacious transfer filling the pores on the surface.
Contrary to Al;Os, silicon nitride (SisN4) increased the wear rate under water lubrication. The
authors postulated that SisN4 forms a thin SiO; surface layer which is beneficial in dry conditions
but susceptible to stress corrosion cracking causing the growth of a crack in a corrosive environment
such as under water lubrication. Therefore, the wear process of SisNs was promoted under water
lubrication which does not happen with Al,Os. However, no chemical analysis was carried out to

demonstrate this hypothesis.
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Figure 2.58. Wear rates of CFR PEEK paired with different material counterparts (adapted from
(34])

.
10HM

w
20KV

Figure 2.59. SE images of the wear track on W-DLC under (a) dry and (b) water lubrication
(adapted from [34])
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2.3 Summary

This chapter reviewed the literature relevant to understanding the research context of the studied
topic. Firstly, an overview of polymers for tribological applications and their tribology under dry
conditions was conducted by focusing on the factors influencing their tribological behaviour.
Secondly, existing research related to the lubrication of polymers was reviewed with a special

emphasis being placed on PEEK and PEEK composites.

From the extensive studies of the tribological performance of polymers under dry conditions
against steel counterparts, steel being necessary to avoid thermal failures of polymers caused by
frictional heat accumulating on the contact surface, there is a general consensus that polymer
transfer films on steel counterparts play an important role in determining performance. They act
as protective films avoiding the direct contact of the polymers with the hard asperities of the steel
and thus reduce wear. The formation of transfer films is affected by various factors such as the
composition of the polymers, surface topography of the steel counterparts and tribological
conditions. Most of the previous studies of polymer tribology have focused on improving the
tribological performance by incorporating specific fillers such as reinforcement fibres (carbon fibres,
glass fibres, etc) and solid lubricants (graphite, PTFE, WS; particles, etc) and their effects on friction

and wear performance have been evaluated.

Both a positive and negative effect of lubrication on the tribological performance of polymer-steel

contacts have been reported. A positive effect is plausibly derived from:

(1)  Mitigating direct contact of the two surfaces by the formation of a lubricant fluid film

(2)  Removing frictional heat from the contact surfaces
On the other hand, a negative effect may arise from:

(1)  Inhibition of the formation of polymer transfer films on steel counterparts

(2)  Softening of the surfaces of polymers

In PEEK-steel and PEEK composite-steel contacts, the overall effect of lubrication may be
determined by the balance between the positive and negative effects mentioned above. However,
as discussed in section 2.1.4 and section 2.2.5, there are many factors affecting this balance (e.g.,
contact motion, surface roughness of steel counterparts, lubricant properties, polymer transfer
films and/or reaction films on counterparts, hardness modification of polymer surface), and these
have been considered separately. However, the working mechanism of the lubrication of PEEK and
PEEK composites still remains unclear. Moreover, most of previous studies were performed under

water lubrication, and the effect of lubricant additives commonly used in oil lubricants for
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improving tribological performance has been little investigated. Due to these limitations, a solid

understanding of lubrication mechanism of PEEK and PEEK composites is still lacking.

Based on the findings of this literature review and the gaps in knowledge identified, this thesis will

therefore address the following points using the methodology described in Chapter 3:

(1)
(2)
(3)
(4)
(5)

(6)

Comparison of different contact motions (i.e., sliding and sliding-rolling contacts)
Comparison of smooth and rough steel counterparts

Effect of lubricant viscosity

Effect of lubricant additives

Concomitant investigation of two key factors (i.e., polymer transfer films on steel and
hardness modification of the polymer surface)

Concomitant investigation of pure PEEK and PEEK composites
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Chapter 3 Methodology

This chapter summarizes the materials and experimental methods applied in this study. These
methods are designed to elucidate the effect and working mechanism of lubrication on the
tribological properties of PEEK and its composites. Tribological tests were mainly performed on
PEEK-steel and PEEK composites-steel contacts using a Mini Traction Machine (MTM) which
simulates the sliding-rolling contact motion as encountered in gears, one of the main expected
applications of this study. In addition to pure PEEK, carbon fibre reinforced (CFR) PEEK and glass
fibre reinforced (GFR) PEEK, as typical PEEK composites, were investigated paired with steel
counterparts. Base oils with/without lubricant additives were used as test lubricants. To further
investigate the mechanism of action, after-test specimens were analysed using various surface
analysis techniques for example 3D surface profilometer, nanoindentation, Electron Probe Micro
Analysis (EPMA), X-ray Photoelectron Spectroscopy (XPS) and Raman spectroscopy, focusing
especially on the hardness of the polymers and the formation of polymer transfer films on the steel
counterparts which both plausibly have impacts on the tribological behaviour of polymer-steel

contacts.

3.1 Materials

3.1.1 Polymer specimens

Polymer specimens for tribological tests were prepared as plates and balls (Figure 3.1). Plate
specimens 40 x 40 x 2 mm were injection moulded from commercially available pure PEEK (Solvay®
KT-820 NT, Solvay) and PEEK composites, carbon fibre reinforced (CFR) PEEK (Solvay® KT-820 CF30,
Solvay) and glass fibre reinforced (GFR) PEEK (Solvay® KT-820 GF30, Solvay). 30 wt.% of carbon fibre
and glass fibre are blended for CFR PEEK and GFR PEEK, respectively. These fibres are distributed
randomly inside the plate specimens. The features of the fibres embedded in the PEEK matrix will
be further discussed in section 6.3.3. Typical properties of each material adapted from the
supplier’s catalogue (https://www.solvay.com/) are summarized in Table 3.1. The specific gravities
of CFR PEEK and GFR PEEK are higher than that of pure PEEK due to the reinforced fibres. The values
of Young’s modulus and Poisson’s ratios are used to calculate contact pressures employed in the
tribological testing. The higher values of Young’s modulus (stiffness in the longitudinal direction)
for CFR PEEK and GFR PEEK lead to higher contact pressures, as discussed later in section 3.2.3. Pure

PEEK balls (Ketron® 1000, Mitsubishi Chemical Advanced Materials) with a diameter of 12.7 mm
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(half inch) were purchased and drilled to fit the test rig. The values of Ra surface roughness of pure
PEEK specimens were approximately 0.05 um for plates and 0.1 um for balls, respectively. The
values of Ra surface roughness of PEEK composite plates were approximately 0.2 um for both CFR
PEEK and GFR PEEK. PEEK composite plates were slightly rougher than pure PEEK plates due to the
fibres blended; they were used without polishing. Pristine polymer plates and balls were used for
each test and cleaned with a hydrocarbon-mix solvent (FASTCLEAN 201, CRC Industries UK Ltd) and

isopropanol prior to testing.

Pure PEEK CFR PEEK GFR PEEK

X~

Figure 3.1. Appearance of polymer specimens (Pure PEEK ball and pure PEEK, CFR PEEK and GFR
PEEK plates)

Table 3.1. The typical properties of polymers used in this study

Pure PEEK CFR PEEK GFR PEEK
Polymer sources Solvay® KT-820 NT | Solvay® KT-820 CF30 | Solvay® KT-820 GF30
Fibre types none Carbon fibre Glass fibre
Fibre contents, wt.% none 30 30
Specific gravities 1.30 1.41 1.53
Young’s modulus, GPa 3.8 22.8 114
Poisson’s ratios 0.33 0.42 0.34

3.1.2 Steel specimens

Steel balls (AISI 52100) with a diameter of 12.7 mm (half inch) and discs (AISI 52100) were obtained
from PCS Instruments Ltd (Figure 3.2). These steel specimens had smooth surfaces (Ra roughness
of 0.01-0.02 um). As described in Chapter 2, most of the previous studies on PEEK-steel and PEEK

composites-steel contacts were performed using rougher steel, with roughness in the range 0.1-1

80



Chapter 3 Methodology

pm. As the surface roughness of steel counterparts plays an important role in determining the
lubrication regime, in order to evaluate the tribological performance over a wide range of
lubrication regime (from hydrodynamic lubrication to mixed and boundary lubrication), rough steel
balls were also prepared from the smooth balls by shot blasting to a Ra roughness of approximately
0.5 um. Note that this value is representative of the roughness of steel parts used for practical
applications such as gears. Pristine steel balls and discs were used for each test and cleaned with a

hydrocarbon-mix solvent (FASTCLEAN 201, CRC Industries UK Ltd) and isopropanol prior to the test.

Disc Ball with smooth  Ball with rough
surface surface

@ O

Figure 3.2. Appearance of steel specimens

3.1.3 Lubricants

3.1.3.1 Base oils

Base oils with/without lubricant additives were employed as test lubricants in this study. Poly-a-
olefin (PAO) oils were used as base oils. These PAO oils are synthesized by oligomerization of a
monomer with a straight carbon chain with an unsaturated carbon atom at one end of the chain
(a-olefins). PAOs in the market are basically a mixture of oligomers with different chain lengths such
as dimer, trimer etc. (Figure 3.3). The viscosity of PAO oils depend on the ratios and type of
oligomers and are available as several grades. PAO oils with different viscosity grades, PAO2, PAO4
and PAO10 were selected for the tests in this study. The detailed properties of each PAO oil are
summarized in Table 3.2. Generally, the figures numbered after PAQO indicate the kinematic viscosity,
a measure of resistance to the liquid moving, at 100 °C for the oil. For example, the kinematic
viscosity of PAO4 at 100 °C is 3.9 ¢St (almost 4 cSt). It should be noted that commercial lubricants
commonly consist of low-cost mineral oils, and only high-end products use more expensive PAO
oils because of their superior performance. In this study, synthetic PAO oils were chosen as base
oils so as to eliminate any influence from contaminants contained in mineral oils. This is often the
case for fundamental studies on lubrication mechanisms, and the knowledge obtained from using
PAO oils can be generalized to systems using mineral oils. The majority of the tests in this study

was conducted with PAO4, but PAO2 and PAO10 were used to investigate the effect of lubricant oil
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viscosity which is one of the most important factors when lubricant formulations are designed. Note
that the range of viscosity between PAO2 to PAO10 covers most of the lubricants on the market.
The density and pressure-viscosity coefficient for each PAO oil are also summarized in Table 3.2.
These values along with the kinematic viscosities will be used to calculate the oil film thickness

under tribological testing in Chapter 4 and 6.

Trimer

Dimer

AP Sy

Figure 3.3. Chemical structures of hydrocarbons contained in PAO

Table 3.2. Properties of base oils used in this study

PAO2 PAO4 PAO10
Density, g/cm?
- 15°C 0.798 0.819 0.836
Kinematic viscosity, cSt
- 25°C 8 31 136
- 40°C 5.0 17.5 65.1
- 100°C 1.7 3.9 9.8
Pressure-viscosity coefficient, GPa!
- 25°C 15 19 22

3.1.3.2 Lubricant additives

Lubricant additives are added to base stocks in quantities of a few weight percent to improve their
lubricity and lifespan [38,100,101]. As described in section 2.2.3, there are various types of lubricant
additives, and they work chemically or physically at the interfaces between the different phases or
in bulk lubricants. Additives which reduce friction and wear are the most important additives in
lubricant formulations. By adsorbing and/or reacting on surfaces and forming films, they work in

mixed and boundary lubrication conditions preventing direct contact of the two sliding surfaces.
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This study mainly focuses on the additives which are known to strongly affect the tribological
properties of steel-steel contacts, namely organic friction modifiers (OFMs) and anti-wear (AW)
additives. As described in section 2.2.3, extreme pressure (EP) additives are also commonly added
to the lubricants used in steel-steel contacts. However, as EP additives prevent seizure between
nascent steel surfaces by forming iron sulphide, EP additives are expected to have less influence on

polymer-steel contacts and therefore they were not studied in this thesis.

(a) Organic friction modifiers (OFMs)

OFMs are surfactant-like molecules generally consisting of long hydrocarbon chains (usually more
than 10 carbon atoms) with polar groups at their ends. To investigate the effect and working
mechanism of OFMs, three types of OFMs which have been widely used in the commercial
lubricants namely oleylamine (OAm), oleic acid (OAc) and N-oleoyl sarcosine (OSa), were used in
this study. The chemical structures of these OFMs are shown in Figure 3.4. They were chosen to
have similar types of hydrocarbon moieties, but different polar groups. This study used these OFMs
of technical grade which contain a small amount of different hydrocarbon structures as impurities.
However, the composition of these hydrocarbon impurities is similar in the three OFMs, hence the
main difference between the three OFMs is their polar groups. The OFMs were added at 1.0 wt.%
to PAO4 as listed in Table 3.3.

OAm : Oleylamine NH,

OAc : Oleic acid

o]

N
O8Sa : N-oleoyl sarcosine / ‘>70H
(0]

Figure 3.4. Chemical structures of OFMs used in this study
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Table 3.3. Test oil formulations with OFMs

Lubricant Composition

PAO4 + OAm PAO4 + 1wt.% Oleylamine

PAO4 + OAc PAO4 + 1wt.% Oleic acid

PAO4 + OSa PAOA4 + 1wt.% N-oleoyl sarcosine

(b) Anti-wear (AW) additives

AW additives generally contain phosphorus and/or sulphur atoms in their structures. Two types of
typical anti-wear (AW) additives, Zinc dialkyldithiophosphate (ZDDP) and tricresyl phosphate (TCP)
were used in this study. Their chemical structures are shown in Figure 3.5. The ZDDP employed was
a so-called ‘secondary ZDDP’ which has higher reactivity than a ‘primary ZDDP’ [39]. Although this
study used industrial grade ZDDP and TCP which contains a small amount of other chemicals, they
mainly consist of the structures shown in Figure 3.5. Both AW additives were added at 1.0 wt.% to

PAO4 as listed in Table 3.4.

RO. .S _ S. _.OR o -
RO” P‘S’ ZnS,P\OR ZDDP: Zinc dialkyldithiophosphate

R: secondary alkyl

— \_/ TCP: Tricresyl phosphate
Q
N
CHs

Figure 3.5. Chemical structures of AW additives used in this study

Table 3.4. Test oil formulations with AW additives

Lubricant Composition
PAO4 + ZDDP PAO4 + 1wt.% Zinc dialkyldithiophosphate
PAO4 + TCP PAO4 + 1wt.% Tricresyl phosphate
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3.2 Tribological testing

3.2.1 Test rig

Tribological tests were carried out using a Mini Traction Machine (MTM) from PCS Instruments Ltd
which has been widely used to investigate lubrication under tribological test conditions simulating
those present in actual components such as cams, gears and bearing [116,130,131]. The rig consists
of a test chamber, a control unit, and a PC with data logging software (Figure 3.6). The standard
set-up is a ball-on-disc configuration. The ball is loaded against the surface of the disc and the ball
and disc are driven independently so as to be able to create a mixed sliding-rolling contact. By
keeping the ball stationary and rotating only the disc a pure-sliding contact can be achieved. The
frictional force between the ball and disc is measured by a force transducer. The friction coefficient
is automatically calculated by the MTM software following the equation p = F/N where F frictional
force and N the normal force (contact load). Additional sensors measure the applied load, lubricant
temperature, electrical contact resistance (ECR) between the specimens, and the relative wear
between them. Because of electrical insulation of polymers, the ECR sensor was turned off in this

study.

Figure 3.6. Photograph of MTM

3.2.2 Test configurations

This study mainly focused on the polymer-steel contact using a pair consisting of a steel ball and a
polymer plate which was placed on top of a bespoke MTM disc and secured in place with a nut
(Figure 3.7 (a, b)). To investigate the mechanism of lubrication with lubricant additives described in
section 5.1.3 and section 5.2.3, polymer-polymer and steel-steel contacts were also studied using
a polymer ball and plate and a steel ball and plate pairs, respectively (Figure 3.7 (c, d)). The standard
configuration in this study was set to the sliding-rolling contact motion as encountered in gears,

one of the main expected applications. As described in Chapter 2, the tribological performance of
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PEEK-steel and PEEK composites-steel contacts depends on contact motion. Therefore, in some
cases tribological tests were performed under two different types of contact motion: sliding and
sliding-rolling. In the sliding condition, the ball is kept stationary and only the disc is rotated. In the
sliding-rolling condition, the ball and disc are driven independently to create a mixed sliding-rolling
contact with a slide-roll ratio (SRR) of 50% which represents the standard testing condition of this
study. SRR is defined as the ratio of the sliding speed (Udisc - Upban) to the entrainment speed ((Ugisc +
Ubanl)/2), where ugisc and upan are the speeds of the disc and the ball with respect to the contact. SRRs
in actual gears vary depending on the design of the gear teeth, but the 50% SRR applied in this study
is in the range typically found in gear applications [132,133]. In sliding conditions, the SRR is

calculated as 200%.

(a) set-up appearance (b) polymer-steel

steel Uball

polQer i -
"

Ugisc lubricant

(c) polymer-polymer (d) steel-steel

polymer steel

polymer J steel 1

Figure 3.7. MTM (a) set-up appearance and configurations of (b) polymer-steel, (c) polymer-

polymer and (d) steel-steel

3.23 Test profiles

Two measurement routines, a constant speed routine and a Stribeck routine, were adopted in this
study. As the constant speed routine is more useful in comparing wear performance under various
conditions, this was mainly used in this study of base oil lubrication. The Stribeck routine generates
Stribeck curves, representing friction coefficient values as a function of entrainment speed. Stribeck
curves are useful in assessing frictional performance over a wide range of lubrication regimes (from

hydrodynamic lubrication to mixed and boundary lubrication), and, therefore, valuable in
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investigating the effect of lubricant additives which are expected to work in mixed to boundary

lubrication.
(a)  Constant speed routine

In the constant speed routine, the entrainment speed along with other test conditions (e.g., load,
SRR, temperature) are kept constant during the entire testing period (Figure 3.8). Friction
coefficient values during testing are recorded every 10 seconds. It was mainly used to evaluate the
effect of base oil lubrication on friction and wear performance. The standard test conditions for the
constant speed routine are summarized in Table 3.5, but each parameter was changed as
appropriate to investigate the effect of individual parameters. In some cases, the averaged friction
coefficient values, along with the standard deviations, recorded during the last ten minutes of
testing are used to compare the frictional performance. The entrainment speed of 0.5 m/s is typical
of the low to middle speed range envisaged for gear applications. The applied load of 50 N leads to
the maximum Hertzian contact pressure (Pmax) of: 0.16 GPa in PEEK-steel, 0.53 GPa in CFR PEEK-
steel and 0.33 GPa in GFR PEEK-steel, respectively. These contact pressures were at higher values
compared to previous studies of polymer-steel contacts, because one of the expected advantages

of oil-lubrication is to increase the contact pressures possible in polymer applications.
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Figure 3.8. Constant speed routine sequence

Table 3.5. Standard test conditions of constant speed routine

Load 50N

Entrainment speed 0.5m/s

SRR 50%

Temperature Ambient (approximately 25 °C)
Testing time 60 minutes
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(b)  Stribeck routine

In the Stribeck routine, the entrainment speed is gradually increased up to 1 m/s and is maintained
for 60 seconds at each speed, while the other parameters are kept constant. To allow for run-in,
the speed cycle is repeated three times consecutively as shown in Figure 3.9. Stribeck curves are
given by the averaged friction coefficients, along with the standard deviations, over the last 20
seconds at each entrainment speed during the 3rd cycle as shown in Figure 3.10. Error bars
designate + one standard deviation. This routine was mainly used to evaluate the effect of lubricant
additives on friction and wear performance. The standard test condition of the Stribeck routine is
summarized in Table 3.6, but each parameter is changed as required. In the standard test condition,
the applied load of 50 N leads to maximum Hertzian contact pressures (Pmax) as follows: 0.16 GPa

in PEEK-steel, 0.53 GPa in CFR PEEK-steel and 0.33 GPa in GFR PEEK-steel, respectively.

1t cycle 2 cycle 31 cycle
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Figure 3.9. Stribeck routine sequence
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Figure 3.10. Example of Stribeck curve
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Table 3.6. Standard test conditions of Stribeck routine

Load 50N

Entrainment speed 0.005-1.0m/s

SRR 50%

Temperature Ambient (approximately 25 °C)

Testing time 60 seconds at each speed
(approximately 25 minutes in total)

3.3 Surface analyses

331 Surface profilometer

Stylus profilometers (Intra Touch, Taylor Hobson Ltd. and SURFCOM 1500 DX2, Tokyo Seimitsu Co.,
Ltd.) were used to measure wear profiles on after-test polymer plates. When tested in the constant
speed routine described in section 3.2.3, wear volumes of polymer plates (V) were calculated from

the wear profiles using Equations 3-1 and 3-2:

b n
A= j O dx = Y (a - an)) (ak‘1)2+ f(a) (Eq. 3-1)

k=1

V=AXnD (Eq. 3-2)

where A is the worn area of the cross section calculated by the trapezoidal rule and D is the
diameter of the wear track on the polymer plate. Figure 3.11 shows the typical appearance of an
after-test polymer plate. Although the variation in the wear profiles with position on the tracks was
slight, profiles were measured at four positions (0, 90, 180, 270 degrees), followed by calculation

of the wear volumes and their standard deviations.

Wear track

4

Figure 3.11. Typical appearance of after-test polymer plate
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In this study most of the tests in the constant speed routine were conducted in the standard test
conditions of 50% SRR, but some tests were performed at 100% SRR. When comparing wear
performance tested under different SRRs, the specific wear rate (SWR) is commonly used. SWR is
defined as the wear volume (V) per sliding distance (D) and per load (L) and calculated according to
Equation 3-3:

%4 %4
SWR = = Eqg. 3-3
DXL (ug—uy)XtxL (Eq )

where uq and up are the speeds of the disc and the ball with respect to the contact, and t is the
testing time. Note that the sliding distance in the constant speed routine (described in section 3.3.3)
depends not only on entrainment speed and testing time but also on SRR, because while the
entrainment speed is maintained constant, the sliding speed changes with SRR. For example, if
tested at the same entrainment speed of 0.5 m/s but at different SRRs of 50% and 100%, the sliding
speeds are calculated as 0.25 and 0.5 m/s. As a result, the sliding distance of the 100% SRR test is
twice that of the 50% SRR test.

3D surface profiles were generated with an Alicona InfiniteFocus G4 (Alicona Imaging GmbH), with
the Focus-Variation technique. The Focus-Variation technique works by moving a focal plane over
a surface and collecting optical images and 3D data which can then be used to generate 3D surface
profiles with the vertical resolution depending on the lens objective. The optical images and 3D

surface profiles were obtained using a 50 x objective with a vertical resolution of 20 nm.

3.3.2 Nanoindentation

Nanoindentation measurements were performed with an iNano nanoindenter, (NANOMECHANICS,
Inc.). Two methods: continuous stiffness measurement (CSM) and hardness mapping measurement

were used in this study.
(a)  Continuous stiffness measurement

To evaluate the hardness of polymer surfaces as a function of indentation depth, the continuous
stiffness measurement (CSM) technique [134—-136] with a Berkovich tip was employed by applying
a small, sinusoidally varying signal on top of a DC signal driving the indenter. The hardness at each
indentation depth was determined by analysing the response of amplitude and phase. The
frequency and displacement amplitude values were 110 Hz and 1 nm, respectively. Under a load

range of 0 to 50 mN, a target depth of 3 um and a strain rate of 0.01 s, sixteen indents at least 50
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pm apart were made inside the wear track for each polymer plate. The average hardness at each

indentation depth and its standard deviation were then calculated.

(b)  Hardness mapping measurement

As discussed in section 2.1.4, exposed “hard” reinforcement fibres on the contact surfaces of PEEK
composites are assumed to play an important role. Hardness mapping measurement with a
Berkovich tip was used to investigate the distribution of carbon fibres and glass fibres on the wear
tracks of after-test PEEK composites plates. Under a load of 1 mN, a target depth of 0.5 um and a
strain rate of 1 s, 6,400 indents (80 x 80) were made at 5 um intervals, producing a hardness map
of an area 400 x 400 um. Compared to continuous stiffness measurement, the accuracy of hardness
mapping measurements is considered to be lower due to the shallower depth and faster strain rate.
However, the accuracy is acceptable considering that the main purpose of the hardness mapping
technique is to investigate the distribution of exposed carbon fibres and glass fibres which have

much higher hardness than the PEEK matrix.

3.33 EPMA

Electron Probe Micro Analysis (EPMA) was carried out on the wear tracks on the steel balls after
tribological tests using a JXA-8530F (JEOL Ltd.) to investigate the polymer transfer films and/or
reaction films formed by AW additives. Test specimens were gently rinsed with a hydrocarbon
solvent and dried before measurement. The EPMA is equipped with Wavelength Dispersive X-ray
spectroscopy (WDX) which counts the number of X-rays of a specific wavelength diffracted by a
crystal, therefore it has higher resolution than Energy Dispersive X-ray spectrometry (EDX) and is
suitable for element mapping [137,138]. The secondary electron (SE) images and elemental maps
for elements such as carbon, phosphorus and sulphur were acquired with a 15-kV beam at 100 nA

current.

334 XPS

X-ray Photoelectron Spectroscopy (XPS) was carried out on the polymer transfer films found on the
steel balls after tribological testing using a PHI 5000 VersaProbe Il (Ulvac-Phi, Inc.) to investigate

the nature of these films. Test specimens were gently rinsed with a hydrocarbon solvent and dried
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before measurement. The XPS spectra were obtained using a monochromatic A1 Ko source. The C

1s detailed scan was performed with a spot size of 100-um diameter.

3.3.5 Raman spectroscopy

Raman spectroscopy was performed on the polymer transfer films found on the steel balls after
tribological tests using a Renishaw inViaTM Raman spectrometer (Renishaw plc) to investigate the
nature of these films. Raman spectroscopy is a useful technique for analysing polymers as it gives
characteristic spectra of their molecular structures based upon the inelastic scattering of photons
1

from the samples [139-142]. The Raman spectra were obtained between 700 cm™ and 1800 cm"

from 100 scans of 1 second each with a 785 nm laser, using a 20 x objective.

3.4 Summary

This chapter summarizes the materials and experimental methods applied in this study. Tribological
tests using a Mini Traction Machine (MTM) were designed to investigate the effect of lubrication
on the tribological properties of PEEK and its composites. In addition to pure PEEK, carbon fibre
reinforced (CFR) PEEK and glass fibre reinforced (GFR) PEEK were investigated paired with steel
counterparts under dry and base oils with/without lubricant additives. To further investigate the
mechanism of action, after-test specimens were analysed using various surface analysis techniques
principally to determine the hardness of the polymers in and around the wear track and the nature
of the polymer transfer films on the steel counterparts which both may have an impact on the

tribological behaviour of polymer-steel contacts.

92



Chapter 4 Base oil lubrication of PEEK

Chapter 4 Base oil lubrication of PEEK

This chapter covers the base oil lubrication of PEEK which is the most basic condition of this study.
The effect of base oil lubrication on friction and wear properties of pure PEEK paired with steel
counterpart were investigated in comparison with the dry conditions. The tribological tests were
followed by surface analyses on the after-test specimens. The effect of lubricant oil viscosity, one

of the most important parameters of lubrication, was also investigated.

4.1 Results: Comparison of dry and base oil lubrication

As reviewed in chapter 2, polymers for tribological applications are widely used in dry conditions
and the lubrication does not always improve their friction and wear performance. This section
aimed to investigate the effect of base oil lubrication on the friction and wear properties of pure

PEEK paired with a steel counterpart and elucidate its mechanism of lubrication.

The detailed methodology was described in Chapter 3. In this section, PAO4 and rough steel balls
with a Ra roughness of approximately 0.5 um were used as a test oil and steel specimens,
respectively. The tribological testing was carried out using a MTM with the constant speed routine
as described in section 3.2.3. The test conditions were based on the standard conditions in Table
3.5, but the 100% SRR tests were added to the 50% SRR tests to investigate the effect of lubrication

under more severe conditions.

4.1.1 Friction and wear performance

The most important and desirable outputs from the tribological testing are lower friction and wear,
and the lubrication is expected to contribute to achieving these. The friction performance of the
tribological tests is illustrated in Figure 4.1. Friction coefficient values are plotted as a function of
time. Regardless of SRR, a significant friction reduction was achieved in the PAO4 lubricated tests
compared to the dry ones. In dry conditions, the friction coefficients are above 0.2 for both 50%
and 100% SRRs, while the ones in PAOA4 lubricated conditions are below 0.1 for both SRRs. Notably,

for both dry and lubricated contacts, friction was lower for 100% SRR than for 50% SRR.
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— Dry, 50% SRR
----- Dry, 100% SRR
—— PAOD4, 50% SRR

PAO4, 100% SRR

Figure 4.1. Friction coefficients in dry and PAO4 lubricated conditions

To investigate the wear mechanism of PEEK plates, optical

images of the wear tracks under two

magnifications were analysed (Figure 4.2 and Figure 4.3). The wear performance can be estimated

from the low magnification images (Figure 4.2), but the wear performance was discussed in more

detail based on the results of wear profiles later in this section. The high magnification images

(Figure 4.3) show that the appearance of the wear tracks is different, especially in the case of two

specimens: the dry 50% SRR and PAO4 50% SRR. The wear track on the dry 50% SRR plate showed

small marks characteristic of adhesive or fatigue wear. By contrast, the wear track of the PAO4 50%

SRR showed sets of parallel ridges, a characteristic pattern of abrasion as observed by Schallamach

for the abrasive wear of rubber [143-145].

50% SRR

100% SRR

Dry

PAO4

Figure 4.2. Low magnification optical images of after-test PEEK plates in (a, b) dry and (c, d) PAO4

lubricated conditions
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Figure 4.3. High magnification optical images of after-test PEEK plates in (a, b) dry and (c, d) PAO4

lubricated conditions

The wear profiles of the PEEK plates in Figure 4.4 show their wear performance more directly. In
dry conditions, the 100% SRR wear volume was much higher than at 50% despite showing the lower
friction. In the case of lubricated contacts, the wear trend was opposite to the dry ones, with 100%
SRR resulting in lower wear than 50% SRR. The PAO4 50% SRR plate shows the largest wear volume
in all conditions. Further steps will be taken to elucidate the lubrication mechanism and the results

will be corroborated and discussed in section 4.3.2.

50% SRR 100% SRR

[a] . [b]
E 0 ~ — 5
s 107 s
= 20 - =
Dy | % % H
N .40 - N
B
0 500 1000 1500 2000 0 500 1000 1500 2000
X position, um X position, um
o] Kl
10 10 ¢
E 0 E 0
2 20 2 20
PAO4 | % 2 %
N 40 N0
50 - T 50 - . . .
0 500 1000 1500 2000 0 500 1000 1500 2000
X position, um X position, um

Figure 4.4. Wear profiles of PEEK plates in (a, b) dry and (c, d) PAO4 lubricated conditions
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When comparing the wear performance tested under different SRRs it is worth noting that the
sliding distance depends on SRR because the sliding speed changes with SRR even if the
entrainment speed is maintained constant. Therefore, to compare wear performance more
precisely, the specific wear rates (SWRs) were calculated for each condition by following the steps
described in section 3.3.1. Figure 4.5 compares the SWRs and the averaged friction coefficient
values recorded during the last ten minutes of testing. Error bars designate + one standard
deviation calculated by following the procedure described in sections 3.2.3 and 3.3.1. The wear
performance derived from SWRs shows a different trend from the friction coefficients. In dry
conditions, the 100% SRR wear rate was higher than at 50% despite showing the lower friction. In
the case of lubricated contacts, the wear trend was opposite to the unlubricated ones, with 100%
SRR resulting in much lower wear than 50% SRR. The SWRs were dramatically improved from above
3 x10° mm?3/(N*m) in PAO4 50% SRR to below 1 x 10° mm?3/(N*m) in PAO4 100% SRR. Additionally,
while lubrication exerted a negative effect on wear at 50% SRR, below 1 x 10° mm?3/(N*m) in dry
50% SRR to above 3 x 10°> mm?3/(N*m) in PAO4 50% SRR, it had a positive effect at 100% SRR, above
1 x 10° mm?3/(N*m) in dry 100% SRR to below 1 x 10° mm3/(N*m) in PAO4 100% SRR. As a result,
almost no correlation was seen between friction and wear results. This indicates that base oil
lubrication effectively reduces friction, but it does not lead to an improvement in wear performance,
and there are other factors which govern wear performance. The working mechanism of base oil
lubrication will be discussed later in section 4.3 taking into account the results of surface analyses

investigated in section 4.1.2 and the additional tests with preconditioned steel balls in section 4.1.3.
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Figure 4.5. Friction coefficients averaged during last ten minutes and SWRs of PEEK plates
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4.1.2 Surface analyses

As discussed in section 2.2.3, lubrication can affect the hardness of PEEK and the formation of
transfer films on steel counterparts which both plausibly have impacts on tribological behaviour.
Therefore, to understand the working mechanism of lubrication these two factors were carefully

investigated by nanoindentation, EPMA and XPS.

4.1.2.1 Nanoindentation

The hardness of after-test PEEK plates was measured using nanoindentation. The continuous
stiffness measurement (CSM) technique described in section 3.3.2 was applied. Hardness
measurements were carried out on PEEK plates outside and inside of wear tracks and the hardness
values were plotted as a function of indentation depth (Figure 4.6). Error bars designate + one
standard deviation calculated by following the procedure described in section 3.3.2. In all tests,
hardness showed high values at indentation depth values <0.5 um. These values are thought to be
attributed to a phenomenon known as indentation size effect, and not regarded as physically
significant because they are distorted by the inadequacies in the procedures applied to provide

corrections for the imperfections in the tip geometry [136,146].
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Figure 4.6. Nanoindentation hardness of after-test PEEK plates in (a, b) dry and (c, d) PAO4

lubricated conditions
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The hardness at 2 um indentation depth for the four specimens are graphically summarized in
Figure 4.7. The hardness values for the specimens used in the dry 50% and 100% SRR tests are very
similar inside and outside of the wear track. By contrast, the PAO4 lubricated specimens show a
significant decrease in hardness (of approximately 23%) inside the wear tracks for both 50% and
100% SRR tests. This implies that lubrication with PAO4 reduced the hardness of the PEEK plates,
regardless of SRR. Interestingly, lubrication with PAO4 (a non-polar solvent) caused softening of
PEEK as previously reported in the case of lubrication with water (a polar solvent) [31]. Outside of
the wear tracks the hardness of the plate tested in dry conditions is similar to the new plates
described in section 3.3.2. Outside of the wear tracks the hardness showed almost the same value
for all specimens including the ones lubricated with PAO4. This indicates that the softening of PEEK
did not occur only by immersion in PAO4. Noticeably, the hardness of plates from 50% and 100%
SRR tests showed almost the same values in dry and lubricated conditions respectively, a trend
opposite to that seen for the wear performance. This implies that softening of PEEK by lubrication
with PAO4 was not the main cause of the high wear rate of the PEEK plate in the PAO4 50% SRR
test. In fact, the PAO4 100% SRR test showed the lowest wear rate despite the decrease in the
hardness of PEEK.
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Figure 4.7. Nanoindentation hardness of after-test PEEK plates at 2 um depth

4.1.2.2 EPMA

To investigate the PEEK transfer films, the wear tracks of the steel balls were analysed after the

tribological tests. Optical images of all specimens in Figure 4.8 showed that there was almost no
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wear on the steel balls. As the hardness of the steel ball is much higher than that of PEEK plates, it
was expected that wear would mainly occur on the PEEK plates. The balls used in the dry tests show
the presence of PEEK wear debris outside the wear tracks, especially abundant with 100% SRR. In
lubricated tests, the wear debris would be flushed out by PAO4, but small amounts of wear debris
were still observed as white residuals/marks just outside of wear tracks. The Ra roughness of the
wear tracks on steel balls did not show significant difference between the PAO4 50% and 100%
tests (approximately 0.35 pum for both tests), while these Ra values are lower than that of the
unused shot-blasted ball (approximately 0.5 um). In addition, the Ra value of the wear track on the

steel ball for the dry 50% test was approximately 0.3 pm.

50% SRR 100% SRR

Dry

PAO4

Figure 4.8. Optical images of after-test steel balls in (a, b) dry and (c, d) PAO4 lubricated

conditions

The visual evaluation of the amount of PEEK transfer films on the wear track was found to be
challenging, so EPMA carbon mapping was employed for further analysis by following the
procedure described in section 3.3.3. EPMA carbon maps on after-test steel balls are shown in
Figure 4.9. The carbon amount is indicated by the colour scale on the map. A clear difference
between the steel ball wear tracks can be observed depending on the conditions. In addition, for
each of the two testing conditions a good correlation can be seen between the wear performance
(Figure 4.5) and the carbon amount on the wear track of steel balls (Figure 4.9). Larger amounts of
carbon distributed as a uniform layer were detected on the wear tracks of the steel balls used in
the dry 50% SRR test and PAO4 100% SRR test. These testing conditions also led to low SWRs of
PEEK plates. The PAO4 100% SRR PEEK plate showed the lowest SWR despite the dry 50 % steel ball
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wear track showing much higher carbon amount. This was thought to be due to the combined effect
of PEEK transfer film and oil lubrication which will be discussed in detail in section 4.3.3. A reduced
amount of carbon was detected on the steel ball wear track from the PAO4 50% SRR test which
showed a very high wear volume of the PEEK plate. The wear track of the steel ball used in the dry
100% SRR test showed non-uniform coverage with carbon varying between high and low
concentrations. The reason why the tribological test conditions influence the amount of PEEK
transfer films will be further discussed in section 4.3.2 in combination with the results of testing

with preconditioned steel balls investigated in section 4.1.3.
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Figure 4.9. EMPA carbon maps of after-test steel balls in (a, b) dry and (c, d) PAO4 lubricated

conditions

4.1.23 XPS

The presence of carbon detected with EPMA is supposedly related to PEEK transfer films on steel
ball wear tracks, but this assumption is questionable in the case of PAO4 lubricated balls. To confirm
the assumption, XPS analysis of C 1s spectra was recorded on steel ball wear tracks. As Figure 4.10
and Figure 4.11 show, C 1s spectra in all tests, except for the PAO4 50% SRR, showed almost
identical peak curves which matched well the spectra recorded on an unused PEEK plate and the
literature reported PEEK spectra [147]. A small difference in spectra is seen for the PAO4 50 %SRR
wear track which can be due to the very low carbon presence on the steel ball. Therefore, from the
XPS results it can be concluded that EPMA carbon maps are a valid analysis of PEEK transfer films

on steel ball wear tracks. Moreover, a good correlation is seen between the EPMA detected carbon
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amount on steel ball wear tracks and the wear volumes of PEEK plates. This indicates that the

presence of a PEEK transfer film on the steel ball is a key factor not just for dry conditions but also

for lubricated ones.
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Figure 4.10. XPS C1s spectrum of unused PEEK plate
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conditions
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4.1.3 Testing with preconditioned steel balls

In dry conditions, the increase in SRR from 50% to 100% mean the higher sliding speed accelerated
film removal and led to a non-uniform transfer film as seen in the EPMA carbon map of the dry
100% SRR test (Figure 4.9 (b)). Similar to the previous reports for water lubrication, PAO4 inhibited
the formation of transfer films in the 50% SRR test (Figure 4.9 (a)), causing direct contact between
the PEEK surface and asperities of the counter steel surface. This explains the difference in surface
patterns in Figure 4.3. The dry 50% SRR test shows a specific pattern on the PEEK plate (Figure 4.3
(a)) and a thick PEEK transfer film on the steel surface which bears the hallmarks of adhesive wear
or fatigue wear that can take place in the PEEK/PEEK contact. By contrast, the PAO4 50% SRR test
showed an abrasion pattern on PEEK (Figure 4.3 (c)) and a thin PEEK transfer film on the ball wear
track indicating abrasive wear in the PEEK/steel contact which resulted in the most significant wear
loss from all tests. The presence and thickness of PEEK transfer films on the steel counterpart are
determined by the formation and removal process and thus can be significantly influenced by the

tribological test conditions (SRR).

However, it was still unclear as to why the variation of SRR in the PAO4 lubricated tests resulted in
significant differences in PEEK transfer film thicknesses. A plausible explanation could be that the
SRR influences/controls the formation and removal process of PEEK transfer films and lubrication

with PAO4 can inhibit not only the formation but also the removal of films.

To investigate why poorer PEEK transfer films resulted from the dry 100% SRR and PAO4 50% SRR
tests, additional testing was carried out using preconditioned steel balls. Run-in dry 50% SRR tests
were carried out for 10 minutes (testing conditions identical to those used for the previous dry
tests) to achieve a uniform PEEK transfer films on the steel ball wear track as seen in Figure 4.9 (a).

The EPMA carbon map of the 10 minutes preconditioned steel ball is shown in Figure 4.12 (a).
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Figure 4.12. EPMA carbon maps of (a) preconditioned steel ball and (b, c) after-test steel balls

with preconditioned steel balls
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The preconditioned balls were then paired with unused PEEK plates and tested in dry 100% SRR and
PAO4 50% SRR for 60 minutes. The friction coefficients of these tests are shown in Figure 4.13 and
compared with the results obtained with new balls. In dry conditions, the friction coefficients with
the preconditioned ball and new disc started from lower values than those with the new ball and
new disc but in a short time (less than 10 minutes) converged to the same level as the wear track
on the PEEK disc started to form. The EPMA carbon map of the after-test steel ball in Figure 4.12
(b) showed a non-uniform coverage of the wear track similar to the test with the new ball in Figure
4.9 (b). These results indicate that the formation and removal of PEEK transfer films in dry 100%
SRR tests were very fast and the preconditioned ball did not have a significant effect. By contrast,
the preconditioning of the ball significantly reduced friction in the PAO4 50% SRR test. Friction
coefficient values with the preconditioned ball were half those with the new ball for 20 minutes

and stabilized at a lower level for the rest of the test.
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Figure 4.13. Friction coefficients with new and preconditioned rough steel balls in dry and PAO4

lubricated conditions

Moreover, the wear of the PEEK plate decreased drastically with the preconditioning of the ball in
the PAO4 50% SRR test. Figure 4.14 summarizes friction coefficients averaged during the last ten
minutes of testing and the SWRs of PEEK plates. Error bars designate + one standard deviation
calculated by following the procedure described in sections 3.2.3 and 3.3.1. The SWRs in the dry
100% SRR tests show almost same values of about 1 x 10° mm3/(N*m) for the new ball and the
preconditioned ball, while the SWRs in PAO 50% SRR tests decreased from above 3 x 107

mm3/(Nem) with the new ball to below 1 x 10° mm3/(N*m) with the preconditioned ball. In the PAO
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50% SRR tests, the PEEK transfer film with the preconditioned ball, Figure 4.12 (c), was slightly
thicker than that with the new ball, Figure 4.9 (c). These results indicate that lubrication with PAO4
suppressed the speed of the removal of PEEK films, and thus the initial film formed through
preconditioning was reasonably stable during the test. The mechanism of action of PEEK transfer
films on steel balls and the working mechanism of lubrication will be further discussed in sections

4.3.2and 4.3.3.
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Figure 4.14. Friction coefficients averaged during last ten minutes and SWRs of PEEK plates

4.2 Results: Effect of lubricant oil viscosity

As reviewed in chapter 2, most previous studies of lubrication of PEEK were conducted with water
as a lubricant and hence they did not cover the effect of lubricant oil viscosity. In terms of designing
the lubricants suitable for each application, the lubricant oil viscosity is one of the most important

parameters. Therefore, this section aimed to investigate the effect of lubricant oil viscosity.

The detailed methodology was described in chapter 3. In this section, PAOs with different viscosity
grades, PAO2, PAO4 and PAO10 were used as test oils (Table 3.2). Note that the range of viscosity
between PAO2 to PAO10 covers most of lubricants in the market. Additionally, the steel balls with
smooth surfaces (Ra roughness of 0.01-0.02 um) and rough surfaces (Ra roughness of
approximately 0.5 um) were used as described in section 3.1.2. The combination of PAOs with
different viscosity grades and the steel balls with different surface roughness enables the

tribological tests in this section to cover a wide range of lubrication regime (from hydrodynamic
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lubrication to mixed and boundary lubrication). The tribological testing was carried out using a
MTM with the constant speed routine as described in section 3.2.3. The test conditions were based

on the standard conditions in Table 3.5.

4.2.1 Friction and wear performance

(a) PEEK-smooth steel contact

As mentioned in section 4.1.1, friction and wear performance are the most important outputs from
the tribological testing. Figure 4.15 shows that the friction coefficients of PEEK-smooth steel contact
lubricated with PAO2, PAO4 and PAO10. PAO4 and PAO10 gave almost the same and very low
values of friction coefficients of approximately 0.02 during the entire period of testing. PAO2
resulted in a slightly higher friction than that of PAO4 and PAO10, but the values of friction

coefficients were still low, approximately 0.03.
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Figure 4.15. Friction coefficients with smooth steel balls

Optical images of after-test PEEK plates are presented in Figure 4.16. The damage on the wear
tracks was well correlated with their friction performance. PAO2 lubricated plate had the most
damage (although still small) on the wear tracks, while there was less damage on the plates
lubricated with PAO4 and PAO10. The wear volumes of the PEEK plates were very low and were
hardly observed by the stylus profilometer for all of after-test PEEK plates paired with smooth steel.
Considering the friction and wear performance, the lubrication regimes of PEEK-smooth steel
contact lubricated with PAO2, PAO4 and PAO10 is estimated as mixed to hydrodynamic lubrication.

In these regimes, lubricant oil films separate the contact surfaces fully or partially, giving low friction
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and wear. The lubrication regimes are significant to understand the working mechanism of
lubrication, therefore it will be further discussed in section 4.3.3 with the results of PEEK-rough

steel contact.

Figure 4.16. Optical images of after-test PEEK plates paired with smooth steel balls lubricated
with (a) PAO2, (b) PAO4, and (c) PAO10

(b) PEEK-rough steel contact

Figure 4.17 illustrates the friction coefficients of the PEEK-rough steel contact lubricated with PAO2,
PAO4 and PAO10. Regardless of the viscosity grades of PAO, the friction coefficients show higher
values than those of the PEEK-smooth steel contact (Figure 4.15). Furthermore, the friction
performance shows a completely different trend compared with the PEEK-smooth contact. In the
PEEK-rough steel contact, the friction coefficient values of PAO2 were the lowest, while PAO10 gave

much higher friction coefficients than PAO4.
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Figure 4.17. Friction coefficients with rough steel balls

106



Chapter 4 Base oil lubrication of PEEK

Figure 4.18 and Figure 4.19 present optical images and wear profiles of after-test PEEK plates. It is
notable that the wear volume became higher as the lubricant oil viscosity increases, resulting in the
highest wear volume when lubricated with PAO10 (Figure 4.19 (c)). This is well correlated with the
friction performance reported in Figure 4.17, but these results cannot be interpreted through the
lubrication regimes estimated from the lubricant oil viscosity because higher viscosity oils

theoretically are predicted to give milder lubrication regimes with lower friction and wear.
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Figure 4.18. Optical images of after-test PEEK plates paired with rough steel balls lubricated with
(a) PAO2, (b) PAO4 and (c) PAO10
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Figure 4.19. Wear profiles of PEEK plates paired with rough steel balls lubricated with (a) PAO2,
(b) PAO4 and (c) PAO10

4.2.2 Surface analyses

The friction and wear performance when lubricated with different viscosity grades indicate that
apart from lubrication regimes there will be key factors which govern the tribological behaviour of
PEEK-steel contact. As investigated in section 4.1.2, the hardness of PEEK plates and PEEK transfer

films on steel balls were also investigated in order to understand the mechanism of action.
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4.2.2.1 Nanoindentation

The hardness of after-test PEEK plates was measured using nanoindentation. Similar to section
4.1.2.1, the continuous stiffness measurement (CSM) technique described in section 3.3.2 was
applied. Hardness measurements were carried out inside the wear tracks and the hardness values
were plotted as a function of indentation depth and compared with those of a new plate. Note that
the hardness at indentation depth values <0.5 um was not used in the discussion to eliminate the

indentation size effect (ISE) as mentioned in section 4.1.2.1.

Figure 4.20 shows the results of nanoindentation of after-test PEEK plates paired with smooth steel
balls. The hardness values for the after-test PEEK plate lubricated with PAO2 decreased compared
to the new plate. When lubricated with PAO4 and PAO 10, the after-test PEEK plates gave the same
hardness as the new plate. As investigated in section 4.1.2.1, the hardness outside the wear tracks
gave similar values to the new plate, indicating that the softening of PEEK did not occur just by

immersing it in the lubricant.

The results of nanoindentation of after-test PEEK plates paired with rough steel balls are shown in
Figure 4.21. The softening of PEEK was observed regardless of the viscosity grades of PAOs.
Interestingly, the wear tracks of PAO2, PAO4 and PAO10 gave almost the same hardness values
despite the large difference in the friction and wear performance (Figure 4.17 and Figure 4.19).
Considering that the less damaged wear tracks rubbed with smooth steel balls under lubrication
with PAO4 and PAO10 (Figure 4.16 (b, c)) gave the same hardness as the new plate, the softening
of PEEK may possibly only occur under severe lubrication regimes. The mechanism of hardness
modification of PEEK will be further discussed in section 4.3.1. Having said that, these results lead
to the same conclusion as that presented in section 4.1.2.1 which is softening of PEEK by lubrication

with PAOs was not the main parameter which governs the tribological properties of PEEK-steel

contacts.
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Figure 4.20. Nanoindentation hardness of after-test PEEK plates paired with smooth steel balls

lubricated with (a) PAO2, (b) PAO4 and (c) PAO10
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Figure 4.21. Nanoindentation hardness of after-test PEEK plates paired with rough steel balls

lubricated with (a) PAO2, (b) PAO4 and (c) PAO10

4.2.2.2 EPMA

To investigate the PEEK transfer films, the wear tracks of the steel balls were analysed by EPMA
carbon mapping following the procedure described in section 3.3.3. The PEEK transfer films were
investigated only on the rough steel balls because they were entrapped between the asperities of
steel surfaces and therefore more noticeable than those on the smooth steel balls. The PEEK
transfer films on smooth steel balls proved difficult to detect because they were easily removed

from smooth surfaces at the end of tests.

Figure 4.22 and Figure 4.23 show SE images and EPMA carbon maps of rough steel balls paired with
PEEK plates when lubricated with PAO2, PAO4 and PAO10. SE images of all specimens showed that
there was almost no wear on the steel balls. The widths of the wear tracks on the steel balls vary
with the oils tested, and correspond to those of the paired PEEK plates. The corresponding wear
profiles of the PEEK plates are shown in Figure 4.19. In terms of the carbon amounts detected from
the wear tracks in EPMA carbon maps, the steel balls lubricated with low viscosity PAOs showed
larger amounts of carbon. The presence of carbon detected with EPMA is related to PEEK transfer
films as confirmed by the investigation using XPS in section 4.1.2.3. The amounts of carbon from
EPMA carbon maps detected on the wear tracks of steel balls are well correlated with the
tribological properties of the PEEK-rough steel contact (Figure 4.17 and Figure 4.19). The PAO2 test
where the amount of carbon was high gave lower friction and wear, while the PAO10 test where
the amount of carbon was low gave higher friction and wear. These results strongly indicate that
the presence of a PEEK transfer film on the steel ball is a key factor in controlling the tribological
performance of the PEEK-rough steel contact as investigated by the comparison of dry and

lubricated conditions in section 4.1.
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In terms of the effect of lubricant oil viscosity on the PEEK transfer films, PAO2 with lower viscosity
leads to much amount of transfer films than PAO4 or PAO10. As discussed in section 4.1.3, the
amount of the PEEK transfer films on the steel counterpart is determined by the formation and
removal process and thus can be influenced by the tribological test conditions. The lubricant oil
viscosity plausibly affects the balance between the formation and removal of PEEK transfer films. It
can be expected that with a lower viscosity oil like PAO2 where the lubrication regime is more
severe the formation of the PEEK transfer film is more facilitated. The mechanism of action of PEEK
transfer films on steel balls and the working mechanism of lubrication will be further discussed in

sections 4.3.2 and 4.3.3.

(a) PAO2 (b) PAOC4 (c) PAO10

500 um

500 um

Figure 4.22. SE images of after-test rough steel balls lubricated with (a) PAO2, (b) PAO4 and (c)
PAO10
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Figure 4.23. EPMA carbon maps of after-test rough steel balls lubricated with (a) PAO2, (b) PAO4
and (c) PAO10
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4.3 Discussion

The experimental results investigated in sections 4.1 and 4.2 provide a series of insights to
understand the working mechanism of base oil lubrication of PEEK-steel contact. Based on the
results obtained, this section further discusses the two factors considered by previous studies to
play decisive roles in this type of tribological contacts, namely: hardness modification of PEEK and
PEEK transfer films on steel. Finally, the working mechanism of base oil lubrication of PEEK-steel

contact will be discussed in detail.

43.1 Hardness modification of polymer surface

As reviewed in section 2.2.3, lubrication can have a negative effect on the tribological properties of
PEEK-steel contact and some previous studies considered the softening of PEEK as the key factor
causing it. In this study, the softening of PEEK was also observed to depend on the test conditions.
Figure 4.24 depicts the relationship between hardness of after-test PEEK plates and friction
coefficients, with illustrative examples of optical images of the plates. The after-test PEEK plates
were separated into two groups: low damage and higher damage surfaces. Interestingly, those with
a higher damage surface showed a significant reduction of PEEK hardness compared to the new
plate. On the other hand, PEEK plates with a low damage surface showed almost the same values

of PEEK hardness as that of the new plate.

® PEEK - smooth steel

. ® PEEK - rough steel
Higher damage 0.15 Low damage

PEEK surface PEEK surface

[ e New plate |

- ~

........

0.15 0.2 0.25
Hardness at 2 um depth, GPa

Figure 4.24. Relationship between nanoindentation hardness of after-test PEEK plates and

friction coefficients; the optical images show the wear tracks on PEEK plates
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In terms of the softening mechanism, a previous study using water as lubricant postulated that it
was caused by the interaction between water molecules and the carbonyl group in the PEEK
molecular structure [31]. However, lubrication with PAO (a non-polar solvent) caused a similar
softening of PEEK to that with water lubrication (a polar solvent), which implies that the softening
mechanism of PEEK is related to the permeation of lubricant molecules (in this case the base oil)
into PEEK surfaces. Figure 4.25 shows the schematics of the base oil permeation on low and higher
damage PEEK surfaces. Base oil molecules cannot penetrate into the low damage surface, while the
scratches (possibly cracks) formed on the higher damage surface can facilitate this. In this model
the smaller molecules contained in a lower viscosity oil like PAO2 are plausibly easy to penetrate

and cause the softening of PEEK.

Low damage surface Higher damage surface

Base oil molecules

o © 0® 4 °® e © 00 4 °
o © 0o o © o ©® oo ©
®, 90,0 o ® o o
N H « 8 H SN N
PEEK PEEK

Figure 4.25. Schematics of base oil permeation on low and higher damage PEEK surface

It is notable that all PEEK plates tested with rough steel showed a wide range of wear volumes but
the difference in PEEK hardness was not so large (Figure 4.26). Looking at the details, the tests that
gave larger (deeper) wear tracks showed smaller reductions of PEEK hardness, while the tests that
gave smaller (shallower) wear showed higher reductions of PEEK hardness. Considering that
softening of PEEK occurred at comparatively shallow depths (< a few um), deeper wear of PEEK
surface (> 10 um) can remove the volume of reduced hardness material. On the other hand, PEEK
plates with only slight wear but with damage show the effect of base oil permeation manifested by

a lower PEEK hardness.
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Figure 4.26. Relationship between nanoindentation hardness of PEEK plates and wear volumes;

the side graphs show the wear profiles of PEEK plates

As investigated in section 4.1.2.1, the hardness modification caused by base oil lubrication was not
the main factor controlling the tribological behaviour of lubricated PEEK-steel contact. The
discussion above supports the argument that the hardness modification of PEEK by base oil
lubrication does not govern the tribological performance but is the consequence of the lubricant

permeation of damaged wear surfaces.

4.3.2 Polymer transfer films on steel counterparts

The experimental results investigated in Chapter 4 indicate that the PEEK transfer film on the steel
counterpart is the dominant factor controlling the tribological properties of the PEEK-steel contact,
especially in the PEEK-rough steel contact as mentioned in sections 4.1.2.2 and 4.2.2.2. The PEEK
transfer films are assumed to act as protective films, thus avoiding the direct contact of the
relatively soft PEEK surfaces with the hard asperities of the steel surfaces and so reducing the wear
of PEEK. This contribution of PEEK transfer films has been previously found in dry conditions, as

described in section 2.1.3. This study reveals their significance under lubrication.

Figure 4.27 and Figure 4.28 present schematics of the formation and removal of PEEK transfer films
in dry and base oil lubricated conditions. As investigated in section 4.1, base oil lubrication inhibits
both the formation and removal of PEEK transfer films, and the balance between these processes
is controlled by the severity of the tribological conditions e.g. SRR. Base oil lubrication inhibits the

formation of a PEEK transfer film on the steel counter surface, thus causing direct contact between
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PEEK and steel in mild testing conditions. Within the severe conditions (e.g. high SRR), the speeds

of the formation and removal processes are both accelerated, and their balance changes

significantly compared to the mild conditions. The results using preconditioned steel balls,

investigated in section 4.1.3 indicate that base oil lubrication effectively suppresses the removal of

PEEK transfer films once they formed, and therefore the film formation overtakes the removal in

the test with severe conditions. Severe conditions include not only high SRR but also low base oil

viscosity as investigated in section 4.2. This explains why the test with the low viscosity PAO2 gave

a larger amount of PEEK transfer films and better tribological performance than the tests with the

higher viscosity PAO4 and PAO10. Additionally, the combination of the PEEK transfer film and the

oil film contributes to mitigating the direct contact of surfaces and results in the lowest friction

coefficients and PEEK wear rates.
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Figure 4.27. Schematic of PEEK transfer film formation/removal in dry condition
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Figure 4.28. Schematic of PEEK transfer film formation/removal in base oil lubricated condition
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Previous studies which investigated dry testing of PEEK have also reported that tribological test
conditions affected the balance of formation and removal of PEEK transfer films on steel
counterparts [19,91,148,149]. This study clarifies the effects of lubrication by showing the impact

of lubrication not only on the formation but also the removal of films.

433 Working mechanism of base oil lubrication

The concept of lubrication regime is very important in understanding the mechanism of lubrication.
The lubrication regimes are commonly identified by a lubricant film parameter “A”, also called

Lambda ratio. Lambda ratio is calculated Equations 4-1 and 4-2:

A=h/c (Eq. 4-1)

0 =+/(01% + 0,2) (Eq. 4-2)

where h is the oil film thickness under operating conditions, o is the composite surface roughness,
and o; and o, are the surface roughness of the two contact surfaces. Figure 4.29 shows the friction
coefficients of PEEK-smooth steel and PEEK-rough steel contacts investigated in sections 4.1 and
4.2 as a function of Lambda ratios for each testing conditions. For the determination of the Lambda
ratios, the values of the oil film thickness were estimated from the expression presented by
Hamrock and Dowson [150,151] described in Appendix A. Friction coefficients are expected to
gradually increase around Lambda ratios of 1-5 corresponding to mixed lubrication, then rapidly
increase at ratios <1 corresponding to boundary lubrication. However, the friction coefficients of
PEEK-steel contacts in Figure 4.29 did not match such a typical trend. More specifically, the friction
coefficients of PEEK-smooth steel contacts showed lower values than expected from the
corresponding Lambda ratios, and the friction coefficients of PEEK-rough steel contacts surprised

by gradually decreasing with lower Lambda ratios.
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Figure 4.29. Friction coefficients of PEEK-steel contact as a function of Lambda ratios

Plausible explanations for these discrepancies are the overestimation of composite roughness in
PEEK-smooth steel contacts and the effect of PEEK transfer films in PEEK-rough steel contacts. In
the estimation of the composite roughness by following Eq. 4-2, the surface roughness of pristine
specimens of PEEK and steel were used. However, taking into account the large difference in
hardness and stiffness between PEEK and steel, the actual roughness of the PEEK wear track surface

can be modified by removal (through wear) and/or compression of PEEK asperities (Figure 4.30).

Removal
Smooth Steel

ST~~~y

)

Compression

-

PEEK

Figure 4.30. Schematic of removal (through wear) and compression of PEEK asperities

Based on the assumption that the composite roughness of PEEK and steel contacts are governed
by the roughness of steel surface, the Lambda ratio was recalculated as the modified Lambda ratio

“Nmod” by Equation 4-3:
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Amoa = h/o-steel (Eq. 4-3)

where h is the oil film thickness under operating conditions and Ol is the surface roughness of
steel specimens. For example, the Lambda ratio for PAO2 test is calculated as approximately 0.5
using the composite roughness, while the modified Lambda ratios using only steel roughness
instead of composite roughness is calculated as approximately 2. The friction coefficients of PEEK-
steel contacts were replotted as a function of the modified Lambda ratios in Figure 4.31. Now, the
friction coefficients of PEEK-smooth steel contacts well matched the expected trend that friction
coefficients gradually increase around Lambda ratios of 1-5 corresponding to mixed lubrication.
This means that the working mechanism of base oil lubrication in PEEK-smooth steel contact
basically follows the traditional theory where lower Lambda ratios (<3) are linked to higher friction
coefficients, although minor modification is required. Note that there was almost no effect on the
plots of PEEK-rough steel contacts, because their values of the composite roughness were already

governed by the rough steel balls.
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Figure 4.31. Friction coefficients of PEEK-steel contact as a function of modified Lambda ratios

The reason why the friction coefficients of PEEK-rough steel contacts gradually decreased with
lower Lambda ratios is presumably related to the PEEK transfer films. As discussed in section 4.3.2,
under lubrication, the amount of PEEK transfer films becomes more in severe conditions. Figure
4.32 shows the schematic of contact surfaces lubricated with different grades of PAOs. The PAO2
test with the lower Lambda ratio gave thicker transfer films and better tribological performance

than the PAO4 and PAO10 tests with the higher Lambda ratios. Additionally, the combination of the
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PEEK transfer film and the oil film contributes to mitigating the direct contact of surfaces and results

in the lowest friction coefficients and the lowest wear of PEEK.

PAO2 PAO4 PAO10
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Thin transfer film

Thick transfer film

Figure 4.32 Schematic of contact surfaces lubricated with different grades of PAOs

As discussed in this section, the working mechanism of base oil lubrication depends on the surface
roughness of steel counterparts. In PEEK-smooth steel contacts, the working mechanism of base oil
lubrication basically follows the traditional theory after taking into account the modification of the
surface roughness by removal (through wear) and/or compression of PEEK asperities. On the other
hand, the working mechanism of base oil lubrication in PEEK-rough steel contacts does not follow
the traditional theory due to the PEEK transfer films on steel counterparts. This indicates that when
investigating the effect of lubricant additives in Chapter 5 the PEEK transfer films can be a key factor

to understand the working mechanism.

4.4 Summary

In the absence of lubricant additives, base oil lubrication is the most basic way of lubrication.
Therefore, it is considered to be a suitable start to this study of oil lubrication of PEEK. In this
chapter, friction and wear properties of pure PEEK paired with steel counterpart under base oil

lubrication were investigated by tribological testing and surface analyses of after-test specimens.

Firstly, tribological testing using a MTM was performed under dry and PAO4 oil lubricated

conditions. Surface analyses of after-test specimens with nanoindentation, EPMA and XPS were
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carried out by focusing on two key factors, the hardness modification of PEEK and the formation of

PEEK transfer films on steel counterparts. The following conclusions have been drawn:

(1) Compared with dry conditions, lubrication with PAO4 reduced the friction of the PEEK-steel
contact regardless of the operating conditions (i.e. SRR). By contrast, lubrication has a positive or

negative effect on wear of PEEK depending on SRR;

(2)  Lubrication with PAO4 had a softening effect on the wear track of PEEK, but no correlation

was established with the wear performance;

(3) The thickness of PEEK transfer films on the steel counter surfaces was the main parameter

that controlled PEEK wear in not only dry conditions but also lubricated conditions;

(4) Lubrication with PAO4 inhibited not only the formation but also the removal of the PEEK
transfer films. This explains why lubrication can play both a positive or negative role on the wear of

PEEK depending on the operating conditions.

Secondly, the effect of base oil viscosity which is one of the most important parameters of
lubrication was investigated by using PAOs with different viscosities, PAO2, PAO4 and PAO10. The

pure PEEK plates were paired with smooth and rough steel balls. The conclusions:

(1)  The effect of base oil viscosity shows different trends depending on the roughness of the
steel counterparts. In PEEK-smooth steel contacts, PAOs with higher viscosity gave lower friction
and less damage on the PEEK surfaces, while in PEEK-rough steel contacts they resulted in higher

friction and greater wear of PEEK;

(2) The softening of PEEK wear tracks was observed in some conditions, but little correlation was

found with their tribological performance;

(3) The amounts of PEEK transfer films on steel counterparts were well correlated with the
tribological properties of the PEEK-rough steel contact. PAOs with lower viscosity gave much

amount of transfer films, resulting in better tribological performance.

Considering the two factors proposed in previous studies to play decisive roles in PEEK-steel
contacts, hardness modification of PEEK and PEEK transfer films on steel balls, the working

mechanism of base oil lubrication of PEEK has been discussed in detail and is summarized below:
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(1) Hardness modification of PEEK is caused by the permeation of base oil molecules through
the damaged surface and does not directly affect the tribological properties of the PEEK-steel

contact;

(2)  Base oil lubrication inhibits both the formation and removal of the PEEK films. The balance
between these processes is controlled by the severity of the tribological conditions, causing both a

positive or negative effect on the tribological properties of PEEK;

(3)  The working mechanism of base oil lubrication depends on the surface roughness of the steel
counterparts. In PEEK-smooth steel contacts, the working mechanism of base oil lubrication
basically follows the traditional theory where lower Lambda ratios (<3) are linked to higher friction
coefficients after taking into account the modification of the surface roughness by removal (through
wear) and/or compression of PEEK asperities. However, the base oil lubrication of PEEK-rough steel
contacts does not follow the traditional theory due to the PEEK transfer films formed on the steel

counterparts.
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Chapter 5 Effect of lubricant additives on lubrication of

PEEK

In this chapter, the effect of lubricant additives on the lubrication of PEEK paired with steel
counterparts is investigated. Lubricant additives are added to base oils in quantities of a few weight
percent to improve their properties e.g. lubricity, lifespan [38,100,101]. Among the various types
of lubricant additives, this study focused on the ones which have been known to strongly affect
tribological properties namely, organic friction modifiers (OFMs) and anti-wear (AW) additives,
because they are essential in formulating optimal lubricants and developing ideally suited PEEK-
based systems for tribological applications. These two classes of additives are also ubiquitously
used in lubricants for applications like engines and transmissions where the PEEK-steel contacts are

envisaged to replace the existent steel-steel contacts.

Tribological testing was performed with lubricants containing OFMs and AW additives, followed by
surface analyses on the after-test specimens. In addition, tribological testing with polymer-polymer
and steel-steel pairs was also performed to investigate the working mechanism of lubricant

additives.

5.1 Results: Effect of organic friction modifiers

This section investigates the effect of OFMs on the friction and wear performance of pure PEEK
paired with a steel counterpart. As described in section 3.1.3.2, OFMs are surfactant-like molecules
generally consisting of long hydrocarbon chains with polar groups at their ends. Three types of
OFMs, oleylamine (OAm), oleic acid (OAc) and N-oleoyl sarcosine (OSa), which have been widely

used in the commercial lubricants, were included in this study.

The detailed methodology was described in Chapter 3. The OFMs were added at 1.0 wt.% to PAO4
as listed in Table 3.3. The tribological testing was carried out using a MTM with the Stribeck routine
described in section 3.2.3. Stribeck curves are useful in estimating the frictional performance over
a wide range of entrainment speeds and hence lubrication regimes (from hydrodynamic lubrication
to mixed and boundary lubrication). This makes them valuable in investigating the effect of OFMs
which are expected to work in mixed to boundary lubrication. The tests were carried out in the
standard conditions listed in Table 3.6, but 200% SRR (sliding) tests were also performed in addition

to 50% SRR (sliding-rolling) tests to investigate the effect of lubrication under more severe
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conditions. Additionally, steel balls with smooth surfaces (Ra of 0.01-0.02 um) and rough surfaces

(Ra of approximately 0.5 um) were employed as described in section 3.1.2.

5.1.1 Friction and wear performance

(a) PEEK-smooth steel contact

As shown for the case of base oil lubrication in section 4.1, the severity of the operating condition
(e.g. SRR) has a significant impact on the tribological behaviour of the PEEK-steel contact. Therefore,
Stribeck routine tests were performed at 50% and 200% SRRs. The Stribeck curves for the PEEK-
smooth steel contact lubricated with PAO4 and PAO4 + OFMs are presented in Figure 5.1 and Figure
5.2. In the Stribeck curves, the lubrication regime changes from hydrodynamic lubrication to
boundary lubrication as the entrainment speed is reduced. This means the effect of OFMs is
expected to be clearer at lower entrainment speeds (<0.1 m/s) where the lubricant films are very
thin (< 50 nm). Indeed, the results show that the addition of OFMs to PAO reduced friction at
entrainment speeds below 0.1 m/s. Among the three types of OFMs, a significant friction reduction
was achieved at both SRRs by the addition of OSa (N-oleoyl sarcosine). OAm (oleylamine) and OAc
(oleic acid) also reduced friction, although their impact was much less than that of OSa. In terms of
the impact of the SRR, while PAO4 showed slightly higher friction at 200% SRR (sliding) than 50%
SRR (sliding-rolling), the OFMs reduced friction more effectively at 200% SRR. Theoretically, the
different values of SRRs used for testing have no effect on the lubrication regime. In this study, the
entrainment speeds were the same at 200% SRR (sliding) and 50% SRR (sliding-rolling), and
therefore the lubricant film thicknesses were similar. As discussed in section 4.3.3, the lubrication
regimes corresponding to the conditions can be estimated from the calculated Lambda ratios. The
Lambda ratios of approximately 0.1 to 3 for the PEEK-smooth steel contact indicate that both 200%
SRR and 50% SRR tests were performed under the boundary/mixed lubrication regimes. It is also
worth mentioning that when the tribological tests were conducted with smooth steel balls, there
was almost no wear on the PEEK plates regardless of SRRs or lubricant formulations. In the steel-
steel contact, OFMs have been reported to reduce friction by adsorbing or reacting on contact
surfaces with their polar groups, thus mitigating the direct contact of the two surfaces in the mixed
and boundary lubrication regimes [98,99]. The friction results of PAO4 + OFMs imply that the effect
of OFMs, especially OSa, in the PEEK-smooth steel contact is similar to that in the steel-steel contact,
although whether OFMs are adsorbed on PEEK is uncertain. Further aspects of the adsorption ability

of OFMs on PEEK and steel surfaces are investigated in section 5.1.3.
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Figure 5.1. Stribeck curves with smooth steel balls at 50% SRR for PAO4 and PAO4 + OFMs
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Figure 5.2. Stribeck curves with smooth steel balls at 200% SRR for PAO4 and PAO4 + OFMs

(b) PEEK-rough steel contact

As reported in section 4.2, the tribological properties of the PEEK-steel contact under base oil

lubrication showed different trends depending on the surface roughness of the steel counterparts.

Therefore, in this chapter, the effect of OFMs in the PEEK-steel contact was also investigated using

rough steel balls. The Stribeck curves for this contact lubricated with PAO4 and PAO4 + OFMs are

shown in Figure 5.3 and Figure 5.4. The calculated Lambda ratios of below one for the PEEK-rough

steel contact in this section indicate that both the 200% SRR and 50% SRR tests were performed in

the boundary lubrication regime. Under PAO4 lubrication, the friction coefficients were

considerably higher at 50% SRR (from 0.05 up to 0.16) than at 200% SRR (from 0.02 up to 0.12).

With the addition of OFMs, their effect was different depending on the SRR. At 200% SRR (sliding),

OFMs reduced friction when added to PAO4. By contrast, at 50% SRR (sliding-rolling), OFMs,
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especially OSa, increased friction. This friction increasing effect of OSa at 50% SRR was more

significant at entrainment speeds above 0.1 m/s.
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Figure 5.3. Stribeck curves with rough steel balls at 50% SRR for PAO4 and PAO4 + OFMs
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Figure 5.4. Stribeck curves with rough steel balls at 200% SRR for PAO4 and PAO4 + OFMs

The optical images of the after-test PEEK plates are presented in Figure 5.5 and Figure 5.6. The

plates tested at 50% SRR showed uniform damage inside the wear tracks, while the ones at 200%

SRR gave a non-uniformed damage like with scratches along with the sliding direction. This indicates

that the SRR greatly affects the tribological performance and the working mechanism of lubricant

additives should be discussed after considering the impact of the SRR. In terms of the effect of

OFMs, PAO4 + OSa at 200% SRR provided a distinctively less damaged wear track, although its

friction coefficients were similar to those lubricated with PAO4 + OAm and PAO4 + OAc.
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Figure 5.5. Optical images of after-test PEEK plates paired with rough steel balls at 50% SRR and
lubricated with (a) PAO4 and (b-d) PAO4 + OFMs
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Figure 5.6. Optical images of after-test PEEK plates paired with rough steel balls at 200% SRR and
lubricated with (a) PAO4 and (b-d) PAO4 + OFMs

The wear profiles of the after-test PEEK plates in Figure 5.7 and Figure 5.8 show good correlation
with the friction results i.e., the tests with the higher friction coefficients led to larger wear volumes
of the PEEK plates. The wear volumes of the PEEK plates lubricated with PAO4 were higher at 50%
SRR than at 200% SRR (Figure 5.7 (a) and Figure 5.8 (a)), well matching the trend of the friction
coefficients as shown in Figure 5.3 and Figure 5.4. Although OAm and OAc did not affect wear, OSa
significantly reduced wear at 200% SRR and increased it at 50% SRR (Figure 5.7 (d) and Figure 5.8

(d)), also matching the trend of its frictional performance. Contrary to the constant speed routine
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tests used in Chapter 4, in the Stribeck routine tests, the entrainment speeds vary widely during the
test and therefore the specific wear rates (SWRs) cannot be readily calculated. Based on the
definition of SRR described in section 3.2.2, the wear tracks produced in the 200% SRR tests resulted
from a sliding distance four times greater than that in the 50% SRR tests. However, the wear
volumes were much larger in the 50% SRR tests than in the 200% SRR tests, indicating other factors
apart from the sliding distance-controlled wear performance. The working mechanism will be

discussed in section 5.3.1 taking into account the results of surface analyses.
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5.1.2 Surface analyses

The two key factors which possibly influence the tribological performance of the PEEK-steel contact,
i.e., the hardness modification of polymer surfaces and the formation of polymer transfer films on
steel counterparts were investigated and discussed in Chapter 4. The effect of OFMs on these

factors are investigated in this section.

5.1.2.1 Nanoindentation

The nanoindentation measurements were carried out on the wear tracks of the PEEK plates from
the PEEK-steel tests lubricated with PAO4 and PAO4 + OSa, because OSa had the most significant
effect on the friction and wear results. The continuous stiffness measurement (CSM) technique
described in section 3.3.2 was applied. The hardness values were plotted as a function of
indentation depth and compared to those of a new PEEK plate (Figure 5.9 and Figure 5.10). In all
tests, the hardness had high values at an indentation depth <0.5 um. As already mentioned in
section 4.1.2.1, these values are thought to be attributed to a phenomenon known as the
indentation size effect (ISE), and are not regarded as physically significant. Therefore, the hardness

at indentation depth values <0.5 pm was not used in this discussion.

The nanoindentation measurement results indicate that there was no correlation between the
hardness of the PEEK surfaces and the friction and wear properties. In the case of the PEEK-smooth
steel contact, the hardness of the PEEK plate lubricated with PAO4 was lower at 200% SRR than at
50% SRR (Figure 5.9 (a, c)), while the friction was higher at 200% SRR than at 50% SRR (Figure 5.1
and Figure 5.2). On the other hand, PAO4 + OSa also led to a lower PEEK hardness at 200% SRR than
at 50% SRR (Figure 5.9 (b, d)), but showed lower friction at 200% SRR than at 50% SRR (Figure 5.1
and Figure 5.2). A similar discrepancy was also observed for the PEEK-rough steel contacts. At both
SRRs, the values of PEEK hardness when lubricated with PAO4 + OSa were higher than those when
lubricated with PAO4 (Figure 5.10), although OSa affected friction and wear properties in opposite
ways, depending on SRRs i.e. improving friction and wear at 200% SRR (Figure 5.4 and Figure 5.8)
and worsening them at 50% SRR (Figure 5.3 and Figure 5.7). The effect of OFMs on the hardness
modification of PEEK surfaces will be discussed in detail in section 5.3.1, but the nanoindentation
measurement results suggest that the hardness modification of PEEK surfaces did not control the
tribological performance of the PEEK-steel contacts lubricated with PAO4 and PAO4 + OFMs and

that other factors could play a more important role.
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5.1.2.2 EPMA

EPMA of the after-test steel ball specimens, following the procedure described in section 3.3.3, was
performed to investigate the presence of PEEK transfer films. The tribological tests were carried out
on PEEK-smooth steel and PEEK-rough steel contacts, but the PEEK transfer films were investigated
only on the rough steel balls. The PEEK transfer films proved difficult to detect on smooth steel balls
as they were easily removed from the smooth surfaces at the end of tests. In PEEK-rough steel
contacts, the PEEK transfer films were trapped between asperities on the rough steel surfaces and
were more noticeable than those on the smooth steel balls. In addition, for similar reasons to that
of the nanoindentation study, this study focused on the specimens tested with PAO4 and PAO4 +
OSa.

Secondary Electron (SE) images of all specimens in Figure 5.11 showed that there was almost no
wear on the steel balls. As the hardness of a steel ball is much higher than that of a PEEK plate, it
was expected that wear would mainly occur on the PEEK plates. The shape of wear scars was
different for the 50% SRR (sliding-rolling) and 200% SRR (sliding) tests. In the sliding-rolling tests
(50% SRR), the steel balls rotated producing a circumferential wear scar (Figure 5.11 (a, b)), while
in the sliding tests (200% SRR), the steel balls were fixed and the wear scars had a round shape

(Figure 5.11 (c, d)).
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Figure 5.11. SE images of after-test rough steel balls lubricated with (a, c) PAO4 and (b, d) PAO4 +
0OSa
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Although SE images clearly indicate the presence of PEEK transfer films, EPMA carbon mapping was
employed to evaluate the amount present (Figure 5.12). The carbon amount is indicated by the
colour scale on the map. On the wear scars of the steel balls lubricated with PAO4, larger amounts
of carbon were detected at 200% SRR than at 50% SRR (Figure 5.12 (a, c)). By adding OSa, the carbon
amount was reduced especially at 50% SRR (Figure 5.12 (b)), and this reduction was observed not
only inside the wear scars but also outside. It is noteworthy that the carbon amount on the wear
scars of steel balls and the friction and wear properties (Figure 5.3, Figure 5.4, Figure 5.7, Figure
5.8) showed good correlation i.e. a greater amount of carbon on the steel counterparts led to lower
friction and wear. This indicates that the presence of a PEEK transfer film on the steel ball is a key
factor in controlling the tribological performance of the PEEK-rough steel contact. As investigated
in section 5.1.1, OSa had a detrimental effect on friction and wear at 50% SRR. The lower carbon
amount on the steel ball lubricated with PAO4 + OSa at 50% SRR (Figure 5.12 (b)) suggests that the
amount of the PEEK transfer films was not enough to cover the roughness of the steel ball. This
caused abrasive wear by direct contact between the PEEK surface and the large asperities of the
steel counterpart. In this case, the adsorption of OSa on the steel surface may have inhibited the
formation of a PEEK transfer film. Intriguing, a thick transfer film was formed at 200% SRR even in
the PAO4 + OSa lubricated test (Figure 5.12 (d)). This implies that in sliding (200% SRR) conditions
the formation of the PEEK transfer film was more dominant than the inhibition by OSa adsorption
and thus it controlled the process. The working mechanism of OFM will be discussed in more detail

in section 5.3.1.
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Figure 5.12. EMPA carbon maps of after-test rough steel balls lubricated with (a, c) PAO4 and (b,
d) PAO4 + OSa
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5.1.2.3 Raman spectroscopy

The presence of carbon detected with EPMA is assumed to be related to PEEK transfer films but to
confirm this assumption Raman spectra were recorded on the wear scars of steel balls as shown in
Figure 5.14 following the procedure described in section 3.3.5. All spectra display identical peaks
(Figure 5.13) which match the Raman spectra of PEEK reported in the literature [90,139,140,142].
A small difference is observed around 1300 cm™ in the spectra for PAO4 and PAO4 + OSa at 50%
SRR (Figure 5.14 (a, b)) which could be caused by the steel substrate. From the Raman spectroscopy
results it can be thus concluded that EPMA carbon mapping is a valid analysis technique for
evaluating the amount of PEEK transfer films on steel balls. In section 4.1.2.3, XPS analysis of C 1s
spectra was also used successfully to establish the relationship between the carbon detected with

EPMA and the PEEK transfer films, as well as Raman spectra. Thus all these techniques can be used
to evaluate the amount of transfer films present.
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Figure 5.14. Raman spectra of after-test rough steel balls lubricated with (a, c) PAO4 and (b, d)
PAO4 + 0OSa

5.1.3 Testing in PEEK-PEEK and steel-steel contacts

Although this study mainly focused on the PEEK-steel contact, tribological tests using pairs of the
same materials (PEEK-PEEK and steel-steel) were performed in this study to investigate the
adsorption abilities of OFMs on PEEK and steel surfaces, separately. Ideally, direct observation of
OFM adsorption films on the PEEK and steel surfaces using surface analysis techniques such as TOF-
SIMS and XPS is desirable. However, OFM adsorption films are thin, unstable and therefore difficult

to observe.

The test conditions were the same as for the PEEK-steel contacts investigated in section 5.1.1 except
for the applied load in the steel-steel contact. The applied loads were 50 N in the PEEK-steel and
PEEK-PEEK contacts, and 5 N (the minimum load of the test equipment) in the steel-steel contact
to make the Hertzian contact pressure as similar in value as possible for all material combinations.
The maximum Hertzian contact pressure (Pmax) was calculated as 0.16 GPa in PEEK-steel, 0.10 GPa

in PEEK-PEEK and 0.68 GPa in steel-steel, respectively.

The Stribeck curves for the PEEK-PEEK contact lubricated with PAO4 and PAO4 + OFMs are shown
in Figure 5.15 and Figure 5.16. PAO showed the typical trend of Stribeck curves, where friction

coefficients become higher as the entrainment speeds become lower. OSa significantly reduced
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friction in the PEEK-PEEK contacts at both 50% and 200% SRRs. OAm and OAc showed the friction

reducing effects at 200% SRR but had little effect at 50% SRR.
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The Stribeck curves for the steel-steel contact lubricated with PAO4 and PAO4 + OFMs are shown

in Figure 5.17 and Figure 5.18. Similar to the PEEK-PEEK contact, PAO4 showed the typical trend of

Stribeck curves. At 200% SRR, the friction coefficients of PAO4 increased notably below 0.1 m/s. As

mentioned, the contact pressure in the steel-steel contact was higher than that in the PEEK-steel

and PEEK-PEEK contacts. Therefore, the lubrication regime was more severe in the steel-steel

contact, possibly causing partial seizure at 200% SRR. As a result, the contact surfaces experienced

higher wear and became rougher, leading to higher friction coefficients. As expected from previous

research on steel-steel contact, the addition of OFMs to PAO4 had an important effect on friction.

OSa reduced friction in the steel-steel contact at both 50% and 200% SRRs. The effects of OAm and
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OAc were lower than OSa but the friction increase observed for PAO4 below 0.1 m/s was absent

for PAO4 + OAm and PAO4 + OAc which indicates that OAm and OAc adsorbed on the steel surfaces

and suppressed partial seizure.

Figure 5.17.

Figure 5.18.
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These results imply that OFMs adsorb on both PEEK and steel surfaces. As reported in section 5.1.1,

OFMs, especially OSa, had a different effect on the friction and wear properties depending on the

surface roughness of the steel counterparts and SRRs. The results of the adsorption behaviour of

OFMs investigated in this section will be used to help deduce the working mechanism of OFMs in

these testing conditions, presented in section 5.3.1.

134



Chapter 5 Effect of lubricant additives on lubrication of PEEK

5.2 Results: Effect of anti-wear additives

This section investigates the effect of anti-wear (AW) additives on the friction and wear
performance of pure PEEK paired with a steel counterpart. The typical anti-wear (AW) additives,
Zinc dialkyldithiophosphate (ZDDP) and tricresyl phosphate (TCP), described in section 3.1.3.2, were

used in this study.

The detailed methodology was described in Chapter 3. The AW additives were added at 1.0 wt.%
to PAO4 as listed in Table 3.4. Similar to the investigation of OFMs presented in section 5.1, the
tribological testing was carried out using a MTM with the Stribeck routine as described in section
3.2.3. The test conditions were based on the standard conditions in Table 3.6, but 200% SRR (sliding)
tests were also carried out in addition to the 50% SRR (sliding-rolling) tests. Additionally, steel balls
with smooth surfaces (Ra of 0.01-0.02 um) and rough surfaces (Ra of approximately 0.5 pm) were
used as described in section 3.1.2. By using the same methodology as that used in section 5.1, the

effect of AW additives can be compared with that of OFMs.

5.2.1 Friction and wear performance

(a) PEEK-smooth steel contact

The Stribeck curves, representing friction coefficient values as a function of entrainment speed, in
the PEEK-smooth steel contact lubricated with PAO4 and PAO4 + AW additives, ZDDP and TCP, are
presented in Figure 5.19 and Figure 5.20. Compared with PAO4, the addition of ZDDP and TCP
slightly reduced friction at 200% SRR (sliding), but less influence was identified at 50% SRR (sliding-
rolling). As seen in section 5.1, OSa (N-oleoyl sarcosine) notably reduced friction both at 50% and
200% SRRs (Figure 5.1, Figure 5.2), but the effect of ZDDP and TCP was much less than that of OSa
and more similar to that of OAm (oleylamine) and OAc (oleic acid). When the tribological tests were
conducted with the smooth steel balls, there was almost no wear on the after-test PEEK plates,
regardless of SRRs or lubricant formulations. In the steel-steel contact, AW additives have been
reported to work by reacting on contact surfaces and forming reaction films with low shear strength,
thus mitigating the direct contact of the two surfaces and preventing seizure [39,113-115].
Although the lubrication regimes of the testing conditions applied can be estimated as
boundary/mixed lubrication, as described in section 5.1.1, the friction results of PAO4 + AW
additives imply that the testing conditions for PEEK-smooth steel contacts were possibly too mild
for AW additives to form reaction films for AW additives. Further aspects of the reactivity of AW

additives on PEEK and steel surfaces will be investigated in section 5.2.3.
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Figure 5.20. Stribeck curves with smooth steel balls at 200% SRR for PAO4 and PAO4 + AW
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(b) PEEK-rough steel contact

Similar to the investigation of OFMs in section 5.1.1, the effect of AW additives on the PEEK-steel
contact was investigated using rough steel balls. The calculated Lambda ratios of below one for the
PEEK-rough steel contact in this section indicate that both the 200% SRR and 50% SRR tests were
performed in the boundary lubrication regime. The Stribeck curves lubricated with PAO4 and PAO4
+ AW additives are shown in Figure 5.21 and Figure 5.22. The addition of ZDDP and TCP to PAO4
slightly increased friction at 50% SRR, while friction decreased at 200% SRR. Similar to the results
for the PEEK-smooth steel contacts, the effect of ZDDP and TCP was comparable to those of OAm

(oleylamine) and OAc (oleic acid) presented in Figure 5.3 and Figure 5.4.
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The optical images of the after-test PEEK plates are shown in Figure 5.23 and Figure 5.24. The plates

tested at 50% SRR had uniform damage inside the wear tracks, while the ones at 200% SRR

exhibited non-uniform damage with scratches along the sliding direction. The wear tracks produced

by PAO + ZDDP and PAO + TCP had similar appearance to the PAO4 results at both 50% and 200%

SRRs. The width of the wear track for PAO + ZDDP at 200% SRR was narrower than that for PAO4,

suggesting that ZDDP influenced the wear property to some extent. This was also confirmed by the

wear profiles.
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Figure 5.24. Optical images of after-test PEEK plates paired with rough steel balls at 200% SRR
lubricated with (a) PAO4 and (b, c) PAO4 + AW additives

The wear profiles of the after-test PEEK plates are presented in Figure 5.25 and Figure 5.26. Similar
to that described in section 5.1.1, the wear volumes for PEEK plates lubricated with PAO4 were
larger at 50% SRR than at 200% SRR. The wear profiles for PAO4 + ZDDP and PAO4 + TCP were
similar to that of PAO4 at both 50% and 200% SRRs, but the width of the wear profile of PAO + ZDDP
at 200% SRR (approximately 800 um) was narrower than that of PAO4 (approximately 1000 um).
Despite OSa being an OFM and not an AW additive, it reduced wear (Figure 5.8(d)) much more
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significantly than ZDDP. However, the optical images and the wear profiles suggest that ZDDP

influenced wear performance to some extent. The working mechanism will be discussed in section

5.3.2 taking into account the results of surface analyses and the additional tests carried out on

PEEK-PEEK and steel-steel contacts.
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5.2.2 Surface analyses

The two key factors which possibly influence the tribological performance of the PEEK-steel contact,
i.e., the hardness modification of polymer surfaces and the formation of polymer transfer films on
steel counterparts, were investigated to clarify the working mechanism of OFMs in section 5.1.
However, the hardness modification of polymer surfaces correlated little with tribological
performance, and the formation of the polymer transfer films was the dominant factor. Therefore,
this section focuses on investigations of polymer transfer films on the steel balls and reaction films
formed on the steel balls and the polymer plates taking into account the known working mechanism

of AW additives in steel-steel contacts.

5.2.2.1 EPMA of polymer transfer films

EPMA on the after-test steel ball specimens, following the procedure described in section 3.3.3,
was performed to investigate the PEEK transfer films. This section focuses on the steel balls in the
PEEK-rough steel contact lubricated with PAO4 and PAO4 + ZDDP, because ZDDP showed an

improvement in the wear performance, while TCP had less effect, as reported in section 5.2.1.

Secondary Electron (SE) images of the after-test rough steel balls are presented in Figure 5.27. As
already mentioned in section 5.1.2.2, the shape of the wear scars for the 50% SRR (sliding-rolling)
and 200% SRR (sliding) tests was different because in the sliding-rolling tests (50% SRR) the steel
balls rotated, so producing a circumferential wear scar (Figure 5.27 (a, b)), while in the sliding tests
(200% SRR) the steel balls were fixed and the wear scars thus had a round shape (Figure 5.27 (c, d)).
Compared to PAO4 + OSa, which produced wear scars distinctively different from those lubricated
with PAO4 (Figure 5.11), PAO4 + ZDDP had very similar wear scars to PAO4 both at 50% and 200%
SRRs.

EPMA carbon mapping was also employed as shown in Figure 5.28. The carbon amount is indicated
by the colour scale on the map. Regardless of SRRs, PAO4 + ZDDP gave a larger amount of carbon
outside the wear scars than PAO4. However, inside the wear scars, which better reflects tribological
performance, both PAO4 and PAO4 + ZDDP at 50% and 200% SRRs produced almost the same
amount of carbon. As seenin 5.2.1, the addition of ZDDP slightly improved the wear of the polymer
plate at 200% SRR (Figure 5.26 (b)). These results imply that in the case of AW additives, the
formation of polymer transfer films on the steel counterparts is not the only factor determining the

tribological performance of the PEEK-steel contact and there will be other factors, such as reaction
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films formed by these additives. Taking into account the investigation of the reaction films in section

5.2.2.2, the working mechanism of AW additives will be discussed in more detail in section 5.3.2.
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Figure 5.27. SE images of after-test rough steel balls lubricated with (a, c) PAO4 and (b, d) PAO4 +
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Figure 5.28. EMPA carbon maps of after-test rough steel balls lubricated with (a, c) PAO4 and (b,
d) PAO4 + ZDDP
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5.2.2.2 EPMA of AW additive reaction films

In steel-steel contacts, AW additives are known to form low shear strength reaction films on the
contact surfaces and so prevent direct contact, thus reducing wear. In PEEK-steel contacts, the
polymer transfer films work similarly to the reaction films formed in steel-steel contacts. As seen in
section 5.2.2.1, PAO4 and PAO4 + ZDDP produced almost the same amount of the polymer transfer
films on the steel counterparts but the wear of the polymer plate was slightly improved when
lubricated with PAO4 + ZDDP at 200% SRR. However, if ZDDP rection films form on the steel and/or
polymer surfaces, these films may contribute to reducing the wear of the polymer plate. ZDDP
contains phosphorus and sulphur in its chemical structure and has been reported to form reaction
films containing these elements [39]. Therefore, EPMA phosphorus and sulphur mapping was
conducted on the after-test steel balls and PEEK plates from the PEEK-rough steel contact tests at
50% and 200% SRRs following the procedure described in section 3.3.3. Although, as seen in section
5.2.1, ZDDP reduced friction in the PEEK-smooth steel contact at 200% SRRs, the EPMA phosphorus
and sulphur mapping was only conducted on specimens tested with the PEEK-rough steel contacts.
This was because almost no wear was detected on the PEEK plates tested in the PEEK-smooth steel
contacts regardless of SRRs or lubricant formulations as already mentioned and therefore the effect

of ZDDP was indiscernible.

Figure 5.29 shows the SE images and corresponding EPMA phosphorus and sulphur maps of the
after-test rough steel balls lubricated with PAO4 + ZDDP. The phosphorus and sulphur amounts are
indicated by the colour scales on the maps. Note that the maximum ranges of the scales of the
phosphorus and sulphur maps are much lower than that of the carbon maps in Figure 5.28. At both
50% and 200% SRRs, the amount of phosphorus and sulphur was very low compared to the amount
of carbon (Figure 5.28 (c, d)). This indicates there was almost no ZDDP reaction film on the steel

surface regardless of SRRs.
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Figure 5.29. (a, d) SE images and corresponding EPMA (b, e) phosphorus and (c, f) sulphur maps
of after-test rough steel balls lubricated with PAO4 + ZDDP

The EPMA phosphorus and sulphur maps were also obtained for the after-test PEEK plates as shown
in Figure 5.30. Phosphorus and sulphur were observed to be present in very low amount on the
wear tracks produced in the tests at 200% SRR (Figure 5.30 (e, f)). As described in section 3.3.3, the
specimens were gently rinsed with a hydrocarbon solvent before EPMA measurements. Therefore,
the phosphorus and sulphur detected arose from the substances attached to the PEEK surfaces,
assumed to be the ZDDP reaction film. Interestingly, phosphorus and sulphur were only detected
on the wear tracks tested at 200% SRR (Figure 5.30 (e, f)), and were not observed on the steel
counter surface (Figure 5.29 (e, f)). These results suggest that the ability to form a ZDDP reaction
film at ambient temperature depends on the type of surface (chemistry and roughness). In addition,
section 5.2.1 reported that the effect on friction and wear performance depends on the types of
AW additive, implying that the ability to form a reaction film also depends on the type of AW
additives, however, this section only considered ZDDP. Therefore, to estimate the reaction film
formation ability of AW additives on PEEK and steel surfaces, additional tests in PEEK-PEEK and

steel-steel contacts were conducted and the results are presented in section 5.2.3.
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Figure 5.30. (a, d) SE images and corresponding EPMA (b, e) phosphorus and (c, f) sulphur maps
of after-test PEEK plates lubricated with PAO4 + ZDDP

5.2.3 Tests with AW additives on PEEK-PEEK and steel-steel contacts

This section aims to estimate the reaction film formation ability of AW additives on PEEK and steel
surfaces by evaluating the effect of AW additives on PEEK-PEEK and steel-steel contacts,
respectively. Although the reaction film formation ability of AW additives, especially of ZDDP, in
steel-steel contacts has been well investigated [39,113-115], it was also investigated in this section
in parallel with the investigation on the PEEK-PEEK contact to ensure that the testing conditions

employed were as close as possible for the three contact pairs.

The test conditions were the same as in the PEEK-steel contacts investigated in section 5.2.1 except
for the applied loads. The applied loads were 50 N in the PEEK-steel and PEEK-PEEK contacts, and 5
N (the minimum load of the test equipment) in the steel-steel contact so as to make the Hertzian
contact pressure as similar in value as possible for all material combinations. The maximum Hertzian
contact pressure (Pmax) was calculated as 0.16 GPa in PEEK-steel, 0.10 GPa in PEEK-PEEK and 0.68
GPa in steel-steel, respectively. Steel specimens (balls and discs) with smooth surfaces (Ra of 0.01-

0.02 um) were used in this section.

The Stribeck curves for the PEEK-PEEK contact lubricated with PAO4 and PAO4 + AW additives are
shown in Figure 5.31 and Figure 5.32. PAO4 + ZDDP and PAO4 + TCP exhibited almost identical
curves to PAO4 regardless of SRRs. As reported in section 5.1.3, the OFMs showed a friction

reducing effect in the PEEK-PEEK contact, suggesting that OFMs had the ability to form adsorption
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films on PEEK surfaces. If ZDDP and TCP form reaction films on the PEEK surfaces, the friction
coefficients are expected to change with respect to those found for lubrication with only PAOA4.
However, the almost identical friction curves of PAO4 and PAO4 + AW additives indicate that ZDDP
and TCP did not form any films on the PEEK surface in the PEEK-PEEK contact. This indicates that
the ability of AW additives to form reaction films on the PEEK surface was also low in the PEEK-steel

contact tested in section 5.2.1.

0.20
+ o —— PAO4
@
o
=
©
c 010 PAO4 + ZDDP
5 \
2 ,
L 0.05 S
T~ PAO4 + TCP
P i
Pt
000 i i i
0.001 0.01 0.1 1

Entrainment speed, m/s

Figure 5.31. Stribeck curves in PEEK-PEEK contact at 50% SRR for PAO4 and PAO4 + AW additives
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Figure 5.32. Stribeck curves in PEEK-PEEK contact at 200% SRR for PAO4 and PAO4 + AW additives

The Stribeck curves for the steel-steel contact lubricated with PAO4 and PAO4 + AW additives are
shown in Figure 5.33 and Figure 5.34. Compared to PAO4, PAO4 + ZDDP gave lower friction at 50%
SRR and higher friction at 200% SRR. PAO4 + TCP showed almost the same friction as PAO4 at 50%
and slightly lower friction at 200% SRR. These results can be explained by the reactivity of AW
additives. At 50% SRR, ZDDP which has higher reactivity, formed a reaction film which then
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prevented direct contacts between sliding surfaces, thus reducing friction compared to PAO4. TCP,
with lower reactivity, did not form a reaction film and thus showed similar friction to PAO4. As
mentioned in section 5.1.3, at 200% SRR the friction coefficients of PAO4 increased substantially
below 0.1 m/s due to the partial seizure in the boundary lubrication regime. Although the reactivity
of TCP was not high enough to form a reaction film at 50% SRR, it did react to form a reaction film
at 200% SRR, preventing seizure and reducing friction. Under 200% SRR, ZDDP increased friction
over the entire range of the entrainment speeds. Ratoi et al. have reported that at high SRRs the
addition of ZDDP to the base oil increases friction in mixed and boundary lubrication regimes and
this can be explained by the rapid formation of a rough and irregular ZDDP reaction film on the
wear track [152]. When a thin ZDDP reaction film is formed, it prevents direct contact between
sliding surfaces and reduces friction. By contrast, when a rough, thick and irregular ZDDP reaction
film is formed, the lubrication regime moves more to boundary, increasing friction in not only the
boundary lubrication regime but also in the mixed lubrication regime. The difference in the effect
of the AW additives at 50% and 200% SRRs is explained by the activation energy required to form
reaction films. Based on the results from PEEK-PEEK and steel-steel contacts, the reaction film
formation ability of AW additives is found to be much higher on the steel surface than on the PEEK
surface. This was expected due to the increased polarity and reactivity towards AW additives
exhibited by steel. The working mechanism of AW additives will be discussed in more detail in

section 5.3.2.
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Figure 5.33. Stribeck curves in steel-steel contact at 50% SRR for PAO4 and PAO4 + AW additives
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Figure 5.34. Stribeck curves in steel-steel contact at 200% SRR for PAO4 and PAO4 + AW additives

53 Discussion

As reported in sections 5.1, OFMs, especially OSa, greatly affected the friction and wear properties
of the PEEK-steel contact. The results in section 5.2 show that the effect of AW additives, especially
ZDDP, on tribological performance was limited compared to that of OFMs. Based on the
experimental results of tribological testing and surface analyses, this section discusses the working

mechanisms of OFMs and AW additives.

5.3.1 Working mechanism of OFMs

As reported in section 5.1.1, the effect of OFMs on the friction and wear properties of the PEEK-
steel contact depended on SRRs and the surface roughness of the steel specimens. Although OFM
(OSa) affected the hardness of PEEK surfaces, as shown in section 5.1.2.1, no correlation was found
between the PEEK hardness and the tribological performance of the PEEK-steel contact. Therefore,
it is assumed that the friction and wear properties of the PEEK-steel contact under lubrication with
OFMs are mainly controlled by the adsorption of OFMs on the contact surfaces and the formation
of the PEEK transfer films on the steel surfaces. Therefore, these factors will be discussed separately,

then the mechanism proposed will be summarized.
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(a) Adsorption of OFMs on the contact surfaces

The adsorption ability of OFMs on PEEK and steel surfaces was investigated in section 5.1.3. The
tribological test results in the PEEK-PEEK and steel-steel contacts indicate OFMs can adsorb on both
PEEK and steel surfaces. Based on the experimental results, OSa presumably has a much higher
adsorption ability on both surfaces than OAm and OAc. The low adsorption ability of OAm and OAc
on either PEEK or steel surfaces could be due to the test conditions i.e., the test temperature
employed in this study. Although OAm and OAc are widely used OFMs in lubricants for many
applications, it has been reported that they generally work better at higher temperature which
accelerate the reaction of their polar groups (amine in OAm and carboxyl in OAc) with the surfaces
[108,109]. On the contrary, OSa has a superior adsorption ability on both PEEK and steel surfaces
at the ambient temperature employed in this study. Sarcosine derivatives of fatty acids have been
historically used as a preferred anti-rust additive due to the chelate-forming property of its two
polar groups (amine and carboxyl) as seen in Figure 5.35, which interact strongly with metal
surfaces [153,154]. Chelation may also enhance the adsorption of OSa on the PEEK surface which

contains polar ketone groups in its molecular structure [155-157].

* Metal surface *

Figure 5.35. Schematic effect of a sarcosine derivative of fatty acids on a metal surface

In terms of the influence of SRR, OFMs, especially OSa, gave superior friction reduction at 200% SRR
than at 50% SRR for both PEEK-PEEK and steel-steel contacts, as revealed in section 5.1.3. This
indicates that the adsorption of OFMs is greater in 200% SRR (sliding) than 50% SRR (sliding-rolling).
As SRR is the ratio of the sliding speed to the entrainment speed, the sliding speeds at each
entrainment speed are higher at 200% SRR than 50% SRR, which causes higher frictional heat so

accelerating the adsorption of OFMs.
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(b) Polymer transfer films on the steel counterparts

As discussed in Chapter 4, base oil lubrication inhibits the formation of polymer transfer films
compared to the dry condition. In this chapter, the adsorption of OFM on the steel surfaces was
found to inhibit even more the formation of polymer transfer films. The investigation of the
polymer transfer films using EPMA was carried out only on the steel balls tested in the PEEK-rough
steel contacts, because the polymer transfer films proved difficult to detect on smooth steel balls
as they were easily removed from the balls at the end of tests. However, the higher and unstable
friction values for PAO4 at 200% SRR (Figure 5.2) imply that the amount of the PEEK transfer film
under PAO4 lubrication was larger at 200% SRR than 50% SRR. The polymer transfer films increase
the surface roughness, and thus the lubrication regime moves towards boundary lubrication,
resulting in higher friction. The outstanding friction reduction with PAO4 + OSa at 200% SRR
reported in section 5.1.1 was achieved by the synergistic effect of the OFM adsorption film and the
inhibition of excessive polymer transfer films on the steel counterpart (Figure 5.36). The effect of
the OFM adsorption film is mainly at lower entrainment speeds where the lubrication regime is
more severe. On the contrary, the effect of the inhibition of polymer transfer films by oil lubrication
affects the entire range of entrainment speeds, because it works to change the lubrication regime

itself.
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Figure 5.36. Impact of OFM on friction coefficients of PEEK-smooth steel contact at 200% SRR

In PEEK-rough steel contacts, the carbon amounts outside the wear scars were very limited for
PAO4 + OSa regardless of SRRs as shown in Figure 5.12. This implies that OSa adsorbed not only
inside but also outside the wear scars on the steel balls and thus inhibited the formation of PEEK
transfer films. However, thick transfer films were formed inside the wear scars at 200% SRR even

in the PAO4 + OSa lubricated test (Figure 5.12(d)). This implies that in the sliding (200% SRR)
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condition, the formation of a PEEK transfer film was favoured to the OSa adsorption and thus it
controlled the process. Puhan and Wong [90] have reported in-situ observation of the PEEK wear
process under dry conditions and proposed that PEEK wear debris, ploughed by the asperities on
the counter surface, re-entered the contact surfaces, forming PEEK transfer films. Under lubricated
conditions, wear debris particles once formed disperse into the lubricant. The sliding condition
(200% SRR) where the steel ball is fixed can help to trap and pile up wear debris near the contact
inlet more efficiently than the sliding-rolling condition (50% SRR) where both the steel ball and the
PEEK plate rotate and aid the flushing out of wear debris. The accumulation of wear debris near the
inlet can contribute to the formation of a PEEK transfer film on the steel surface in sliding (200%
SRR) even under lubrication with PAO4 + OSa (Figure 5.12(d)). In addition, PAO4 + OSa showed
lower friction and wear (the wear track profile showed almost no wear) than PAO4 at 200% SRR
(Figure 5.4, Figure 5.8). This implies that OSa adsorbed on both the PEEK plate and the PEEK transfer
film formed on the steel ball, thus mitigating the severity of the contact conditions between the
two sliding surfaces. The above discussion has been mainly focused on OSa, but presumably it can
be generalized for OFMs as most OFMs are considered to work essentially in the same way as OSa,

although the extent depends on their adsorption abilities.

(c) Proposed mechanism of action

Taking into account the factors discussed above, the proposed mechanism of lubrication with OFMs
in the PEEK-steel contact is summarized in Figure 5.37 and Figure 5.38. OFMs adsorb on both steel
and PEEK surfaces with their polar groups. The lubrication mechanism in the PEEK-smooth steel
contact is similar to that of the steel-steel contact: the OFM adsorption film mitigates the direct
contact between the two surfaces and thus reduces friction. Furthermore, the adsorption of OFMs
on the smooth steel surface inhibits the formation of excessive PEEK transfer films which would
increase friction by increasing surface roughness. The adsorption of OFMs is greater in sliding than
in sliding-rolling, resulting in superior friction reduction. For the PEEK-smooth steel contact, OFMs
show positive effects in both sliding and sliding-rolling. By contrast, in the PEEK-rough steel contact,
OFMs show either a positive or negative effect on friction and wear depending on the type of
contact motion. In sliding, a thick and stable PEEK transfer film is formed on the rough steel surface
even under lubrication with PAO + OFM. OFM adsorbs on the PEEK transfer film and the PEEK plate
surface, reducing friction and wear. However, this scenario changes in sliding-rolling where OFM
adsorption on the rough steel inhibits the formation of the PEEK transfer film, thus preserving the
ball roughness. As a result, abrasive wear between the surface asperities of the steel ball and the

PEEK plate causes increased friction and wear of PEEK.
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Figure 5.37. Proposed mechanism of lubrication with OFM in PEEK-smooth steel contact
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Figure 5.38. Proposed mechanism of lubrication with OFM in PEEK-rough steel contact

5.3.2 Working mechanism of AW additives

Compared to OFMs, the effect of AW additives on the friction and wear properties of the PEEK-
steel contact was limited irrespective of the SRRs or roughness of the steel specimens as reported
in section 5.2.1. Having said that, PAO4 + AW additives did give different results compared to PAO4,

indicating AW additives, especially ZDDP, influenced the tribological properties of PEEK-steel
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contacts to some extent. Therefore, the working mechanism in the PEEK-smooth steel contact and

in the PEEK-rough steel contact will be discussed.

(a) In PEEK-smooth steel contact

In PEEK-smooth steel contacts, AW additives reduced friction especially at 200% SRR (sliding
condition). In steel-steel contacts, the effect of AW additives on friction behaviour depends on the
thickness of the reaction films formed: thin reaction films reduce friction while thick and rough
reaction films increase friction. In the PEEK-smooth steel contact, a thin reaction films of AW
additives may have been formed on the contact surfaces at 200% SRR. However, another possibility
is that the adsorption films formed by AW additives inhibited excessive PEEK transfer films on the
steel counterparts similar to the case of OFMs discussed in section 5.3.1. AW additives commonly
have polar groups in their molecular structures and can adsorb on the contact surfaces despite their
adsorption ability being lower than that of OFMs [39,113]. The fact that PAO4 + OAm and PAO4 +
OAc gave similar friction results to PAO4 + ZDDP and PAO4 + TCP in the PEEK-smooth steel contacts
at both 50% SRR (sliding-rolling condition) and 200% SRR (sliding condition) suggests that the AW
additives work similarly to OFMs in the PEEK-smooth steel contact. Given that the operating
condition in the PEEK-smooth steel contact was mild as wear of PEEK plates was not observed even
when lubricated with PAO4 only, the AW additives plausibly worked by forming adsorption films,

not reaction films. The discussion above is summarized in Figure 5.39.
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Figure 5.39. Proposed mechanism of lubrication with AW additive in PEEK-smooth steel contact
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(b) In PEEK-rough steel contact

In the PEEK-rough steel contact, ZDDP and TCP had a similar effect on friction as OAm and OAc,
indicating that AW additives worked by forming an adsorption film as in PEEK-smooth steel contacts.
OAm and OAc had less impact on wear performance at both 50% SRR (sliding-rolling condition) and
200% SRR (sliding condition) as shown in Figure 5.7 and Figure 5.8, because their adsorption ability
on steel and PEEK surfaces is not as high as OSa. On the other hand, ZDDP slightly reduced the wear
of the PEEK plate at 200% SRR (sliding condition) compared to PAO4, although the amount of
polymer transfer film on the steel surface (which strongly influence the tribological performance of
the PEEK-steel contact) was almost the same for PAO4 and PAO4 + ZDDP. Based on the results of
the EPMA phosphorus and sulphur maps in section 5.2.2.2, the ZDDP reaction film formed on the
PEEK surface evidently contributed to the improvement of wear of PEEK. In this study, the
investigation of the ZDDP reaction film was limited to EPMA phosphorus and sulphur maps. Other
research reported that ZDDP forms glassy viscous reaction films [39,113] and in the PEEK-rough
steel contact, this type of film can mitigate the severity of the contact condition between the two
surfaces and reduce friction and wear of PEEK. As seen in section 5.2.3, the formation of the ZDDP
reaction film is accelerated more at 200% SRR (sliding condition) than at 50% SRR (sliding-rolling
condition). As the sliding speeds at each entrainment speed are higher at 200% SRR than at 50%
SRR, this causes higher frictional heat which accelerates the reaction of ZDDP. This explains why a
ZDDP reaction film was detected only on the specimens tested at 200% SRR (sliding condition) in
the PEEK-rough steel contact in section 5.2.2.2. However, the reason why the ZDDP reaction film
was only detected on the PEEK surface is unclear as section 5.2.3 indicated that the reaction film
formation ability of AW additives is supposed to be much higher on a steel surface than on a PEEK
surface. A plausible explanation is as follows: the ZDDP reaction film was formed on the steel
surface, then part of the film transferred to the PEEK surface. These processes were followed by
the formation of the PEEK transfer film on the steel surface, resulting in less of the ZDDP reaction
film being detected on the steel surface. The discussion above is summarized in Figure 5.40. Note
that there is a possibility that part of the ZDDP reaction film existed on the steel surface but was

covered by the PEEK transfer film.
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Figure 5.40. Proposed mechanism of lubrication with AW additive in PEEK-rough steel contact

5.4 Summary

Among the various types of lubricant additives, organic friction modifiers (OFMs) and anti-wear
(AW) additives are known to strongly affect the tribological properties of the steel-steel contact.
Therefore, they are considered to be essential in formulating optimal lubricants and developing
ideally suited and efficient PEEK-based systems for tribological applications. This chapter
investigated the effect of OFMs and AW additives on the lubrication of PEEK paired with a steel
counterpart. The working mechanism was discussed based on the results of the tribological tests

and the surface analyses of after-test specimens.

Firstly, tribological tests using a MTM were performed in a PEEK-steel contact at 50% SRR (sliding-
rolling condition) and 200% SRR (sliding condition) under lubrication with PAO4 and PAO + OFMs
e.g., oleylamine (OAm), oleic acid (OAc) and N-oleoyl sarcosine (OSa). Surface analyses of after-test
specimens by nanoindentation, EPMA and Raman spectroscopy were conducted to ascertain any
hardness modification of the polymer surfaces and the formation of polymer transfer films on steel
counterparts. In addition, tribological testing of PEEK-PEEK and steel-steel contacts was carried out
to investigate the adsorption ability of OFMs on the PEEK and steel surfaces in similar operating

conditions. The following conclusions have been drawn:
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(1) Compared with OAm and OAc, OSa showed a significant friction reduction in the PEEK-
smooth steel contact at both 50% SRR (sliding-rolling condition) and 200% SRR (sliding condition).
A similar friction reducing effect of OSa was observed in the PEEK-PEEK and steel-steel contacts,

indicating the superior adsorption ability of OSa on both the PEEK and steel surfaces;

(2) In the PEEK-rough steel contact, OFMs, most significantly OSa, showed opposite effects
depending on SRRs, reducing friction and wear at 200% SRR (sliding condition) while increasing

them at 50% SRR (sliding-rolling condition);

(3) The hardness of PEEK surfaces was affected by the addition of OSa, but no correlation was
observed between the PEEK hardness and the tribological properties of the PEEK-steel contact.
However, a good correlation was observed between the amount of PEEK transfer films on the steel
counterparts and the tribological properties of the PEEK-steel contact when lubricated with PAO4

and PAO4 + 0OSa;

(4) The working mechanism of OFMs is explained by the adsorption of OFMs on the contact
surfaces and the formation of the PEEK transfer films on the steel surfaces. As these two
phenomena are related to each other, the effect of OFMs depends on the test conditions, and

therefore, OFMs can have either a positive or negative effect on the tribological properties.

Secondly, to evaluate the effects of the AW additives, tribological tests were conducted with PAO4
and PAO4 + AW additives, e.g., ZDDP and TCP. In addition to EPMA carbon maps of the after-test
steel balls employed to evaluate the amount of PEEK transfer films, EPMA phosphorous and sulphur
maps of the after-test steel balls and PEEK plates were obtained to investigate the reaction films
formed by ZDDP. Tribological testing of the PEEK-PEEK and steel-steel contacts was also carried out
to estimate the reaction film formation ability of AW additives on PEEK and steel surfaces in similar

operating conditions. The following conclusions have been drawn:

(1) The addition of ZDDP and TCP slightly reduced friction in the PEEK-smooth steel contact at
200% SRR (sliding condition), but less influence was seen at 50% SRR (sliding-rolling condition). Both
ZDDP and TCP did not affect the friction in the PEEK-PEEK contact regardless of SRRs, while their
influence on friction in the steel-steel contacts depended on SRRs, indicating that the reaction film

formation ability of AW additives is higher on the steel surface than on the PEEK surface;

(2) Compared to OFMs, AW additives had less impact on the friction and wear performance in
the PEEK-rough steel contact except for ZDDP at 200% SRR (sliding condition) where a slight

improvement in the wear of the PEEK plate was seen;
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(3) PAO4 and PAO4 + ZDDP produced the similar amount of polymer transfer films on the steel
countersurface at both 50% SRR (sliding-rolling condition) and 200% SRR (sliding condition) in the
PEEK-rough steel contact. At 200% SRR, PAO4 + ZDDP slightly improved the wear of the PEEK plate,

probably due to the formation of a ZDDP reaction film;

(4) The working mechanism of AW additives is explained by the formation of adsorption films
and/or reaction films. The ability of AW additives to form adsorption/reaction films is not as high
as OFMs in the PEEK-steel contact. Therefore, both films are thin and only formed at 200% SRR
(sliding condition) which can provide higher frictional heat to accelerate the adsorption/reaction of

AW additives.
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Chapter 6 Base oil lubrication of PEEK composites

The base oil lubrication of two typical PEEK composites, carbon fibre reinforced (CFR) PEEK and
glass fibre reinforced (GFR) PEEK, paired with steel counterparts is presented in this chapter. Similar
to the study of pure PEEK reported in Chapter 4, the friction and wear performance under base oil
lubrication was investigated and compared with that under dry conditions, followed by an
investigation of the effect of lubricant oil viscosity. The surface analyses of after-test PEEK

specimens were modified so as to focus on the role of the reinforcement fibres.

6.1 Results: Comparison of dry and base oil lubrication

As reviewed in Chapter 2, fibre reinforced PEEK composites such as CFR PEEK and GFR PEEK are
widely used for tribological applications due to their superior mechanical performance to pure PEEK.
However, the tribological performance under lubrication is still unclear. Therefore, this chapter
aims to investigate base oil lubrication of CFR PEEK and GFR PEEK paired with steel counterparts in

comparison with dry conditions.

The detailed methodology described in Chapter 3 was followed. Although there are many types of
PEEK composites with specific fillers, this study focused on CFR PEEK and GFR PEEK blended with
30 wt.% of carbon fibres and glass fibres, respectively. This is because they are the most typical
formulations of PEEK composites in terms of type and composition of fillers. In this chapter, PAO4
and rough steel balls with a Ra of approximately 0.5 um were used as a test oil and steel specimens.
The tribological testing was carried out using a MTM with the constant speed routine as described

in section 3.2.3. The test conditions were the standard conditions given in Table 3.5.

6.1.1 Friction and wear performance

The friction performance of the tribological tests under dry and PAO4 lubricated conditions are
illustrated in Figure 6.1. Friction coefficient values are plotted as a function of time. CFR PEEK and
GFR PEEK showed almost the same friction coefficients in dry conditions. As these values are close
to those of pure PEEK tested in the same operating condition (Figure 4.1 in Chapter 4), the addition
of reinforcement fibres of CF and GF thus did not affect the friction coefficients in dry conditions.

In dry conditions, the friction coefficients of CFR PEEK-steel and GFR PEEK-steel contacts reported
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in literature were between 0.2 to 0.4 depending on the test conditions [3,20,93,142,158]. The
friction coefficient values measured in this study are in the middle of this range. PAO4 lubrication
reduced friction compared to the dry condition for both CFR PEEK and GFR PEEK. In PAO4 lubricated
conditions CFR PEEK gave higher friction coefficients than GFR PEEK. Both start with almost the
same friction coefficients of approximately 0.07. Then, the friction coefficients of CFR PEEK
gradually increased to a plateau value of 0.10 after approximately 20 minutes. In contrast, those of
GFR PEEK gradually decreased to approximately 0.04. As reported in Chapter 4, pure PEEK in PAO4
lubricated condition gave friction coefficients of approximately 0.07 placing them between those
of CFR PEEK and GFR PEEK. This indicates that the addition of reinforcement fibres affected the

friction performance in PAO4 lubricated conditions but the effect depended on the type of fibres.
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Figure 6.1. Friction coefficients in dry and PAO4 lubricated conditions

The optical images of the wear tracks and the corresponding wear profiles of after-test polymer
plates are summarized in Figure 6.2 and Figure 6.3. The wear tracks in dry conditions looked
distinctively different from those in PAO4 lubrication. The dry conditions gave wear tracks with a
patchy appearance for both CFR PEEK and GFR PEEK (Figure 6.2(a, c)), while PAO4 lubrication
generated wear tracks with a uniform appearance (Figure 6.2(b, d)). The same trend was also
observed in the wear profiles. The wear profiles in dry conditions were more jagged than those in
PAO4 lubricated conditions for both CFR PEEK and GFR PEEK. In terms of the wear volumes, CFR
PEEK and GFR PEEK exhibited almost the same wear volumes in dry conditions. Conversely, in the
PAOA4 lubricated condition the wear volume of GFR PEEK was much lower than that of CFR PEEK.
These results indicate that the reinforcement fibres greatly influence both the friction and wear

performance of PEEK composites under PAO4 lubricated conditions.
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Figure 6.2. Optical images of after-test polymer plates in (a, c) dry and (b, d) PAO4 lubricated

conditions
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Figure 6.3. Wear profiles of polymer plates in (a, c) dry and (b, d) PAO4 lubricated conditions

6.1.2 Surface analyses

As mentioned in section 6.1.1, the wear tracks of CFR PEEK and GFR PEEK plates were distinctively
different under dry conditions and PAO4 lubricated conditions. Therefore, the 3D surface profiles
of polymer plates were investigated by Alicona optical profilometry. Hardness mapping of the

polymer plates was also carried out by nanoindentation to estimate the influence of the
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reinforcement fibres on the contact surfaces. As Chapter 4 demonstrated that the polymer transfer
films on the steel counterparts had significant impact on the tribological behaviour of pure PEEK,
the polymer transfer films derived from the PEEK composites were also analysed by EPMA in this

chapter.

6.1.2.1 3D Profilometry

The wear tracks of polymer plates were investigated with Alicona optical profilometry which
provides optical images and 3D surface profiles as described in section 3.3.1. Figure 6.4 and Figure
6.5 show the optical images and the corresponding 3D surface profiles of the wear tracks on the
polymer plates. The CFR and GFR PEEK tested in dry conditions produced similar wear tracks which
showed piled up wear debris containing fractured fibres (Figure 6.4 (a, c) and Figure 6.5 (a, c)). This
explains the patchy appearance of the wear tracks and the jagged wear profiles observed for CFR
PEEK and GFR PEEK in dry conditions presented in section 6.1.1. In addition, these results support
the hypothesis that three-body abrasion by wear debris containing hard reinforcement fibres
caused the large wear of CFR and GFR PEEK plates in dry conditions. However, as the oil-lubrication
flushed wear debris out from the contact surfaces, the wear tracks then had a relatively smooth
appearance as shown in Figure 6.5 (b, d). CFR PEEK and GFR PEEK contain the same weight
percentage of carbon fibres and glass fibres, respectively, but the volume percentage is about 1.4
times higher for carbon fibres in CFR PEEK than that of glass fibres in GFR PEEK due to the difference
in the specific weights of carbon fibres (approximately 1.8) and glass fibres (approximately 2.5).
Interestingly, the amount of fibres observed on the wear tracks of CFR PEEK in PAO4 lubricated
condition was much larger than that of GFR PEEK, even after taking into account the difference in
fibre volume percentages. In addition, in PAO4 lubricated conditions, the carbon fibres observed
on the wear tracks of CFR PEEK were finely fractured resulting in sizes less than 20 um (Figure 6.4
(b)), while the glass fibres observed on the wear tracks of GFR PEEK were less damaged (Figure 6.4
(d)). Furthermore, the 3D surface profiles suggest that there is a difference in their distributions.
Most of the fractured carbon fibres were placed on top of the PEEK matrix (Figure 6.45 (b)). In

contrast, the glass fibres were well embedded in the PEEK matrix (Figure 6.45 (b)).

160



Chapter 6 Base oil lubrication of PEEK composites

PAO4

(6]

CFR
PEEK

GFR
PEEK

Figure 6.4. Optical images of wear tracks on polymer plates in (a, c) dry and (b, d) PAO4

lubricated conditions
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Figure 6.5. 3D surface profiles of wear tracks on polymer plates in (a, c) dry and (b, d) PAO4

lubricated conditions

6.1.2.2 Nanoindentation

As shown in section 6.1.2.1, the carbon fibres and glass fibres on the wear tracks tested in PAO4
lubrication showed distinctively different distributions. These results suggest a possible difference
in hardness distribution on the wear tracks on CFR PEEK and GFR PEEK. To confirm this, hardness
mapping was carried out by using nanoindentation as described in section 3.3.2. Figure 6.6 and

Figure 6.7 show optical images of the polymer plates and their corresponding hardness maps,
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where the colour scale indicates the hardness values. Small nanoindentation indents are observed
over the entire surface of the optical images, because these images were acquired after indentation.
For comparison with the wear tracks lubricated with PAO4, a nanoindentation study of new plates
of CFR PEEK and GFR PEEK was also carried out (Figure 6.6 (a, c) and Figure 6.7 (a, c)). The hardness
map of the new plates showed a uniform hardness with values mostly below 0.5 GPa. This indicates
that the CFR and GFR fibres were not exposed from the PEEK matrix, except for small areas of the
CFR PEEK surface (Figure 6.7 (a)). Numerous areas of high hardness (values over 1.0 GPa) were
detected on the wear tracks of CFR and GFR PEEK lubricated with PAO4 (Figure 6.7 (b, d)). These
areas matched well the distributions of the fibres observed in the corresponding optical images
(Figure 6.6 (b, d)). As discussed in section 6.1.2.1, fractured fibres were observed to be densely
distributed on the wear tracks of PAO4 lubricated CFR PEEK. The hardness map in Figure 6.7 (b)
confirmed that these more or less damaged fibres contributed to the hardness values of the wear

tracks.

New plates Wear tracks with PAO4

b

CFR
PEEK

GFR
PEEK

e

100 pm

Figure 6.6. Optical images of new polymer plates and wear tracks on polymer plates in (a, c) dry

and (b, d) PAO4 lubricated conditions
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Figure 6.7. Nanoindentation hardness maps of (a, c) new polymer plates and (b, d) wear tracks on

polymer plates in PAO4 lubricated condition

6.1.2.3 EPMA

In the base-oil lubrication of pure PEEK investigated in Chapter 4, the formation of polymer transfer
films on steel counterparts was one of the most important parameters that controlled the wear of
the polymer. Figure 6.8 shows the optical images of the wear tracks on the steel balls paired with
CFR and GFR PEEK; the tracks looked polished with barely any polymer transfer film present. A large
volume of wear debris was observed piled up at the sides of the steel ball wear tracks in the CFR
and GFR PEEK tests in dry conditions (Figure 6.8 (a, c)), supporting the hypothesis that three-body
abrasion by wear debris containing the hard fibres caused the large wear of polymer plates (Figure
6.3 (a, c)). The amount of polymer transfer films on the wear track in PAO4 lubrication was difficult
to estimate from the optical images so EPMA carbon mapping was employed as was the case for

pure PEEK investigated in section 4.1.2.2.
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Figure 6.8. Optical images of after-test steel balls paired with CFR and GFR PEEK in (a, c) dry and
(b, d) PAO4 lubricated conditions

By following the procedure described in section 3.3.3, SE images and EPMA carbon maps on after-
test steel balls were obtained as shown in Figure 6.9 and Figure 6.10. The amount of carbon in the
transfer film is indicated by the colour scale on the EPMA map. In dry conditions, the SE images and
EPMA carbon maps show that there was no transfer film on the steel balls paired with both CFR
PEEK and GFR PEEK. In PAO4 lubricated conditions, a polymer transfer film was observed on the
wear track produced with GFR PEEK, while no film was detected on the one produced with CFR
PEEK. As previously investigated in sections 4.1.2.2 and 4.1.2.3, the carbon detected with EPMA
arises from PEEK, which in Figure 6.10 (d) originates from the PEEK matrix in GFR PEEK plates.
Although the EPMA measured carbon can be derived from the carbon fibres in CFR PEEK, in Figure
6.10 (b) no carbon was detected on the wear tracks which simplifies the interpretation. The SE
images and EPMA carbon maps show a good correlation between the polymer transfer films on the
wear track of steel balls and the wear volumes of polymer plates (Figure 6.3) e.g. for the GFR PEEK
PAO4 lubricated test the polymer transfer film on the wear track of steel ball (Figure 6.10 (d)) was
conducive to the lower wear volume of the polymer plate (Figure 6.3 (d)). This emphasizes the
importance of the polymer transfer film in reducing polymer wear not only for pure PEEK but also

for PEEK composites.
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Figure 6.9. SE images of after-test steel balls paired with CFR and GFR PEEK in (a, c) dry and (b, d)

PAO4 lubricated conditions
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Figure 6.10. EMPA carbon maps of after-test steel balls paired with CFR and GFR PEEK in (a, c) dry
and (b, d) PAO4 lubricated conditions

The distribution of reinforcement fibres on the wear tracks of polymer plates was considered to
play an important role in terms of the difference in the formation of transfer films between CFR

PEEK and GFR PEEK in PAO4 lubricated conditions. This will be discussed further in section 6.3.3.
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6.1.3 Testing with base oil containing wear debris

The results from section 6.1.2 suggest that the reinforcement fibres exposed on the wear tracks on
the polymer plates play an important role in determining the tribological properties in PAO4
lubricated conditions. However, the mechanism of action remains unclear e.g. what is the influence
of wear debris under oil-lubrication? As mentioned in section 6.1.2.1, wear debris from CFR and
GFR PEEK containing hard reinforcement fibres caused the large amount of wear found on the
polymer plates in dry conditions. Although the wear debris was flushed out from the contact
surfaces by the oil, this debris remained dispersed in the oils possibly influencing the tribological
performance directly and/or indirectly. Therefore, an additional test was devised to investigate the
influence of wear debris. This test was performed on GFR PEEK lubricated with the PAO4 oil
containing the CFR PEEK wear debris. The test oil was prepared by collecting the PAO4 oil previously
used in a CFR PEEK test which contained dispersed CFR PEEK wear debris with sizes up to 20 um
(Figure 6.11). The appearance of the oil containing CFR PEEK wear debris was slightly darker in

colour and opaques as shown in Figure 6.12.
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Figure 6.11. Optical image of dispersed CFR PEEK wear debris contained in PAO4 oil

Figure 6.12. PAO4 oil containing CFR PEEK wear debris

166



Chapter 6 Base oil lubrication of PEEK composites

Figure 6.13 shows the friction coefficient values as a function of time for this test in comparison
with CFR and GFR PEEK lubricated with pristine PAO4. If CFR PEEK wear debris has an important
role on the friction performance, the GFR PEEK lubricated with PAO4 containing CFR PEEK wear
debris (the red line) was expected to show similar values to the CFR PEEK lubricated with pristine
PAO4 (the blue dotted line). However, the wear-debris-containing PAO4 gave slightly higher friction
than pristine PAO4 lubricated GFR PEEK (the orange dotted line), but much lower friction than
pristine PAO4 lubricated CFR PEEK.
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Figure 6.13. Friction coefficients in wear debris PAO4 lubricated condition

Optical images and wear profiles of GFR PEEK plate lubricated with wear-debris-containing PAO4
are shown in Figure 6.14. A similar trend as the friction coefficients was observed for the wear of
the polymer plates (Figure 6.14(b)): the wear-debris PAO4 slightly increased the wear of the GFR
PEEK plate compared to pristine PAO4 (Figure 6.3(d)), but the wear was still distinctively lower than
that of CFR PEEK lubricated with pristine PAO4 (Figure 6.3(b)). Similar results have been reported
by Kunishima et al. [159] who studied the effect of glass fibre wear debris contained in grease
lubricant on the tribological properties of GFR polyamide 66 paired with steel counterparts. They
concluded that the wear debris contained in the grease did not affect the friction and wear of the

polymer composite.
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Figure 6.14. (a) Optical image and (b) wear profile of polymer plate in wear debris PAO4

lubricated condition

GFR PEEK lubricated with wear-debris-containing PAO4 gave an almost similar optical image and
3D surface profile (Figure 6.15) to pristine PAO4 (Figure 6.4 (d), Figure 6.5 (d)); fractured carbon
fibres were hardly ever observed on the wear track. This implies that the fractured carbon fibres
formed on the CFR PEEK wear tracks (Figure 6.4 (b)) once flushed out from the polymer contact
surfaces by the oils as wear debris, would not re-enter the tribological contact and adhere to the
contact surfaces again. Taking into account the wear debris sizes up to 20 um, as shown in Figure
6.11, was larger than the oil film thickness (calculated as approximately 0.1 um at the condition

tested), the wear debris once dispersed in oils is expected to flow mainly outside the contact area.

Figure 6.15. (a) Optical image and (b) 3D surface profile of wear tracks on polymer plate in wear

debris PAO4 lubricated condition

Figure 6.16 shows the polymer transfer film on the steel ball wear track analyzed with EPMA as
described in section 6.1.2.3. The wear-debris-containing PAO4 led to less transfer film than pristine
PAO4 in GFR PEEK tests (Figure 6.9 (d), Figure 6.10 (d)). This indicates CFR PEEK wear debris
inhibited the formation of the polymer transfer film. However, PAO4 lubricated CFR PEEK generated
an even thinner transfer film (Figure 6.9 (b), Figure 6.10 (b)). These results show that the wear

debris containing hard reinforcement fibres is detrimental to friction and wear but not as much as
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the exposed fibres on the wear tracks of polymer plates as discussed in sections 6.1.2.1 and 6.1.2.2.

The working mechanism will be discussed in section 6.3.3.

Figure 6.16. (a) SE image and (b) EPMA carbon map of after-test steel balls in wear debris PAO4

lubricated condition

6.2 Results: Effect of lubricant oil viscosity

The lubricant oil viscosity is one of the most important parameters in designing a suitable lubricant
for each application. In pure PEEK-steel contacts, the effect of base oil viscosity shows different
trends depending on the roughness of the steel counterparts as described in section 4.2. In PEEK-
smooth steel contacts, PAOs with higher viscosity gave lower friction and less damage to the PEEK
surfaces, while in PEEK-rough steel contacts they resulted in higher friction and larger wear of PEEK.

This section aims to investigate the effect of base oil viscosity in PEEK composites-steel contacts.

As in section 6.1, CFR PEEK and GFR PEEK blended with 30 wt.% of carbon fibres and glass fibres
were used as PEEK composites because they are the most typical formulations. The detailed
methodology was described in Chapter 3. In this section, PAOs with different viscosity grades, PAO2,
PAO4 and PAO10 were used as test oils (Table 3.2). Additionally, steel balls with smooth surfaces
(Ra of 0.01-0.02 um) and rough surfaces (Ra of approximately 0.5 um) were used as described in
section 3.1.2. The combination of PAOs with different viscosity grades and the steel balls with
different surface roughness enables the tribological tests in this section to cover a wide range of
lubrication regime (from hydrodynamic lubrication to mixed and boundary lubrication). The
tribological testing was carried out using a MTM with the constant speed routine described in

section 3.2.3. The test conditions were based on the standard conditions given in Table 3.5.

169



Chapter 6 Base oil lubrication of PEEK composites

6.2.1 Friction and wear performance

(a) PEEK composites-smooth steel contact

Figure 6.17 illustrates the friction coefficients of the CFR PEEK-smooth steel contact lubricated with
PAO2, PAO4 and PAO10. All PAOs gave very low and constant values of friction coefficients of
approximately 0.02 during the entire period of testing. From the optical images of the after-test
CFR PEEK plates (Figure 6.18), wear tracks were hardly observed regardless of the oil viscosity.
Similar to CFR PEEK-smooth steel contact the fiction coefficients of GFR PEEK-smooth steel contacts
exhibited the same trend and values (of approximately 0.02 for all PAOs) as shown in Figure 6.19.
The optical images of the after-test GFR PEEK plates (Figure 6.20) also showed less damaged wear
tracks regardless of the oil viscosity. In terms of the comparison with pure PEEK, PAO4 and PAO10
gave almost the same friction coefficients (of approximately 0.02) for pure PEEK (Figure 4.15), CFR
PEEK (Figure 6.17) and GFR PEEK (Figure 6.19). Interestingly, PAO2 gave higher friction coefficients
of around 0.03 than PAO4 and PAO10 for pure PEEK, while there was no significant difference
between PAO2, PAO4 and PAO10 for CFR PEEK and GFR PEEK. In addition, the after-test pure PEEK
plate lubricated with PAO2 showed more damaged wear tracks than PAO4 and PAO10 lubricated
plates (Figure 4.16), while CFR PEEK and GFR PEEK lubricated with PAO2, PAO4 and PAO10 gave
less-damaged wear tracks. The numerous marks like scratches which were observed on the entire
surface (inside/outside wear tracks) of CFR PEEK plates and GFR PEEK plates are due to the
reinforcement fibres contained. Note that no transfer film was detected on the smooth steel balls

paired with both CFR PEEK and GFR PEEK.
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Figure 6.17. Friction coefficients of CFR PEEK paired with smooth steel balls and lubricated with
PAOs
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Figure 6.18. Optical images of after-test CFR PEEK plates paired with smooth steel balls and
lubricated with (a) PAO2, (b) PAO4 and (c) PAO10
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Figure 6.19. Friction coefficients of GFR PEEK paired with smooth steel balls and lubricated with
PAOs

Figure 6.20. Optical images of after-test GFR PEEK plates paired with smooth steel balls and
lubricated with (a) PAO2, (b) PAO4 and (c) PAO10

(b) PEEK composites-rough steel contact

Figure 6.21 illustrates the friction coefficients of CFR PEEK-rough steel contact lubricated with PAO2,
PAO4 and PAO10. The lower viscosity PAOs gave the higher friction coefficients. The friction
coefficients of CFR PEEK lubricated with PAO2 and PAO4 gradually increased as the time elapsed,
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while those lubricated with PAO10 were relatively stable around 0.07. The friction coefficients of
GFR PEEK- paired with rough steel contacts followed a completely different trend compared with
CFR PEEK as shown in Figure 6.22. PAO2, PAO4 and PAO10 resulted in almost the same friction
coefficients which were stable around 0.05 throughout the testing. In pure PEEK-rough steel
contact PAO2, PAO4 and PAO10 showed friction coefficients between 0.06 to 0.10 (Figure 4.17).
GFR PEEK provided lower friction than pure PEEK regardless of the viscosity of PAO oils, while CFR
PEEK gave lower friction than pure PEEK only when lubricated with PAO10. Additionally, the effect
of the viscosity grade of PAO on friction was found to depend on the polymer material. Lower
friction was achieved when lubricating pure PEEK with lower viscosity PAO and CFR PEEK with
higher viscosity PAO. The viscosity grades did not make much difference to friction in the GFR PEEK

tests, where almost the same friction values were measured for all three PAO oils.
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Figure 6.21. Friction coefficients of CFR PEEK paired with rough steel balls and lubricated with
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Figure 6.22. Friction coefficients of GFR PEEK paired with rough steel balls and lubricated with
PAOs
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The optical images of the wear tracks and the corresponding wear profiles of after-test polymer
plates are summarized in Figure 6.23 and Figure 6.24 for CFR PEEK and Figure 6.25 and Figure 6.26
for GFR PEEK, respectively. The lower viscosity PAOs resulted in larger wear of CFR PEEK. In contrast,
the viscosity grades of PAO had less influence on wear of GFR PEEK, though PAO10 provided a
slightly less damaged appearance as shown in Figure 6.25 (c). As a matter of course, there was a
good correlation between wear performance and friction performance, i.e. lower friction leads to

lower wear of polymers.

Figure 6.23. Optical images of after-test CFR PEEK plates paired with rough steel balls and
lubricated with (a) PAO2, (b) PAO4 and (c) PAO10
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Figure 6.24. Wear profiles of CFR PEEK plates paired with rough steel balls and lubricated with
with (a) PAO2, (b) PAO4 and (c) PAO10
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Figure 6.25. Optical images of after-test GFR PEEK plates paired with rough steel balls and
lubricated with (a) PAO2, (b) PAO4 and (c) PAO10
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Figure 6.26. Wear profiles of GFR PEEK plates paired with rough steel balls and lubricated with (a)
PAQ2, (b) PAO4 and (c) PAO10

6.2.2 Surface analyses

As investigated in section 6.1, the reinforcement fibre distributions on the polymer wear tracks and
the polymer transfer films on steel counterparts are important factors dominating the tribological
behaviour of PEEK composites under oil-lubrication. To investigate further the mechanism of action,
these factors were also analysed on after-test specimens lubricated with different grades of PAO.
The tribological tests were carried out PEEK composites paired with smooth and rough steel balls,
but surface analyses were conducted only with the specimens tested with rough steel balls. This is
because the wear tracks on polymer plates and the polymer transfer films on steel balls were

difficult to detect in the PEEK composites-smooth steel contacts as described in section 6.2.1.

6.2.2.1 3D Profilometry

The wear tracks of polymer plates were investigated by Alicona optical profilometry which provides
optical images and 3D surface profiles as described in section 3.3.1. The optical images and the

corresponding 3D surface profiles of the wear tracks are shown in Figure 6.27 and Figure 6.28 for

174



Chapter 6 Base oil lubrication of PEEK composites

CFR PEEK and Figure 6.29 and Figure 6.30 for GFR PEEK. CFR PEEK and GFR PEEK gave distinctively
different appearances regardless of the viscosity grades of PAO. On the wear tracks of CFR PEEK,
finely fractured fibres (with sizes less than 20 um) compared to the 100-200 um fibres present in
new plates were present in larger amounts under lubrication with lower viscosity PAOs (Figure 6.27).
Additionally, from the corresponding 3D surface profiles (Figure 6.28) these fractured carbon fibres
were located on the top of the PEEK matrix of the wear tracks regardless of the viscosity grades of
PAO. The glass fibres observed on the wear tracks of GFR PEEK were less damaged and were well
embedded in the PEEK matrix. PAO2, PAO4 and PAO10 showed the same trend, and there was no
clear difference with the viscosity grades. Although the hardness mapping measurements were
only carried out for the wear tracks lubricated with PAO4 as described in section 6.1.2.2, the results
for the wear tracks lubricated with PAO2 and PAO10 are expected to show the same trend based

on the fibre distributions observed in the optical images (Figure 6.27, Figure 6.29).

(a) PAO2 (b) PAO4 (c) PAO10

Figure 6.27. Optical images of wear tracks on CFR PEEK plates paired with rough steel balls and
lubricated with (a) PAO2, (b) PAO4 and (c) PAO10

(a) PAO2 (b) PAO4 (c) PAO10

Figure 6.28. 3D surface profiles of wear tracks on CFR PEEK plates paired with rough steel balls
and lubricated with (a) PAO2, (b) PAO4 and (c) PAO10
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(a) PAO2 (b) PAO4 (c) PAO10

Figure 6.29. Optical images of wear tracks on GFR PEEK plates paired with rough steel balls and
lubricated with (a) PAO2, (b) PAO4 and (c) PAO10
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Figure 6.30. 3D surface profiles of wear tracks on GFR PEEK plates paired with rough steel balls
and lubricated with (a) PAO2, (b) PAO4 and (c) PAO10
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6.2.2.2 EPMA

As shown in section 6.1.2.3, polymer transfer films on steel counterparts are an important factor in
reducing polymer wear not only for pure PEEK but also for PEEK composites. Therefore, the effect
of oil viscosity on the formation of polymer transfer films was investigated. By following the
procedure described in section 3.3.3, SE images and EPMA carbon maps on after-test steel balls
were obtained as shown in Figure 6.31 and Figure 6.32 for CFR PEEK and Figure 6.33 and Figure 6.34
for GFR PEEK. The amount of carbon in the transfer film is indicated by the colour scale on the EPMA
map. For CFR PEEK, regardless of the viscosity grades of PAO, transfer films were hardly observed
on SE images and almost no carbon was detected on the wear tracks in EPMA carbon maps. As
already mentioned in section 6.1.2.3, EPMA measured carbon could also be derived from the
carbon fibres in CFR PEEK but as no carbon was detected on the wear tracks this simplifies the
interpretation. For GFR PEEK, polymer transfer films were observed from SE images for all three
PAOs. EPMA carbon maps show PAO2 and PAO4 provided a larger amount of transfer films than
PAO10. This trend is similar to pure PEEK (Figure 4.23), as investigated in section 4.2.2.2. In terms
of the correlation with wear performance, thinner transfer films for CFR PEEK could lead to higher

wear compared to GFR PEEK. For pure PEEK, PAO10 resulted in less transfer films, and thus higher
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wear than PAO2 and PAO4 which formed thicker transfer films (Figure 4.19, Figure 4.23). In contrast,
the wear of GFR PEEK lubricated with PAO10 was very low, similar to that of samples lubricated
with PAO2 and PAOA4 (Figure 6.26), although PAO10 provided less transfer films than PAO2 and
PAO4 (Figure 6.34). The synergistic contribution of oil film thickness which is advantageous for the
more viscous oil PAO10 can explain this, i.e. the thicker oil film generated by the more viscous
PAO10 can compensate for the thinner transfer film in terms of wear performance. The working

mechanism of the lubrication of PEEK composites will be discussed more in section 6.3.3.

(a) PAO2 (b) PAO4

500 un
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Figure 6.31. SE images of after-test rough steel balls paired with CFR PEEK and lubricated with (a)
PAO2, (b) PAO4 and (c) PAO10

(b) PAO4 (c) PAO10

CLv.
4000
3500
3000
2500
2000
1500
1000
500

500 um

500 um 500 um

Figure 6.32. EPMA carbon maps of after-test rough steel balls paired with CFR PEEK and
lubricated with (a) PAO2, (b) PAO, and (c) PAO10
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(a) PAO2 (b) PAO4 (c) PAO10
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Figure 6.33. SE images of after-test rough steel balls paired with GFR PEEK and lubricated with (a)
PAQ2, (b) PAO4 and (c) PAO10
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Figure 6.34. EPMA carbon maps of after-test rough steel balls paired with GFR PEEK and
lubricated with (a) PAO2, (b) PAO4 and (c) PAO10

6.3 Discussion

In Chapter 4, the working mechanism of base oil lubrication of pure PEEK was discussed based on
two factors: hardness modification of polymer surfaces and polymer transfer films on the steel balls.
The experimental results obtained in sections 6.1 and 6.2 show the effect of base oil lubrication on
the tribological performance of PEEK composites-steel contacts was different from that of pure
PEEK-steel contacts. There was less damage on the CFR PEEK and GFR PEEK plates paired with
smooth steel balls under base oil lubrication, and no transfer film was detected on the smooth steel
balls. In the PEEK composites-rough steel contact, the results of surface analyses indicate that the
polymer transfer film on the rough steel ball was the dominant factor controlling the friction and
wear performance and was well correlated to the hardness modification of polymer surfaces.

Therefore, this section discusses these factors for the PEEK composites-rough steel contacts.
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6.3.1 Hardness modification of polymer surface

As discussed in section 4.3, despite base oil lubrication causing the softening of pure PEEK surfaces
rubbed with steel counterparts, this hardness modification was not the main factor controlling the
tribological behaviour of the lubricated pure PEEK-steel contact. However, the situation differs for
the PEEK composites due to the reinforcement fibres present. As discussed in section 6.1.2.2, the
reinforcement fibres exposed on the wear tracks when rubbed with rough steel balls gave a much
higher hardness to the matrix PEEK. Interestingly, CFR PEEK and GFR PEEK gave distinctively
different distributions of the exposed reinforcement fibres. Figure 6.35 summarizes the hardness
distributions of new polymer plates and wear tracks on polymer plates in PAO4 lubricated
conditions which correspond to the nanoindentation hardness maps shown in Figure 6.7 (b, d). On
new plates, the hardness values of approximately 0.3-0.4 GPa were derived from the PEEK matrix
and those above 0.8 GPa were derived from carbon fibres and glass fibres. The carbon fibres
covered about 40% of the wear tracks (Figure 6.35 (a)), while the glass fibres covered less than 5%
(Figure 6.35 (b)). The hardness values of approximately 0.3-0.4 GPa in new plates were reduced to
approximately 0.2-0.3 GPa at the wear tracks lubricated with PAO4. Considering that these values
were derived from the PEEK matrix, the softening of the PEEK matrix in the composites was seemed

to occur by the same mechanism as the softening of pure PEEK discussed in section 4.3.1.
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Figure 6.35. Hardness distribution of new polymer plates and wear tracks on polymer plates for

(a) CFR PEEK and (b) GFR PEEK in PAO4 lubricated conditions

As already mentioned, although the hardness mapping measurements were only carried out for
the wear tracks lubricated with PAO4, the results for the wear tracks lubricated with PAO2 and
PAO10 are expected to show the same trend based on the fibre distributions observed in the optical
images (Figure 6.27, Figure 6.29). Reinforcement fibres added to the PEEK matrix are expected to

improve mechanical properties. Despite that many carbon fibres were detected on the wear tracks,
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CFR PEEK paired with rough steel balls gave much larger wear volumes than GFR PEEK, regardless
of the viscosity grades of PAO (Figure 6.24, Figure 6.26). This implies the fractured carbon fibres did
not contribute to the wear resistance. Chen et al. [126] also reported that the fractured carbon
fibres may decrease the load carrying capacity. Furthermore, these fractured fibres can be
detrimental to the formation of polymer transfer films on steel counterparts, further increasing

friction and wear.

6.3.2 Polymer transfer films on steel counterparts

For the base oil lubrication of pure PEEK, discussed in Chapter 4, the amount of the polymer transfer
films on the steel counter surfaces was found to be the main parameter controlling tribological
performance in not only dry conditions but also lubricated conditions. In PEEK composites-rough
steel contacts the thickness of polymer transfer films was also well correlated with the tribological
behaviour as discussed in section 6.2.2.2. Under base oil lubrication, CFR PEEK provided less transfer
films on steel counterparts, resulting in higher friction and larger wear. In contrast, GFR PEEK
provided a much larger amount of transfer films, resulting in lower friction and wear. These results
indicate that the polymer transfer film on the steel counterpart is also the main parameter that
controls the tribological performance of the PEEK composites-steel contacts. The difference in
amount of polymer transfer films between CFR PEEK and GFR PEEK was explained by the difference
in the fibre distribution on the wear tracks of the polymer plates. Figure 6.36 illustrates the
schematic of the contact surfaces for pure PEEK, CFR PEEK and GFR PEEK paired with rough steel.
When comparing dry and base oil lubrication, wear debris is found to play a key role. In the pure
PEEK-steel contact in the dry condition, wear debris contributed to the formation of polymer
transfer films and thus provides thick films. Qil-lubrication flushes out wear debris from the contact
surfaces, increasing friction and wear in the pure PEEK tests. On the other hand, in the CFR and GFR
PEEK tests, wear debris, which contains hard reinforcement fibres, causes three-body abrasion
under dry conditions. In this case, base oil lubrication flushed out wear debris from the contact
surfaces and reduced friction and wear. When comparing the polymer types under base oil
lubrication, the formation of polymer transfer films is inhibited in oil lubricated pure PEEK. On the
other hand, in the CFR PEEK tests, the fractured carbon fibres exposed on the polymer surface wear
off, by abrasion, the polymer transfer film on the steel counterparts and thus inhibit transfer film
formation even more strongly than oil-lubrication. Notably, compared to these exposed fibres,
wear debris flushed out from the contact surfaces seems to be less influential on friction and wear,
even though it is carried around/circulated in the oil. In the GFR PEEK tests, the polymer transfer

film is formed even under base oil lubrication. The glass fibres on the wear tracks are less damaged
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and better embedded in the PEEK matrix, therefore not impeding the transfer film formation, as
seen in the case of exposed/broken carbon fibres. In addition, due to the superior mechanical

strength of GFR PEEK, its friction and wear performance is far superior to that of pure PEEK.

Pure PEEK CFR PEEK GFR PEEK

Dry iBase oil lubrication Dry iBase oil lubrication Dry iBase oil lubrication

Steel ; ;

A

Figure 6.36. Schematic of contact surfaces in dry and base oil lubricated conditions

6.3.3 Working mechanism of base oil lubrication of PEEK composites

As discussed in section 4.3.3, in pure PEEK-steel contacts the working mechanism of base oil
lubrication depends on the surface roughness of the steel counterparts. In PEEK-smooth steel
contacts, the working mechanism of base oil lubrication basically follows the traditional theory after
taking into account the modification of the surface roughness by removal (through wear) and/or
compression of PEEK asperities. On the other hand, the working mechanism of base oil lubrication
in PEEK-rough steel contacts does not follow the traditional theory due to the presence of PEEK
transfer films on the steel counterparts. The above discussion is based on the estimation of the

lubrication regimes using the modified Lambda ratio “Amod” calculated by Equation 4-2:

Amoa = h/asteel (Eq. 4-2)

where h is the oil film thickness under operating conditions and Ol is the surface roughness of
steel specimens. The values of the oil film thickness were estimated from the expression presented
by Hamrock and Dowson [150,151] described in Appendix A. In this section, the same method was
applied to the results obtained in sections 6.1 and 6.2 for CFR PEEK-steel contacts and GFR PEEK-
steel contacts, respectively. Figure 6.37 shows the friction coefficients of PEEK composites-steel
contacts as a function of the modified Lambda ratios. Similar to the pure PEEK-smooth steel
contacts (Figure 4.31), the friction coefficients of PEEK composites-smooth steel contacts match the
expected trend that friction coefficients gradually increase around Lambda ratios of 1-5

corresponding to mixed lubrication regime. This indicates that the working mechanism of base oil
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lubrication in PEEK composites-smooth steel contacts follows the traditional theory. In contrast,
the CFR PEEK-rough steel contacts and GFR PEEK-rough steel contacts give different trends, and
they were also different from the trend of pure PEEK-rough steel contacts (Figure 4.31). The friction
coefficients of CFR PEEK-rough steel contacts gradually increase as the modified Lambda ratios
decrease below one corresponding to boundary lubrication. This trend matches the traditional
theory of lubrication regime. However, the friction coefficients of the GFR PEEK-rough steel

contacts do not follow this trend and exhibited stable values around 0.05.
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Figure 6.37. Friction coefficients of (a) CFR PEEK-steel and (b) GFR PEEK-steel contacts as a

function of modified Lambda ratios

To clarify the effect of polymer types, the friction coefficients of polymer-steel contacts and wear
volumes of polymer plates are summarized as a function of modified Lambda ratiosin  Figure 6.38
and Figure 6.39. The friction coefficients at modified Lambda ratios above one had similar values
and no wear of polymer plates was observed under these conditions regardless of polymer types.
As the reinforcement fibres contained in PEEK composites were not exposed on the surfaces of
pristine plates as shown in Figure 6.7 investigated in section 6.1.2.2, the reinforcement fibres are
assumed not to influence the tribological performance in the range of the Lambda ratios 1-10 which
correspond to mixed to hydrodynamic lubrication regimes. In contrast, the polymer types
distinctively affect the friction and wear performance in the range of the Lambda ratios below one
which correspond to the boundary lubrication regime. As mentioned in section 6.3.2, the polymer
transfer films on steel counterparts controlled the tribological performance of pure PEEK and PEEK
composites paired with rough steel balls, i.e. tested under boundary lubrication. The friction
coefficients and the wear volumes showed the same trend with modified Lambda ratios, indicating

higher friction leads to greater wear of polymers. Pure PEEK exhibited much larger wear than CFR
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PEEK and GFR PEEK at the modified Lambda ratio of around 0.5, while pure PEEK provided smaller
wear than CFR PEEK at the modified Lambda ratio of around 0.05. As discussed in section 4.3.3,
pure PEEK formed thicker transfer films in more severe conditions, and therefore resulted in lower
friction and wear at lower modified Lambda ratios. CFR PEEK did not form any transfer films
regardless of the viscosity of PAOs, i.e. regardless of the modified Lambda ratios. As a result, the
friction coefficients and wear volumes gradually increase as the modified Lambda ratio decreases,
well matching the traditional theory. Comparing at a modified Lambda ratio of around 0.5 in tests
with rough steel balls under PAO10 lubrication, both pure PEEK and CFR PEEK had almost no
transfer films on the steel counterparts as shown in Figure 4.23 and Figure 6.32. Therefore, the
difference in the friction coefficients and the wear volumes reflected the difference in the
mechanical properties of pure PEEK and CFR PEEK, implying superior mechanical properties
potentially lead to lower friction and wear. Thus, the lower friction and wear of GFR PEEK-steel
contacts at modified Lambda ratios below one were derived from the combination of thick transfer

films and the superior mechanical properties.
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Figure 6.38. Friction coefficients of polymer-steel contacts as a function of modified Lambda

ratios
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Figure 6.39. Wear volumes of polymer plates as a function of modified Lambda ratios

Finally, schematics of contact surfaces as a function of the modified Lambda ratios are summarized
in Figure 6.40 based on the above discussion. Under hydrodynamic lubrication at modified Lambda
ratios over 5, the reinforcement fibres contained in CFR PEEK and GFR PEEK are less influential,
therefore CFR PEEK and GFR PEEK show a similar tribological performance to pure PEEK. Under
mixed to boundary lubrication at modified Lambda ratios of around 0.5, CFR PEEK and GFR PEEK
show lower friction and wear than pure PEEK due to their superior mechanical properties arising
from the reinforcement fibres. Polymer transfer films form less under this lubrication regime,
therefore the mechanical properties of polymers strongly affect their tribological performance.
Under boundary lubrication at Lambda ratios around 0.05, the formation of polymer transfer films
occurs for pure PEEK and GFR PEEK. As a result, they give lower friction and wear than expected
from the traditional theory. In contrast, for CFR PEEK the exposed and fractured carbon fibres on
the wear track of CFR PEEK inhibit the formation of polymer transfer films. Therefore, the
tribological performance of CFR PEEK follows the traditional theory. Note that the glass fibres
contained in GFR PEEK are well embedded in the PEEK matrix and inhibit less the formation of

polymer transfer films.
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Figure 6.40. Schematic of contact surfaces depending on the modified Lambda ratios

As regards the design of polymer composites suitable under lubrication, the mechanism discussed
above suggests that the adhesion force between reinforcement fibres and PEEK matrix is very
important to provide thick polymer transfer films by keeping fibres well embedded in the PEEK
matrix. SE images of the inner surfaces of CFR PEEK and GFR PEEK, which are prepared by
mechanically breaking new plates, support this idea (Figure 6.41). The carbon fibres and the glass
fibres are embedded in the PEEK matrix, and no specific orientation of the fibres is observed. The
diameter of the glass fibres (approximately 9-11 um) is slightly more than that of the carbon fibre
(approximately 6-8 um). Furthermore, the PEEK matrix appeared more adhered to the glass fibres
than to the carbon fibres. To increase the adhesion between reinforcement fibres and the polymer
matrix, surface treatment of reinforcement fibres is commonly carried out. Detailed information on
the surface treatment of the CFR PEEK and GFR PEEK used in this study was not disclosed by the
supplier. However, as the glass fibres were well adhered to the PEEK matrix shown in Figure 6.41,
some surface treatments of glass fibres, e.g. with coupling agents, might have been applied to the
GFR PEEK to increase hydrophobicity and as a result contribute to its superior tribological

performance under lubrication.
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Figure 6.41. SE images of the inner surfaces of (a) CFR PEEK and (b) GFR PEEK plates

6.4 Summary

Carbon fibre reinforced (CFR) PEEK and glass fibre reinforced (GFR) PEEK are the most typical PEEK
composites. Therefore, this chapter investigated their tribological performance and working
mechanism under base oil lubrication. The working mechanism was discussed based on the

tribological results and the surface analyses of after-test specimens.

Firstly, tribological testing using the MTM was performed to compare dry and PAO4 oil lubricated
conditions. Surface analyses of after-test specimens with Alicona, Nanoindentation and EPMA were
carried out focusing on the hardness modification of polymer surfaces and the formation of

polymer transfer films on the steel counterparts. The following conclusions are drawn:

(1)  Although lubrication with PAO4 reduced the friction of both CFR PEEK and GFR PEEK paired
with rough steel compared to dry condition, GFR PEEK gave significantly lower friction and wear

than CFR PEEK;

(2)  Indry conditions, the CFR and GFR PEEK gave similar wear tracks with piled up wear debris
containing fractured fibres. In PAO4 lubricated conditions, the reinforcement fibres were observed
on the wear tracks, especially and in greater amount for CFR PEEK. The carbon fibres on the wear
tracks of CFR PEEK were exposed and fractured, while the glass fibres on the GFR PEEK were less

damaged and well embedded in the matrix;
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(3) Both the carbon and glass fibres distributed on the wear tracks were much harder than the
PEEK matrix. There was a large difference in the area covered by the reinforcement fibres e.g. the

carbon fibres covered about 40% of the wear tracks, while the glass fibres covered less than 5%;

(4)  InPAO4 lubricated conditions, the amount of the polymer transfer films on the steel counter
surfaces correlated well with the tribological performance. No transfer film was observed for the
CFR PEEK test, while a thick transfer film was detected for the GFR PEEK test which imparted a lower

friction and wear.

Secondly, the effect of base oil viscosity, one of the most important parameters of lubrication, was
investigated by using PAOs with different viscosities: PAO2, PAO4 and PAO10. The CFR and GFR

PEEK plates were paired with smooth and rough steel balls. The following conclusions are drawn:

(1) In PEEK composites-smooth steel contacts, PAOs gave almost the same friction coefficients
for both CFR PEEK and GFR PEEK. When paired with rough steel, the effect of base oil viscosity
shows different trends depending on the polymer types. The friction and wear of the CFR PEEK tests
showed lower values when lubricated with higher viscosity PAOs, while the friction and wear of the

GFR PEEK tests were less influenced by the PAO viscosity;

(2) In PEEK composites-rough steel contacts, fractured and exposed carbon fibres on the wear
tracks of CFR PEEK were detected in larger amounts under lubrication with lower viscosity PAO. The
less damaged and well embedded glass fibres on the GFR PEEK were observed similarly regardless

of the PAO viscosity;

(3) In PEEK composites-rough steel contacts, the thickness of the polymer transfer films on the
steel counter surfaces correlated well with the tribological performance. No transfer film was
observed for the CFR PEEK test regardless of the PAO viscosity, while a thick transfer film was

detected for the GFR PEEK test especially when lubricated with PAO2 and PAO4.

Finally, the working mechanism of base oil lubrication of PEEK composites was discussed based on
two factors: hardness modification of polymer surfaces and polymer transfer films on steel balls.

The following mechanisms are summarized:

(1) There were more fractured fibres on the wear tracks of CFR PEEK than GFR PEEK. The
fractured carbon fibres had a detrimental effect on the wear resistance of the composite by

inhibiting the formation of polymer transfer films on steel counterparts;
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(2)  The polymer transfer film on steel counterparts was also the main parameter that controlled
the tribological performance of PEEK composites-steel contacts. Hardness modification of polymer
surfaces and polymer transfer films formed on the steel counter surfaces were related to each other.
Fractured fibres exposed on the wear tracks of CFR PEEK plates after testing possibly inhibited the
formation of polymer transfer films on steel counterparts. In contrast, the wear tracks on GFR PEEK
plates showed the fibres were well matrix embedded and less damaged, enabling the formation of

transfer films similar to those found on pure PEEK;

(3)  The working mechanism of base oil lubrication depends on the surface roughness of the steel
counterparts. In PEEK composites-smooth steel contacts, the mechanism follows the traditional
theory after evaluating the modified Lambda ratios, as discussed for the pure PEEK-smooth steel
contacts. In PEEK composites-rough steel contacts, CFR PEEK and GFR PEEK showed different trends
depending on the thickness of the polymer transfer films formed. Owing to the lack of formation of
transfer films, CFR PEEK still followed the traditional theory, showing higher friction and larger wear
at lower modified Lambda ratios. On the other hand, GFR PEEK formed thick transfer films on the
steel counter surfaces and gave lower friction and wear than expected from the traditional theory

regardless of the values of the modified Lambda ratios.
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Chapter 7 Effect of lubricant additives on lubrication of

PEEK composites

This chapter investigates the effects of the lubricant additives, namely organic friction modifiers
(OFMs) and anti-wear (AW) additives, on the lubrication of the PEEK composites, specifically carbon
fibre reinforced (CFR) PEEK and glass fibre reinforced (GFR) PEEK, paired with steel counterparts.
Tribological testing was performed with lubricants containing OFMs and AW additives, followed by
surface analyses of the after-test specimens. In addition to the tests at ambient temperature
(approximately 25 °C), high temperature tests at 80 °C were conducted to investigate the working

mechanism of lubricant additives.

7.1 Results: Effect of organic friction modifiers

In Chapter 5, the effect of OFMs on the lubrication of pure PEEK paired with steel counterpart was
reported. This chapter adds to that study by addressing the case of PEEK composites, CFR PEEK and
GFR PEEK blended with 30 wt.% of carbon fibres and glass fibres. The detailed methodology
described in Chapter 3 was followed. As in the investigation of pure PEEK in section 5.1, three types
of OFMs, oleylamine (OAm), oleic acid (OAc) and N-oleoyl sarcosine (0Sa) were added at 1.0 wt.%
to PAOA4 as listed in Table 3.3. The tribological testing was carried out using a MTM with the Stribeck
routine as described in section 3.2.3. The test conditions were the standard conditions given in
Table 3.6. In Chapter 5, the tribological tests were conducted at 50% SRR (sliding-rolling) and 200%
SRR (sliding); this chapter focuses on the standard condition of 50% SRR (sliding-rolling) as
encountered in gears, one of the main expected applications. Steel balls with smooth surfaces (Ra
0f 0.01-0.02 um) and rough surfaces (Ra of approximately 0.5 um) were used as described in section

3.1.2.

7.1.1 Friction and wear performance

(a) PEEK composites-smooth steel contact

The Stribeck curves, representing friction coefficient values as a function of entrainment speed, in
the PEEK composites-smooth steel contact lubricated with PAO4 and PAO4 + OFMs are presented

in Figure 7.1 and Figure 7.2. As stated in section 5.1.1, the effect of OFMs is expected to be seen at
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lower entrainment speeds in Stribeck curves when the lubrication regime changes from
hydrodynamic lubrication to boundary lubrication. In the PEEK composites-smooth steel contacts,
OFMs reduced friction more at entrainment speeds below 0.1 m/s. Among the three types of OFMs,
a significant friction reduction was achieved by the addition of OSa (N-oleoyl sarcosine), while the
impact of the addition of OAm (oleylamine) and OAc (oleic acid) was much lower especially for the
CFR PEEK-smooth steel contact. Note that when the tribological tests were conducted with smooth
steel balls, there was almost no wear on the polymer plates, regardless of the polymer types or
lubricant formulations. These results are similar to those with the pure PEEK-smooth steel contact
reported in Figure 5.1 in section 5.1.1, although the impact for CFR PEEK is less. These results
indicate that OFMs work similarly both on pure PEEK and PEEK composites when paired with

smooth steel.

0.20
—— PAO4
< 015
o
% PAO4 + OAm
S o010
=
8 PAO4 + OAc
o
005 _
LS = S PAO4 + OSa
0.00 Ly
0.001 0.01 0.1 1

Entrainment speed, m/s

Figure 7.1. Stribeck curves of CFR PEEK paired with smooth steel balls for PAO4 and PAO4 + OFMs
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Figure 7.2. Stribeck curves of GFR PEEK paired with smooth steel balls for PAO4 and PAO4 + OFMs
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(b) PEEK composites-rough steel contact

To complement the investigation of pure PEEK in section 5.1.1, the effect of OFMs was investigated
in the PEEK composites-rough steel contact. The calculated Lambda ratios of below one indicate
that the tests were performed in the boundary lubrication regime. The Stribeck curves lubricated
with PAO4 and PAO4 + OFMs are shown in Figure 7.3 and Figure 7.4. The addition of OFMs,
especially OSa, increased friction between 0.5-0.05 m/s for CFR PEEK and 1-0.05 m/s for GFR PEEK.
This damaging effect of OFMs on friction was also observed in the pure PEEK-rough steel contact

(Figure 5.3).
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Figure 7.3. Stribeck curves of CFR PEEK paired with rough steel balls for PAO4 and PAO4 + OFMs
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Figure 7.4. Stribeck curves of GFR PEEK paired with rough steel balls for PAO4 and PAO4 + OFMs

The optical images of after-test polymer plates are shown in Figure 7.5 and Figure 7.6. The influence

of the addition of OFMs is not clear from the appearance of the four wear tracks, but PAO4 + OSa
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gave a wear track with a slightly larger width than the others for both CFR PEEK and GFR PEEK. This
was also confirmed by the wear profiles of the after-test PEEK plates shown in Figure 7.7 and Figure
7.8. The wear volumes of the polymer plates correlate well with the friction behaviour. PAO4 +
OAm and PAO4 + 0Sa, which showed higher friction in the CFR PEEK-rough steel contact (Figure
7.3), gave larger wear of the polymer plate. OSa also increased the friction and wear of the GFR
PEEK paired with rough steel (Figure 7.4). The wear volumes are lower for GFR PEEK than for CFR
PEEK with the same lubricants. The same trend was reported in section 6.1 which investigated the
effect of PAO4 lubrication in PEEK composites-rough steel contacts using the constant speed

routine (Figure 6.3).

i (@ PAcs

rﬂrmm 2
(b) PAO4 + OAm

Figure 7.5. Optical images of after-test CFR PEEK plates paired with rough steel balls for (a) PAO4

and (b-d) PAO4 + OFMs

(

Figure 7.6. Optical images of after-test GFR PEEK plates paired with rough steel balls for (a) PAO4
and (b-d) PAO4 + OFMs
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Figure 7.8. Wear profiles of GFR PEEK plates paired with rough steel balls for (a) PAO4 and (b-d)

7.1.2 Surface analyses

PAO4 + OFMs

As reported in Chapter 6, both the distribution of the reinforcement fibres on the polymer wear
tracks and the polymer transfer films on the steel counterparts are important factors influencing

the tribological behaviour of PEEK composites under oil-lubrication. To investigate further the
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mechanism of action, these factors were also analysed on after-test specimens lubricated with PAO
and PAO + 0Sa, OSa showing a greater effect on friction and wear behaviour than other OFMs.
Surface analyses were conducted only with the specimens tested with rough steel balls, because
the wear tracks on the polymer plates and the polymer transfer films on the steel balls were difficult

to detect on the PEEK composites-smooth steel contacts.

7.1.2.1 3D Profilometry

The wear tracks of polymer plates were investigated by Alicona optical profilometry as described in
section 3.3.1. The optical images and the corresponding 3D surface profiles of the wear tracks are
shown in Figure 7.9 and Figure 7.10. When lubricated with both PAO4 and PAO4 + OSa, a large
amount of finely fractured fibres was observed on the wear tracks of CFR PEEK, while a lesser
number of fibres was observed on the wear tracks of GFR PEEK and these were less damaged.
Additionally, the 3D surface profiles indicate that most of the fractured carbon fibres were located
on top of the PEEK matrix, while the glass fibres were well embedded in the PEEK matrix. These
features were also observed on the wear tracks of polymer plates lubricated with PAOs with
different viscosity grades as reported in Chapter 6. PAO4 and PAO4 + OSa provided almost the same
optical images and 3D surface profiles for both CFR PEEK and GFR PEEK despite the addition of OSa
increasing friction and wear as described in section 7.1.1. This indicates that OFMs do not influence
the distribution of fractured reinforcement fibres on the polymer wear tracks which was one of the
important factors influencing the tribological behaviour of PEEK composites under oil-lubrication
revealed in Chapter 6. The working mechanism of OFMs will be discussed in more detail in section

7.3.1.
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Figure 7.9. Optical images of wear tracks on polymer plates with rough steel balls for (a, c) PAO4

and (b, d) PAO4 + OSa
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Figure 7.10. 3D surface profiles of wear tracks on polymer plates with rough steel balls for (a, c)

7.1.2.2 EPMA

PAO4 and (b, d) PAO4 + OSa

As reported in Chapter 6, polymer transfer films on steel counterparts are an important factor in

reducing polymer wear not only for pure PEEK but also for PEEK composites. Therefore, the effect
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of OFMs on the formation of polymer transfer films was investigated. By following the procedure
described in section 3.3.3, SE images and EPMA carbon maps on after-test steel balls were obtained
as shown in Figure 7.11 and Figure 7.12. The amount of carbon in the transfer film is indicated by
the colour scale on the EPMA map. For CFR PEEK under lubrication with both PAO4 and PAO4 + OSa,
transfer films were hardly observed on SE images and almost no carbon was detected on the wear
tracks in EPMA carbon maps. A polymer transfer film was observed on the wear track produced
with GFR PEEK under PAO4 lubrication (Figure 7.11 (c) and Figure 7.12 (c)), but the amount of this
film was less with PAO4 + OSa (Figure 7.11 (d) and Figure 7.12 (d)). The addition of OSa reduced
the amount of carbon outside the wear tracks for both CFR PEEK and GFR PEEK. These results
indicate that OSa adsorbed on the steel surface and inhibited the formation of polymer transfer
films, resulting in larger wear of the polymer plates. This mechanism of action is similar to that for
pure PEEK shown in section 5.1. As the amount of wear of CFR PEEK increased on adding OSa, the
formation of the polymer transfer film is hypothesised to occur under PAO4 lubrication to some
extent and contribute to mitigating the direct contact between CFR PEEK and steel surfaces. The

working mechanism of OFMs will be discussed in more detail in section 7.3.1.
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Figure 7.11. SE images of after-test rough steel balls paired with CFR and GFR PEEK lubricated
with (a, ¢) PAO4 and (b, d) PAO4 + OSa
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Figure 7.12. EPMA carbon maps of after-test rough steel balls paired with CFR and GFR PEEK
lubricated with (a, c) PAO4 and (b, d) PAO4 + OSa

7.13 Testing at higher temperature

In the standard test condition of this study described in section 3.2.3, tribological tests were carried
out at ambient temperature (approximately 25 °C). However, as frictional heat can accelerate the
adsorption of OFMs, test temperature is an important parameter influencing the working
mechanism of OFMs. This becomes more important in the polymer-rough steel contact where the
formation of the polymer transfer film on the steel surface greatly affects tribological performance,
because the adsorption of OFMs and the formation of transfer films are related, as reported in
section 5.3.1. Therefore, this section investigates the effect of OFMs at a higher temperature (80 °C).
OSa was studied in this section because it exhibited a greater effect on friction and wear behaviour

than other OFMs in the ambient temperature tests reported in section 7.1.1.

(a) Friction and wear performance

The tribological test conditions were the same as those in section 7.1.1 except for the test
temperature. Although this chapter focuses principally on the PEEK composites, the higher
temperature tests were performed on both pure PEEK and PEEK composites, CFR PEEK and GFR
PEEK, paired with rough steel balls. The Stribeck curves for the tests lubricated with PAO4 and PAO4

+ OSa are presented in Figure 7.13, Figure 7.14 and Figure 7.15. In each figure, the Stribeck curves
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obtained at ambient temperature (approximately 25 °C) and 80 °C are shown with grey and orange

lines, respectively.

In the pure PEEK-rough steel contact (Figure 7.13), OSa increased friction at ambient temperature,
while it decreased friction at 80 °C. Over the whole range of entrainment speeds friction coefficients
under PAO4 lubrication showed higher values at 80 °C than at ambient temperature. In contrast,
friction coefficients under PAO4 + OSa showed lower values at 80 °C especially at entrainment

speeds above 0.1 m/s.
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Figure 7.13. Stribeck curves of pure PEEK paired with rough steel balls for PAO4 and PAO4 + OSa

at ambient temperature (approximately 25 °C) and 80 °C

In the CFR PEEK-rough steel contact (Figure 7.14), OSa increased friction at ambient temperature
and 80 °C especially at entrainment speeds above 0.1 m/s. Tests at 80 °C gave lower friction at
entrainment speeds above 0.1 m/s under both PAO4 and PAO4 + OSa, while the friction coefficients
at entrainment speeds below 0.1 m/s showed similar values regardless of lubricant or temperature

tested.
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Figure 7.14. Stribeck curves of CFR PEEK paired with rough steel balls for PAO4 and PAO4 + OSa at

ambient temperature (approximately 25 °C) and 80 °C

In the GFR PEEK-rough steel contact (Figure 7.15), OSa increased friction at both ambient
temperature and 80 °C especially at entrainment speeds above 0.1 m/s, however, at these
entrainment speeds the increase at 80 °C was much less than at ambient temperature. Under PAO4

lubrication, tests at ambient temperature and 80 °C gave almost the same friction curves.
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Figure 7.15. Stribeck curves of GFR PEEK paired with rough steel balls for PAO4 and PAO4 + OSa

at ambient temperature (approximately 25 °C) and 80 °C

The optical images and wear profiles of after-test polymer plates tested at 80 °C are presented in
Figure 7.16 and Figure 7.17. As already reported in sections 5.1.1. and 7.1.1, the addition of OSa
increased the wear of the polymer plates when tested at ambient temperature regardless of the
polymer type (Figure 5.7, Figure 7.7, Figure 7.8). In contrast, PAO4 and PAO4 + OSa gave similar

wear profiles for each after-test polymer plate when tested at 80 °C (Figure 7.17), although they
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produced wear tracks with a slightly different appearance (Figure 7.16). As discussed in section

5.3.1, in the sliding-rolling contact used the adsorption of OFMs on the rough steel surface causes

a negative effect on the wear of polymer plate by inhibiting the formation of polymer transfer films.

The adsorption of OFMs is expected to be accelerated at higher temperature, suggesting that the

negative effect of OFMs on the wear of the polymer plate would possibly become more significant

at higher temperature. However, contrary to this expectation, the addition of OSa had less impact

on the wear of the polymer plates at 80 °C. This may be because not only the adsorption of OFMs,

but also the formation of polymer transfer films is accelerated at higher temperature and thus the

amount of polymer transfer film, which controls the tribological behaviour, is determined by the

interplay of these two factors. Therefore, the polymer transfer films formed in higher temperature

tests were investigated using EPMA.
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Figure 7.16. Optical images of after-test polymer plates paired with rough steel balls and

lubricated with (a, ¢, e) PAO4 and (b, d, f) PAO4 + OSa at 80 °C
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Figure 7.17. Wear profiles of after-test polymer plates paired with rough steel balls and

lubricated with (a, ¢, e) PAO4 and (b, d, f) PAO4 + OSa at 80 °C

(b) EPMA

Polymer transfer films formed on the steel surfaces in the higher temperature tests were
investigated by following the procedure described in section 3.3.3. SE images and EPMA carbon
maps on after-test steel balls were obtained as shown in Figure 7.18 and Figure 7.19. Compared
with the test at ambient temperature (approximately 25 °C) reported in section 5.1.2.2 and 7.1.2.2,
thicker transfer films were formed at 80 °C under lubrication with both PAO4 and PAO4 + OSa
regardless of polymer types. As described in section 2.1.3, Kurdi et al. reported that for PEEK and
PEEK composites, which show a more ductile behaviour at higher temperature, the amount of
polymer transfer films increases with the softening of the polymer surfaces caused by heat [19].
The EPMA results suggest that the same mechanism applies even under lubrication. OSa inhibited
the formation of polymer transfer films at 80 °C as well as at ambient temperature, but sufficient
polymer transfer films were formed at 80 °C even under lubrication with PAO4 + OSa. These results
correlate well with the friction and wear performance found at 80 °C, which indicate that even
when lubricated at higher temperature, the mechanism of action is basically the same as that at

ambient temperature.
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Figure 7.18. SE images of after-test rough steel balls lubricated with (a, c, e) PAO4 and (b, d, f)
PAO4 + 0Sa at 80 °C
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Figure 7.19. EPMA carbon maps of after-test rough steel balls lubricated with (a, c, e) PAO4 and
(b, d, f) PAO4 + OSa at 80 °C
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7.2 Results: Effect of anti-wear additives

In Chapter 5, the effect of AW additives on the lubrication of pure PEEK paired with steel
counterpart was reported. This chapter reports a similar study on PEEK composites, CFR PEEK and

GFR PEEK blended with 30 wt.% of carbon fibres and glass fibres.

The detailed methodology described in Chapter 3 was followed. As in the investigation of pure PEEK
contained in section 5.2, the typical anti-wear (AW) additives, Zinc dialkyldithiophosphate (ZDDP)
and tricresyl phosphate (TCP) were added at 1.0 wt.% to PAO4 as listed in Table 3.4. The tribological
tests were carried out using a MTM with the Stribeck routine as described in section 3.2.3. The test
conditions were the standard conditions given in Table 3.6, i.e. with a 50% SRR (sliding-rolling). Steel
balls with smooth surfaces (Ra of 0.01-0.02 um) and rough surfaces (Ra of approximately 0.5 pm)

were used as described in section 3.1.2.

7.2.1 Friction and wear performance

(a) PEEK composites-smooth steel contact

The Stribeck curves in the PEEK composites-smooth steel contact lubricated with PAO4 and PAO4
+ AW additives are presented in Figure 7.20 and Figure 7.21. For both CFR PEEK and GFR PEEK, AW
additives had little impact on the friction performance, although ZDDP slightly increased friction.
As reported in section 5.2.1, AW additives also had little influence on the friction coefficients of the
pure PEEK-smooth contact. These results imply that the test conditions were too mild for AW

additive reaction films to form.
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Figure 7.20. Stribeck curves of CFR PEEK paired with smooth steel balls for PAO4 and PAO4 + AW
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Figure 7.21. Stribeck curves of GFR PEEK paired with smooth steel balls for PAO4 and PAO4 + AW

(b)

additives

PEEK composites-rough steel contact

The effect of AW additives was investigated in the PEEK composites-rough steel contacts where the

calculated Lambda ratios of below one indicate that the tests were performed in the boundary

lubrication regime. The Stribeck curves lubricated with PAO4 and PAO4 + AW additives are shown

in Figure 7.22 and Figure 7.23. Similar to the PEEK composites-smooth steel contacts, AW additives

have little effect on the friction coefficients for both CFR PEEK and GFR PEEK.
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Figure 7.22. Stribeck curves of CFR PEEK paired with rough steel balls for PAO4 and PAO4 + AW

additives
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Figure 7.23. Stribeck curves of GFR PEEK paired with rough steel balls for PAO4 and PAO4 + AW

additives

The optical images of the after-test polymer plates are presented in Figure 7.24 and Figure 7.25.

The influence of the addition of AW additives is not clear from the appearance of wear tracks for

both CFR PEEK and GFR PEEK. This was also the case for the wear profiles of the after-test PEEK

plates shown in Figure 7.26 and Figure 7.27. These results suggest that AW additives did not work

well both in the PEEK composites-rough steel contacts and in the PEEK composites-smooth steel

contacts.
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Figure 7.24. Optical images of after-test CFR PEEK plates paired with rough steel balls lubricated
with (a) PAO4 and (b, ¢) PAO4 + AW additives

Figure 7.25. Optical images of after-test GFR PEEK plates paired with rough steel balls lubricated
with (a) PAO4 and (b, ¢) PAO4 + AW additives
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Figure 7.26. Wear profiles of CFR PEEK plates paired with rough steel balls lubricated with (a)
PAO4 and (b, c) PAO4 + AW additives
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Figure 7.27. Wear profiles of GFR PEEK plates paired with rough steel balls lubricated with (a)
PAO4 and (b, c) PAO4 + AW additives

7.2.2 Surface analyses

As seen in section 7.2.1, the addition of the AW additives, ZDDP and TCP, did not influence the
friction and wear performance of the PEEK composites-steel contact. This indicate that AW

additives did not work well under the test conditions. To confirm this, polymer transfer films on the
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steel balls and reaction films formed on the steel balls and the polymer plates were investigated on
after-test specimens lubricated with PAO and PAO + ZDDP. Surface analyses were conducted only
on the specimens tested with rough steel balls as the wear tracks on the polymer plates and the
polymer transfer films on the steel balls were difficult to detect in the PEEK composites-smooth

steel contacts.

7.2.2.1 EPMA of polymer transfer films

EPMA of after-test steel ball specimens was performed to investigate the polymer transfer films
following the procedure described in section 3.3.3. Secondary Electron (SE) images and EPMA
carbon maps on the after-test rough steel balls are shown in Figure 7.28 and Figure 7.29. For CFR
PEEK under lubrication with both PAO4 and PAO4 + ZDDP, transfer films were hardly observed on
SE images and almost no carbon was detected on the wear tracks in the EPMA carbon maps. For
GFR PEEK, the addition of ZDDP had a small impact; it slightly decreased the amount of transfer
films on the wear track in both the SE image and the EPMA carbon map. These results correlated
well with the wear behaviour that PAO4 and PAO4 + ZDDP gave almost the same wear of both CFR
PEEK and GFR PEEK (Figure 7.26 and Figure 7.27).
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Figure 7.28. SE images of after-test rough steel balls lubricated with (a, c) PAO4 and (b, d) PAO4 +
ZDDP
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Figure 7.29. EMPA carbon maps of after-test rough steel balls lubricated with (a, c) PAO4 and (b,
d) PAO4 + ZDDP

7.2.2.2 EPMA of AW additive reaction films

As described in section 5.2.2.2, if ZDDP reaction films are formed on the steel and/or polymer
surfaces, these films may contribute to reducing the wear of the polymer plate. To investigate the
presence of ZDDP reaction films, which consist of phosphorus and sulphur atoms, EPMA
phosphorus and sulphur mapping was conducted on the after-test steel balls and polymer plates in

the PEEK composites-rough steel contact following the procedure described in section 3.3.3.

Figure 7.30 shows the SE images and corresponding EPMA phosphorus and sulphur maps of the
after-test rough steel balls lubricated with PAO4 + ZDDP. The amount of phosphorus and sulphur
was very low on the steel balls paired with both CFR PEEK and GFR PEEK. This indicates that there

was almost no reaction film on the steel surface regardless of the types of PEEK composites.
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Figure 7.30. (a, d) SE images and corresponding EPMA (b, e) phosphorus and (c, f) sulphur maps

of after-test rough steel balls lubricated with PAO4 + ZDDP

The EPMA phosphorus and sulphur maps were also obtained for the after-test polymer plates as
shown in Figure 7.31. Similar to the steel balls, the amount of phosphorus and sulphur was very low
on both the CFR PEEK and GFR PEEK plates. As phosphorus and sulphur were not detected on both
the steel balls and polymer plates, it is concluded that ZDDP did not form a reaction film on the

PEEK composites-rough steel contacts under the test conditions applied in section 7.2.1.
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Figure 7.31. (a, d) SE images and corresponding EPMA (b, e) phosphorus and (c, f) sulphur maps

of after-test polymer plates lubricated with PAO4 + ZDDP
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7.23 Testing at higher temperature

As reported in section 7.1.3, the test temperature is an important parameter which influences the
effect of OFMs on the tribological performance of pure PEEK and PEEK composites paired with
rough steel. AW additives are also known to be more active under more severe operating conditions
such as higher temperature [39,113,115,160]. Therefore, this section investigates the effect of
ZDDP, the most typical AW additive, at a higher temperature (80 °C).

(@) Friction and wear performance

The tribological test conditions were the same as in section 7.2.1 except for the test temperature.
Although this chapter focuses on the PEEK composites, for completeness higher temperature tests
were also carried out on pure PEEK as well as on the PEEK composites, CFR PEEK and GFR PEEK,
paired with rough steel balls. The Stribeck curves when lubricated with PAO4 and PAO4 + ZDDP are
given in Figure 7.32, Figure 7.33 and Figure 7.34. In each figure, the Stribeck curves obtained at
ambient temperature (approximately 25 °C) and 80 °C are shown with grey and orange lines,
respectively. Irrespective of the polymer types, the addition of ZDDP had little effect on the friction
performance at both ambient temperature and 80 °C, i.e., PAO4 and PAO4 + ZDDP gave almost the
same Stribeck curves. As already described in section 7.1.3, with the same lubricant, the friction
coefficients of pure PEEK showed higher values at 80 °C than at ambient temperature (Figure 7.32),
while those of CFR PEEK gave lower values at 80 °C (Figure 7.33). The friction coefficients of GFR

PEEK had almost the same values regardless of lubricants or test temperature (Figure 7.34).
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Figure 7.32. Stribeck curves of pure PEEK paired with rough steel balls for PAO4 and PAO4 + ZDDP

at ambient temperature (approximately 25 °C) and 80 °C
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Figure 7.33. Stribeck curves of CFR PEEK paired with rough steel balls for PAO4 and PAO4 + ZDDP

at ambient temperature (approximately 25 °C) and 80 °C
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Figure 7.34. Stribeck curves of GFR PEEK paired with rough steel balls for PAO4 and PAO4 + ZDDP

at ambient temperature (approximately 25 °C) and 80 °C

The optical images and wear profiles of the after-test polymer plates tested at 80 °C are presented
in Figure 7.35 and Figure 7.36. Similar to the friction coefficient results, the addition of ZDDP had
little impact on the wear performance at 80 °C, i.e., PAO4 and PAO4 + ZDDP produced almost the
same wear profiles for pure PEEK, CFR PEEK and GFR PEEK. These results indicate that ZDDP did not
work in the PEEK composites-rough steel contacts even at a higher temperature. This was

confirmed by the investigation with EPMA.
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Figure 7.35. Optical images of after-test polymer plates paired with rough steel balls and

lubricated with (a, ¢, e) PAO4 and (b, d, f) PAO4 + ZDDP at 80 °C
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Figure 7.36. Wear profiles of after-test polymer plates paired with rough steel balls and

lubricated with (a, c, €) PAO4 and (b, d, f) PAO4 + ZDDP at 80 °C
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(b) EPMA

EPMA on the after-test steel ball specimens was performed to investigate both the polymer transfer
films and the ZDDP reaction films following the procedure described in section 3.3.3. Secondary
Electron (SE) images and EPMA carbon maps on the after-test rough steel balls are shown in Figure
7.37 and Figure 7.38. Regardless of the type of polymer, the addition of ZDDP had little influence
on the amount of transfer films detected on the wear tracks. In the case of GFR PEEK, PAO4 + ZDDP
produced slightly less film than PAO4, but the influence of this AW additive was much less than that
of the OFM (OSa) reported in section 7.1.3. Bearing in mind that a slight inhibition of the formation
of polymer transfer films by ZDDP was also observed at ambient temperature in section 7.2.2.1, the
addition of ZDDP is thought to slightly inhibit the formation of polymer transfer films. However, as
this inhibiting effect is small compared with the acceleration of the formation of polymer transfer

films at high temperature, the effect of ZDDP was hardly noticeable for pure PEEK and CFR PEEK.
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Figure 7.37. SE images of after-test rough steel balls lubricated with PAO4 and PAO4 + ZDDP at
80 °C
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Figure 7.38. EPMA carbon maps of after-test rough steel balls lubricated with (a, c, e) PAO4 and
(b, d, f) PAO4 + OSa at 80 °C

Figure 7.39 shows the SE images and corresponding EPMA phosphorus and sulphur maps of the
after-test rough steel balls lubricated with PAO4 + ZDDP at 80 °C. There was very little phosphorus
and sulphur on the steel balls regardless of the type of polymers tested. This indicates that there
was almost no reaction film on the steel surface. There was also very little phosphorus and sulphur
on the polymer plates as shown in Figure 7.40. Together these results indicate that ZDDP did not
form a reaction film on the polymer-rough steel contacts even when tested at 80 °C. The working

mechanism of the AW additives (ZDDP) will be further discussed in section 7.3.2.
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Figure 7.39. (a, d, g) SE images and corresponding EPMA (b, e, h) phosphorus and (c, f, i) sulphur

maps of after-test rough steel balls lubricated with PAO4 + ZDDP at 80 °C
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Figure 7.40. (a, d, g) SE images and corresponding EPMA (b, e, h) phosphorus and (c, f, i) sulphur

maps of after-test PEEK plates lubricated with PAO4 + ZDDP at 80 °C
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7.3 Discussion

As reported in Chapter 5, OFMs, especially OSa, greatly affected the friction and wear properties of
the pure PEEK-steel contact, while the effect of AW additives was limited compared to that of the
OFMs. A similar trend was observed for the PEEK composites-steel contacts investigated in this
chapter. Based on the experimental results of tribological testing and surface analyses, this section

discusses the working mechanisms of OFMs and AW additives in more detail.

7.3.1 Working mechanism of OFMs

As indicated in section 7.1.1, the effect of OFMs on the friction and wear performance of the PEEK
composites-steel contacts were similar to that of the pure PEEK-steel contact when tested in the
sliding-rolling condition reported in Chapter 5, i.e., OFMs reduced friction in the polymer-smooth
steel contacts, while they increased friction and wear of the polymer when paired with the rough
steel. These results suggest that the working mechanism of OFMs in the PEEK composites-steel
contacts is similar to that in the pure PEEK-steel contact discussed in section 5.3.1. Chapter 6
indicated that the reinforcement fibres contained in the PEEK composites changed the working
mechanism when paired with rough steel. Taking these aspects into account, the working

mechanism of OFMs in the PEEK composites-steel contacts is summarized below.

(a) PEEK composite-smooth steel contact

As reported in section 7.1.1, when paired with smooth steel, the effect of OFMs on CFR PEEK and
GFR PEEK is similar to that on pure PEEK. This suggests that OFMs work similarly regardless of
polymer types, as shown in Figure 7.41. The nanoindentation measurement results in section
6.1.2.2 reveal that the surfaces of pristine CFR PEEK and GFR PEEK plates consist almost entirely of
the PEEK matrix. As there was almost no wear of the CFR PEEK and GFR PEEK plates when paired
with smooth steel under lubrication with both PAO4 and PAO4 + OFMs as reported in section 7.1.1,
OFMs are assumed to adsorb on both the steel surface and the PEEK matrix of CFR PEEK and GFR

PEEK and so reducing friction.
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Figure 7.41. Schematic of contact surfaces in polymer-smooth steel contacts lubricated with PAO

and PAO + OFM

(b) PEEK composite-rough steel contact

Section 5.3.1 reported that in the PEEK-rough steel contact, OFMs inhibit the formation of PEEK
transfer films on the steel counterparts, thus increasing friction and wear of PEEK. Based on the
results of the tribological testing and surface analyses presented in section 7.1, the mechanism of
action of PEEK composites-rough steel contact is as shown in Figure 7.42. As discussed in section
6.3.2, in the CFR PEEK tests, the fractured carbon fibres exposed on the polymer surface wear off,
by abrasion, the polymer transfer films on the steel counterparts and thus inhibit film formation
even under PAO lubrication. Therefore, it is difficult to observe any further inhibition of polymer
transfer films by OFMs. However, the fact that the addition of OFMs increased friction and wear
supports the following: some polymer transfer films are formed on the rough steel surface even
when paired with CFR PEEK, but they are removed immediately, resulting in less film being detected
at the end of the test. Despite these films being temporary, they can contribute to reducing friction
and wear. The addition of OFM inhibits the formation process of these films, and thus increases
friction and wear of CFR PEEK. In the GFR PEEK tests, the polymer transfer film formed is thick even
under PAO lubrication as was the case for pure PEEK. The glass fibres on the wear tracks were less
damaged and better embedded in the PEEK matrix, therefore not causing the negative effect on
film formation seen for the exposed carbon fibres. OFM inhibits the formation of polymer transfer

films on the steel counterparts, thus increasing friction and wear of GFR PEEK.
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Figure 7.42. Schematic of contact surfaces in polymer-rough steel contacts lubricated with PAO

and PAO + OFM

Even when lubricated at a higher temperature, the mechanism of action is basically the same as
that at ambient temperature (approximately 25 °C). As discussed in section 4.3.2, the total amount
of polymer transfer films is determined by the balance between the formation and removal
processes which depends on the tribological test conditions. At a higher temperature, the
formation of the polymer transfer films is enhanced by the softening of the polymer surfaces caused
by heat [19]. As a result, the formation process of the polymer transfer film is faster than the
removal process, resulting in thicker transfer films than at ambient temperature. Taking this into
account, the schematic of the contact surfaces in the polymer-rough steel contacts lubricated with
PAO and PAO + OFM at a higher temperature is modified as shown in Figure 7.43. As shown in
section 7.1.3, thick transfer films are formed at a higher temperature irrespective of polymer types.
In the pure PEEK-steel contact, the friction coefficient under PAO4 lubrication had higher values at
a high temperature than those at ambient temperature as reported in Figure 7.13. EPMA carbon
maps (Figure 7.19) support the idea that the excessively thick transfer film increases friction. OFM
(OSa) inhibits the formation of polymer transfer films at a high temperature as well as at ambient
temperature, but sufficient polymer transfer films are still formed at a high temperature, due to
the acceleration of the formation of these films, resulting in low wear of polymers even under
lubrication with PAO + OFM. In the CFR PEEK-steel contact, many fractured carbon fibres are found
on the polymer surface when tested at ambient temperature as shown in Figure 7.42. However,
the amount of fractured fibres was much less in the high temperature tests under lubrication with

both PAO and PAO + OFM due to the polymer transfer films mitigating contact.
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Figure 7.43. Schematic of contact surfaces in polymer-rough steel contacts lubricated with PAO

and PAO + OFM at high temperature

7.3.2 Working mechanism of AW additives

In this study, the effect of AW additives on the tribological performance of CFR PEEK and GFR PEEK
paired with steel counterparts were not readily apparent at both ambient temperature
(approximately 25 °C) and at high temperature (80 °C) as reported in section 7.2.1 and section 7.2.3.
As no reaction film was detected on both the steel and the polymer surfaces irrespective of the test
temperature, AW additives are assumed not to work in the PEEK composites-steel contacts at least
under the sliding-rolling condition (50% SRR) used in this chapter. As reported in Chapter 5, ZDDP
did form a thin reaction film on the PEEK surface in the sliding condition (200% SRR), resulting in a
slight improvement in the wear of the PEEK plate. However, the impact of ZDDP was much less than

that of OFMs.

The above might be explained by the fact that Fujita and Spikes reported that thermal action alone
cannot explain the formation of a ZDDP reaction film and suggested that the ZDDP reaction film
formation is strongly catalysed by species released during rubbing, such as soluble Fe? or Fe** [160].
In the PEEK-steel and PEEK composite-steel contacts, no wear of the steel surface was observed
under lubricated conditions and thus there were no catalyst species to accelerate the formation of
the ZDDP reaction film. Most AW additives such as TCP also need this kind of surface catalysis to

form reaction films [114], while OFMs can work by physically adsorbing on the surfaces [98,99].

Based on the discussion above, in both PEEK-steel and PEEK composites-steel contacts AW additives
have less influence on tribological performance due to their lack of ability to form the reaction films.
Although AW additives can affect the friction and wear performance under limited condition, their

impact is much lower than that of OFMs.
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7.4 Summary

This chapter investigated the effect of organic friction modifiers (OFMs) and anti-wear (AW)
additives on the lubrication of carbon fibre reinforced (CFR) PEEK and glass fibre reinforced (GFR)
PEEK paired with steel counterparts. In addition to the tests carried at ambient temperature
(approximately 25 °C), tests at 80 °C were also conducted to investigate the working mechanism of

these lubricant additives.

Firstly, tribological tests using a MTM were performed on CFR PEEK-steel and GFR PEEK-steel
contacts under lubrication with PAO4 and PAO + OFMs, oleylamine (OAm), oleic acid (OAc) and N-
oleoyl sarcosine (0OSa). Surface analyses of after-test specimens by Alicona and EPMA were
conducted, focusing both on the distribution of the reinforcement fibres on polymer surfaces and
on the formation of polymer transfer films on the steel counterparts. In addition, tribological testing
at a higher temperature (80 °C) was carried out to investigate the mechanism of action of OFMs.

The following conclusions have been drawn:

(1) In PEEK composites-smooth steel contacts, OFMs, especially OSa, reduced friction both for
CFR PEEK and GFR PEEK. Although their impact was less for CFR PEEK, this friction reducing effect
for PEEK composites is similar to that found for pure PEEK. In the PEEK composites-rough steel
contact, OFMs, most significantly OSa, increased friction and wear for both CFR PEEK and GFR PEEK

as well as for pure PEEK;

(2)  When paired with rough steel, a large amount of fractured and exposed carbon fibres was
detected on the wear tracks of CFR PEEK, while less damaged and well embedded glass fibres were
observed on the GFR PEEK wear track. PAO4 and PAO4 + OFM (0Sa) produced almost the same

wear track features for both PEEK composites;

(3)  The addition of OFM (0Sa) inhibited the formation of polymer transfer films on the steel

counterparts causing an increased wear of both CFR PEEK and GFR PEEK, as well as pure PEEK;

(4) When tested at a higher temperature (80 °C), thicker polymer transfer films were formed on
the steel surface irrespective of the type of polymers, resulting in low wear of the polymers even

under lubrication with PAO + OFM;

(5)  The working mechanism of OFMs in the PEEK composites-steel contacts is thought to be
similar to that of the pure PEEK-steel contact. The adsorption of OFMs on the contact surfaces and
the formation of the polymer transfer films on the steel surfaces are the key factors controlling

tribological performance and these two phenomena are interdependent.
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Secondly, tribological tests were conducted with PAO4 and PAO4 + AW additives, ZDDP and TCP. In
addition to EPMA carbon maps of the after-test steel balls to evaluate the amount of PEEK transfer
films present, EPMA phosphorous and sulphur maps of the after-test steel balls and PEEK plates
were obtained to investigate any reaction films formed by the AW additive (ZDDP). Tribological

tests at 80 °C were also carried out to investigate the mechanism of action of AW additives:

(1)  The addition of ZDDP and TCP had little impact on the friction and wear performance of the
PEEK composites-steel contacts irrespective of the polymer types or surface roughness of the steel

balls. This was also found in the high temperature tests;

(2)  No reaction film derived from ZDDP was detected on both the steel and polymer surfaces

even when tested at 80 °C;

(3) In PEEK composites-steel contacts, AW additives have less effect on tribological performance

than OFMs due to their lack of ability to form reaction films.
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Chapter 8 Conclusions and future work

8.1 Conclusions

The aim of this study was to elucidate the effect of lubrication on the tribological properties of PEEK
and its composites and thus ascertain the lubrication mechanism. Tribological tests were mainly
performed on PEEK, carbon fibre reinforced (CFR)PEEK and glass fibre reinforced (GFR) PEEK paired
with steel using a Mini Traction Machine (MTM) which simulates the sliding-rolling contact motion
encountered in gears, one of the main expected applications of this study. Base oils with/without
lubricant additives, namely organic friction modifiers (OFMs) and anti-wear (AW) additives, were
employed as test lubricants. To further investigate the mechanism of action, after-test specimens
were analysed using various surface analysis techniques e.g.,, 3D surface profilometer,
nanoindentation, Electron Probe Micro Analysis (EPMA), X-ray Photoelectron Spectroscopy (XPS)

and Raman spectroscopy.

The main conclusions from the results of this study are as follows:
(a) The effect and working mechanism of base oil lubrication on the tribological properties of PEEK

Compared with dry conditions, lubrication with PAO4, as a base oil, reduced the friction of the PEEK-
steel contact regardless of the operating conditions (i.e. SRR). By contrast, lubrication has a positive
or negative effect on the wear of PEEK, depending on SRR. Lubrication with PAO4 resulted in a
softening of the PEEK wear track, but no correlation was established between this and wear
performance. The thickness of the PEEK transfer films on the steel counter surfaces was the main
parameter that controlled PEEK wear in not only dry conditions but also lubricated conditions.
Lubrication with PAO4 inhibited both the formation and the removal of the PEEK transfer films and
the resulting balance between these opposing processes explains why lubrication can have both a

positive and negative effect on the wear of PEEK, depending on the operating conditions.

The effect of base oil viscosity, one of the most important parameters when designing lubricants
suitable for various applications, shows different trends depending on the roughness of the steel
counterparts. In PEEK-smooth steel contacts, PAOs with higher viscosity gave lower friction and less
damage to the PEEK surfaces, while in PEEK-rough steel contacts higher viscosities resulted in higher
friction and greater wear of PEEK. The softening of PEEK wear tracks was observed under some
conditions, but little correlation was found with tribological performance. The amount of PEEK

transfer films on the steel counterparts correlated well with the tribological properties of the PEEK-
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rough steel contact. PAOs with lower viscosity gave more transfer films, resulting in better

tribological performance.

By considering the two factors proposed in previous studies to play decisive roles in PEEK-steel
contacts, namely hardness modification of PEEK and the presence of PEEK transfer films on steel
balls, the working mechanism of base oil lubrication of PEEK can be deduced. Hardness modification
of PEEK is caused by the permeation of base oil molecules through the damaged surface and does
not directly affect the tribological properties of the PEEK-steel contact. Base oil lubrication inhibits
both the formation and removal of the PEEK films. The balance between these processes is
controlled by the severity of the tribological conditions, causing both a positive and negative effect
on the tribological properties of PEEK. The working mechanism of base oil lubrication depends on
the surface roughness of the steel counterparts. In PEEK-smooth steel contacts, the working
mechanism of base oil lubrication basically follows the traditional theory after taking into account
the modification of the surface roughness by removal (through wear) and/or compression of PEEK
asperities. However, base oil lubrication of PEEK-rough steel contacts does not follow the

traditional theory due to the PEEK transfer films formed on the steel counterparts.

(b) The effect and working mechanism of lubricant additives (OFMs and AW additives) on the
lubrication of PEEK

Of the three types of OFMs which have been widely used in commercial lubricants namely
oleylamine (OAm), oleic acid (OAc) and N-oleoyl sarcosine (OSa), OSa gave a significant friction
reduction in the PEEK-smooth steel contact at both 50% SRR (sliding-rolling condition) and 200%
SRR (sliding condition). A similar friction reducing effect of OSa was observed in the PEEK-PEEK and
steel-steel contacts, demonstrating the superior adsorption ability of OSa on both PEEK and steel
surfaces. In the PEEK-rough steel contact, OFMs, most significantly OSa, showed opposite effects
depending on SRRs, reducing friction and wear at 200% SRR (sliding condition) while increasing
them at 50% SRR (sliding-rolling condition). The hardness of the PEEK surfaces was affected by the
addition of OSa, but no correlation was observed between the PEEK hardness and the tribological
properties of the PEEK-steel contact. However, a good correlation was observed between the
amount of PEEK transfer films on the steel counterparts and the tribological properties of the PEEK-
steel contact when lubricated with PAO4 and PAO4 + OSa. The working mechanism of OFMs is
explained by the adsorption of OFMs on the contact surfaces and the formation of the PEEK transfer
films on the steel surfaces. As these two phenomena are interrelated, the effect of OFMs depends
on the test conditions, which explains why OFMs can have either a positive or negative effect on

the tribological properties.
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The addition of ZDDP and TCP slightly reduced friction in the PEEK-smooth steel contact at 200%
SRR (sliding condition), but less influence was seen at 50% SRR (sliding-rolling condition). Both ZDDP
and TCP did not affect the friction in the PEEK-PEEK contact regardless of SRRs, while their influence
on friction in the steel-steel contacts depended on SRRs, indicating that the reaction film formation
ability of AW additives is higher on the steel surface than on the PEEK surface. Compared to OFMs,
AW additives had less impact on the friction and wear performance in the PEEK-rough steel contact
except for ZDDP at 200% SRR (sliding condition) where a slight improvement in the wear of the
PEEK plate was seen. PAO4 and PAO4 + ZDDP produced similar amounts of polymer transfer films
on the steel countersurface at both 50% SRR (sliding-rolling condition) and 200% SRR (sliding
condition) in the PEEK-rough steel contact. At 200% SRR, PAO4 + ZDDP slightly improved the wear
of the PEEK plate, probably due to the formation of a ZDDP reaction film. The working mechanism
of AW additives is explained by the formation of adsorption films and/or reaction films. The ability
of AW additives to form adsorption/reaction films is not as high as OFMs in the PEEK-steel contact.
Therefore, AW additives formed thin films only at 200% SRR (sliding condition) which can provide

higher frictional heat to accelerate the adsorption/reaction of AW additives.

(c) The effect and working mechanism of base oil lubrication on the tribological properties of CFR

PEEK and GFR PEEK

Although lubrication with PAO4 reduced the friction of both CFR PEEK and GFR PEEK paired with
rough steel compared to dry condition, GFR PEEK gave significantly lower friction and wear than
CFR PEEK. In dry conditions, the CFR and GFR PEEK gave similar wear tracks with piled up wear
debris containing fractured fibres. In PAO4 lubricated conditions, the reinforcement fibres were
observed on the wear tracks, especially and in greater amount for CFR PEEK. On the wear tracks
the carbon fibres of CFR PEEK were exposed and fractured, while the glass fibres of the GFR PEEK
were less damaged and well embedded in the matrix. Both the carbon and glass fibres distributed
on the wear tracks were much harder than the PEEK matrix. There was a large difference in the area
covered by the reinforcement fibres e.g. the carbon fibres covered about 40% of the wear tracks,
while the glass fibres covered less than 5%. In PAO4 lubricated conditions, the amount of the
polymer transfer films on the steel counter surfaces correlated well with the tribological
performance. No transfer film was observed for the CFR PEEK test, while a thick transfer film was

detected for the GFR PEEK test which imparted a lower friction and wear.

In PEEK composites-smooth steel contacts, the PAOs gave almost the same friction coefficients for
both CFR PEEK and GFR PEEK. When paired with rough steel, the effect of base oil viscosity shows

different trends depending on the polymer types. The friction and wear in the CFR PEEK tests
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showed lower values when lubricated with higher viscosity PAOs, while the friction and wear in the
GFR PEEK tests were less influenced by the PAQ viscosity. In PEEK composites-rough steel contacts,
fractured and exposed carbon fibres on the wear tracks of CFR PEEK were detected in larger
amounts under lubrication with lower viscosity PAO. The less damaged and well embedded glass
fibres on the GFR PEEK were observed similarly regardless of the PAO viscosity. In PEEK composites-
rough steel contacts, the thickness of the polymer transfer films on the steel counter surfaces
correlated well with the tribological performance. No transfer film was observed for the CFR PEEK
test regardless of the PAO viscosity, while a thick transfer film was detected for the GFR PEEK test
especially when lubricated with PAO2 and PAOA4.

There were more fractured fibres on the wear tracks of CFR PEEK than GFR PEEK. The fractured
carbon fibres did not contribute to improving wear resistance. In fact, it reduced it by inhibiting the
formation of polymer transfer films on steel counterparts. The polymer transfer film on steel
counterparts was also the main parameter that controlled the tribological performance of PEEK
composites-steel contacts. Hardness modification of polymer surfaces and the formation of
polymer transfer films on the steel counter surfaces were interrelated. Fractured fibres exposed on
the wear tracks of CFR PEEK plates after testing possibly inhibited the formation of polymer transfer
films on steel counterparts. In contrast, the wear tracks on GFR PEEK plates showed the fibres were
well matrix embedded and less damaged, enabling the formation of transfer films similar to those
found on pure PEEK. The working mechanism of base oil lubrication depends on the surface
roughness of the steel counterparts. Similar to pure PEEK-smooth stell, in PEEK composites-smooth
steel contacts, the mechanism follows the traditional theory after taking into account the
modification of the surface roughness by removal (through wear) and/or compression of polymer
asperities. In PEEK composites-rough steel contacts, CFR PEEK and GFR PEEK showed different
trends depending on the thickness of the polymer transfer films formed. Owing to the lack of
formation of transfer films, CFR PEEK continued to follow the traditional theory. On the other hand,
GFR PEEK formed thick transfer films on the steel counter surfaces and gave lower friction and wear

than that expected from the traditional theory.

(d) The effect and working mechanism of lubricant additives (OFMs and AW additives) on
lubrication of CFR PEEK and GFR PEEK

In PEEK composites-smooth steel contacts, OFMs, especially OSa, reduced friction both for CFR
PEEK and GFR PEEK. Although their impact was less noteworthy for CFR PEEK, this friction reducing
effect for PEEK composites is similar to that found for pure PEEK. In the PEEK composites-rough

steel contact, OFMs, most significantly OSa, increased friction and wear for both CFR PEEK and GFR
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PEEK as well as for pure PEEK. When paired with rough steel, a large amount of fractured and
exposed carbon fibres was detected on the wear tracks of CFR PEEK, while less damaged and well
embedded glass fibres were observed on the GFR PEEK wear track. PAO4 and PAO4 + OFM (0Sa)
produced almost the same wear track features for both PEEK composites. The addition of OFM
(OSa) inhibited the formation of polymer transfer films on the steel counterparts causing an
increased wear of both CFR PEEK and GFR PEEK as well as pure PEEK. When tested at a higher
temperature (80 °C), thicker polymer transfer films were formed on the steel surface irrespective
of the type of polymers, resulting in low wear of the polymers even under lubrication with PAO +
OFM. The working mechanism of OFMs in the PEEK composites-steel contacts is thought to be
similar to that of the pure PEEK-steel contact. The adsorption of OFMs on the contact surfaces and
the formation of the polymer transfer films on the steel surfaces are the key factors controlling

tribological performance and these two phenomena are interdependent.

The addition of the AW additives, ZDDP and TCP, had little impact on the friction and wear
performance of the PEEK composites-steel contacts irrespective of the polymer types or surface
roughness of the steel balls. This was also found in the high temperature tests. No reaction film
derived from ZDDP was detected on both the steel and polymer surfaces even when tested at 80 °C.
In PEEK composites-steel contacts, AW additives have less effect on tribological performance than

OFMs due to their lack of ability to form reaction films.

Table 8.1 summarizes the impact of SRR, oil viscosity, OFMs and AW additives on the tribological
properties along with the two key parameters: polymer transfer film formation and hardness
modification of polymer surface. The criterion of high impact especially for tribological properties,

friction and wear is set to approximately £30%.
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Table 8.1. Impact of SRR, oil viscosity, OFM and AW additive on tribological properties of PEEK

and PEEK composites when paired with smooth and rough steel

Material pairing PEEK-steel CFR PEEK-steel GFR PEEK-steel
Steel roughness Smooth Rough Smooth Rough Smooth Rough
Tribological properties | Medium High - - - -
Impact of Polymer transfer film . .
SRR formation Medium High ) ) ) )
Hardness modification Medium Low ) ) ) )
of polymer surface
Tribological properties | Medium High Low High Low Low
!mpact o.f Polymer trar?sfer film Low High Low Low Low Medium
oil viscosity formation
Hardness modification Medium Low ) Low ) Low
of polymer surface
Tribological properties High High Medium Medium High High
Impact of Polymer transfer film . : .
OFM formation Low High Low Medium Low High
Hardness modification Medium | Medium ) Low ) Low
of polymer surface
Tribological properties | Medium Medium Low Low Low Low
Impact of Polymer transfer film
AW additive formation Low Low Low Low Low Low
Hardness modification ) ) ) ) ) )
of polymer surface

The overall results indicate that the polymer transfer film that forms on the steel counterparts is
the dominant factor controlling the tribological properties of the PEEK-steel and PEEK composites-
steel contacts, especially when the steel has a rough surface. The polymer transfer films are
assumed to act as protective films, thus preventing the direct contact of the relatively soft polymer
surfaces with the hard asperities of the steel surfaces and so reducing the wear of the polymers.
Although this contribution of polymer transfer films has been previously found in dry conditions,
this study reveals their significance under lubrication and the mechanism of action. Furthermore,
the novelty of this study is that the effect and working mechanism of lubricant oil viscosity and
lubricant additives (OFMs and AW additives) were examined based on the tribological test results
and surface analyses of after-test specimens. Although they work in a similar manner to that in the
steel-steel contact to some extent, their effect on the formation of polymer transfer films should
be taken into account in the PEEK-steel and PEEK composites-steel contacts. The knowledge
obtained in this study will aid the development of appropriately formulated lubricants which will

help to improve the efficiency and durability of the tribological applications envisaged for PEEK and
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its composites, and promote their adoption in green technologies which will contribute to reducing
CO; emission, e.g. by reducing weight through replacement of metallic gears with polymeric ones
in automobiles which contain a large number of gears to transmit engine/motor power to the

wheels.

8.2 Future work

This study, which focuses on the lubrication of PEEK and its composites, could contribute to our
understanding of the tribological properties of other polymers under lubrication, because the
fundamental mechanism of action is expected to be common to some extent. However, as the
current work has only covered limited types of polymers and lubricants, further investigation is
necessary to obtain more generalized knowledge of the lubrication of polymers. In addition, the
development of lubricants and lubricant additives for polymers is required. Future work should

address the following topics:

(a) Lubrication of various types of polymers

PEEK and its composites have superior mechanical properties and higher thermal stabilities to
conventional polymers, therefore they are preferably used for tribological applications under
severe conditions. On the other hand, the material costs of PEEK and its composites are much more
expensive compared to conventional polymers such as PA (Polyamides, ‘Nylon’) and POM
(Polyoxymethylene or Polyacetal) [52]. The fundamental mechanism of lubrication is expected to
be somewhat similar in these polymers. However, the amount of polymer transfer films formed on
steel counterparts, which is revealed as the dominant factor controlling the tribological properties
in this study, might be different in PEEK to other polymers, because the energy needed for their
transfer depends on chemical structures of the polymers [81]. As found for PEEK and its composites
in this thesis, lubrication affects the formation and removal processes of polymer transfer films and
shows a positive or negative effect depending on their balance. These aspects should be

investigated for other polymers.

In addition, the effect of the solid lubricants contained in polymer composites under lubrication
also warrants attention. Polymer composites envisaged for tribological applications under dry
conditions often contain both reinforcement fibres and solid lubricants such as graphite, PTFE and
MoS,. This study used PEEK composites with only reinforcement fibres, because lubrication is

expected to improve the tribological properties of these polymers which do not have additions of
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expensive solid lubricants. However, to maximize the tribological performance of polymers under

lubrication, the effect of solid lubricants under lubrication should be investigated.

(b) Development of lubricants and lubricant additives for polymers

This study aimed to obtain fundamental knowledge on the lubrication of polymers, and therefore
the lubricants tested had simple formulations consisting of a base oil or a base oil with one type of
lubricant additive and focused on OFMs and AW additives which are known to strongly affect
tribological properties. Lubricants for practical usage for steel-steel contacts commonly contain a
number of lubricant additives, and in some cases, they work synergistically or antagonistically
[152,161-163]. This might be the same for polymer-steel contacts, and therefore the interaction
between multiple lubricant additives should be investigated to develop desirably formulated

lubricants for polymers.

Furthermore, the development of lubricant additives for polymers will be expected to be based on
the working mechanisms obtained in this study. Existing lubricant additives have been developed
for use in steel-steel contacts and are not designed to work effectively in polymer-steel contacts as
was the case of ZDDP. On the other hand, the fact that OSa, an OFM, had a significant positive or
negative impact on the tribological performance of lubricated PEEK and its composite depending
on the operating conditions suggests that a specially designed lubricant additive for polymers
achieved through the optimisation of the modification of the chemical structure of OSa should be

considered.
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Appendix A  Oil film thickness estimation

In section 4.3.3 and section 6.3.3, the values of oil film thickness were used to determine the
Lambda ratios under the operating conditions. They were estimated from the equations presented

by Hamrock and Dowson [150,151] as described in this appendix.

In general, there are four lubrication regimes in EHL contacts:
(a) Isoviscous-Rigid

(b) Piezoviscous-Rigid

(c) Isoviscous-Elastic (soft EHL)

(d) Piezoviscous-Elastic (hard EHL)

As shown in Figure A.1, each of these regimes is characterized by the operating conditions and the

properties of the material by using the parameters Gy and Ge given by Equations A-1 and A-2:

W3

GV = GF (Eq- A'l)
8/

Gy = V';JZ?’ (Eq. A-2)

where U, G, and W are dimensionless parameters given by Equations A-3, A-4 and A-5:

U =uny/E'R, (Speed parameter) (Eqg. A-3)
G = aF' (Materials parameter) (Eq. A-4)
W = w/E'R? (Load parameter) (Eq. A-5)

where u is the entrainment velocity defined as the average of surface velocities with respect to the
contact, w is the normal load, a is the viscosity—pressure coefficient of lubricants, 1o is the dynamic

viscosity of lubricants at ambient pressure, E’ is reduced Young’s modulus defined as Equation A-6:

2 1—-v? 1-—v?
— = A + B (Eq A'6)
E E, Eg
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where ua and ug are the Poisson’s ratio of the contacting bodies ‘A’ and ‘B’, respectively, Ex and Eg

are the Young’s modulus of the contacting bodies ‘A’ and ‘B’, respectively.
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Figure A.1. Map of lubrication regimes for an ellipticity (parameter k = 1) (adapted from [99])

Based on the numerical results for Piezoviscous-Elastic (hard EHL) contacts with two rigid spheres
(or an equivalent sphere and plane), Hamrock and Dowson presented Equations A-7 and A-8 for

the minimum and centre film thicknesses in hard EHL contacts [150]:

hmin/Rx = 3.63 U0.68 60.49 W—0.073 (1 _ e—0.68k) (Eq. A-7)

he/Ry = 2.69 U%67 G053 W=0067 (1 — 0.61e~073k) (Eq. A-8)

where k is the ellipticity parameter defined as R,/Ry, Ry and Ry are the effective radii in the y and x
directions, respectively (x is the moving or sliding/rolling direction). As described above, U, G, and

W are dimensionless parameters given by Equations A-3, A-4 and A-5.

Hamrock and Dowson also proposed Equations A-9 and A-10 for the film thicknesses at Isoviscous-

Elastic (soft EHL) contacts for materials of low elastic modulus such as polymers [151]:

Roin/ Ry = 7.43 (1 — 0.85¢7031F) y0.65 py=-021 (Eq. A-9)
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he/Ry = 7.32 (1 — 0.73¢7028k) (064 1y ~022

Table A.1. Minimum oil film thicknesses estimated from Eq. A-7 for hard EHL contacts

ratios at the operating conditions in section 4.3.3 and section 6.3.3.

(Eq. A-10)

The tribological test conditions employed in Chapter 4 and Chapter 6 are located at the borderline
between Piezoviscous-Elastic lubrication (hard EHL) and Isoviscous-Elastic lubrication (soft EHL).
Therefore, the minimum oil film thicknesses were estimated from Eq. A-7 for hard EHL contacts and
Eq. A-9 for soft EHL contacts, as shown in Table A.1 and Table A.2. From both equations, the values
of the oil film thickness gradually increase with the higher viscosity grades of PAOs. Pure PEEK-steel
contacts give similar values from both equations, while CFR PEEK-steel and GFR PEEK-steel contacts
provide higher values from Eq. A-7 for hard EHL contacts than from Eq. A-9 for soft EHL contacts.
The higher Young’s modulus of CFR PEEK and GFR PEEK makes their contacts with steel more like
at hard EHL contacts and thus Eq. A-7 for hard EHL contacts is more appropriate in this study.

Therefore, the values of oil film thickness listed in Table A.1 were used to determine the Lambda

Material pairing PAO2 PAO4 PAO10
Pure PEEK Steel 25 nm 75 nm 224 nm
CFR PEEK Steel 20 nm 61 nm 182 nm
GFR PEEK Steel 22 nm 67 nm 198 nm

Table A.2. Minimum oil film thicknesses estimated from Eq. A-9 for soft EHL contacts

Material pairing PAO2 PAO4 PAO10
Pure PEEK Steel 25 nm 64 nm 168 nm
CFR PEEK Steel 11 nm 29 nm 77 nm
GFR PEEK Steel 16 nm 40 nm 106 nm
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