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Abstract

Moving towards a Green Economy, there is a growing demand to use environmentally
friendly tribological systems that has resulted in industries turning towards new mate-
rials and water-based lubrication to satisfy their needs. Considering the low viscosity of
water, tribological contacts lubricated with it are likely to operate in boundary/mixed
lubrication regime for relatively long periods. Naturally, the most critical attributes of
contact materials for water lubricated tribological systems are that they should have low
friction and high wear resistance under these boundary lubricating conditions, which will
inevitably be met during start-up, running, and shut down of a tribological operation.

High performing thermoplastics that possess excellent mechanical properties, re-
cyclability, low friction, high resistance to wear, corrosion, and chemical solutions are
suitable candidates for demanding tribological applications. In research carried out at
the Luleå University of Technology on numerous polymers, Ultra High Molecular Weight
Polyethylene (UHMWPE) has been observed to perform well under water-lubricated con-
ditions. However, if these polymers, including UHMWPE, are used in their pure/unfilled
state as tribological material in water-lubricated applications, mixed wear and friction
performance with unsatisfactory service life has been obtained. One way to improve
the properties and performance of a polymer is by adding reinforcements/fillers. The
combined addition of micro and nano reinforcement materials to create novel multiscale
polymer-based composites has shown great potential in this regard.

In this thesis, UHMWPE based multiscale polymer composites for water lubri-
cated tribological contacts are developed and evaluated for their mechanical, thermal and
tribological properties. The research starts with evaluating the influence of particle size,
molecular weight, and processing of various UHMWPE grades on their thermomechani-
cal properties and tribological performance. It is found that all the different UHMWPE
materials display similar thermomechanical properties and tribological performance.

Based on the information gathered and after selecting one UHMWPE grade, var-
ious composites containing carbon-based reinforcements such as Nanodiamonds (ND),
Graphene Oxide (GO) and Short Carbon Fibres (SCF) in different quantities (wt%) are
manufactured. The Multiscale composite containing all the reinforcement materials, i.e.
UHMWPE (89wt%) + GO (0.5wt%) + ND (0.5wt%) + SCF (10wt%), shows the best
tribological performance. The oxidation and degradation temperatures are significantly
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delayed, indicating an improvement in service life. To gain a better insight into their
service life, the developed composites are subjected to accelerated hygrothermal ageing.
It is found that even after ageing at elevated temperature and humidity for a significant
duration, the Multiscale composite’s integrity, structure and tribological performance
are not affected negatively. For continued research and development towards utilising
such composites in practical applications, their time-dependent properties are evaluated.
Viscoelasticity (VE) and viscoplasticity (VP) are analysed in short-term creep tests. In
addition, supporting loading/unloading tests are conducted to evaluate stiffness degrada-
tion. In general, the addition of reinforcements is observed to improve the time-dependent
behaviour. More specifically, the Multiscale composite displays the highest resistance to
creep and stiffness degradation.

Furthermore, for better understanding of the performance of such composites in
hydropower applications and to get them closer to real-world use, it is essential to ver-
ify their tribological behaviour under the relevant tribological conditions. This includes
higher contact pressure and different lubrication conditions, including starved (dry), sea-
water and Environmentally Acceptable Lubricant (EAL). In tribological tests conducted
with this premise, the performance of the Multiscale composite is found to be dependent
on the type of lubrication used. As the final study in this thesis, the developed Multiscale
composite is compared with other developed and commercial materials. It is observed
that its tribological performance under demanding conditions is on par with the rest of
the materials studied.

To summarise the findings from all the studies; The particle size, molecular weight
or processing of UHMWPE is found not to affect its thermomechanical properties and
tribological performance. A synergistic effect is obtained in the Multiscale composite by
the successful inclusion of all the fillers. It exhibits a 21% less coefficient of friction value
and 15% lower specific wear rate compared to unfilled UHMWPE under DI water lubri-
cation. The extended service life of the Multiscale composite is evident from its delayed
oxidation and degradation temperatures and ability to retain tribological performance
even after undergoing hygrothermal ageing. A maximum of 77% and 70% improvement in
modulus and stress at yield, respectively, is witnessed. The parameters for the viscoplas-
tic strain model for UHMWPE composites are extracted, and the behaviour of multiscale
composites for long-term performance is predicted. Under seawater lubrication, a max-
imum reduction of 77% in friction coefficient and 88% in specific wear rate is obtained
for the multiscale composite, compared to neat UHMWPE. Wear is reduced by 75%
for the same under EAL lubrication. All these results and outcomes contribute towards
the development of novel UHMWPE-based multiscale composites for water lubricated
applications.
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Sammanfattning

För att bemöta den ökade efterfrågan för miljövänliga tribologiska system har olika in-
dustrier börjat använda nya material och vattenbaserad smörjning. Men med tanke på
den låga viskositeten hos vatten kommer förmodligen kullager som smörjs med vatten
att användas i ”boundary/mixed lubrication regime” under relativt långa perioder. På
grund av det behöver de viktigaste attributen hos vattensmörjade tribologi material ha
låg friktion och hög slitstyrka under uppstart, körning och avstängning. Högpresterande
termoplaster har utmärkta mekaniska egenskaper, är återvinningsbara, har god tribol-
ogisk prestanda, högt motstånd mot slitage, rost och kemikalier. Dessa termoplaster
är lämpliga kandidater vid krävande tribologiska användningsområden. Forskning som
utförts på Luleå Tekniska Universitet om olika polymerers prestanda, har Ultra High
Molecular Weight Polyethene (UHMWPE) visat sig prestera bra under vattenbaserade
smörjningsförhållanden. Däremot presterar de inte bra med avseende på slitage och frik-
tion när de används i ofyllda tillstånd. Ett sätt att förbättra egenskaperna och prestandan
hos polymerer är genom att använda förstärkningar. Detta kan göras genom en kombi-
nation av nano- och mikropartiklar för att skapa multiscale polymerbaserade kompositer.
Dessa kompositer har påvisat hög potential i att förbättra tribologisk prestanda.

Denna avhandling beskriver metoder för att utveckla UHMWPE baserade mul-
tiscale polymer kompositer för tribologiska system som använder vattenbaserade smör-
jmedel. Kompositerna undersöks även med avseende på deras mekaniska, termiska och
tribologiska egenskaper. Forskningen började med att undersöka hur partikelstorleken
och molekylvikten hos olika UHMWPE material påverkar sina egna termomekaniska
egenskapar och tribologisk prestanda. Detta visade att olika UHMWPE material har
liknande egenskaper och prestanda. Undersökningen visade även att den mekaniska bear-
betningen av UHMPWE materialen under optimala förhållanden inte har en signifikant
effekt på deras termomekaniska egenskaper eller tribologisk prestanda.

Baserat på resultaten från undersökningen och efter att ha valt ut ett av UHMWPE
materialen, tillverkades olika kompositer som innehåller kolbaserade förstärkningar så
som nanodiamanter (ND), grafenoxider (GO) och korta kolfibrer (SCF). Kompositerna
karakteriserades sedan enligt deras mekaniska egenskaper och tribologiska prestanda.
Testerna visade att multiscale kompositerna som innehåller alla förstärkningsmaterial,
i.e. UHMWPE (89wt%) + GO (0.5wt%) + ND (0.5wt%) + SCF (10wt%), har den bästa
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tribologiska prestandan, att tilläggningen av alla förstärkningsmaterial inte påverkar
kristalliniteten negativt, och att oxidations- och degraderingstemperaturen höjdes, vilket
tyder på en längre operationell livslängd hos kompositerna. För att få en bättre förståelse
om kompositernas operationella livslängd utsattes de för accelererat hygrotermiskt ål-
drande. Detta visade att den strukturella integriteten samt tribologiska prestandan hos
den Multiscale kompositen inte påverkades negativt. Följande analyserades kompositer-
nas tidsberoende egenskaper så som viskoelasticitet (VE) och viskoplasticitet (VP) med
korttidskrypningstester. Upprepade belastningstester utfördes för att undersöka styvhet-
snedbrytning. Resultaten visade att Multiscale kompositen påvisar minst krypning och
styvhetsnedbrytning.

Innan kompositerna kan användas ute i industrin måste de testas i verklighet-
strogna tribologiska förhållanden. Därför testades kompositerna under högt tryck i olika
smörjförhållanden; utan smörjmedel, med havsvatten och med ‘Environmentally Accept-
able Lubricant (EAL)’. De tribologiska testerna visade då att den Multiscale kompositens
prestanda beror på typen av smörjningsförhållande. I jämförelse med kommersiella ma-
terial presterar Multiscalekompositerna likvärdigt.

Baserat på de genomförda studierna kan olika slutsatser dras. Varken partikelstor-
lek, molekylär vikt eller bearbetningen av UHMWPE har negativa effekter på UHMWPE:ns
termomekaniska egenskaper eller tribologiska prestanda. Lyckad fullständig inkluder-
ing av förstärkningsmaterialen i den Multiscale kompositen ger synergieffekter. Den
resulterande Multiskala kompositen visar en 21% lägre friktionskoefficient och 15% lä-
gre specifik slitningsgrad jämfört med den oförstärkta UHMWPE under DI vattensmör-
jning. Förhöjd oxidations- och degradationstemperatur samt förmågan att bibehålla
tribologiska prestanda även efter hygrotermiskt åldrande tyder på längre operationell
livslängd. Jämfört med den oförstärkta kompositen får den förstärkta en 77% högre elas-
ticitetmodul och 70% högre sträckgräns. Parametrarna som påverkar den viskoplastiska
stressmodellen av UHMWPE kompositerna tas fram för att förutspå deras långsiktiga
prestanda. Med havsvatten fås en 77% lägre friktionskoefficient och ett 88% lägre slitage
för de Multiscale kompositen i jämförelse med de oförstärkta UHMWPE. Med EAL
smörjförhållande minskar slitaget 75% för Multiscale kompositen. Sammantaget bidrar
resultaten till utvecklingen av innovativa UHMWPE-baserade multiscale kompositer för
vattensmörjade tillämpningar.
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Preface

The research described in this thesis is the fruit of approximately four years of work
carried out at the Luleå University of Technology in collaboration with the University
of Ljubljana as part of a joint doctoral programme. This thesis aims to form a body of
knowledge on the tribological performance of UHMWPE based multiscale composites.
The various studies that constitute this thesis can be thought of as the pieces of a jigsaw
puzzle. The multiple parts need to be put together to complete the puzzle. It is for
the reader to decide if all these pieces come together to complete the puzzle or they are
part of a much bigger puzzle with more missing pieces. The latter necessitates further
research and development. Chapter 1 describes state of the art in multiscale composites
for water lubricated tribological application and formulates the research gaps, questions,
and objectives. The various characterisation techniques and testing methods used to
carry out the experimental work are described in chapter 2. Some of the obtained results
are discussed in chapter 3. Since the significant developments and conclusions are in
the appended articles, results not contained in them but still relevant to the research
are discussed in this chapter. Part I of this thesis ends with chapter 4. Significant
conclusions and findings towards the development of multiscale composites for water
lubricated tribological contacts are gathered. Lingering questions that can lead to future
research are also listed. In Part II and III, the articles associated with the research
included in this thesis are listed and appended for the reader’s perusal.

This journey started when I got accepted into the Erasmus Mundus TRIBOS-
master programme in 2014. I want to convey my gratitude to all involved in the TRIBOS-
master programme. It has proven to be a podium for better things in my life. The EU’s
efforts and programmes to provide education for individuals from non-EU countries are
to be commended and applauded. In these times of strife and division, the EU has shown
that together, we stand stronger.

Doing a PhD is like learning skydiving. In the beginning, you are strapped to
someone who already knows what they are doing. You sit on the door of the plane, the
wind hitting your face and realise there is no going back. The person you are strapped
to nudges you with encouragement to jump and guides you all the way down. I want to
thank Dr. Arash Golchin for his guidance and practical advice during the earliest part
of my PhD. Once on stable ground, you realise that it wasn’t so bad and decide to keep
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progress and making the world a better place for all. Soon enough, you are having fun
skydiving. You realise there is nothing to fear about. A point comes when you are
jumping in tandem with other individuals. Having fun together is always better than
doing it alone. I could not have completed this thesis without the help and hard work
of colleagues, collaborators and co-authors. My deepest gratitude goes to Prof. Mitjan
Kalin, Prof. Lidija Slemenik Perše, Dr. Marko Bek, and their research team members for
the year I spent at the University of Ljubljana and the productive collaboration we have
had since then. Also, I would like to thank Prof. Roberts Joffe and Zainab Al-Maqdasi
of the Polymeric Composite Materials group at LTU for welcoming me to their lab and
generously sharing their knowledge and laboratory. Julian Somberg and Luca Palmeira
Belotti were gracious enough to include me in their work, and for that, I am grateful. To
everyone at the Division of Machine Elements at LTU, ‘Tusen tack’ for providing a great
work environment and these opportunities.

Through the whole process, your jump instructor is constantly trying to improve
you with the knowledge that cannot be gained from books but only from personal ex-
periences. The nitty-gritty stuff is what helps you in the process. I want to thank my
principal supervisor, Prof. Nazanin Emami, for guiding me on this journey. I am eter-
nally grateful and indebted for the support and kindness she has shown me throughout
these years, which has helped me achieve the goals within this thesis and further. I hope
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Symbols, abbreviations, figures and tables

Abbreviations
AR = As Received;
CoF = Coefficient of Friction;
CF = Carbon Fibre;

CFRPEEK = Carbon Fibre Reinforced PEEK;
CNT = Carbon Nanotubes;

DI = Deionised;
DLC = Diamond Like Carbon;
DMA = Dynamic Mechanical Ananlysis;
DSC = Differential Scanning Calorimetry;
EAL = Environmentally Acceptable Lubricants;
FC = Friction Coefficient;

FTIR = Fourier-Transform Infrared Spectroscopy;
Gr = Graphene;
GO = Graphene Oxide;
HA = Hydroxyapatite;

HDPE = High Density Polyethylene;
LCC = Load Carrying Capacity;

LDPE = Low Density Polyethylene;
LLDPE = Linear Low Density Polyethylene;
LVDT = Linear Variable Differential Transducer;

M = Milled;
MTM = Mini Traction Machine;

MWCNT = Multi Walled Carbon Nanotube;
NC = Nanoclay;
ND = Nanodiamonds;
NP = Nanoparticles;
PA = Polyamide;

PAG = Poly Alkyl Glycol;
PAN = Polyacrylonitrile;
PBM = Polymer Based Materials;
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4

PE = Poly Ethylene;
PEEK = Polyether Ether Ketone;
PEG = Poly Ethylene Glycol;

PI = Polyimide;
PLA = Polylactic Acid;
PoD = Pin on Disc;

PTFE = Polytetrafluoroethylene;
PE = Polyethylene;
PP = Polypropylene;
PS = Polystyrene;

PMMA = Poly(Methyl Methacrylate);
PVA = Polyvinyl Alcohol;
LTU = Luleå University of Technology;

Greek letters
γ0 = Shear strain amplitude;
ω = Angular frequency;
τ = Shear stress response;
δ = Signal shift;
ε = Strain;

εV E = Viscoelastic strain;
εV P = Viscoplastic strain;
σ = Stress;

Roman letters
A = Area [mm2];

cST = Centistokes
EJ = Exajoule [N · m];
F = Force [N];

FC = Friction Coefficient;
G∗ = Complex Modulus;
G′ = Storage Modulus;
G′′ = Loss Modulus;

∆H = Enthalpy of fusion [J
g
];

L = Load [MPa];
SWR = Specific Wear Rate [mm3

N·m ];
M = Sample weight [g];
Ra = Surface roughness;
v = Speed [m

s
];

Xc = Degree of crystallinity [%];
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Chapter 1

Introduction

“If you can dream—and not make dreams your master
If you can think—and not make thoughts your aim"

In today’s society, we are constantly trying to find environmentally friendly so-
lutions to various problems. Being conscious of the environment and using sustainable
methods in any process is in the spotlight now more than ever. The push towards the
development of such solutions is seen nowhere more than in various engineering fields.
How much can tribology contribute to solving these problems is a question that is of-
ten asked [1–5]. The enormous negative effect and cost related to friction, wear, and
corrosion to any economy has been already highlighted in The Jost Report [6] and in
other recent reports [7, 8]. It has been determined that approximately 23% (119 EJ)
of the world’s total energy consumption originates from tribological contacts. Of that,
20% (103 EJ) is used to overcome friction, and 3% (16 EJ) is used to re-manufacture
worn parts and spare equipment due to friction and wear-related failures [7]. The use of
improved, eco-friendly tribological solutions can lead to sustainable practices that save
energy and reduce pollution. The largest short term energy savings are envisioned in
transportation (25%) and power generation (20%) sectors [7]. Also, the push towards
environmental friendliness and sustainable growth has coincided with the increase in the
production capacity of renewable energy sources like hydroelectric power.

Keeping with the theme, increased environmental awareness has led to a transition
from oil-filled bearings to oil-free bearings and the use of tribological materials that
generate minimal contamination and wear. This includes the use of materials with less
wear and friction, better lubrication and Environmentally Acceptable Lubricants (EAL).
In this chapter, an effort is taken to describe the existing methods and state of the art
in pursuit of this goal. A foundation is laid by describing which materials can lead to
sustainable and eco-friendly tribological systems. Finally, relevant research gaps listed,
and solutions to tackle them are hypothesised.

9
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Figure 1.1: Thermoplastic polymer pyramid [9]

1.1. Polymers in tribology

Ceramics, metal and polymers have been used as tribological material. Ceramics are
expensive, brittle and hard to machine to close tolerances for industrial components.
The manufacturing of precision ceramic bearings in large scales is a difficult challenge in
itself. Ceramics like Zirconia can undergo phase changes with temperature. These phase
changes are reversible but accompanied by significant variations in density resulting in a
barrier to design and manufacture parts [10]. Also, ceramic tribological systems are highly
dependent on the operating conditions [11–13]. Metals have been used conventionally for
tribological applications and have been studied extensively. However, polymers offer
many advantages, such as resistance to corrosion and lightweight, that metals cannot.
Therefore, it is advantageous to replace metal parts in some industries and applications
with Polymer-Based Materials (PBMs) from an environment, maintenance and economic
perspective. Polymers are starting to take an important position in almost every branch
of industry. The world plastic production reached 322 million tons in 2015 and has
experienced continuous growth for more than 50 years. It surpassed steel production by
volume in 1989 [14]. The reason for such a vast growth lies in a wide range of polymer
properties that include lightweight, low maintenance, and low cost and at the same
time, excellent mechanical properties, resistance to corrosion and chemical solutions, low
friction, and much more [15–18].
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(a) Various polymer based tribological
components [26, 27]

(b) Naval stern tube bearing [28]

Figure 1.2: PBMs for tribological applications

Both thermoset and thermoplastic polymers have been used as tribological ma-
terials. Thermosetting polymers are stronger and stiffer than thermoplastics and tra-
ditionally have been used at a higher temperature. However, as the name suggests,
thermosets cannot be melted and reused. Thermoset components are shaped directly
from the raw polymer material, and no further processing is possible except machining.
This limits their reusability and eco-friendliness. Therefore, thermoplastics have found
more popularity to be used as tribological materials. Figure 1.1 shows the pyramid of
thermoplastic polymers classified by structure, performance, and operating temperature
range. Research on thermoplastic polymers in tribological systems can be traced back to
1949 when researchers investigated friction coefficients for PTFE, PE, PS, and PMMA
sliding on steel [19]. Ensuing studies and related literature have established the good
performance in polymers in a tribological context [16, 18, 20–25]. In many of these
studies, it was established that the friction coefficients of PTFE and PE were very low,
which led to many tribological applications of these two thermoplastics. Application of
Ultra High Molecular Weight Polyethylene (UHMWPE) as the load-bearing acetabular
cup in artificial hip joints and as polymer gears are two examples of such applications.
UHMWPE is still the most commonly used material within total joint arthroplasty.

1.1.1. Applications

High performing thermoplastics discussed so far are suitable matrices for manufactur-
ing different tribological components that can withstand heavy loads, high speeds, and
demanding conditions. Their use as bearing materials can enable the use of water as a
lubricant for hydrodynamic sliding bearings and other components in hydropower plants.
Despite the fact that hydropower plants aim to have as little effect on the environment
as possible, the use of steel as tribo material results in energy waste and higher prices.
Therefore, PBMs have found use in water turbines, thrust bearings for runners, wear
plates, and trunnion bearings on spillway gates (see figure 1.2a). Large naval vessels
often use water-lubricated rubber bearings that have bore diameters approaching one
metre and lengths of four metres, shown in figure 1.2b.
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Figure 1.3: Types of reinforcement for polymer composites

Another vital application of PBMs is in artificial joints [29]. UHMWPE is one
of the polymers used for total knee and hip replacement. Knee replacements consist of
UHMWPE tibial inserts, while hip replacement units consist of an acetabular cup liner
made of UHMWPE. It is used in military protection devices and engineering appliances.
The polymer is known to retain its properties even in extreme environments, such as
the marine industry. It is chosen as the facing of fender pads for berthing structures
because of its high wear resistance, impact resistance and low friction in both wet and
dry conditions. The same properties have led to it being used to make gears that can be
utilised in systems where oil and grease can not be used. These are just a few tribological
application examples of UHMWPE.

1.2. Why polymer composites?

If used in their pure/unfilled state in water-lubricated applications, most polymers have
exhibited unsatisfactory wear and friction performance with a short or reduced compo-
nent life. However, polymers can be used as a base material to produce many composites
with various physicochemical properties, providing an ability to modify them both on
the surface and the bulk easily. This makes polymers versatile materials with the abil-
ity to improve their frictional and wear behaviour in tribological contacts [16, 18]. It
should be noted that in the applications discussed in section 1.1.1., polymers are used
in composite/reinforced form rather than in their neat form.

The majority of the PBMs used as tribological materials at present are polymer
blends containing fillers and reinforcements to improve the tribological, mechanical, and
thermal properties and processability. The range of materials that can be used as fillers in
polymer composites is vast. In general, they can be classified based on their morphology
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Figure 1.4: Schematic illustration of the reinforcement effect of CF on PEEK matrix
during the process of friction and wear [37]

(see figure 1.3). Also, fillers can be classified into three categories depending on their
size: nanometre, micrometre and macrometre. Surveys on the tribological performance
of reinforced polymers have appeared regularly since one of the earlier reviews written by
Lancaster et al. [16, 18, 22, 23, 30–36]. The addition of fillers to a polymer matrix
reinforces the material when homogeneous dispersion is achieved and good adhesion
between the filler and the matrix. Therefore, lower friction and wear are expected but
not guaranteed.

Fillers are used to improve not only tribological properties but also mechanical,
thermal and other properties. In most cases, improvement in both areas goes hand
in hand. For example, in a study by Song et al. [38], Carbon Fibre (CF) in PEEK
increased the nano hardness and reduced elastic modulus, which had a beneficial effect
on the nanotribological performances of PEEK. The friction coefficient and wear rate
of CFRPEEK was lower than that of PEEK. Similarly, Chen et al. found that the
incorporation of CF can significantly improve the wear resistance of PEEK under seawater
lubrication [37]. In particular, 10 vol% CF reinforced PEEK composite had the best wear
resistance, even under high load conditions. The reinforcement mechanism was ascribed
to the CFs acting as load-bearing surfaces and protecting the polymer matrix from severe
wear (see figure 1.4).

The addition of glass fibres to UHMWPE improved the elastic modulus and yield
strength by twice compared to neat UHMWPE. Along with material properties, the tribo-
logical performance was also enhanced [39]. HDPE reinforced with aluminium toughened
zirconia showed improved wear resistance along with Young modulus and mechanical
strength. This was attributed to good filler dispersion [40].
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(a) Before ultrasonic pre-treatment (b) After ultrasonic pre-treatment

Figure 1.5: Effects of ultrasonic pre-treatment on nanographite particles [53]

More studies explored fillers in nanometre dimensions to improve polymer com-
posites and tribological performance in general. Tanaka and Kawakami were the first to
study sub-micron filler particles in PTFE. The authors concluded that nanoscale fillers
were too small to disrupt large-scale destruction of the banded structure [41]. However,
obtaining polymer nanocomposites with a combination of large loadings and nanoparticle
size was found to be challenging due to the large surface energy. Later on, a reactive ex-
trusion process was utilised for preparing nanocomposites with various polymer binders
[42]. The introduction of nanofillers (carbon nanomaterials, layered clays, metals, and
metal-containing compounds) into thermoplastics is found to influence the kinetics and
mechanism of tribochemical transformations. Graphene nanoplatelets (GNPs) reinforced
UHMWPE nanocomposite coatings displayed reduced friction in both dry and bound-
ary lubricated conditions. The 1 wt% GNPs reinforcement increased the load-bearing
capacity of UHMWPE by 440% [43]. Other studies have found similar improvements on
addition of nanoparticles [44–50].

Attention has also been paid on using nanoparticles in lubricating solutions [51–
53]. For example, water-soluble nano graphite prepared by in-situ emulsion polymerisa-
tion using methacrylate as polymeric monomer was added to water-based cutting fluid as
an additive [53]. The nano graphite additive improved the lubrication performance of the
water-based cutting fluid. Ultrasonic treatment was used to disperse the agglomerated
nano graphite particles (see figure 1.5).

Similarly, the lubrication properties of 0-D carbon materials have been examined.
Tu et al. revealed that carbon quantum dots enhanced the tribological properties of
polyethylene glycol [54]. Graphene has shown potential as a green lubricating and self-
lubricating material. Superlubricity and ultrahigh wear resistance have been achieved
by graphene [55]. Graphene was first used in the research of nano lubricant additives
by Berman et al. [56]. The results indicated that the friction coefficient and wear of
graphene-containing ethanol solution reduced by a factor of 6 and almost 4 orders of
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Figure 1.6: Dispersion of nano- and microfillers in the epoxy matrix [59]

magnitude, respectively. However, it was observed that the mechanical exfoliation of
graphene as an additive is difficult to control. Apart from carbon material, polymer
nanoparticles have also been investigated as lubricant additives [57]. Kumar et al. [58]
revealed the enhanced friction reduction and wear resistance properties with the addition
of PTFE nanoparticles in greases. These strategies to reduce friction and wear show great
potential as green alternatives to conventional tribological materials.

Moving on from lubricating solutions, several studies have independently demon-
strated wear reductions of several magnitudes with smaller loadings of reinforcement
materials like nanoscale zinc, carbon nanotubes, alumina, graphene, nanodiamonds and
more within polymer matrices [40, 60–65]. A larger surface area to volume ratio of-
fered by nanoparticles means that a lesser quantity is needed to achieve considerable
change/improvement in the material’s properties and performance. As an example,
Friedrich manufactured a series of nanocomposites and multiscale-modified Epoxy resins
by a systematic variation of filler contents [59]. The nanofillers used were SiO2 and ZrO2

while Silicone Rubber (SR) was the microscale filler. The resulting composites were ex-
tensively characterised qualitatively and quantitatively to precisely specify each filler’s
effect on the polymer properties. A more considerable improvement in tensile modulus
and toughness was observed in the nanocomposites compared to SR in the epoxy resin
composite. Also, a more homogeneous distribution of the fillers was observed (see figure
1.6). Many of the studies cited in this paragraph observed the nanoscale fillers’ multi-
functional nature, wherein their inclusion affects multiple properties of the composite.
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Figure 1.7: Increase in the cost of a material and its production due to incorporation of
various fillers vs. gain in its mechanical/tribological performance and other cost savings

[59]

1.2.1. Multiscale composites

As discussed so far, polymers are incorporated with various fillers to improve their me-
chanical and tribological properties. For example, Molybdenum Disulfide and Graphene
are included to reduce friction in a contact as they act as solid lubricants due to their 2D
structure. Hard particles like Zirconium and Titanium have also shown promise in re-
ducing wear and improving the performance of polymers. Some other examples of fillers
are Carbon nanotubes (CNTs), Nanodiamonds (NDs), calcium carbonate, glass fibres,
etc. Polymer composites filled with fibres and/or solid lubricants have been widely used
for boundary lubricated applications. The addition of nanoparticles can further enhance
the tribological properties of these composites. One of the distinct advantages of using
nanoparticles is that the performance improvement is achieved at a relatively low concen-
tration of the fillers owing to their smaller size and larger surface to volume ratio. When
adhesion is achieved at interfaces at the nano level, improved properties are obtained.
This results in a reduction in costs associated with manufacturing the composite (see
figure 1.7).

The combined addition of nanoparticles and conventional fillers has shown great
promise in improving the tribological properties of polymers. The resultant composites
can be termed multiscale composites. An example of one such multiscale composite is
shown in figure 1.8. In these composites, the fillers work in synergy with each other.
Materials of this kind have tremendous potential to impact performance by reducing
size, weight, cost, power supply, energy consumption, and complexity while improving
versatility.
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Figure 1.8: Principle microstructure of a multiscale polymer composite [59]

An excellent example of the influence of the inclusion of both micro and nanofillers
in a composite is provided in the study conducted by Kang et al. The addition of mi-
cro and nano-hydroxyapatite’s (HA) on the mechanical properties of UHMWPE was
evaluated [66]. The compression strength, ball indentation hardness, creep resistance,
crystallinity, and melting temperature of micro and nano-HA/UHMWPE were improved
compared to unfilled UHMWPE. An interesting observation was the increase in wetta-
bility with an increase in micro and nano-HA particles’ content. Regarding tribological
performance under the lubrication of bovine calf serum, micro and nano-HA/UHMWPE
exhibited lower wear and similar or lower friction for different filler material loadings.
Similarly, aramid particles played a synergistic role with PTFE and SiO2 nanoparticles
in enhancing the tribological performance of PTFE composites [67]. Usage of suitable
fillers has shown to contribute positively towards the development of thin and uniform
transfer films and better adhesion of transfer film to the counter surface.

Another great example of a study on multistage composites is by Wang et al.,
where they observed the synergistic effect of short carbon fibre, graphite, and nano-
Si3N4 on the friction and wear behaviour of Polyimide composites [68]. The experiments
conducted revealed that single incorporation of SCF and Gr reduced the friction and
anti-wear capabilities of the PI composites due to their easily shearing and mechanically
robust characteristics, respectively. The inclusion of nano-Si3N4, on the other hand,
deteriorated the wear resistance as a single filler due to its abrasive nature. The com-
bination of all the fillers resulted in a synergistic effect. It led to the best tribological
performance (see figure 1.9). Performance of the composites was best in oil, followed
by dry condition and then underwater lubrication. The multiscale composite formed a
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Figure 1.9: The effect of different fillers on the friction and wear of the PI composites.
F=200N; v=0.431 m/s [68]

more uniform and thicker transfer layer than other combinations of fillers in the study
under oil-lubricated conditions. Severe ploughing and erosion were observed on the worn
surface of the multiscale composite under water lubrication. This indicated that severe
abrasive wear was the dominant mechanism and is generally more dangerous for the
polymer composite sliding surface than adhesive and fatigue wear. Multiscale carbon
reinforced polymer composites exhibiting a unique combination of outstanding mechan-
ical, chemical, thermal, electrical and tribological properties have been developed. For
the multiscale composite, the flexural strength was improved by 35%, the thermal con-
ductivity in plane direction by 15%, the friction coefficient was reduced by 40%, and
the wear resistance by 20% with respect to the reference neat polymer [69]. However,
inclusion of fillers is not characterised by improvement in tribological properties in ev-
ery case [70–73]. Inorganic particulate materials used as fillers in polymers may either
increase or decrease its wear resistance. Fillers may reduce the wear resistance because
they generate more discontinuities in the material.

Striving towards sustainable tribological solutions most definitely involve multi-
scale polymer composites. They offer advantages that conventional materials like metal
or neat polymer cannot. However, using them in applications is not straightforward. The
transition from a lab to an application is beset with challenges.

1.2.2. Multiscale composites in water-lubricated applications

As we can notice from the examples in the previous sections, the excellent performance
of multiscale composites in dry and boundary lubricated tribological tests has piqued
researchers’ interest to examine them for application in water-lubricated contacts. Their
versatility would offer the chance to improve performance and component life in water-
lubricated systems. Studies exploring multiscale composites in water-lubricated appli-
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Figure 1.10: Effect of the functionalized MWCNTs/polyacrylamide content on
maximum nonseized load (PB) [74]

cations are not as prevalent as oil or dry lubricated applications. Despite numerous
advances, many challenges still need to be overcome in the manufacturing of multiscale
composites and using them in water-lubricated applications.

Various studies have indicated that CNTs can improve the load-carrying capacity
and anti-wear ability of a matrix. However, dispersing them homogeneously in water
during manufacturing has been an issue since they tend to agglomerate. For example, in
the study by Zhang et al., functionalised CNTs were used as a highly efficient dispersant
for the synthesis of CNTs/polyacrylamide nanocomposites via dispersion polymerisation
[74]. Furthermore, it was found that the functionalised CNTs/polyacrylamide nanocom-
posites can be dissolved in water and can a good lubricant additive in a water-based fluid.
The load-carrying capacity and anti-wear ability of base stock were improved. Also, it
was observed that the maximum non-seizure load depended on the functionalised MWC-
NTs/polyacrylamide content(see figure 1.10).

One can see a similar dependence of performance on loading quantity in the study
carried out by Zhong et al. [75]. To improve PEEK’s relatively poor wear resistance with
water lubrication, Zhong et al. incorporated SCFs and ZrO2 nanoparticles in PEEK and
carried out tribological tests under water lubrication. All the multiscale composites pre-
pared exhibited a stable coefficient of friction for a range of loads. Meanwhile, the wear
rates of the multiscale composites all showed a reduction with increasing applied load.
This was aided by the cooling effect of water which meant that the friction-induced
thermal and mechanical effects were inhibited. Therefore, PEEK/SCF/ZrO2 multiscale
composites were found to be suitable for wear applications with water lubrication, es-
pecially under high loads. It was also observed that the loading quantity of the fillers
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Figure 1.11: Effect of CF (left) and ZrO2 (right) nanoparticles on (a) the friction
coefficient and (b) wear rate of the PEEK/10CF/nanofiller composites (Test conditions:

water lubrication, 2 m/s sliding velocity, and 2-h sliding duration) [75]

influenced the performance of the composite. In figure 1.11, the influence of loading
quantity on the tribological performance is shown.

The multiscale composites’ primary wear mechanism in the study by Zhong et
al. consisted of mild abrasion and fatigue wear. The SCFs acted as the load-bearing
components, protecting the matrix from abrasion in the process. A transfer film could
hardly be detected on the counter surface. Therefore, the authors concluded that SCFs
were the main reason for good anti-wear properties. The incorporation of nano-ZrO2

was found to inhibit SCF failure in two ways: (1) by reducing the stress concentration
on the SCF interface through reinforcement of the matrix and (2) by reducing the shear
stress between the two sliding surfaces via a positive rolling effect of the nanoparticles.
In summary, the PEEK/CF/ZrO2 composites possessed excellent wear resistance under
aqueous conditions because of a synergy effect between the ZrO2 nanoparticles and CFs.
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Figure 1.12: Average friction coefficient and specific wear rate of PPS composites [76]

Golchin et al., in 2015, observed a reduction in wear and friction in PPS composite
containing SCFs, MWCNT, and Graphene [76]. The CNTs were suspected to prevent
direct contact between the mating surfaces’ asperities, whereas graphite possessed self-
lubricating properties. SCFs were alleged to improve the mechanical properties of the
composite. Examination of the counter surfaces revealed the occurrence of a polymer
transfer layer. XPS analysis gave evidence for a chemical reaction of the polymer com-
posite and the counter surface. However, mechanical interlocking was believed to be
the dominant mechanism for polymer transfer. Similarly, Golchin et al. observed lower
friction in UHMWPE reinforced with Graphene Oxide (GO) and MWCNT compared to
unfilled UHMWPE in water-lubricated tribological tests [77]. This was mainly attributed
to the lubricating action of the carbonaceous nanofillers in water-lubricated sliding con-
tacts. GO, a derivative of Graphene, has shown to improve UHMWPE’s tribological
performance in water-lubricated systems [77–84]. The presence of oxygen functionalities
makes it possible to easily disperse GO in water, other organic solvents, and different
matrices.

Along with an improvement in tribological performance and mechanical properties
like strength, it would be advantageous if the inclusion of multiscale fillers improved other
properties like resistance to water absorption. Ali et al. used functionalised multi-wall
CNTs and C15A organoclay as nanofillers in a UHMWPEmatrix to enhance water uptake
resistance and improve the mechanical/tribological properties [85]. The specific wear
rate showed a reduction by 46% compared to pristine UHMWPE (see figure 1.13). The
improved wear resistance was attributed to the uniform dispersion of both the nanofillers
and improved resistance to water uptake. In addition, barrier properties of C15A clay
which presented a torturous path for the diffusion of water molecules in UHMWPE
reduced the water uptake and softening of the surface, leading to better wear resistance.
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Figure 1.13: Specific wear rate and COF for pristine UHMWPE and multiscale
composites under water-lubricated sliding conditions [85]

1.3. Water based lubrication

Lubricants play a significant role in decreasing frictional losses in mechanical systems.
Efforts to reduce lubricants’ detrimental impact on the environment encompasses topics
such as biodegradable oils, a minimum quantity of lubrication, and water lubrication. A
prime example is when the Mobil Corporation introduced its Environmentally Accept-
able Lubricants (EAL) line of hydraulic fluids [86]. Such a strategy is vital in cases
like hydropower applications where leakage of lubricant or other contaminants into the
ecosystem can have harmful and potentially disastrous effects. Some of the aspects of a
lubricated system that has a reduced impairment of the environment are:

• Sustainable sources of raw materials.

• Fewer leakages reducing instances of undesirable pollution.

• Extended lubricant service life. Impact: reduced lubricant consumption with raw
materials and energy savings.

• Treatments, recycling, and disposal. First choice: treatment and recycling. Second
choice: disposal.

Most of the discussion in the previous sections has been about PBMs tested in
water lubrication. Water is readily available, inexpensive, and eco-friendly. It satisfies
all the three aspects of an environmentally friendly lubricant listed above. Using water-
based lubrication can help eliminate oil and its undesirable effect on the environment in
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Figure 1.14: Lubrication regimes

cases of leakage or accidents. Tribological systems where water can be readily utilised
as a lubricant are prevalent in the marine, hydropower, pump industries and in biomed-
ical applications [87, 88]. There are also other less known applications like circulators
for a nuclear power station. The advantages of water are that it is little affected by
radiation, is an excellent coolant, does not break down or leave a residue if subjected
to high temperature, and is already in use as a process fluid. In the marine, food, and
hydropower industry, using water-lubricated bearings eliminates the pollution caused by
oil and grease lubricated metal bearings and increases reliability and efficiency. Realising
water lubrication technology in these industries has led to considerable savings derived
from conservation of natural resources, reduced transportation and disposal costs of oil,
and eliminating pollution by oil lubricants [87, 89–93]. Factoring all the above points,
water lubrication can be regarded as a highly desirable green technology vital for imple-
menting sustainable and environmentally friendly tribology.

The density and specific heat of water are higher than those for oils, the latter by
a factor of more than two. Compared with oil, a given lubricant volume flow will remove
more than twice as much heat from a bearing for the same temperature rise. It should
be noted that water has a considerably lower viscosity (0.66 cSt at 40°C) compared to
that of, for example, turbine oils (32-68 cSt at 40°C) [94]. Since the frictional drag in a
water-lubricated bearing is low due to the lower viscosity of water, the heat generated
is low. The temperature rise of a given volume of lubricant passing through the bearing
is also low. One of the most significant advantages of water compared with oil is that
it has no flash point, and it is the most fire-resistant lubricant known. In applications
where high pressures have to be used close to hot components, there is a fire risk if there
is a leak of conventional oil. This risk can be eliminated if water is used rather than oil.
Water may be used at temperatures above 100°C provided the ambient pressure is kept
high enough to ensure the water cannot boil on exit from the bearing.
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Figure 1.15: Variation of water viscosity
with temperature [94]

Pressure
N/mm2

Relative viscosity

Water Mineral oil

0.1 1 1
100 1.08 4.3
200 1.16 15
300 1.36 112

Table 1.1: Variation of water
viscosity with pressure [95]

1.3.1. Difficulties associated with water lubrication

However, the same intrinsic properties of water have limited its use as a lubricant in
practical engineering applications. Given the low viscosity of water, bearings lubricated
with water are likely to operate in the boundary/mixed lubrication regime for relatively
long periods (see figure 1.14). It has been shown that water’s low viscosity resulted
in a lubrication film thickness of about 1/100 to 1/1000 of the thickness of conven-
tional oil in hydrodynamic lubrication condition [87, 93]. Operating under water lubri-
cation/boundary lubrication conditions requires that the material chosen has excellent
properties in terms of friction and wear to withstand the boundary lubrication condi-
tions experienced. Small and micro-sized hydropower facilities, which are a ubiquitous
example of water-lubricated applications, operate intermittently. Such a ‘start and stop’
operation harms bearings, which are susceptible to damage. During the transient phases
of start and stops, contact between shaft and bearing surfaces is inevitable, resulting in
wear. The start-up also requires that the system attain a state of motion from rest in a
short period. The friction at this juncture is called breakaway friction. A high value of
breakaway friction can cause damage to the components and result in wear. Therefore,
it is vital that the materials used in water-lubricated contacts can withstand high loads
at boundary lubrication. The choice of the materials and their tribological behaviour are
crucial for the optimal performance and extended lifespan of such bearings operating in
boundary/mixed lubrication regime. Also, the relationship of water viscosity with tem-
perature and pressure/load presents new challenges, demands of which cannot be entirely
fulfilled by conventional metal or ceramic tribological contact surfaces. The change of
water viscosity with pressure is given in Table 1.1; it is apparent that it changes very lit-
tle at high pressure and satisfactory elastohydrodynamic lubrication with hard materials
cannot be expected. This is confirmed by the well-known difficulty of lubricating rolling
bearings or (metallic) gears with water. These factors present various new challenges for
bearing design and using water-lubricated contacts in general.
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Figure 1.16: Structure of Glycerol

1.3.2. EALs based on water

One way to overcome some of the water disadvantages is to use water-based envi-
ronmentally adaptive lubricants (EALs). The addition of additives like alkyl sulfates,
polyvinylpyrrolidones, alkyl polyglucosides and alkyl glucopyranosides to water has shown
to enhance tribological performance. Alternatively, other base fluids such as vegetable
oils, polyalphaolefins, synthetic esters and glycerol are often considered. Although veg-
etable oils have a narrow viscosity range and generally a low thermal and oxidation
stability [96–102], synthetic esters and glycerol have shown great potential. Glycerol is
a highly viscous liquid that has shown friction coefficients as low as 0.1 for bearing steel
operating in a boundary lubrication regime. It is non-toxic and biodegradable, as one
can see from its prevalence in the medical and food industry. Due to the presence of
hydroxyl groups (see figure 1.16), glycerol is miscible with water and is hygroscopic in
nature. Glycerol aqueous solutions have shown great potential as green lubricants [103].
Very low friction coefficient, reaching superlubricity, has been achieved at macro scale by
using a glycerol and water mixture for a steel and Diamond Like Carbon (DLC) contact
[104]. The super-low friction was attributed to easy gliding facilitated by triboformed
OH-terminated surfaces. Similarly, using a glycerol-water mixture as a lubricant resulted
in a friction coefficient of 0.006 between AISI-52100 steel parts. The excellent tribological
performance was attributed to a hydrogen-bonded layer carrying the normal load and re-
ducing friction due to its tendency to shear easily [105]. In these cases, glycerol does not
cause any chemical reaction that could affect the contacting materials. However, it must
be noted that the addition of water compromises the obtainable lubrication film thick-
ness of glycerol and consequently, wear performance [103, 106]. The choice of excellent
materials for contact surfaces, like multiscale composites, can overcome this shortcoming.

1.4. Materials in this study

UHMWPE is a semi-crystalline polymer with good physical and mechanical properties
(see figure 1.1). UHMWPE differs from other polyethylene (LDPE, LLDPE, HDPE)
in terms of its substantial molecular weight and better properties like higher ultimate
strength and impact strength, listed in table 1.2.

UHMWPE is used in various engineering applications, including pickers for textile
machinery, lining for coal chutes and dump trucks, runners for bottling plants, personal
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Table 1.2: Typical properties of HDPE, UHMWPE [107, 108]

Property HDPE UHMWPE
Molecular weight (106 g/mole) 0.05 - 0.25 1.8 - 6
Melting temperature (°C) 130 - 137 125 - 138
Poisson’s ratio 0.40 0.46
Specific gravity 0.95–0.96 0.93–0.94
Tensile modulus of elasticity* (GPa) 0.4–4.0 0.8–1.6
Tensile yield strength* (MPa) 26–33 21–28
Tensile ultimate strength* (MPa) 22–31 39–48
Tensile ultimate elongation* (%) 10–1200 350–525
Impact strength, Izod* 21–214 >1070 (No break)
Degree of crystallinity (%) 60–80 39–75

*testing conducted at 23°C

armour, food, and beverage machinery, like bumpers and sidings for ships and harbour
and also in general manufacturing [108, 109]. It has been used in artificial joints for
decades because of its excellent wear resistance and bio-compatibility. More than 90%
of the UHMWPE produced in the world is used by industry [29]. UHMWPE’s long
linear chains provide excellent impact strength, abrasion resistance, and toughness. It
is also non-toxic in nature [109]. Golchin et al. conducted tribological studies on vari-
ous polymers in two different studies [110, 111]. The tests were conducted against 316L
stainless steel in water using a uni-directional pin-on-disc tribometer. The contact pres-
sure range was chosen broadly, keeping in view hydropower bearing applications (high
load and slow speeds). It was observed that UHMWPE had the lowest friction coeffi-
cient values and wear rate out of 11 selected polymers. Some studies attribute the low
friction of UHMWPE to plasticisation of polymer in water [111] while others have con-
cluded that UHMWPE’s tribological behaviour under lubrication of pure water may not
be dominated by plasticisation because its hardness does not change after immersion in
water [112]. UHMWPE has excellent potential as a bearing material in water-lubricated
applications. It must be noted that only pristine/neat polymers were studied.

As it has been discussed, UHMWPE, when reinforced with filler material, per-
formed well under water-lubricated conditions and showed improved thermal and me-
chanical properties. However, further improvements can be made in terms of improving
material properties and tribological performance. Research at Luleå University of Tech-
nology (LTU) has been conducted on the development of multiscale UHMWPE compos-
ites. GO/MWCNT reinforced composites consistently exhibited lower friction and wear
rate in comparison to the unfilled UHMWPE. The improvement was mainly attributed
to the nanofillers’ lubricating action in water-lubricated sliding contacts [113]. The tri-
bological behaviour of nanodiamond reinforced UHMWPE composites was investigated
in water-lubricated sliding contacts. A reduction of 72% in wear and 24% in friction was
observed. The improvement was observed after the addition of 1 wt% of NDs to the
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polymer matrix. UHMWPE’s improved tribological behaviour upon the incorporation of
various loadings of NDs in the polymer matrix was mainly attributed to the boundary
lubricating action of nanodiamonds. The NDs within the composite could have a polish-
ing effect on the counter surfaces in water-lubricated sliding contacts [114]. The addition
of MWCNT and ND to UHMWPE increased the fracture toughness of the composite
significantly. The fracture surface analysis revealed an improved ductile failure of the
composites [115].

Further investigations on new UHMWPE composites have revealed that addition
of both micro-scale and nano-scale reinforcements improved the composites´ performance
significantly more in comparison to including either micro-scale or nano-scale reinforce-
ments alone alone [45, 46, 63, 116–126]. However, friction and wear, the two most
important attributes of a tribological system, are system properties and not material.
Therefore, along with the material properties, numerous other parameters affect tribo-
logical performance. Some of these parameters are discussed below.

1.5. Parameters affecting tribology

Tribology is a system property and the parameters and conditions of a tribological system
heavily influence the friction and wear performance of materials. In section 1.5, the
parameters and conditions relevant to this thesis are presented and discussed.

1.5.1. Water intake and wettability

At room temperature and above, water is considered to act as a softening agent (spacer
between chains) in polymers [127]. In practical applications, water-lubricated tribolog-
ical components tend to experience high temperatures and are immersed in water for
long periods. The interaction of water with such components is diverse (absorption, ad-
sorption, plasticisation, chemical reactions) and depends on time, temperature, applied
stress, sliding velocity and counter surface, among other factors [128]. Water intake can
lead to various effects like reduction in strength and swelling and can negatively affect
tribological performance. The absorption of water can lead to the plasticisation of the
polymer surfaces which can influence the friction and wear performance [110, 129–133].
Also, swelling from water intake can change the component’s shape, decreasing the clear-
ance between the component and the counter surface. The component could potentially
act as a brake, producing frictional heat, leading to failure. Moreover, the extent a lu-
bricant adheres to a surface can strongly influence tribological performance. Not only
with pure polymers but also with composites, the mechanical behaviour strongly depends
on the hygroscopic nature of the matrix material. Therefore, it is crucial to study the
hygrothermal behaviour of the polymer composites developed.
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(a) Friction coefficient (b) Specific wear rate

Figure 1.17: Influence of water quality on tribology of various unfilled polymers (Test
parameters: v= 0.5m/s, Counter surface - GCr15 steel, Ra = 0.1µm, Load=0.7 MPa

[131, 134, 135]

1.5.2. Quality of Lubricant

The quality of water used for lubrication can significantly affect the tribological perfor-
mance of the system. The difference in quality can stem from the source of the water.
For example, river water (in the case of hydropower applications) and seawater (marine
applications) can constitute different minerals and salts. Various studies have indicated
that this difference quality of lubricant (water) can affect tribological performance [134,
136–141]. Figure 1.17 shows the result of some of these important studies. The plas-
ticisation of polymers in an aqueous medium can also be affected by the nature of the
medium. In the case of seawater, Mg(OH)2 and CaCO3 can be deposited on the counter
surface due to seawater being a weak alkaline solution containing Mg2+ and Ca2+ ions.
The deposited layer of Mg(OH)2 and CaCO3 prevent the direct contact of the sliding
surface and, due to their sludge-like nature, offer some lubricating effect. The quality of
the lubricant can also affect the efficiency of frictional heat dissipation. It was found that
in dry conditions, frictional heat would soften the sliding surface of CF/PEEK polymer
composites and lead to the formation of the transfer film on the counter surface [138].
The transfer film could transfer back to the polymer material’s surface and form the
back-transfer film, which was prone to cracking and delamination under repeated stress.
However, such plastic deformation, adhesive, micro-cracking, and delamination were sig-
nificantly lower in water lubrication, indicating the aqueous medium’s cooling effect. The
plasticisation of polymers in an aqueous medium can also be affected by the nature of
the medium.
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1.5.3. Thermomechanical/Thermal behaviour

The thermomechanical properties of a polymer can have a direct influence on its tribolog-
ical performance in an application [64, 142–147]. Tribological components can experience
cyclic loading and diverse temperature and frequency conditions. Considerable frictional
heat can be generated if the tribological contacts operate in boundary lubrication for
long periods. Heat generation can affect the polymer’s structural integrity and lead to
deterioration in tribological performance as most polymer-based materials have thermal
conductivity one to two orders of magnitude lower than those of metals, which impedes
the dissipation of frictional heat [30]. Thus, the polymer surface might be plasticised,
leading to the polymer’s easy delamination and resulting in severe wear. Water absorp-
tion can deform tribological surfaces leading to increased contact. This can also lead
to frictional heating. Due to UHMWPE having a low melting temperature, it is more
susceptible to thermal effects at asperity contacts during sliding wear against steel.

The molecular weight of a polymer can influence its properties, processing, and,
consequently, performance. Having a lower molecular weight can mean a reduced melt
viscosity leading to easier processing. It has been observed that natural rubber and
cast Poly(Methyl Methacrylate), which have molecular weights of the order of 106g/mol,
cannot be melt processed until the chains have been broken down into smaller units
[148]. UHMWPE’s particle size was found to affect its motion and heating in a hot
gas jet deposition process [149]. High molecular weight and high melt viscosity restrict
ordering mechanisms such as crystallisation, affecting various physical properties and
tribological performance. With increasing crystallinity, better tribological performance
of UHMWPE has been observed. This performance improvement was accompanied by an
increase in hardness, scratch resistance, and elastic modulus [150]. The effect of particle
size can be more pronounced in the case of composites involving UHMWPE and other
reinforcement materials [151].

In many instances and for practical applications, reinforcement materials are
added to UHMWPE to obtain composites with improved material properties and tri-
bological performance [77, 152, 153]. The process of ball milling is commonly used
to disperse these reinforcement materials in UHMWPE homogeneously. However, ball
milling can lead to polymer molecules’ breakage if the proper time and speed parameters
are not used. Consequently, this can affect the material properties and tribological per-
formance of the composite. Comparison of the effect of processing on different UHMWPE
grades and their thermomechanical properties has not been studied yet. The evaluation
of their combined effect on the tribological performance of polymer composites is also
crucial.

1.5.4. Mechanical/physical properties

On the effect of blending methods on the properties of graphene/polyethylene nanocom-
posites, it was observed that tensile modulus increased more for solvent mixed blends
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than when they were melt blended. The inclusion of graphene led to the increase in
tensile modulus [154]. Furthermore, it was found that crystallinity was improved with
the addition of GO. Not only was the impact strength increased substantially with the
addition of GO, but the micro-hardness was also gradually enhanced, and the tensile
properties were improved [155]. These improvements were attributed to the strong in-
teraction between GO and the UHMWPE matrix and the lamellar structure of GO,
which is advantageous to load transfer. Similarly, storage modulus, tensile modulus, and
the tensile strength of PLA were enhanced due to the addition of 5 wt% NDs. Better
properties were attributed to the increased crystallinity of the matrix and the attractive
molecular interactions between NDs and PLA molecules as suggested by the increased
thermal stability [156]. In a study of the tensile behaviour of talc-filled and short glass
fibre reinforced Polypropylene, composite with short glass fibres was observed to have
higher tensile strength and lower elastic modulus as compared to talc-filled polypropy-
lene [157]. The blending method can significantly affect the dispersion and interaction of
fillers in a matrix and the resulting mechanical properties. Moreover, the amount of wa-
ter absorbed during hygrothermal ageing of such composites can considerably influence
strength, elastic modulus, and strain at failure [158–160].

PBMs used as tribological components can experience huge loads over time. De-
formation caused by the application of such loads is a major drawback leading to lim-
iting their use in advanced applications. The inclusion of multiscale reinforcements in
a polymer matrix can invariably affect the resulting composite’s mechanical properties.
As most tribological components experience stress in the form of compressive or tensile
loads, variation in these properties can affect tribological performance. Any foreign ma-
terial in a polymer matrix can take on different roles. Small granular particles can be
nucleation points or inhibitors with regard to crystallinity. Fibres can improve tensile
properties due to the structural reinforcement they provide. Considerable deformation
over a long duration can lead to failure at stresses below the tensile strength. The in-
clusion of reinforcement materials is known to improve the creep resistance of polymers.
However, the presence of reinforcements makes it difficult to evaluate the time-dependent
properties of these materials [161]. Research on time-dependent properties of such mate-
rials is limited [162–164]. Also, traditional experimental procedures for evaluating creep
are time-consuming. Modelling the behaviour of these materials can help avoid time-
consuming testing and better predict their operational behaviour. Conventional models
like Norton’s power law can be used for viscoelastic materials [165]. However, it is crucial
to utilise models that can accurately describe the behaviour of composite materials. The
Burger model and Weibull distribution functions, used to describe the creep and recov-
ery behaviour of polymer materials, were found to show good agreement when used to
fit the experimental results of graphene reinforced polymers [166]. Various models were
applied to experimental results of creep of HDPE, and its nanocomposites [167]. Suitable
fitting parameters were obtained from the Kohlrausch-Williams-Watt (KWW) method
and the Findley model. The inclusion of reinforcements significantly reduced the creep
modulus. A viscoplastic (VP) model proposed by Zapas et al [168] has been successfully
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used to describe the VP strain evolution in different materials [169–173]. In this model,
the VP strain is written in terms of a stress-dependent integral, with parameters deter-
mined in creep and strain recovery tests. However, it has not been studied to describe
the behaviour of nano-reinforced polymers. Therefore, any newly developed composite
needs to be evaluated for its time-dependent properties using a suitable model to better
predicts its behaviour in applications.

1.6. Research gaps and objectives

So far, a theoretical foundation has been laid with regards to the development of multi-
scale composites with potential applications in either dry or water lubricated tribological
contacts. Recent and ongoing research at the Division of Machine Elements at LTU has
shown promising results in the form of a reduction in wear and friction for polymer com-
posite bearing applications under water lubrication. GO, ND, and MWCNT were used
as fillers.

With the availability of a variety of particle sizes and molecular weights of the
same polymer, UHMWPE in particular, the need arises to examine the influence of par-
ticle size and molecular weight on the resulting composites’ properties and performance.
Processing and manufacturing parameters need to be optimised to be able to produce
high quality, well dispersed multiscale polymer composites. Dispersion of these materials
in the matrix is crucial in obtaining optimised properties and performance. Homoge-
neous dispersion of nano-sized fillers in a polymer matrix is already difficult due to the
nanofillers’ strong agglomeration tendency. Although various researchers have identified
the enhanced tribological performance of conventional composites by further adding mi-
cro and nanoparticles, several explanations concerning the tribological mechanisms and
synergistic effects of the reinforcement material exist. Additional efforts are required to
elucidate which mechanism or mechanisms dominate the improved tribological perfor-
mance of a multiscale composite. An important aspect of developing these composites
is their hygrothermal behaviour. In industrial applications, water-lubricated tribological
components are exposed to high levels of humidity and high temperature.Cyclic loading
over a long duration can cause changes in viscoelasticity and viscoplasticity, important
time-dependent properties that need to be evaluated. Predicting the behaviour of these
materials in such conditions is crucial to their implementation in various applications.
Research on these materials’ time-dependent properties is still quite limited due to the
complexity of the mechanisms and the models involved. Since friction and wear are sys-
tem properties and not material properties, the performance of these developed compos-
ites is also dependent on other parameters like lubrication, load, velocity, counter surface
and more. Evaluation and comparison of the performance of the developed composite in
this study using different and relevant parameters is crucial.

In summary, the experimental work and approach within this thesis were designed
to answer following research questions



32 Introduction

• Will a difference in particle size and polymer’s molecular weight translate into
a significant difference in thermomechanical and tribological properties and per-
formance? Will the polymer composite processing method affect properties and
performance?

• Can multiscale composites be manufactured with good dispersion of reinforcement
material in the matrix? What is the effect of the reinforcements on the tribological
performance and mechanical properties? How do these composites perform after
hygrothermal ageing

• What is effect of different tribological factors on the performance of developed
composites? How do they compare to commercially available materials?

The process and methodology carried out to achieve the objectives mentioned and
questions asked above will be discussed in the following chapters. Chapter 2 describes
the materials selected, the manufacturing methods used, and the methodologies used
to characterise bulk material and surfaces. Some of the results of the investigations
and conclusions drawn are discussed in chapter 3. Part I of this thesis is closed in
chapter 4 with concluding remarks and suggestions on future work. All the publications
associated with this thesis and related research are listed and appended in Part II and
III, respectively.



Chapter 2

Materials & Methods

“If you can meet with Triumph and Disaster
And treat those two impostors just the same."

Chapter 1 established the introduction to the research topic and research gaps that
this thesis will address. In chapter 2, the materials and the characterisation methods used
in this thesis are briefly introduced.

2.1. Materials

2.1.1. UHMWPE

UHMWPE is a thermoplastic polymer with numerous uses in engineering applications.
It has low compressive creep, excellent machinability without melting, and low water
absorption. Since one of the goals of this thesis is to evaluate the effect of powder
particle size on the behaviour and performance of UHMWPE, numerous grades of the
material were selected.

Table 2.1 shows the various UHMWPE used, with different particle size and molec-
ular weights. UHMWPE of particle diameter 140µm was obtained from Celanese Corpo-
ration, USA while the rest were obtained from Mitsui Chemicals GmbH, Germany. As
can be seen from Table 2.1, all the UHMWPE grades had similar density and properties
[174, 175]. Except for 140µm, all the other grades had relatively similar molecular weight
values. This choice was made intentionally with the purpose of investigating the effect of
molecular weight on thermomechanical and tribological performance. All the UHMWPE
grades were supplied in powder form. The obtained UHMWPE was either processed or
used as received. The terms ‘Milled’ and ‘As received’ are used to differentiate between
these two categories of used UHMWPE respectively in table 2.1, chapter 2, chapter 3,
and appended paper A.

33
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Table 2.1: UHMWPE studied; M - Milled, AR - As received

Designation and
average particle size1

Average
Molecular weight2

(×104)
[g/mol]

Density3

[kg/m3]

10µm, M, AR 180 0.94
30µm, M, AR 200 0.94
120µm, M, AR 200 0.94
140µm, M, AR 350 0.93
160µm, M, AR 240 0.935

1MPC method
2Solution viscosity method
3ASTM D1505

2.1.2. Reinforcements

Graphene Oxide

Graphene Oxide (GO) could be regarded as graphene functionalised with carboxylic acid,
hydroxyl, and epoxide groups. By analogy to graphene, graphene oxide is composed of
mono-molecular sheets of graphite oxide. Graphite oxide is obtained by treating graphite
with strong oxidisers. This introduces oxygenated functionalities into the graphite struc-
ture which expands the separation between different layers of graphite and make the
material hydrophilic. This enables the graphite oxide to be exfoliated in water using son-
ication. The presence of oxygen functionalities makes it possible to also easily disperse
GO in water and other organic solvents, as well as in different matrices. Figure 2.1 shows
the structures of graphene and graphene oxide in a simplified manner.

With its carbon-based mono-layer structure and densely packed and atomically
smooth surface, GO has excellent tribological properties. It also possesses good mechan-
ical properties such as a high Young’s Modulus, excellent flexibility, hardness, stiffness
and strength which make it an excellent filler material. The high specific surface area,
two-dimensional geometric structure and good interfacial adhesion of GO are beneficial

Figure 2.1: Graphene (left), Graphene Oxide (Right)
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Figure 2.2: A nanodiamond [178]

to the stress transfer between GO and the polymer matrix. GO, consisting of mono-
layer sheets of 0.7 - 1.2 nm in thickness with a particle length of 35µm, was procured
from NanoInnova Technologies, Spain. Also, GO provided by Graphenea, Spain, with a
particle length of 28µm was used [176, 177].

Nano Diamonds

Nanodiamonds (ND) can be found naturally and also produced in a laboratory. They
are a 0-D allotrope of carbon which essentially means that the atoms in the material are
quantised in all directions and do not have any degree of freedom. As the name suggests,
NDs have dimensions in the nanometer scale. They have been synthesised by detonation
techniques, laser ablation, high-energy ball milling of diamond micro-crystals, plasma-
assisted chemical vapour deposition (CVD), autoclave synthesis from supercritical fluids,
chlorination of carbides, ion irradiation of graphite, electron irradiation of carbon ’onions’,
and ultrasound cavitation with the first three of these methods being used commercially.

NDs inherit most of the superior properties of bulk diamond in their nanoscale
dimensions. These properties include superior hardness and Young’s modulus, bio-
compatibility, optical properties and fluorescence, high thermal conductivity and elec-
trical resistivity and chemical stability. Nanodiamonds have diameters of 4–5 nm, but
they tend to aggregate and typical commercial suspensions of nanodiamonds contain
larger aggregates. NDs, sourced from Adamas Nanotechnologies, USA had an average
particle size of 4-5 nm, and an average aggregate size of 30 nm. A solitary ND is shown
in figure 2.2.

Short Carbon Fibre

As the name suggests, carbon fibres are fibres composed mostly of carbon atoms. Short
Carbon Fibres (SCF) are a shorter form of the long conventional carbon fibres. SCF com-
posites are easier and cheaper to produce than continuous fibre reinforced composites. A
compromise between cost and performance is made when SCF is used as a reinforcement
material in a composite. They are one of the most popular candidates for the develop-
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Figure 2.3: Overview of the manufacturing process

ment of structural and functional reinforced polymer composites because of their high
surface-to-volume ratio, outstanding thermal, mechanical and electrical properties and
good dispersion in polymer matrices. Milled, unsized SCFs (Tomo Tenax-A HT M100
100mu), having an average length and diameter of 100µm and 7µm respectively, were
used [179].

2.1.3. Composite manufacturing

The UHMWPE based composites were manufactured using established methods, the
steps of which are depicted in a simplified manner in figure 2.3. The loading quantity of
the reinforcements was based on research already conducted in the group. For composites
containing ND and GO, wet milling was carried out after these reinforcements were
exfoliated and dispersed in ethanol using optimised parameters. SCFs were added by dry
milling to the dried composite powder. A Retsch PM 100 ball mill and Zirconia balls of
5 mm diameter were used as the mill and milling media respectively. Direct compression
moulding is the most common process used to mould UHMWPE composites into required
form and shape. Because of its ultrahigh molecular weight, the exceptionally high melt
viscosity of UHMWPE leads to a gel state, making it nearly impossible to be processed
by alternate technologies such as screw extrusion, injection molding, ans others. For
compression moulding of the composite materials in this work, a Fontijne Presses LP
300 hot-press was used.

2.1.4. Lubricants

De-ionised (DI) water was used as the primary lubricant for all studies in this thesis.
Seawater was also utilised to evaluate the tribological behaviour of composites in more
practical conditions. Synthetic seawater (according to ASTM D1141 [180]) is a mixture
of dissolved mineral salt that simulates natural seawater. Artificial seawater has the ad-
vantage of reproducibility over natural seawater. It was supplied by Vickers Laboratories
Limited, UK. Other water-based lubricants were also prepared and used to carry out
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Figure 2.4: Schematic of the DMA setup

tribological studies. Sustainalube AB, Sweden, a spin-off company from LTU, supplied
EAL in the form of Sustainalube®. It is a 100% biodegradable mixture of water and
glycerol in undisclosed ratios.

2.2. Thermomechanical properties

2.2.1. Dynamic Mechanical Analysis

The thermomechanical properties of various UHMWPE materials were evaluated using
Dynamic mechanical analysis (DMA). Three sets of tests were performed: (i) amplitude
and (ii) frequency sweep at a constant temperature in torsion and (iii) temperature ramp
test in a tension configuration. An Anton Paar MCR 302 was used for this purpose.
Dynamic mechanical analysis was carried out to evaluate the effect of different polymer
particle size and molecular weight, if any, on the properties and tribological performance
of various UHMWPE. All measurements were done at the same temperature (see figure
2.4). For amplitude tests, frequency was held constant at 1 Hz while the amplitude of
the shear strain was increased. Frequency sweep tests were done at a constant shear
strain of 0.03% (within the limits of linear viscoelasticity). The tests were performed
within a frequency range of 0.1 - 100 Hz. The temperature ramp tests were carried out
in tension deformation mode in a wide temperature range (−150°C to 180°C) at a rate
of 2°Cmin−1. Experiments were carried out at 1, 2, 5, and 10 Hz frequencies (multi
frequency mode), and the samples were tested in the range of linear viscoelastic response
at a constant displacement of 4µm. Comparison between all the results is possible as
long as all materials are tested within the linear viscoelastic region.
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Figure 2.5: Thermal stability of polymers

2.2.2. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) measurements were performed on an Mettler
Toledo DSC1 instrument. Samples of approximately 10 mg were weighed in standard
40µL alumina crucible. A heating rate of 10°Cmin−1 was used and the purge nitrogen
gas flow was maintained to be constant at 80mlmin−1 for all experiments. DSC was per-
formed to obtain the degree of crystallinity and the thermal heat transition temperatures
of the different UHMWPE grades. An initial cycle from 30°C to 200°C and back to 30°C
was conducted to erase any thermal history. To calculate the degree of crystallinity, the
enthalpy of fusion was determined using the melting peak and used in eq.2.1.

Xc =
∆H

∆H100

× 100% (2.1)

where, ∆H is the measured enthalpy of fusion of composites and ∆H100 is the
enthalpy of fusion of 100% crystalline UHMWPE which is estimated to 289 J/g [181].

2.2.3. Thermogravimetric Analysis

The thermal/oxidation stability of prepared composites was evaluated using a Thermo-
gravimetry analysis (TGA) method. The measurements were carried out under air at-
mosphere, between 30°C and 700°C. A heating rate of 10°Cmin−1 was used. Figure 2.5
shows an example of plot of the data obtained for a polymer from TGA. Such a plot
with various temperature points is used to evaluate the oxidative stability of a polymer
based material. Samples of approximately 3mg were loaded onto ceramic crucible and
analysed using a Perkin Elmer TGA 8000.
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(a) Representation of creep development
during creep test and after load removal
where εΣK

V P is the VP strain developed

(b) Representation of displacement controlled
elastic modulus reduction test

Figure 2.6: Representation of creep and stiffness reduction tests

2.3. Mechanical properties

2.3.1. Hardness

Both microhardness and nanoindentation hardness measurements were carried out. A
Matsuzawa MXT-alpha microhardness tester was used to measure the hardness of the
prepared composites. A pyramidal diamond cone was used as the indenter and the
hardness values were calculated based on the Vickers method. A load of 10g was applied
for 15s and each composite was measured 10 times. A NanoTest Vantage from Micro
Materials, UK was used for nanoindentation hardness. No effect of thermal drift was
observed in preliminary tests. Therefore, all the nanoindentation tests were conducted
without thermal drift corrections. A load of 10mN was applied at a rate of 0.5mNs−1.
Dwell time of 10s was used.

2.3.2. Tensile and creep properties

Tensile property measurements and short term creep tests were carried out using an
ElectroPuls 3366 from Instron, USA equipped with 10kN load cell, pneumatic grips and
extensometer. Type IV samples according to ASTM D638-14 were used for both types
of tests [182]. Tensile tests were performed at room temperature while creep tests were
performed in a temperature controlled chamber at 30°C. The samples were left in the
temperature chamber for 30 minutes before starting the tests.

Stress strain curves were obtained in monotonic tensile loading. The tests were
conducted until the applied strain reached 10%, i.e. the test was stopped before sample
failure. The elastic modulus was extracted from the data obtained. It was defined by
the slope of the stress strain curve in the strain region of 0.05% to 0.2%.
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Figure 2.6a shows the methodology of the creep tests used. The load is applied
in a step manner. For instance, stress is applied instantly at time tk and kept constant
for a time interval tk − tk+1. Time intervals of 10, 20, 30 and 60 minutes were used. The
duration of strain recovery interval was at least 12 times longer than the loading interval.
This duration was decided after conducting a preliminary test on neat UHMWPE. Creep
strains measured using the extensometer were recorded during loading and strain recovery
after the load removal intervals. Irreversible strains at the end of recovery intervals were
analysed as Viscoplastic (VP). Analysed VP data was used to evaluate Viscoelastic (VE)
strains.

2.3.3. Stiffness evolution tests

Figure 2.6b represents the loading and unloading cycles and intervals in the tests carried
out to evaluate microdamage caused stiffness reduction. The test consisted of determining
the elastic modulus with a loading/unloading cycle in the low stress region for a duration
of tx, followed by recovery for a duration of 4 × tx. The same sequence was repeated for
higher strains in further cycles. The load was brought to a constant value of 2N during
strain recovery. An Instron 3366 Universal Tester equipped with a 10kN load cell and
pneumatic grips was employed for this purpose.

2.3.4. Modelling of Nonlinear Deformation Behaviour

Materials under load can have both a viscoelastic (εV E) and viscoplastic (εV P ) strain
response. The former is reversible while the latter is irreversible. Both responses can be
influenced by possible microdamage introduced into the microstructure. Therefore, the
total strain (ε) can be written as shown in eq.2.2.

ε(σ, t) = d(σmax)εV E(σ, t) + d(σmax)εV P (σ, t) (2.2)

where, the strain (ε) is a function of stress (σ) and time (t). The parameter d
represents the effect of damage introduced at the maximum applied stress (σmax). The
Zapas and Crissman model was used to characterise the viscoplasticity of the materials
[168]. According to the model, the VP strain growth during loading with specified time
dependence of the applied stress is given by eq.2.3.

εV P (σ, t) = CV P

{∫ t
t∗

0

(
σ(t)

σ∗

)M

dτ

}
(2.3)

where CV P ,M and m are constants to be determined experimentally, σ∗ is ar-
bitrarily chosen stress value, , t/t∗ is normalised time and t∗ is an arbitrarily chosen
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Table 2.2: Chemical composition of Inconel 625

Element Ni Cr Mo Nb Fe Others
Mass fraction wt% 58 23 10 <4.15 5 rest

characteristic time constant. For the sake of simplicity and to obtain dimensionless pa-
rameters, values of σ∗ = 1MPa and t∗ = 120min (equal to total creep time) were used
in this study.

2.4. Tribological characterisation

Tribological tests in papers B, C, and E were carried out using a Pin-on-Disc configura-
tion. A TE67 Pin-on-Disc Tribometer supplied by Phoenix Tribology, UK was used for
this purpose. The tribometer was calibrated before each set of tests. Loads of 5MPa
and 10MPa were applied on cubic specimens with side 4.2mm. Different duration of
testing were used while the speed was kept constant at 0.13ms−1. The slow speed was
used to mimic real world applications like hydroelectric power turbine bearings where
these materials have potential use and to avoid excessive creep of polymer composites.
An LVDT (Linear Variable Differential Transducer) was used to measure the wear of the
composites during the tests. Friction and LVDT data was recorded at a frequency of
1Hz. Figure 2.7 shows the setup of the tribometer. A Cameron Plint TE77 tribometer
was also utilised for some tests requiring pin-on-plate contact. Detailed information on
these tests is given in paper F.

The lubricants, when used, were contained in a bath to which the counter sur-
face was also attached. The contact between the pin and counter surface was always
submerged under lubricating media. Inconel 625 discs were used as the counter surface
material. Table 2.2 shows the elemental composition of Inconel.

Figure 2.7: Pin on Disc setup
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Table 2.3: Parameters used for aging

Duration 120 days
Medium DI water
Volume [ml/sample] 250
Temperature[°C] 21, 80

Before their use in the tribometer, the discs were ground and polished against
silicon carbide paper in order to get a surface roughness value of Ra = 0.2µm. The surface
roughness was chosen so as to accelerate the tribological tests to obtain measurable
friction and wear. The same surface roughness was used for all counter surfaces. Different
counter surface roughness can affect the tribological performance. As mentioned already,
an LVDT was used to measure the change in height. This value was multiplied by the
surface area of a pin to obtain the volume loss. Wear was measured per unit load per
unit distance i.e specific wear rate (see eq.2.4). This is done to have comparable wear
rate values across different tribological conditions.

Specific Wear Rate =
Volume loss

(Load)(Sliding distance)

[
mm3

Nm

]
(2.4)

2.5. Hygrothermal ageing

Developed composites were aged in DI water and at two different temperatures (room
temperature and 80°C). Room temperature was chosen to serve as a baseline while 80°C
was chosen based on the maximum recommended operating temperature for UHMWPE
Parameters used for aging are listed in table 2.3. The aged samples were analysed by
water intake measurements, wettability, Fourier-transform infrared spectroscopy, and
differential scanning calorimetry.

Water intake measurements studies were carried out by weighing the samples every
7th day (Mt) and comparing the value with the sample weight before the aging (M0),
which was measured after they were dried in air for 6 hours. The weighing balance used
had a 0.01mg precision. The water intake (∆M%) was calculated according to eq.2.5.

∆M% =
Mt −M0

M0

× 100 (2.5)

2.6. Wettability

Contact angle measurements were carried out to study the wettability of the composites.
The water contact angles were determined using the sessile drop method in which 4µL
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of distilled water was deposited on the surface of the samples and contact angle mea-
surements were taken after one second. An Attension Theta optical tensiometer (Biolin
Scientific) was used for the measurements.

2.7. Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) was crucial for investigating the composite before
and after various tribological mechanisms occurring in the polymer metal contact. Using
SEM can reveal the wear mechanism and presence of any transfer material or particles
on the counter surface or the polymer pins. Such information helped understanding
the behaviour of the various materials tested. Additionally SEM was used to analyse
materials during processing and after consolidation. Different SEM setups were used
according to different needs. An FEI Magellan 400 XHR, a Jeol JCM - 6000 Neoscope
and a Jeol IT 3000 were used depending on the requirements.

2.8. Other characterisation methods
Apart from the major characterisation techniques mentioned so far, other characterisation
techniques were also explored. In a small investigation, the dispersion of SCFs in the
polymer matrix was investigated using X-ray micro tomography. The surfaces of the
composites post tribological characterisation were imaged using 3D interferometry. The
viscosity of various lubricants used was measured using a Bohlin CVO 100 rheometer.
The measurements were conducted at 25°C while increasing the shear rate from 0 to
100s−1. A concentric cylinder geometry was used with a 25mm diameter inner cylinder
and a 27mm diameter outer cylinder. Surface topographical analysis of pins and counter
surfaces was performed using a Veeco Wyko NT1100 optical profilometer.
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Chapter 3

Results & Discussion

“If you can fill the unforgiving minute
With sixty seconds’ worth of distance run"

3.1. Paper A: On thermomechanical properties

Title: Do the particle size, molecular weight, and processing of UHMWPE
affect its thermomechanical and tribological performance?

The selection of materials is crucial to the development of multiscale composite.
The choice of the base matrix (resin) can have a considerable effect on the properties
and performance of the resulting composite. As indicated earlier in this thesis, research
conducted at LTU has shown the excellent performance of UHMWPE based material
in tribological context. Commercial UHMWPE grades can have different particle sizes
and molecular weights. These UHMWPE grades have been produced targeting specific
applications and were limited by production techniques [108, 183]. However, with the
development of manufacturing techniques, numerous UHMWPE grades of various particle
sizes and molecular weights exist.

Naturally, this study aimed to answer multiple questions: Will a difference in par-
ticle size, and molecular weight translate into a significant difference in tribological per-
formance? Does the manufacturing process affect the properties of different UHMWPE?
Do these factors affect thermomechanical properties? All these questions were founded
on the fact that numerous UHMWPE grades exist, but no consensus on if any one of
them is better in terms of tribological performance and application.

Various grades of neat UHMWPE were used in Paper A to evaluate the effect
of processing on thermomechanical properties. The optimised methods of processing,
manufacturing and consolidation of the polymer are adapted from research carried out by
the Polymer Tribology group at LTU [184, 185]. The processed UHMWPE was denoted
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(a) 500x (b) 1000x

(c) 500x (d) 1000x

Figure 3.1: SEM micrographs of UHMWPE particles at two different magnifications
pre milling (top) and post milling (bottom)

by ‘Milled (M)’ while unprocessed UHMWPE was denoted by ‘As received (AR)’ (see
table 2.1). Figure 3.1 shows the SEM micrographs of UHMWPE particle pre- and post-
milling. The particles, pre-milling, in figures 3.1a and 3.1b have a spherical structure.
In figures 3.1c and 3.1d ,although slight flattening has occurred during the processing,
the ball milling process did not affect the integrity of the polymer particles. In studies
conducted on the influence of processing parameters on UHMWPE particles, it has been
shown that the use of higher RPM results in fragmentation of the flattened particles.
Excessive deformation may impact the adhesion of UHMWPE particles with the fillers
and consequently influence the mechanical properties of the composites.

Prior to carrying out DMA of various UHMWPE grades, preliminary rheological
studies were conducted on some of them. A plate-plate geometry was used in both
amplitude and frequency controlled tests. All materials exhibited linear behavior up to
approximately γ = 1% (see figure 3.2a). These results were used to determine parameters
for subsequent tests, shown in appended paper A. All materials exhibited viscoelastic
solid-like structure in linear viscoelastic range.
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(a) (b)

Figure 3.2: (a) Amplitude sweep tests (b) Frequency sweep tests

Applied shear strains did not reach a value 100% since, at strains of 10-20%, the
maximal shear stress of the rheometer was achieved, primarily due to the high molecular
weights of the UHMWPE grades. Because a linear behaviour was observed until 1%,
a strain of 0.5% was used as preset for all materials in frequency sweep tests. From
frequency tests, it was observed that all samples exhibited frequency-dependent behaviour
of dynamic moduli G′ and G′′ (see figure 3.2a).

In conclusion, the processing, molecular weight, and particle size (in the range
studied) were found not to affect UHMWPE’s thermomechanical properties and tribo-
logical performance. All of the UHMWPE grades displayed approximately the same
friction and wear values. Knowledge of these results can affect their usage in real-world
applications where cost is a significant factor when choosing raw materials. Although
no significant differences among the various UHMWPE grades were observed, Cole-Cole
analysis indicates suppression of β relaxation processes of Milled UHMWPE. However,
this observation is restricted to Cole-Cole analysis and is not seen in any other charac-
terisation results. Of all the various UHMWPE grades, 30µm was selected to be used in
further studies.

3.2. Paper B: Manufacturing of multiscale composites

Title: Tribological behaviour of carbon filled hybrid UHMWPE composites
in water.

In paper B, different composites were prepared using 30µm UHMWPE as the
base polymer and reinforced with GO, ND, and SCF. The loading quantities (wt%) of the
reinforcements were based on research conducted in the group at LTU [114, 185, 186]. The
combinations of reinforcements were chosen to evaluate the synergistic effect of combining
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(a) (b)

Figure 3.3: (a) XMT setup. Circle indicates composite sample (b) Top - Polymer
matrix of the composite. Bottom - Distribution of SCF in the matrix

two or more reinforcement materials. Table showing all the prepared composites can be
found in paper B. In addition, tribological tests supported by various characterisations
were carried out. The tribological tests were carried out with a load of 5MPa and a
velocity of 0.13m/s. More information on tests parameters has been discussed in chapter
2 and in detail in paper B.

X-ray Microtomography (XMT) was used to evaluate the dispersion of SCFs in
the matrix. The method uses X-rays to create cross-sections of a physical object that can
be used to recreate a virtual model (3D model) without destroying the original object.
In the case of a composite, different phases can be differentiated using XMT. This type
of analysis of composites was used as a proof of concept to investigate the dispersion and
composites’ integrity and was not explored further.

The multiscale composite containing both the micro and the nano reinforcements
performed the best tribologically. It exhibited a 21% lower coefficient of friction value
and 15% lower specific wear rate compared to neat UHMWPE (see figure 3.4). The
significantly improved tribological performance is a result of the synergistic effect that
is obtained in the Multiscale composite by the inclusion of all the fillers. GO and ND,
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Figure 3.4: Friction coefficient and specific wear rate of various materials in Paper B

owing to their lubricating properties and hard spherical shape, respectively, help improve
the frictional performance. SCFs act as load-bearing surfaces and protect the softer
polymer matrix by carrying the load and preventing surface contact that causes wear.
Material flaked off from the composite could be seen on the counter surface, indicating
abrasive wear. EDS analysis of the surface establishes the presence of a transfer layer
resulting from adhesive wear. Oxidation and degradation temperatures were significantly
delayed for the Multiscale composite, indicating an improvement in service life. Also, the
crystallinity was not negatively affected by the inclusion of the fillers. In conclusion, well
dispersed multiscale composites with improved tribological performance were successfully
manufactured.

3.3. Paper C: Effect of hygrothermal ageing

Title: Tribological performance of hygrothermally aged UHMWPE hybrid
composites

Individual effects of moisture absorption and temperature on the structural in-
tegrity, mechanical properties, thermal performance and tribological performance of
UHMWPE have been studied and reported. However, the correlation between these
factors and their combined effect on tribological performance is lacking. In paper C, the
composites of most interest from paper B underwent accelerated ageing process at high
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Figure 3.5: Decomposition curves for Multiscale composite. RT - Room temperature

temperature and humidity. The effect of ageing on the structure of the composites and
their tribological performance was evaluated.

The analysis of the water intake was performed based on the standard ASTM
D5229-92 [187]. Samples aged at room temperature exhibited small water intake, with
all composites absorbing less than 0.1% of water in 112 days. This suggests that the
presence of reinforcements did not significantly alter the structure of the materials due
to the high structural integrity of the composites. Samples aged at elevated temperatures
exhibited higher water intake than those at room temperature, which is attributed to the
increased mobility of molecules and oxidation of the samples due to higher temperatures.
The wettability and the crystallinity of the various composites were not affected by
ageing.

FTIR was performed to examine and detect possible chemical changes in the
composites due to ageing. The Multiscale composite exhibited the lowest or no oxidation
peaks, indicating that the ageing affected it the least. The absence of oxidation was not
observed for composites with only micro or nano-sized reinforcements. DSC and TGA
measurements were carried out to obtain additional information. The Multiscale showed
the least change in decomposition temperature points. Figure 3.5 shows the decompo-
sition curves of Multiscale composite at un-aged and aged conditions. As evident, the
Multiscale composites shows excellent resistance to decomposition. This resistance to
decomposition agrees with results obtained in FTIR analysis in which the composite pre-
sented low or no oxidation peaks. Oxidation can occur when defects are induced in the
matrix by the development of microcracks during ageing. This increases the interfacial
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area between water and composite, creating preferential diffusion paths. The fact that
the Multiscale composite displayed low or no oxidation and no degradation supports the
view that the structural integrity of the composites is intact.

The tribological tests revealed that water absorption and any oxidation of the
composites did not have a significant effect on the tribological behaviour of the compos-
ites. Furthermore, the wear mechanism of the polymer matrix was not affected by the
addition of reinforcements and hygrothermal ageing. Within the same group of materials,
no significant differences were identified in the friction behaviour of the materials with
ageing. These results indicate that possibly due to the excellent structural integrity of
the multiscale composites, they retain their tribological performance even after ageing at
high temperature and humidity.

3.4. Paper D: Viscoelastic/Viscoplastic behaviour
Title: Time dependent properties of newly developed UHMWPE composites
for water lubricated tribological applications

The tensile and creep properties of the most significant UHMWPE based com-
posites developed in paper B were measured over a range of stress values and evaluated.
Knowledge of these properties can help design and develop polymeric composites for
load-bearing applications in demanding tribological conditions. All polymer materials
have a viscoelastic (VE) and viscoplastic (VP) aspect, as already discussed in paper A.
Therefore, the mechanical properties and the short-term creep behaviour of UHMWPE
composites were evaluated. The obtained values were fitted in a model to predict the
VP/VE behaviour of the composites. More information on the model can be found in
chapter 2 and in paper D.

Short term creep tests are carried out at 30%, 40%, 50%, and 60% of the maxi-
mum tensile stress of the Neat UHMWPE. The maximum tensile stress and other test
parameters are determined using literature and supporting tensile tests. Figure 3.6 shows
the development of VP strains of various materials for approximately 20 years under the
stress of 12 MPa. The prediction is based on the parameters extracted from short term
creep tests on the UHMWPE composites. For Neat UHMWPE, the strain is constantly
increasing, while for the Multiscale composite, the strain development plateaus out. It
does not exceed the critical strain determined from other tests. This indicates to the
excellent mechanical properties of the UHMWPE containing multiscale reinforcement
material. Such predictions, as shown in figure 3.6 are possible for long-duration over
loads ranging from zero to the maximum tensile stress of the material being evaluated.

From all the evaluations carried out in this study, it was observed that all the
composites performed better than Neat UHMWPE to resist the development of VP/VE
strain. Moreover, the Multiscale composite showed the highest resistance to strain and
creep. The improvement results from the synergistic behaviour of the different rein-
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Figure 3.6: Prediction of VP strains for t/t∗=1000000 ≈ 20 years

forcements and their excellent interface with the polymer matrix. The results obtained
and conclusions drawn from paper B and C support this view. Good dispersion of the
reinforcements in the matrix is obtained, leading to excellent structural integrity and
improvement in physical and mechanical properties. A maximum of 77% improvement
in modulus and 40% in stress at yield is witnessed for the Multiscale composite. VP
strain was reduced by approximately 76% at the highest loading. Parameters of vis-
coplastic behaviour that can be used to predict the VP strains at different loading cycles
to those used in this study were extracted. The approach used in this study, together
with evaluating the various composites’ time-dependent behaviour, provides a valuable
way to approach material selection and design for applications.

3.5. Paper E: Performance in different lubrication and
loads

Title: Tribological performance of UHMWPE based multiscale composite
under different lubrication and loads

Papers A to D involved the following:

• Evaluating the effect of different molecular weight and particle size of UHMWPE
on thermomehcanical properties and tribological performance
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(a) Friction coefficient (b) Specific wear rate

Figure 3.7: Friction coefficient and specific wear rate of Neat UHMWPE and Multiscale
composite under different lubrication and load conditions. Loads of 5MPa and 10MPa

used. SW - Sea Water. EAL - Environmentally Acceptable Lubricant

• Manufacturing multiscale composites by addition of GO, ND and SCF and inves-
tigating their tribological performance.

• Evaluating the effect of hygrothermal ageing on multiscale composites.

• Determining the mechanical properties and time-dependent behaviour of the mul-
tiscale composites.

All these studies establish that the Multiscale composite is unarguably the best
performer of all tested materials. It displays excellent tribological behaviour, is not
affected by ageing, and has relatively low development of creep over time. However,
further tribological characterisation of the Multiscale composites in different lubricants
and under different loads was required. This is the focus of paper E. The tribological
conditions used in this study included higher contact pressure and starved (dry) sliding
conditions alongside seawater and an EAL.

Figure 3.7 shows the tribological results obtained. Under lack of lubrication (Dry
contact), the Neat UHMWPE performed better than Multiscale composite. Lack of
flowing lubrication media allowed the formation of a transfer layer in the contact, which
helped reduce the friction and wear. In the case of Multiscale composites, the presence
of SCFs did not allow for the formation of a transfer layer due to their abrasive nature.
SCFs rubbing against the counter surface hindered material transfer and led to a patchy
transfer layer.
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The Multiscale composite outperformed Neat UHMWPE under seawater (SW)
and EAL lubrication. The presence of salts and minerals in the SW resulted in the
formation of deposits on the counter surface and in the contact. This reduced the direct
contact of the tribological surfaces. A maximum reduction of 77% in friction coefficient
and 88% in specific wear rate was obtained. This improvement was observed at both
loads of 5MPa and 10MPa.

Under EAL lubrication, both Neat and Multiscale material displayed approxi-
mately similar friction under both loads. Dues to the higher viscosity of the EAL, a good
lubricating film was formed, preventing contact of the surfaces to a large extent. The
Multiscale composite displayed lower wear due to its excellent properties arising out of
the synergistic effect of the inclusion of GO, ND and SCF. Wear of Multiscale composite
was reduced by as much as 75% compared to Neat UHMWPE. The micro-and nano re-
inforcement combine synergistically to enhance the tribological performance. Evaluation
of the performance of such multiscale composites under different tribological conditions
is crucial to their continued development. Tests conducted in this study revealed that
although the Multiscale composite does not perform well in dry contacts, its performance
under SW and EAL lubrication is excellent. This excellent performance is observed at
both 5MPa and 10MPa loads.

3.6. Paper F: Comparison against commercial materi-
als

Title: Tribological characterisation of polymer composites for hydropower
bearings: Experimentally developed versus commercial materials

To obtain a better insight into the performance of multiscale composites for hy-
dropower applications, it is of interest to compare its performance with that of the com-
mercially available materials. This would allow one to benchmark the performance of the
multiscale composite. Seven different materials, six polymer-based and one metal, were
evaluated in different lubricating conditions: dry, water, and using an Environmental
Adaptive Lubricant (EAL) (similar to tribological tests in paper E). Table 3.1 lists the
various materials used in this study.

The tribological results for all materials tested are shown in figure 3.8. Under
dry sliding, the highest CoF was obtained for bronze and while the lowest was obtained
for ThorPlas-Blue. Under water-lubricated conditions, both an increase and decrease in
friction with respect to dry conditions were obtained for the different materials. The ex-
perimentally developed PPS and PE (Multiscale) composites provided the lowest friction
coefficient among all tested materials. Tests using the EAL provided much lower fric-
tion for all tested materials. The large differences in CoF for the different materials, as
obtained under water-lubricated conditions, were not present for the EAL experiments.
This is related to the much more effective lubrication properties of the EAL.
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Table 3.1: Tested materials in paper F

Materials Composition Source
Thorplas Thermoplastic with additives

Commercial
Orkot Thermoset with PTFE and Polyester fibers
Bronze Copper + Tin
PAI PAI + TiO2

PVX PPS + PTFE + Gr + CF
PPS PPS + 40% PTFE + 0.5% GO + 0.5% CNT + 10% SCF LTUPE UHMWPE + 0.5% ND + 0.5% GO + 10% SCF

(a) Friction coefficient (b) Specific wear rate

Figure 3.8: Friction and wear results of the tribological characterisation under different
lubrication conditions. Contact pressure: 20 MPa, Speed: 0.02 mm/s, Time: 20 hours,

Counter surface Ra: 0.31 µm

Under dry sliding conditions, it can be observed that the PE (Multiscale) and PPS
composites, as well as ThorPlas-Blue, operate in the same low wear regime. The high wear
resistance of these materials is likely linked to the adequate addition of solid lubricants
and enhanced load carrying capacity through the addition of reinforcing fibers. Under
water-lubricated conditions, the PE composite displayed only a minor increase in specific
wear rate, in contrast to the commercial composites. The high performance with respect
to both friction and wear under water lubrication is in line with the material design
objectives for this composite. When considering both friction and wear as criteria for
bearing material selection, not one single material is able to operate well under all three
tested lubrication conditions. A combination of factors like material transfer, addition of
reinforcements, and thermal stability contribute to the tribological performance. Despite
the low hardness values of theMultiscale composite and the high contact pressures used in
this study, the Multiscale composite performs on par with commercial material, bringing
it one step closer in its development.
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Chapter 4

Conclusions and future work

“Yours is the Earth and everything that’s in it,
And—which is more—you’ll be a Man, my son!"

The purpose of the research contained in this thesis and the appended papers was
to develop novel UHMWPE based composites containing reinforcements in both nano and
micrometer dimensions to be used as contact materials in water tribological applications.
Various characterisation techniques were employed with focus on their mechanical and
tribological performance.

4.1. Conclusions
For a selected range of UHMWPE powders, through dynamic mechanical analysis in am-
plitude sweep, frequency sweep, and temperature tests, it was observed that the particle
size and molecular weight did not significantly affect the storage, loss, and complex mod-
uli, of various UHMWPE grades, especially in the context of their tribological properties.
Similarly, no difference in behaviours was observed between Milled (processed) and As
Received samples meaning that the manufacturing and processing did not affect the ther-
momechanical properties of the various UHMWPE grades. Tribological tests indicated
that there was no significant difference in the performance of the various UHMWPE
grades and their behaviour could not be described by any trend. However, a more in-
depth analysis involving Cole-Cole plots indicates the suppression of the β relaxation
processes of Milled UHMWPE.

Multiscale UHMWPE composites to be used as tribological material in water lu-
bricated contacts were successfully manufactured. Compression moulding was used to
consolidate the composites developed in this study. The nano-sized fillers GO and ND
offer more surface area for interaction while SCFs protect the composite surface from
wear by strengthening the matrix. GO and ND, owing to their lubricating properties
and hard nature respectively, help improve the frictional performance of the composites

57
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Figure 4.1: Graphical representation of studies carried out

and prevent surface to surface contact. A synergistic effect is obtained in the Multiscale
composite by the inclusion of all the fillers. Under DI water lubrication, it exhibited a
21% lower coefficient of friction value and 15% lower specific wear rate compared to un-
filled UHMWPE along with being more hydrophobic compared to all other manufactured
composites.

The effect of hygrothermal aging on the tribological performance of newly devel-
oped UHMWPE multiscale composites was evaluated. Friction and wear performance of
UHMWPE composites were not significantly affected by hygrothermal aging, which is due
to the structural integrity of the developed composites. The developed composites were
evaluated for their tensile and time-dependent properties. All the composites perform
better than neat UHMWPE to resist development of VP/VE strain. Of all the stud-
ied materials, the Multiscale composite, incorporating reinforcements in both nano (GO,
ND) and micro-scale (SCF) dimensions, shows the highest resistance to strain and creep.
The improvement is a result of the synergistic behaviour of the different reinforcements.
A maximum improvement of 77% in modulus and 40% in stress at yield is witnessed
for the multiscale composites. For the same composite, VP strain was reduced by ap-
proximately 76% at the highest loading. Parameters of viscoplastic behaviour were used
to predict the VP strains at different loading cycles. The approach used in this study,
together with evaluating the various composites’ time-dependent behaviour, provides a
valuable way to approach material selection and design for applications.

The tribological performance of UHMWPE based multiscale composites developed
for demanding tribological applications was evaluated under different loads and lubrica-
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tion conditions. Neat UHMWPE was used to compare the properties and performance.
Under dry sliding conditions, the Neat UHMWPE performed better than Multiscale
composite. As in dry running conditions, the tribological contact experienced boundary
lubricating regime under Sea Water (SW) too. However, in SW, the Multiscale composite
performed significantly better than Neat UHMWPE due to the formation of deposits and
particles on the counter surface and in the contact. Under EAL lubrication, both Neat
and Multiscale material displayed approximately similar frictional performance. Wear of
Multiscale was found to be lower than that of Neat UHMWPE at both 5 MPa and 10
MPa.

Five commercial materials and two different in house developed polymer compos-
ites, including the Multiscale composite, were compared with respect to their tribological
response in dry sliding conditions, water-lubricated conditions and lubricated with an
EAL. Post tribological test characterisation was carried out to obtain a better under-
standing of the tribological mechanisms involved. When considering both friction and
wear as criteria for bearing material selection, not one single material is able to operate
well under all three tested lubrication conditions. The Multiscale composite performed
at par with commercial materials.

4.2. Future work

Although this thesis aims to give a comprehensive body of knowledge on the development
of novel UHMWPE-based multiscale composites that can be utilised in water-lubricated
tribological applications, numerous questions were raised during the course of this study,
which offer scope for further work.

• Conversion from UHMWPE powder to consolidated form can be carried out using
powerful methods such as shear mixing, ram extrusion and hot isostatic pressing,
apart from direct compression moulding used in this thesis. The addition of mi-
cro and nanoparticles brings additional challenges to consolidation that must be
tackled to develop and scale up these methods. This includes optimising the man-
ufacturing methods and choosing the right reinforcements for specific applications
while keeping in mind the requirements of green and sustainable tribology.

• Inclusion of reinforcements to a polymer can bring about an element of multi-
functionality to the resulting composite. Other traits like thermal and electrical
conductivity could be enhanced along with improvements in tribological perfor-
mance and mechanical properties. Multi-functional components are very much de-
sired when considering practical applications. Research on the multi-functionality
of the developed composites can also help in condition monitoring, which is critical
in the design of modern tribological systems. Efficient condition monitoring can
help carry out timely maintenance and repairs.
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• Many of the tribological component in electric vehicles contain PBMs. Multiscale
composites with multi-functionality, improved service life and ease of monitoring
can help improve the efficiency and operation of such components and the vehicles.

• As polymer composites become more attractive materials of choice in many de-
manding tribological applications, understanding their lifetime and performance is
highly relevant. Such studies can help predict or extend the service life of compo-
nents. Properties like viscoplasticity/viscoelasticity can have significant effect on
useful life of the composites and components. Also, longer service life combined
with recyclability can contribute to the improvement of the plastic circular econ-
omy. Whether the improved service life of the multiscale composites observed in
the lab is translated to real-world applications remains to be investigated through
pilot-plan studies.

Tackling these challenges is crucial for the continued development of multiscale
composites.
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a b s t r a c t

UHMWPE has exhibited excellent performance when used as contact surfaces in tribo-

logical contacts. Traditionally, only UHMWPE grades, with narrow particle size and mo-

lecular weight distribution, have been deemed suitable for such applications. Now, various

UHMWPE grades are available that are different from each other based on their particle size

and molecular weight distribution. The question of whether the particle size of UHMWPE

affects its performance and properties presents a research gap. The present study attempts

to address this question. Additionally, the effect of processing of the UHMWPE is studied. It

is observed that although minor differences were observed in the properties of the various

grades of UHMWPE, they are inadequate to conclusively determine that the particle size

and processing effect the properties and performance of the material.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Ultra High Molecular Weight Polyethylene (UHMWPE) is a

thermoplastic material with good wear resistance, high

impact strength, self-lubricating properties, excellent corro-

sion resistance and, is lightweight [1]. It exhibits a low

coefficient of friction due to its self-lubricating properties.

Also, it has low compressive creep, excellent machinability

without melting and low water absorption. Due to the com-

bination of these properties, UHMWPE is used as a replace-

ment for metals in various tribological applications [2e4].

Commercial UHMWPE grades can have different particle

sizes andmolecular weights. Until a few years back, UHMWPE
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grades of only a very narrow particle size distribution were

available. These UHMWPE grades were produced targeting

specific applications and were limited by production tech-

niques [2,5]. However, with the development of

manufacturing techniques at present, numerous UHMWPE

grades of various particle sizes andmolecular weights exist in

themarket. If a thermoplasticmaterial like UHMWPE has to be

used targeting a specific application, it is necessary that the

influence of particle size and molecular weight on the ther-

momechanical properties and tribological performance is

studied and known. The thermomechanical properties can

have directly influence the performance of the material in

tribological applications [6e8]. UHMWPE components can

experience cyclic loading and diverse temperature and fre-

quency conditions.

Both the particle size and molecular weight of a material

can influence its properties, processing, and, consequently,

performance. Having a lower molecular weight can mean a

reduced melt viscosity leading to easier processing. It has

been observed that natural rubber and cast Poly(Methyl

Methacrylate), which have molecular weights of the order of

106 g/mol, cannot bemelt processed until the chains have been

broken down into smaller units [9]. The role of particle size

and polymer molecular weight in the formation and proper-

ties of a calcium aluminate cement-poly(vinyl alcohol) com-

posite was investigated. It was found that both polymer

molecular weight and cement particle size affect the

mechano-chemistry, the “window of processability”, and

mechanical properties of the hardened matrix [10]. The par-

ticle size of UHMWPE was found to affect its motion and

heating in a hot gas jet deposition process [11]. Highmolecular

weight and high melt viscosity restrict ordering mechanisms

such as crystallisation, affecting various physical properties

and tribological performance. With increasing crystallinity,

better tribological performance of UHMWPE has been

observed. This improvement in performance was accompa-

nied by an increase in hardness, scratch resistance, and

elastic modulus [12]. The effect of particle size can be more

pronounced in the case of composites involving UHMWPE and

other reinforcement materials [13]. These types of UHMWPE

based composites are popular and used widely due to their

excellent tribological performance. On the comparison be-

tween two UHMWPE grades, it was found that the UHMWPE

with a smaller particle size showed marginally better tribo-

logical performance [14].

In many instances and practical applications, reinforce-

ment materials are added to UHMWPE to obtain composites

with improved material properties and tribological perfor-

mance [14e17]. The process of ball milling is commonly used

to homogeneously disperse these reinforcement materials in

UHMWPE [14]. However, ball milling can lead to the breakage

of polymer molecules if the suitable parameters of time and

speed are not used. Consequently, this can affect the material

properties and tribological performance of the composite.

Comparison of the effect of processing on different UHMWPE

grades and their thermomechanical properties has not been

studied yet.

With the availability of a variety of UHMWPE grades, the

need arises to examine further the influence of particle size

and molecular weight on the properties and performance of

the material. Will a difference in particle size and molecular

weight translate into a significant difference in performance?

Howdoes processing affect the properties of UHMWPE?This is

an uncharted area to the best of the authors’ knowledge.

There exists no information on whether a particular size of

UHMWPE is suitable for a specific application, especially in the

field of tribology. The objectives of the present study are thus

multifold. The first is to use thermomechanical analysis to

determine the effect of particle size and molecular weight on

the viscoelasticity of various UHMWPE grades. The second

objective is to investigate whether or not tribological perfor-

mance is affected by the presence of or the lack of difference

in thermomechanical properties. In the process, the effect of

processing on the various UHMWPE with relation to their

thermomechanical properties is investigated.

2. Experimental work

2.1. Materials and processing

For the purpose of this study, UHMWPE grades of different

particle diameters (Table 1) were obtained in granular form

from the manufacturers. UHMWPE of particle diameter

140 mmwas obtained from Celanese Corporation, USA,while the

rest were obtained from Mitsui Chemicals GmbH, Germany. As

can be seen from Table 1, all the UHMWPE grades had similar

density and physical properties [18,19]. Except for 140 mm, all

the other grades had relatively similar molecular weight

values. This choice was made intentionally with the purpose

of investigating the effect of molecular weight on thermo-

mechanical and tribological performance.

A mixture of ethanol and UHMWPE material was milled in

a PM100, Retsch GmBH, Germany planetary ball mill. The slurry

obtained after milling was dried in an oven to evaporate the

ethanol. The powder obtained after drying was moulded into

plates of different dimensions using the Direct Compression

Moulding (DCM) method. The parameters of the processing

were adopted from studies carried out already [14e16]. To

determine the relationship between particle size, molecular

weight, processing, properties, and performance, the pro-

cessed or Milled samples were compared with As Received

samples. Unprocessed UHMWPE obtained from the suppliers

was directly moulded using Direct Compression Moulding

(DCM) into samples which are calledAs Received samples here.

Table 1 e Different UHMWPE grades; M¡ Milled, AReAs
received.

Designation and
average particle sizea

Average Molecular
weightb (� 104) [g/mol]

Densityc

[kg/m3]

10 mm, M, AR 180 0.94

30 mm, M, AR 200 0.94

120 mm, M, AR 200 0.94

140 mm, M, AR 350 0.93

160 mm, M, AR 240 0.935

a MPC method.
b Solution viscosity method.
c ASTM D1505.
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These two are denoted byM and AR in Table 1 and throughout

this study. In both cases, UHMWPE forms obtained after the

DCM process were used directly or machined into different

shapes to be characterised.

2.2. Thermomechanical analysis

2.2.1. Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) was carried out to

determine the viscoelastic properties of the UHMWPE grades

and to check how their properties change with frequency and

temperature. Three sets of tests were performed: (i) amplitude

and (ii) frequency sweep at a constant temperature in torsion

and (iii) temperature ramp test in a tension configuration.

Samples of dimensions 50 � 10 � 3 mm were used for fre-

quency/amplitude sweep tests and samples of dimensions

105 � 2 � 1 mm were used for temperature sweep tests.

Amplitude sweep tests were performed at 37�C, at a constant

frequency of 1 Hz with increasing shear strain amplitude.

Frequency sweep tests were also done at 37�C and at a con-

stant shear strain of 0.03% (within the limits of linear visco-

elasticity). The tests were performedwithin a frequency range

of 0.1e100 Hz, with high frequencies simulating fastmotion in

a short time and low frequencies simulating slowmotion on a

longer timescale or in quasi-static conditions. The dynamic

mechanical properties were also determined using a tension

deformation test as a function of temperature. Tests were

performed in a wide temperature range (�150�C to 180�C) in
tension mode at a rate of 2 Kmin�1. Experiments were carried

out at 1,2,5, and 10 Hz frequencies (multi frequency mode),

and the samples were tested in the range of linear viscoelastic

response at a constant displacement of 4 mm. Comparison

between all the results is possible as long as all materials are

tested within the linear viscoelastic region.

The DMA analysis was performed by applying a sinusoidal

deformation through controlled oscillatory shear strain

g(t) ¼ g0sinut, where g0 is the shear strain amplitude and u is

the applied angular frequency, to a sample with known ge-

ometry and recording the phase-shifted shear stress response

t(t)¼ t0sin(utþ d), which allows the determination of complex

shear modulus G*. The complex modulus is determined by

decomposing the shear stress output into an in-phase and out

of phase component and via G’ and G”. All three moduli are

related by Eq. 1

G * ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðG0Þ2 þ ðG00 Þ2

q
(1)

While the above principle has been outlined in the case of a

shear test, the same principle can be applied by imposing a

tensile strain, ε(t), and based on the tensile stress, s(t), the

(tensile) storage E0 and loss E00 moduli can be determined. The

storage modulus G0(E’) denotes the elastic response of the

material, i.e. the stored energy within one loading cycle in the

material due to stretching and extension of the internal bonds

and structures, which constitutes the reversible part of the

material deformation, providing no plastic deformation

occurred. The loss modulus G”(E”) characterises the viscous

response of the material, i.e. the loss of energy due to internal

friction during deformation, which is dissipated as heat and

constitutes the irreversible part deformation [20,21]. These

two moduli allow better characterisation of the material

because we can now examine the ability of the material to

return and dissipate energy. The storage and loss moduli are

material properties and are independent of geometry. The

ratio of the two modules is tan d, is used as the measure of

many properties [20] along with indicating how efficiently the

material loses energy to molecular rearrangements and in-

ternal friction.

2.2.2. Differential scanning calorimetry (DSC)
Differential scanning calorimetry measurements were per-

formed on a Mettler Toledo DSC1 instrument with an intra-

cooler using STAR software. Indium and zinc standards were

used for the temperature calibration and for the determina-

tion of the instrument time constant. Samples of around

10 mg were weighed in standard 40 mL alumina pans. A

heating rate of 10 K min�1 was used and the purge nitrogen

gas flow was maintained to be constant at 30 mL min�1 for all

experiments. DSC was performed to obtain the degree of

crystallinity and the thermal transition temperatures of the

different UHMWPE grades. To calculate the degree of crystal-

linity, the enthalpy of fusion was determined using the

melting peak and used in Eq. (2).

Crystallinity¼ DH
DH100

� 100 (2)

where, DH is the enthalpy of the polymer and DH100 is the

enthalpy of fusion for a 100% crystalline UHMWPE (289 J/g)

[22].

2.2.3. Thermogravimetric Analysis(TGA)
Thermogravimetric analysis of all the UHMWPE grades was

performed using a PerkinElmer TGA 8000. The measurements

were carried out under Nitrogen atmosphere, between 30�C
and 600�C. A heating rate of 10�C/minwas used to evaluate the

thermal stability.

2.3. Tribological setup

Tribological measurements were carried out on a Pin-on-Disc

tribometer (TE67, Phoenix Tribology, UK) with polymer pins and

Fig. 1 e Pin on disc tribological test setup.
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Inconel 625 discs as the contact surfaces. The tribological tests

were conducted in water lubrication for ease of comparison

with other results [14e17,23]. Inconel with Ni (58 wt%), Cr

(<23wt%), Mo (<10wt%), Nb (<4.15wt%), Fe(5wt%) as itsmajor

chemical constituents, was chosen for its good corrosion

resistance. A schematic of the test configuration is shown in

Fig. 1.

The tests were conducted at room temperature for a

duration of 50hwith a contact pressure of 5MPa and a speed of

0.13 m/s. The counter surface discs were ground to a surface

roughness Ra ¼ 0.25 mm before being used in the tests. The

parameters for contact pressure and surface roughness of

counter surface were chosen to accelerate the tests while

avoiding creep of the polymers and to minimise hydrody-

namic effects while at the same time obtaining data over a

long duration. Friction values were taken only from the

steady-state region of the tests, while wear was calculated for

the tests’ whole duration. A Linear Variable Differential

Transformer (LVDT) sensor was used to observe the vertical

displacement of the pin holder and determine the wear depth

continuously in the tests. The wear rates were calculated

using Eq. (3).

Wearrate¼ Volumeloss
ðLoadÞðSlidingdistanceÞ

�
mm3

Nm

�
(3)

No surface roughness difference is observed between the

tribological test samples of Milled and As Received UHMWPE

since the same molding process is used to form the test

samples. Moreover, the wear behaviour is not related to the

processing (ball milling and compression molding) of the

UHMWPE. In studies already carried out, the processing pa-

rameters, including ball milling, were optimised with regards

to UHMWPE [14,17,24].

2.4. Scanning electron Microscopy(SEM)

The morphology of the particles and the topography of the

wear tracks were investigated using an FEI Magellan 400 XHR,

USA high-resolution scanning electron microscope. Energy-

dispersive X-ray spectroscopy was also carried out on the

wear tracks to gain a better understanding of the wear and

tribological mechanisms involved.

2.5. Contact angle measurements

The wettability of the UHMWPE grades was measured using

the sessile drop method with a Biolin Scientifica Theta tensiom-

eter, Sweden. 4 mL of distilled water was deposited on flat sur-

faces of UHMWPE obtained after direct compressionmoulding

and contact angle measurements were taken 1s after deposi-

tion. Water contact angles can affect tribological performance

and therefore is crucial to know the wettability character of

the various UHMWPE grades.

3. Results and discussions

3.1. Thermomechanical properties

3.1.1. Dynamic mechanical analysis
For amplitude and frequency sweep tests, 4 Milled samples

were analysed while only 1 As Received sample was analysed.

Preliminary tests confirmed the authors’ suspicion that DMA

of As Received samples would provide the same results every

measurement, i.e. pre-processing of granular UHMWPE does

not affect material properties. Fig. 2a and b shows the results

of amplitude sweep for Milled and As Received specimens,

respectively. As can be observed by the closeness of results in

both the plots, the various UHMWPE grades behave similarly.

The difference in G’ and G” values between 10 mm and 160 mm

are on average 31% and 11%, respectively.

Some of the UHMWPE grades show a relatively larger

variation in values near 1% shear strain which can be attrib-

uted to limitations of the test equipment used and the fact

that these materials display linear viscoelastic behaviour only

until 1% shear strain. Therefore, the variation in values is not

material behaviour and can be ignored.

Fig. 3a and b shows the results for frequency sweep of

Milled and As Received specimens. As in amplitude sweep re-

sults, there is some difference in values between the different

Fig. 2 e Amplitude sweep of Milled and As Received UHMWPE grades.
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UHMWPE grades. These difference are relatively small. For

instance, at a frequency of 1Hz, the difference in Gʹ and Gʺ

values between 10 mm and 160 mm is on average approxi-

mately 31% and 11% respectively.

It can be concluded from the DMA analysis that no signif-

icant difference in results between Milled and As Received

samples are observed. The difference between these two

groups of samples is that Milled samples are processed using

ultrasonication and ball milling while As Received samples are

not. Processing does not seem to influence or affect the dy-

namic mechanical behaviour of different grades of UHMWPE

significantly. Since the UHMWPE grades differ in terms of

particle size and molecular weight, the argument can be

extended that these two parameters do not affect the pro-

cessing and the dynamic mechanical behaviour of the

UHMWPE grades. The small differences seen in dynamic

mechanical behaviour can be a plausible reason for further

investigation but are out of the scope of this study.

Fig. 4a and b shows the complex shear modulus of Milled

and As ReceivedUHMWPE grades in both amplitude sweep and

frequency sweep modes, respectively. UHMWPE with the

highest and lowest molecular weight, 140 mm and 10 mm,

display the highest and lowest complex modulus as expected.

Higher molecular weight can translate to a tougher material.

However, the difference in values is not significant enough to

affect properties and performance, as we have seen earlier

and will see in further sections.

3.1.2. DMA tension deformation tests
Although tension deformation tests were conducted at

various frequencies, Fig. 5a and b shows the results of storage,

loss, and complex modulus for 1 Hz. No frequency depen-

dencewas observed for all the UHMWPE grades. No significant

difference can be noticed between the various UHMWPE

grades both in Milled and As Received states, as can be seen by

the closeness of the curves. For example, the average loss

tangent values for all the UHMWPE grades at 37�C, both Milled

and As Received, is 0.12. The UHMWPE with the smallest

(10 mm) and the largest (160 mm) particle size differ as little as

7%, and the UHMWPE with the lowest (10 mm) and highest

(140 mm) molecular weight differ as little as 23% in terms of

loss tangent values.

It can be seen in Fig. 5b that all the UHMWPE grades display

similar behaviour. The effect of processing is also negligible,

while the effect of particle size and molecular weight can be

detected. However, these differences are relatively small, and,

as shown in continuation, they do not significantly affect the

tribological properties. The glass transition (Tg) and the

melting point (Tm) can be observed to be around �90�C and

136�C, respectively. These two thermal transition points can

also be seen in the E’, E” plot in Fig. 5a. The small variations

observed in some samples cannot be attributed to any ther-

momechanical phenomena and are insignificant.

3.1.3. ColeeCole plot analysis
So far, no significant differences have been observed in the

thermorheological response of the various UHMWPE grades.

ColeeCole plots are very sensitive and provide more insight

into the thermorheological/viscoelastic character of a mate-

rial. Fig. 6 presents the ColeeCole plots at a frequency of 1 Hz

for both the As Received and Milled UHMWPE samples. Tem-

perature decreases from left to right in plots.

As UHMWPE is semi-crystalline, its complex thermorheo-

logical response is reflected in the formation ofmultiple peaks

in the ColeeCole plots. The multiple peaks are due to the

slower relaxation mechanisms of polymer chains at lower

temperatures through which molecular motions become

difficult. The two peaks can indicate two relaxation modes

[25].

Three second-order phase transitions are generally iden-

tified in polyethylene, which are notated in descending order

from the melting temperature as a, b and g [26]. The a and b

peaks can be seen in Fig. 6. The a relaxation is associated with

an interlamellar shear process (motion of short molecular

sequences in the crystalline region), while the b relaxation can

be attributed to the motion of very loose folds in the amor-

phous region [27]. The g relaxation is identified with the glass

transition.

In the AR state, all UHMWPE materials exhibit the same

thermorheological behaviour. However, a trend among the

Fig. 3 e Frequency sweep of Milled and As Received UHMWPE grades.
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various Milled UHMWPE can be observed. There is the influ-

ence of the milling on the b relaxation. With increasing

average particle size, the b relaxation process is suppressed.

The processing of the UHMWPE is suspected to affect the

relaxation process of the crystalline and amorphous regions

in the UHMWPE. This influence of processing can also be

noted in the slight difference in crystallinity the various

UHMWPE have (see Table 2).

Since the objective of this work is to examine if there are

differences between the various UHMWPE grades, we will not

delve deeper into the thermal transitions the UHMWPE grades

undergo. The majority of the thermorheological tests indicate

no differences between the various UHMWPE grades.

ColeeCole analysis however, shows that the processing has

affected the response of the UHMWPE materials, albeit to

different intensities. The tribological testing of As Received

UHMWPE grades is deemed unnecessary as no effect of the

processing is noticeable on the thermomechanical behaviour

of the UHMWPE grades. Since most commercially available

UHMWPE material is processed in some manner before being

used in an application, tribological tests for only Milled

UHMWPE grades are conducted.

3.1.4. Differential scanning calorimetry
In the larger picture, the degree of crystallinity, melting point,

and glass transition temperatures of the UHMWPE grades was

observed to not vary significantly. Therefore, it could be

concluded the particle size and molecular weight of the

various UHMWPE grades did not affect the processing and

consequently the crystallinity of the material. If one con-

siders, in the case of Milled UHMWPE, the crystallinity to

reduce slightly with larger average particle size, the beta

relaxation is also suppressed. This suppression is not as

evident in the case of As Received UHMWPE.

3.1.5. Thermogravimetric analysis
Fig. 7a shows the TGA curves of various Milled UHMWPE

grades, while Fig. 7b show the average of all the data in Fig. 7a.

It can be seen in Fig. 7b that the TGA curve of the UHMWPE

grades consists of a single step degradation behaviour in the

range from 441 to 509�C. The decomposition is due to the

breakdown of polymer chains. The temperature of the

maximum decomposition rate is around 491�C. The decom-

position is due to the breakdown of the polymer chain. For

comparison, the data for AR UHMWPE grades is shown in

Table 3. There is minimal effect of the processing on the

Fig. 4 e Complex modulus of Milled and As Received UHMWPE grades in amplitude and frequency sweeps.

Fig. 5 e Tension deformation mode DMA of various UHMWPE grades.
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thermal degradation of the UHMWPE grades. A similar slight

decrease is also observed in PEEK for similar processing [28].

It can be observed from the zoomed-in insets in Fig. 7a that

increasing particle size results in delayed temperature of

degradation. 10 mm UHMWPE has the earliest degradation

temperature, while 160 mmhas themost delayed degradation.

This can be attributed to the heat needed to melt the particles

and the particle size, which may have different surface

morphology, roughness, and structure. The thermal stability

of Polypropylene particles has been shown to initially

decrease and then increase as particle size further decreases

to the nanometer scale [29]. There are no studies that analyse

the effect of UHMWPE size on its thermal degradation

behaviour to the best of the authors’ knowledge. However,

studies on other materials have shown that thermal stability

decreases with particle size [30e32]. The trend observed in

thermal degradation is also seen in the residual weight at

600�C. The thermomechanical study of the UHMWPE so far in

this study indicates that AR and M UHMWPE display similar

behaviour, and the difference between them is insignificant if

non-existent. Reinforcements and fillers are regularly

included with UHMWPE to make composites that are used in

real-world applications. Manufacturing a composite involves

various methods of processing, including ball milling. There-

fore, Milled UHMWPE is chosen to be tested for its tribological

performance.

3.2. Tribological performance

As water wettability can affect the tribological performance of

the UHMWPE grades, contact angle measurements were car-

ried out. Fig. 8 show the water contact angle values for both

Milled and As Received UHMWPE. No significant difference is

observed between the various UHMWPE grades.

Fig. 9a and b shows the friction coefficient and specific

wear rate of the various UHMWPE grades. The friction coeffi-

cient shown here is the average for the last 10 h of a 50 h test.

Although it may seem at first glance from Fig. 9a that the

UHMWPE with the larger particle size has a higher friction

coefficient, the standard deviation and the closeness in values

stops one from conclusively saying that the friction coefficient

is dependent on the particle size. The friction coefficient

values in increasing order are for 30<10<140<120<160 mm

UHMWPE. The specific wear rate of the various UHMWPE

approximately follows the same order. No distinct effect of

particle size or molecular weight on the tribological perfor-

mance is noticed. Material crystallinity plays an important

role in the wear behavior of a material, and it is known that

during testing, the crystallinity can change and thus affects

the wear rate [33]. As the difference in wear rate of tested

UHMWPE samples is small, we can conclude that if the local

crystallinity changes occurred, they did not significantly affect

the wear rate.

Fig. 10 shows the SEM micrographs of the pin surface and

counter surface post pin on disk tests. The arrow marks

indicate the orientation of the roughness profile. It can be seen

Fig. 6 e ColeeCole plots of various As Received and Milled UHMWPE.

Table 2 e DSC analysis of UHMWPE grades.

UHMWPE
grade

Melting point ◦C Crystallinity %

10 mm M 136.58 54.99

AR 136.16 54.78

30 mm M 135.73 54.99

AR 136.16 54.78

120 mm M 135.73 54.99

AR 137.95 51.42

140 mm M 136.49 53.63

AR 135.04 52.28

160 mm M 136.84 53.17

AR 137.01 52.39

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 2 : 1 7 2 8e1 7 3 71734



from Fig. 10a that UHMWPE can experience both adhesive and

abrasive wear in such conditions [34e36]. Abrasive and ad-

hesive wear are the most common mechanisms to be expe-

rienced by UHMWPE, which induce the observed surface

damage and degeneration of UHMWPE [37]. Abrasive wear of

UHMWPE is predominantly a function of the roughness of the

counter surface, while adhesion is mainly dependent on pa-

rameters like velocity, load, contact area, and the atomic

forces between the two contacting surfaces [34,38]. The

counter surface has a strong influence on the wear and fric-

tion behaviour of UHMWPE due to its abrasive properties and

adhesive interaction [34]. Thermoplastics like UHMWPE have

Fig. 7 e TGA data of various UHMWPE grades.

Table 3e Thermal properties obtained fromTGA analysis
of Milled (M) Vs. As Received (AR).

Type Temp. of initial
decomposition (◦C)

Temp. of Maximum
decomposition rate (◦C)

M 441.5 490.98

AR 444.75 495

Fig. 8 e Water contact angle values for various UHMWPE.

Fig. 9 e Pin on disk results of the various UHMWPE grades.
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self-lubricating properties. Material is transferred from the

thermoplastic to the counter surface to form a ‘transfer layer’.

The formation of a transfer layer on the counterpart in

UHMWPE bearing systems is often described as being a clear

indication of strong adhesive forces. This layer prevents

asperity to asperity contact, thereby reducing friction and

promoting wear reduction. However, the presence of water as

a lubricant inhibits the formation of such a transfer layer. The

bonding between the transferred material and the Inconel is

not strong enough towithstand the flow/motion ofwater. This

is evident in Fig. 10b where it can be seen that the transfer

layer is very patchy. A continuous layer that can help reducing

friction is not formed. EDS analysis comparison of the wear

track (Fig. 10b) and the pre-test Inconel surface confirmed the

presence of the patchy transfer layer on the former. EDS of the

patchy layer showed a higher percentage of carbon while the

EDS of the counter surface outside the patchy layers did not.

4. Conclusion

The objectives of the present study were multifold. The first

was to determine the effect of particle size and molecular

weight on the viscoelasticity of various UHMWPE grades. It

was observed through dynamic mechanical analysis in

amplitude sweep, frequency sweep, and temperature test that

the particle size and molecular weight did not significantly

affect the storage, loss, and complex moduli, especially in the

context of their tribological properties. Similarly, no differ-

ence in behaviours was observed between Milled and As

Received samples meaning that the processing did not affect

the thermomechanical properties of the various UHMWPE

grades. DSC and TGA measurements support this conclusion.

Tribological tests indicated that there was no or insignificant

difference in the performance of the various UHMWPE grades,

and their behaviour could not be described by any trend.

However, a more in-depth analysis involving ColeeCole plots

indicates to suppression of the b relaxation processes ofMilled

UHMWPE. We can say that there is no significant effect of

processing on the various UHMWPE grades on their tribolog-

ical performance. Their thermomechanical properties are

similar except with regards to their ColeeCole analysis and

this can be investigated further to gainmore understanding of

the particle size on the relaxation behaviour of processed

UHMWPE. This can affect their application in real-world ap-

plications where cost is a significant factor.
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A B S T R A C T

In this study, newly developed hybrid composites with Ultra High Molecular Weight Polyethylene (UHMWPE) as
base polymer and Graphene Oxide (GO), Nano Diamonds (ND) and Short Carbon Fibers (SCF) as fillers were
manufactured. The tribological performance of these composites in a water lubricated sliding contact and the
effect of inclusion of the fillers on the mechanical and thermal properties of the composites were investigated.
The resulting hybrid composite formed by using the fillers and the base polymer displayed low friction coeffi-
cient and high wear resistance. Compared to unfilled UHMWPE, composite with all the fillers incorporated had
21% smaller friction coefficient and 15% less wear.

1. Introduction

Increasing emphasis on utilising environmentally friendly solutions
has led to the use of bio-degradable lubricants in various tribological
applications. However, these bio-degradable lubricants can still have a
negative impact if discharged into the environment during the time
they take to degrade.

An alternative solution is to use water as a lubricant. But, due to
water’s low viscosity, a water lubricated contact tends to operate in
boundary lubrication conditions. Therefore, it is required that the
contact surfaces are composed of materials that can withstand the de-
mands of operating under such conditions and perform well. A highly
worn and damaged surface leads to an increase in the amount of energy
needed to operate moving parts in a tribological system while wear
increases at the same time [1]. Polymer Based Materials(PBMs) have
shown promising performance as tribological materials in water lu-
bricated contacts[2, 3, 4]. Along with their good performance, polymer
based materials possess higher corrosion resistance. Poly-
etheretherketone (PEEK) has been widely used to make bearings, gears,
piston rings, soft seals, and other friction components for ocean en-
vironments[5]. Seals made from Polyamide-imide (PAI) have been
proven to perform well under water lubrication[6]. Polytetra-
fluoroethylene (PTFE) is extensively used in polymer-metal system
operating in aqueous environment, such as sealing components and
water-lubricated bearings[7]. Ultra High Molecular Weight Poly-Ethy-
lene (UHMWPE) backed rubber bearings have been shown to effectively
reduce the friction and wear of water lubricated stern bearings[8].

UHMWPE has the one of the highest impact strength among thermo-
plastics and has exhibited extremely low coefficient of friction due to its
self lubricating properties. Also, it has very low compressive creep,
excellent machinability without melting and low water absorption.
Dues to combination of these good properties, it has been used as a
replacement for metals in various aqueous applications[9].

Despite the excellent properties of polymers, mixed results have
been obtained with regards to their performance in water lubricated
contacts[10, 11, 12]. Significant wear has been observed for UHMWPE
sliding against a counter surface in aqueous environments[13, 14]. To
overcome the high wear deficiencies of UHMWPE, fillers and re-
inforcements are added to the polymer. UHMWPE has shown excellent
adhesion to fillers when compression moulded[9]. Inclusion of fillers
can help reduce wear and friction and also improve the processability of
the polymer. Hybrid polymer based composite materials combine the
use of reinforcements of different dimensional scales to obtain prop-
erties which are better than when just a single type of filler is used. The
inclusion of different fillers is expected is to cause a synergistic effect
resulting in an improvement in mechanical and thermal properties of
the resulting composite. Considerable improvement in thermal prop-
erties compared to the base material have been observed in such hybrid
materials [15, 16]. It was found that UHMWPE composite with both
micro- and nano-hydroxyapatite reinforcement showed better tribolo-
gical performance and improved mechanical properties than the same
composite having just either one of them [17].

Although numerous studies have been conducted to improve the
mechanical, thermal and tribological properties and performance of
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UHMWPE composites by including either nano or micro fillers, there
has been little done on the effect of the combination of these fillers and
the performance of the resulting hybrid composite. Also, knowledge of
tribology of metals and ceramics cannot be applied for tribology of
PBMs. This is further complicated by the fact that PBMs are viscoelastic
in nature. Studies have been carried out to investigate the connection
between PBM mechanics and PBM tribology [1, 3]. However, further
study is required to obtain knowledge of the influence of novel fillers on
the tribological performance of the composite. In view of this, this study
aimed to evaluate the mechanical and thermal properties of various
composites incorporated with carbonaceous nano and micro particles.
Also, the influence of incorporating the fillers and their interaction on
tribological behaviour of UHMWPE in water lubricated sliding contacts
was investigated.

2. Experimental work

In this work, Short Carbon Fiber (SCF), Graphene Oxide(GO) and
Nano Diamonds(ND) were utilised as fillers. SCFs are one of the most
popular candidates for the development of structural and functional
reinforced polymer composites because of their high surface-to-volume
ratio, outstanding thermal and mechanical properties along with good
dispersion in polymer matrices [18, 19, 20]. Graphene oxide (GO) could
be regarded as Graphene functionalised by carboxylic acid, hydroxyl,
and epoxide groups. The presence of oxygen functionalities makes it
possible to easily disperse GO in water and other organic solvents, as
well as in different matrices[21]. Polymers filled with GO have shown
reduced deformation and fracture and improved wear resistance in dry
sliding conditions [22, 23, 24, 25]. The high specific surface area, two-
dimensional geometric structure and good interfacial adhesion of GO to
a matrix are beneficial to the stress transfer between GO and the
polymer matrix thereby imparting it with excellent tribological and
mechanical properties [22]. The combination of Graphene and NDs has
shown to lead to macro-scale lubricity [26]. NDs inherit most of the
superior properties of bulk diamond in their nanoscale dimensions.
These properties include superior hardness and Young’s modulus, high
thermal conductivity and electrical resistivity and chemical stability
[27]. NDs used in this study had carboxyl functional groups attached to
them to improve their colloidal stability.

2.1. Materials and preparation

MIPELON UHMWPE XM-220 powder (Mitsui Chemicals, Japan)
having an average particle size of μm30 , a molecular weight of× g mol2 10 /6 and a powder density of g cm0.4 / 3 was used as the base
polymer to manufacture the composites. The reinforcements used in-
cluded Nano Diamond particles (Adamas Nanotechnologies, USA) of
average particle size − nm4 5 , average aggregate size nm30 and a mo-
lecular weight of g mol12.01 / , Graphene Oxide(NanoInnova
Technologies,Spain) consisting of monolayer sheets of − nm0.7 1.2 in
thickness with a particle length of μm35 as well as Short carbon fibers
(Tenax-A HT M100 100mu) of average length and diameter of μm100
and μm7 respectively and bulk density of g cm1.82 / 3.

The presence of oxygen functionalities makes it possible to easily
disperse GO in water and other organic solvents, as well as in different
matrices GO was functionalised with hydroxyl groups.

Nine different composites were prepared along with unfilled
UHMWPE which was used as the reference material. Different loadings
of fillers were used as can be seen from Table 1. The quantity of loading
was based on the results of earlier studies. It has been shown that the
optimum dispersion of GO and NDs in the polymer matrix was obtained
at 0.5 wt% loading [28, 29] and 8-10 wt% of SCFs in UHMWPE resulted
in low wear rates [30, 31].

While GO and ND were dispersed in ethanol using an ultrasonic
bath for the duration of 3 h, the same was not carried out for SCFs. Due
to their larger dimensions, SCFs disintegrate into smaller segments

upon sonication. The fillers were mixed with UHMWPE using a ball 
milling process for a duration of 2 h at a rotational speed of 400 rpm. 
The mixture was then dried and moulding by hot press was carried out. 
The drying and moulding parameters were adopted from studies carried 
out by Enqvist et al. [32, 33]. The moulded composite plates were cut 
into smaller cubic pins to be used in experiments and measurements.

Tribological tests were conducted using Inconel 625 discs as the 
counter surface. The alloy was chosen for its good corrosion resistance. 
Ni (58 wt%), Cr (< 23 wt%), Mo (< 10 wt%), Nb (< 4.15 wt%), Fe 
(5 wt%) were the major chemical constituent of the Inconel discs used.

2.2. Experimental setup

Friction and wear measurements were obtained by running Pin-on-
Disc tribometer (TE67, Phoenix Tribology, UK) tests with the polymer 
pins against Inconel 625 discs. A schematic of the test configuration is 
shown in Fig. 1.

The tests were conducted at room temperature for a duration of 20 h 
with a contact pressure of 5 MPa and speed of 0.13 m/s. The counter
surface discs were ground to a surface roughness Ra = 0.2μm before 
being used in the tests. The parameters for contact pressure and surface 
roughness of counter surface were chosen so as to accelerate the tests 
while avoiding creep of the polymers and to minimise hydrodynamic 
effects. Friction and wear values were taken only from the steady state 
region of the tests.

An LVDT sensor was used to observe the vertical displacement of the 
pin holder and determine the wear depth continuously in the tests. The 
wear rates were calculated using Eq (1).

Table 1
List of composites prepared

Sl No GO ND SCF

(wt%)

1 0 0 0
2 0.5 0 0
3 0 0.5 0
4 0 0 10
5 0.5 0.5 10
6 0.5 0.5 0
7 0.5 0 10
8 0 0.5 10
9 1 0 0
10 0 1 0

Figure 1. Schematic of a pin-on-disc machine.
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⎜ ⎟= ⎛⎝ ⎞⎠mm
Nm

Wear rate Volume loss
(Load)(Sliding distance)

3

(1)

2.3. Characterisation

2.3.1. Optical profilometry
Zygo (NewView 7300, USA) 3D profilometer was used to carry out

topographic measurements on the Inconel discs before and after the
discs had been used in tribological tests.

2.3.2. Scanning Electron Microscopy (SEM)
The morphology of the particles and the topography of the wear

tracks were investigated using a high-resolution bench-top scanning
electron microscope (JCM - 6000 Neoscope, Jeol). Energy-dispersive X-
ray spectroscopy was also carried out on the wear tracks to gain a better
understanding of the wear and tribological mechanisms involved.

2.3.3. Wettability measurements
Contact angle measurements were carried out to study the wett-

ability of the composites. The water contact angles were determined
using the sessile drop method in which 4 μL of distilled water was de-
posited on the surface of the polymer samples and contact angle mea-
surements were taken 1 s after deposition.

2.3.4. Thermal characterisation
Differential Scanning Calorimetry (DSC) measurements were car-

ried out using a Mettler Toledo DSC821 to determine the crystallinity
and melting point of the composites. Each sample was initially heated
from 30 °C to 200 °C and isothermally held at 200 °C for 5min to erase
any thermal history. Subsequently, the samples were cooled from
200 °C to 30 °C and again heated to 200 °C. The degree of crystallinity
was calculated using Eq (2).= ×H

H
Crystallinity Δ

Δ
100

100 (2)

where, HΔ is the enthalpy of the polymer and HΔ 100 is the enthalpy of
fusion for a 100% crystalline UHMWPE (289 J/g) [34].

The polymer composites were also analysed using Thermo-
Gravimetry Analysis (TGA) to observe how the inclusion of reinforce-
ments affects the oxidation temperature and to determine the thermal
stability. The measurements were carried out under air atmosphere,
between 30 °C and 700 °C. A heating rate of 10 °C/min was used to
evaluate the thermal stability.

2.3.5. Microhardness
Matsuzawa MXT-α microhardness tester was used to measure the

hardness of the composites prepared. A pyramidal diamond cine was
used as the indenter and the hardness values were calculated based on
the Vickers method.

3. Results and discussions

3.1. SEM analysis

Fig.2 shows the SEM images obtained for unfilled UHMWPE powder
before ball milling at different magnifications. The particles clearly
have a spherical shape before being processed. UHMWPE powder par-
ticles obtained after carrying out ball milling, shown in Fig.3, have a
disc like morphology. The particles have been flattened which is evi-
dence of plastic deformation occurring during processing. Although
plastic deformation has occurred, the particles still hold together and
have not been fragmented. In studies conducted on the influence of
processing parameters on the UHMWPE particles, it has been shown
that use of higher RPM during ball milling results in fragmentation of
the flattened particles [29, 35]. Flattening caused by the plastic

deformation also leads to an increase in the average size of the particles.
Processed composite powders containing the fillers had dimensions

in between those of the particles shown in Fig.2 and 3. While it was
easier to image SCFs due to their relatively larger dimensions, ND and
GO could not be readily distinguished due to limitations of the imaging
instrument used. However, there is comprehensive research result
available on the influence of processing parameters on the dispersion of
these fillers which direct to the fact that the ND and GO are evenly
dispersed in the matrix [29, 32]. Future work will be aimed at sup-
porting this argument by taking a better look at the composite powder.
Fig 4a shows 10% SCF composite powder while Fig 4b shows
GO + ND + SCF composite powder. It can be observed that the SCFs
are not agglomerated. While it was feared that the SCFs may split into
smaller pieces while undergoing milling, evidence from the SEM ima-
ging confirms that the SCFs have held on to their shape and size. GO
and ND cannot be seen in the SEM micrographs.

3.2. Tribological characterisation

3.2.1. Friction
Figure 5a shows the average friction coefficient values obtained for

the polymer composites. Taking the friction coefficient of unfilled
UHMWPE in figure 5a as the reference value, we can note that the use
of smaller UHMWPE particles in this study has resulted in a lower
friction coefficient for both the unfilled polymer and the composites.
Research already conducted using composites of 140 μm diameter
UHMWPE particles and GO have given higher values of friction [36].
Smaller particles translate to a better surface area to volume ratio
which facilitates bonding between particles in the composites. Stronger
bonds can enhance properties like hardness and crystallinity resulting
in better tribological performance.

In general, addition of GO and/or ND seems to decrease the friction
coefficient value. 1 wt% GO and 1wt% ND both show a lower friction
coefficient than unfilled UHMWPE. Composite with 0.5 wt% loading of
ND had a friction coefficient similar to UHMWPE while composite
0.5 wt%ND + UHMWPE had a lower value. This is in agreement with
studies conducted by Suñer et al., in 2014 [29, 37]. Inclusion of GO has
shown to reduce the friction coefficient in tribological contacts due to
the lubricating character of the stacked planes [36, 25, 38, 39]. NDs on
the other hand, reduce friction by acting as nanoscale ball bearings
between the two contacting surfaces. This transfers the sliding friction
to rolling friction and prevents asperity to asperity contact [27, 40, 41].

Except for 10%SCF and GO + SCF, all other composite combina-
tions exhibit a lower friction coefficient value than unfilled UHMWPE.
It is suspected that the higher values for 10% SCF and GO + SCFis due
to the presence of SCFs on the pin surface and in the contact. SCFs
present in the matrix protects the polymer surface but rub against the
counter surface. Therefore, there is a trade-off in the mechanical and
tribological properties of the composite when one uses SCFs as a filler.
Although inclusion of SCFs may increase strength, it negatively influ-
ences friction values. Similar increase in friction coefficient has been
observed by obtained in Li et al. [42] for carbon/phenolic resin com-
posites reinforced with carbon fibers. The increase in friction coefficient
was attributed to carbon fiber losing off from the matrix and becoming
wear debris in the contact, resulting in the surface of the composite
roughening. Similar fiber release in PBT(Polybutylenterephthalate) and
short carbon fiber composites has been observed by Lin et al. [43] .The
composite with filler combination of GO + ND+ SCF shows the lowest
friction coefficient value among all the composites tested. This indicates
a synergistic effect of the combination of fillers. GO provides lubrica-
tion while ND prevents surface to surface contact. This also prevents the
SCFs from rubbing against the surface while improving the mechanical
properties of the composite.
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3.3. Wear

The specific wear rate values for all the polymer composites are
shown in Fig.5b. All the composites exhibit a wear rate similar to or less
than unfilled UHMWPE. The wear rates obtained from using 30 μm
diameter UHMWPE particles in this work are less than the wear rates
obtained using larger UHMWPE particles [36]. NDs, being extremely
hard particles, prevent asperity to asperity contact between the polymer
matrix and the metallic counter surface, thereby reducing wear as can
be noted from fig.5b. Similarly, two-dimensional structure and adhe-
sion of GO to polymer particles enables a good stress transfer between
GO sheets and the polymer matrix, thereby reducing wear. The addition
of more than 1wt% GO or ND has been proven to not improve the wear
performance owing to aggregation [37, 44]. Even though 10%SCF
shows a high friction coefficient value in 5a, it’s wear rate is relatively
low. The SCFs in the matrix improve wear resistance by carrying the
main load between contacting surfaces while protecting the polymer
surface from abrasion [18, 19, 30]. Composite GO + ND + SCF per-
forms well, evident from it low specific wear rate. This is again due to
the synergistic interaction of the micro and nano fillers. The wear
prevention mechanisms of the individual fillers combine to result in a
lower specific wear rate. The relation between friction coefficient and
specific wear rate for all the composites tested is presented in fig.6.

The SEM images in fig.7 show the wear tracks formed during the
tribological tests. All wear tracks show formation of a thin transfer layer
on the counter surface, although with different consistencies. This was
confirmed by EDS analysis. Wear track formed by unfilled UHMWPE
showed a uniform wear track, images of which are not shown here.
Composites with 0.5 wt% and 1wt% loading of GO showed similar
characteristics on their wear tracks. Therefore, images in fig.7 represent
both composites. This applies to sample with ND too.

Figures 6a and 6b shows the wear tracks formed by GO+ UHMWPE
composites. The wear tracks are prominent and show evidence of both

adhesive and abrasive wear. Material is flaked off from the composite
and can be seen on the counter surface indicating abrasion taking place.
EDS analysis of the surface establishes the presence of a transfer layer
resulting from adhesive wear. Wear tracks formed by composites
having ND as fillers, shown in Fig. 6c and 6d, are featureless. This in-
dicates that the NDs can act as miniature ball bearings and prevent
excessive contact of the polymer with the contacting surface. SCFs in
the composite with wear tracks shown in Fig. 6e and 6f protect the
polymer surface by acting as the main load bearing components. but,
due to their larger dimensions, the SCF rub against the Inconel surface
and cause abrasive wear as can be seen in Fig. 6f This can lead to an
increase in friction coefficient but not wear. Composite with all the
fillers included displayed a very uniform transfer layer(Fig. 6g) with no
distinct signs of wear as shown by the composites with just the micro or
nano fillers. SCFs protect the polymer from wear while the nano fillers
contribute to a reduction in friction. EDS analysis on wear track shown
in Fig. 6g confirms the presence of transfer layer by the content of
Carbon being greater on the wear track than on surface outside the
wear track.

3.4. Wettability

The wettability of polymeric materials is one of the most important
parameters affecting the tribological behaviour of polymer-metal ma-
terial pairs in water lubricated contacts [45]. Increased hydrophobicity
of the polymer can result in lower friction and wear. A hydrophilic
nature would mean affinity of water to the surface of the polymer
causing it to spread out. Hydrophobicity of UHMWPE is an important
factor in low wear rate in metal-on-polymer contacts[45, 46]. Thus,
possible changes in wettability of the UHMWPE materials upon in-
corporation of the fillers were investigated.

It can be observed from figure 8 that all composites show higher
hydrophobicity compared to unfilled UHMWPE. Therefore, it can be

Figure 2. SEM images of Pure UHMWPE powder (pre milling) at different magnifications.

Figure 3. SEM images of milled UHMWPE powder at different magnifications.
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said that the addition of fillers has caused the desired effect or at least
has not lowered hydrophobicity. It should be mentioned that the use of
smaller UHMWPE particles in this study has enhanced the hydrophobic
nature, unlike when 140 μm was used[37]. GO + ND + SCF also ex-
hibits good hydrophobic nature, evident from a 11% increase in contact
angle values compared to unfilled UHMWPE.

3.5. Thermal characterisation

3.5.1. Differential Scanning Calorimetry (DSC)
The crystallinity of a polymer composite is an important factor as it

influences the wear resistance of the polymeric material. Also, an in-
crease in crystallinity can reduce water absorption by the polymer and
consequently reduce the risk of adverse effects occurring. The inclusion
of fillers can have a mixed effect on the crystallinity of the composite.
Crystallinity of manufactured composites was measured and is shown in
fig.9.

Use of larger 140 μm diameter UHMWPE particles has shown to
result in lower crystallinity values compared to the crystallinity of
unfilled UHMWPE in this work [36, 44]. Crystallinity, although not by a
large amount, improved with the addition of small loading (0.5 wt%) of
GO and ND. The filler particles may act as nucleation sites for crystal-
lisation to occur. But, increasing the content of the fillers above a cer-
tain level decreases the mobility of the polymeric chains resulting in a
negative influence on crystallinity [22, 38]. Composites having SCF as

Figure 4. SEM images of (a) 10% SCF ; (b) GO + ND + SCF (both post milling).

Figure 5. (a) Friction coefficient and (b) Specific wear rate of the various polymer composites.

Figure 6. Specific wear rate vs. Friction coefficient for various composites.
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Figure 7. Wear tracks formed by GO + UHMWPE (a)(b), ND + UHMWPE (c)(d), SCF + UHMWPE (e)(f) at different magnifications and wear track formed by
GO + ND + SCF + UHMWPE (g). Arrow marks indicate direction of motion in pin on disc tests.
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the only or one of the fillers exhibit a lower crystallinity value. The
larger dimensions of SCFs are suspected to hinder the formation and
alignment of long chains of polymer in the composites.
GO + ND+ SCF, which has performed well in all other tests, exhibits a
crystallinity values less than that of unfilled UHMWPE. This can be

attributed to the presence of SCFs as composite GO + ND has relatively
improved crystallinity compared to unfilled UHMWPE. The melting
point of the composites was also measured using DSC and it was ob-
served all composites exhibit a melting point similar to unfilled
UHMWPE.

3.5.2. Thermo-gravimetry analysis (TGA)
Fig.10 shows an example of plot obtained for a polymer from

Thermo-Gravimetry Analysis (TGA). The TGA measurement is char-
acterised by initial weight gain due to oxidation leading to rapid de-
gradation. Points T0 to T4 are markers that indicate different phe-
nomena occurring during the heating process. T0 is the point just before
any temperature changes start to occur. It indicates the onset of weight
gain due to incorporation of oxygen in the molecular chain. T1 follows
T0 and indicated the temperature for maximum sample mass. From this
point, the sample starts to lose weight. T2 is the end of the gradual
weight loss. After T2, rapid degradation occurs which is characterised
by the steep curve, ending at T3. At T4, the sample has achieved
complete decomposition. A delay in the temperature points translates a
delay in degradation and oxidation of the polymer composites.

TGA data of the composites prepared is shown in table 2. It can be
observed that with inclusion of fillers, attainment of the temperature
points and onset of degradation is delayed. Most of the composites
manufactured have higher values than unfilled UHMWPE polymer.
Filling with GO produced a notable positive influence on the thermal
stability of UHMWPE [22]. In particular, composite GO + ND + SCF, a
hybrid composite, has the highest temperature values compared to
composites having just one type of reinforcement material. Composite
GO + ND + SCF, in fact, does not volatilize completely till

Figure 8. Wettability of various composites.

Figure 9. Crystallinity of various composites.

Figure 10. Thermal stability of polymers.

Table 2
TGA temperature points for the composites

Temperature (°C) ± Standard deviation

Composite T0 T1 T2 T3 T4

UHMWPE 167±5.5 244±2.8 437±12.1 486±1.4 560±1.6
0.5% GO 192±4.8 245±6.3 439±7.7 474±3.5 552±6.4
1% GO 157±3.5 248±2.8 444±2.9 489±1.4 583±1.2
0.5% ND 152±5.5 247±1.2 428±6.3 484±2.8 582±6.9
1% ND 167±2 246±3.5 447±5.1 488±4.7 603±2.8
10% SCF 136±2.5 244±3.1 429±4.3 505±0.9 668±5.1
GO + ND + SCF 201±2.4 248±9.4 426±4 489±6.1 693±6.2
GO + ND 167±4 245±4.7 437±5.5 486±10.3 582±4.3
GO + SCF 173±6.3 245±1.8 424±3.6 490±2.8 683±7.2
ND + SCF 191±4.8 246±0.9 428±7.6 502±5.6 693±2.9
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approximately 700 °C whereas the other composites do. This is an in-
dication of delay in oxidation and degradation of the composites.
Higher T1 to T4 values indicates that the degradation was delayed and
consequently, oxidation occurred later. Oxidation of a polymer com-
posite can increase the susceptibility to wear and diminish performance
and operational life of that composite in a tribological system. Im-
proving the oxidative stability of the composites ensures a longer op-
erational and shelf life of the material while ensuring that wear is not
increased due to the ageing of the polymer[47].

3.6. Microhardness

Figure 11 shows the Vickers microhardness values obtained for the
polymer composites and unfilled UHMWPE polymer. GO + ND + SCF
again performs well, having a 14% increase in hardness compared to
unfilled UHMWPE. While the addition of lower concentrations of GO
and ND does not affect the hardness negatively, higher concentrations
do. This is expected because an increase in concentration translates to
more filler particles in the composite. With an increase in filler quan-
tity, it progressively becomes more difficult to obtain a homogeneous
dispersion of the fillers during the fabrication process. Addition of SCFs
seems to have a positive influence on the hardness of composites. The
much higher hardness of the SCFs compared to the matrix improves the
overall hardness of the composites. Increasing SCF content in an epoxy
composite has shown to increase hardness and decrease wear [48]. On
the other hand, NDs do not seem to affect the hardness significantly just
as they do not affect the crystallinity. It must be noted that covalently
bonded nanodiamond-epoxy composites have shown three times higher
hardness compared to the composites in which the matrix and Nano
Diamonds were not chemically linked [49]. Also, when the quantity of
GO nanosheets is increased up to 1.0 wt%, improvement in hardness
and wear resistance has been observed. Inclusion of GO sheets has
shown an increase in the resistance to indentation of a UHMWPE matrix
[25].

4. Conclusion

Hybrid UHMWPE composites to be as used as tribological material
in water lubricated contacts were successfully manufactured.
Compression moulding was used to consolidate the composites manu-
factured in this study. Nano sized fillers GO and ND offer more surface
area for interaction while SCFs protect the composite surface from wear
by strengthening the matrix. GO and ND, owing to their lubricating
properties and hard nature respectively, help improve the frictional
performance of the composites and prevent surface to surface contact.
Composite 10 wt% SCF + UHMWPE had a 31% reduced wear rate
compared to unfilled UHMWPE while composites 1 wt%
GO + UHMWPE and 1wt% ND + UHMWPE had 14% smaller fric-
tional coefficient value. A synergistic effect is obtained in the composite
GO + ND + SCF material by the inclusion of all the fillers. It exhibited
a 21% less coefficient of friction value and 15% lower specific wear rate
compared to unfilled UHMWPE along with being more hydrophobic
compared to all other manufactured composites. Oxidation and de-
gradation temperatures were significantly delayed for GO + ND + SCF
indicating an improvement in service life. Also, the crystallinity was not
affected negatively by the inclusion of the fillers. Micro and nano fillers
were combined to successfully manufacture a hybrid composite with
improved tribological performance.
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A B S T R A C T

In this work, the effect of hygrothermal aging on friction and wear of water lubricated, Ultra High Molecular
Weight Polyethylene (UHMWPE) hybrid composites were evaluated. Graphene Oxide (GO), Nano Diamonds
(ND) and Short Carbon Fibers (SCF) were used as reinforcements as they previously exhibited promising im-
provements in the tribological behavior of UHMWPE in water-lubricated sliding contacts. Hygrothermal aging
and pin-on-disc tribological experiments were performed to evaluate the response of the UHMWPE composites.
It was observed that the friction and wear of the composites were not significantly affected by the aging con-
ditions, which was attributed to the structural integrity of the newly developed UHMWPE based hybrid com-
posites.

1. Introduction

There is a general trend and need in global industries to reduce
adverse tribological effects such as wear and friction within moving
mechanical components. The goal is to reduce costs, increase opera-
tional efficiency of machines and mechanical components, and satisfy
strict environmental regulations.

Conforming to the industrial demands with the above goals in mind
is challenging and has been the object of substantial investment. One
alternative is substituting oil-based lubricants with water, which is non-
toxic, widely available in aqueous environments and exhibits high heat
capacity. Water-lubricated contacts are present in several industries,
such as marine, energy, agricultural and food [1,2]. However, water
exhibits some drawbacks that limit its tribological application, such as
low viscosity, pressure-viscosity coefficient, and corrosiveness. Due to
low viscosity and pressure-viscosity coefficients, water-lubricated con-
tacts tend to operate under boundary lubricating conditions. Therefore,
when designing a system for such operation, it is necessary to consider
the operating conditions, environment, and materials carefully.

Replacing metallic components by polymer-based materials (PBMs)
is also an alternative for conforming to the industrial demands.
Additionally, they are worthy candidates for water-lubricated tribolo-
gical applications as some exhibit excellent corrosion resistance, tai-
lorable structure and self-lubricating mechanisms [3], translating into
versatile mechanical, thermal and tribological performance. Polyether

Ether Ketone (PEEK), Polytetrafluoroethylene (PTFE), Polyphenylene
Sulfide (PPS) and Ultra-High-Molecular-Weight-Polyethylene
(UHMWPE) are few examples of polymers that have been used for
water-lubricated conditions [1,4–6]. Water absorption should be con-
sidered when choosing the material for an application, as it can lead to
the deterioration of mechanical properties, plasticization and swelling
[7,8]. These can influence the friction and wear behavior of polymers
and consequently, the life of the component.

UHMWPE has been thoroughly studied for tribological applications
due to balanced mechanical, thermal and chemical properties, bio-
compatibility, low moisture absorption, corrosion resistance, and self-
lubricating properties [9–16]. However, high abrasive wear rate limits
its tribological application.

Use of fillers or reinforcements is a way of improving the friction
and wear behavior of UHMWPE [11,17–19]. Although tribology of re-
inforced UHMWPE has been extensively studied in dry conditions
[20–22], studies in water-lubricated conditions are still needed [11,23].
Hybrid reinforced UHMWPE, reinforced with materials on different
scales, is a novel research topic with significant recent development.
However, due to its novelty, there are very limited studies on the tri-
bological performance of such material, especially when it comes to
water-lubricated conditions. In recent work, hybrid reinforced
UHMWPE significantly outperformed unfilled UHMWPE regarding
friction and wear, which suggests a synergistic effect between re-
inforcements in different scales [23].
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Investigations considering several different concurrent conditions
i.e., accelerated aging (water exposure and elevated temperatures),
have been studied for various polymers. This combination has been
shown to have significant effects on the thermal and mechanical
properties of polymers, with these being more considerable at higher
temperatures [8]. However, these studies are not widely available even
for unfilled UHMWPE. When considering their effects on the friction
and wear response, the number of studies is even more limited.
Therefore, this work was designed to investigate the accelerated hy-
grothermal aging (combined effect of water and temperature) on the
tribological performance of UHMWPE hybrid composites reinforced
with Short Carbon Fibers (SCF), Graphene Oxide (GO) and Nano Dia-
monds (ND).

2. Experimental procedure

2.1. Materials

MIPELON UHMWPE XM-220 powder (Mitsui Chemicals, Japan),
with a molecular weight of 2000 kgmol−1, density of 0.94 g cm3, and
average particle size of 30 μm was used as the base polymer to manu-
facture the composites. Carbon-based reinforcements were chosen as
filler materials for the composites, namely Short Carbon Fibers (Tenax
-A HT M100 100mu), Graphene Oxide (from Nanoinnova Technologies)
and Nano Diamonds (ND-COOH-30nm). The composition on the ma-
terials tested is presented in Table 1.

The manufacturing of the composites was carried out in four basic
steps; 1) exfoliation of the nanofillers 2) mechanically blending the
exfoliated nano reinforcement with the polymer matrix, 3) drying - to
remove excess ethanol, and finally 4) Consolidation of the processed
composites, using direct compression molding (DCM). SCFs did not
require dispersion in ethanol. The manufacturing procedure followed
was developed by Ref. [24]. The result was consolidated composite
plates, which were sectioned into bars (12.5×50×4mm3) for aging
experiments, and once aged into cubic pins (4× 4×4mm3) for tri-
bological evaluation.

The counter-surfaces chosen for tribological tests were Inconel 625
discs, which was chosen based on their excellent corrosion resistance.
The composition of the discs followed the ASTM B446-03(2014) and is
presented in Table 2 [25].

2.2. Aging

Composite samples were immersed in distilled water at two dif-
ferent temperatures, room (21.4 °C) and 80 °C. The aging was per-
formed in closed environments with the minimum amount of UV ra-
diation as possible. The experiment parameters are shown in Table 3.
The aged samples were analyzed by water intake measurements,
wettability, Fourier-transform infrared spectroscopy, and differential
scanning calorimetry.

2.2.1. Water intake
The water intake measurement was performed by weighting the

samples every 7 days (Mt) and comparing the value with the sample
weight before the aging (M0), which was measured after they were

dried in air for 6 h. The balance used had 0.01mg precision, and the
measurements were repeated every 7 days, with the last measurement
being performed after 112 days of aging. The water intake (ΔM%) was
calculated according to equation (1).= − ∗M M M

M
Δ 100t

%
0

0 (1)

2.2.2. Wettability
Contact angle measurements were performed to study the wett-

ability of the composites with an Attension Theta optical tensiometer
(Biolin Scientific). The measurements were performed before aging,
after 30, 60 and approximately 120 days with distilled water as the test
fluid.

2.2.3. Fourier-transform infrared spectroscopy (FTIR)
FTIR was performed to examine and detect possible chemical

changes in the composites due to hygrothermal aging. The analyses
were carried out on a Bruker Vertex 80v FTIR spectrometer in ATR
mode, mid-IR range (4000-400 cm−1), 4 cm−1 resolution and a total of
128 scans. All the samples were analyzed before aging after 60 and
approximately 120 days aged.

2.2.4. Differential scanning calorimetry (DSC)
DSC analyses were performed using a Mettler Toledo DSC to de-

termine the degree of crystallinity and melting temperature of the
polymer composites before and after aging. The samples were initially
heated from 25 to 200 °C and held at that temperature for 5min to
eliminate the thermal history of the samples. They were then cooled to
25 °C and reheated to 200 °C. The heating and cooling rates were
10 °C.min−1.

After the measurements, the degree of crystallinity (Xc) of the
samples was calculated using equation (2) [23].= − ∗ ∗X H

W H
Δ

(1 ) Δ
100c

f 100 (2)

Where ‘Wf’ is the weight fraction of fillers, ‘ΔH’ is the measured en-
thalpy of fusion, ‘ΔH100’ is the enthalpy of fusion of 100% crystalline
PE, which is estimated to be 289 J g−1. For the calculation of the
crystallinity, the baseline used was set in between 50 °C and 160 °C.

2.3. Tribological evaluation

Tribological experiments were performed to evaluate the friction
and wear of the composites. The experiments were performed using a
Plint TE67 pin-on-disc tribometer (Phoenix tribology) at room tem-
perature. The countersurface was prepared by grinding with SiC papers
of grit P#120 using a Buehler Metaser 250 grinder/polisher to obtain
consistent surface topography, checked by optical profilometry.
Schematic of the test configuration is shown in Fig. 1. The testing
conditions are shown in Table 4.

The friction was evaluated according to the friction force measured
during the test, and the average coefficient of friction was calculated
considering steady friction conditions, which were achieved for all
composites after 2 h of running-in.

The wear was evaluated considering the specific wear rate by
measuring the linear displacement of a LVDT and substituting it in
equation (3).= ∗ ∗SWR W

P g s( )
v

(3)

Where ‘Wv’ is the wear volume in [mm3], ‘P’ is the applied load in [kg],
‘g’ is the gravity acceleration in [m.s−2] and ‘s’ is the sliding distance in
[m]. SWR was calculated from the steady-state wear region.

Table 1
Polymer composite compositions.

Material Composition (wt%)

UHMWPE UHMWPE
UHMWPE + SCF 10 wt%SCF + UHMWPE
UHMWPE + ND 1 wt%ND + UHMWPE
UHMWPE + GO 1 wt%GO + UHMWPE
UHMWPE + GO + ND + SCF 0.5 wt%GO + 0.5 wt%

ND + 10 wt%SCF + UHMWPE
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3. Results and discussion

3.1. Water intake

Fig. 2 shows the results of long-term exposure to water and tem-
perature of the composites. Samples aged at room temperature ex-
hibited small water intake, with all composites absorbing less than
0.1% of water in 112 days. This behavior suggests that the presence of
reinforcements did not significantly alter the structure of the materials,
due to the high composite structural integrity, and their water solubi-
lity, suggesting that UHMWPE polymer matrix drives the water intake
mechanism. The low intake was expected [9], as the polymer chains are
formed by ethylene monomer which is a non-polar structure [26],

therefore, having low solubility and low affinity with water. The mass
of the samples was approximately stable since the 7th exposure day,
indicating that the samples were saturated. These results suggest, for
room temperature, that UHMWPE composites are suitable candidates
for aqueous environments, and that GO, ND, and SCF do not sig-
nificantly affect the water diffusion kinetics of UHMWPE.

Elevated temperatures tend to alter the diffusion kinetics of water
into the composites due to the increase in the mobility of molecules,
which result in higher diffusion rates. Additionally, an increase in
temperature could induce defects in the surface such as microcracks,
which increase the interfacial area between water and composite,
creating preferential diffusion paths. Oxidation could also occur, re-
sulting in the scission of the monomer chain, thus, modifying the
structure of the material, allowing for more absorption [13,14,16].
Indeed, samples aged at higher temperature exhibited more weight gain
if compared to room temperature ones. However, for 112 days of ex-
posure, the masses continued to increase without reaching a stable
value, suggesting that samples were not saturated.

Composites exposed at 80 °C behave differently regarding water
intake than the ones at room temperature. GO reinforced UHMWPE
exhibited the lowest mass variation, which could be explained by the
addition of a filler that has oxygen (non-polar molecule), meaning that
it tends to reduce the affinity with water. The hybrid composite dis-
played significantly more weight variation compared to the other ma-
terials. The difference could be explained by the presence of cracks in
the surface, which would increase the interfacial area between water
and the polymer and possibly excessive oxidation of the surface. Surface
defects were only identified on the hybrid material, which suggests that
it could be a manufacturing imperfection in this batch of this compo-
site.

3.2. Wettability

Wettability is relevant when talking about the tribological perfor-
mance in lubricated contacts [27]. A material with hydrophobic be-
havior tends to form and maintain a lubricant film in water-lubricated
conditions. The maintenance of the film occurs due to the low spreading
of water over the surface. On the other hand, a hydrophilic material
allows the liquid to spread over its surface, meaning that a lubricating
film may not form and be maintained, resulting in lower load-bearing
capacity.

Fig. 3 presents the water contact angle (WCA) results for all the
composites and aging conditions. The results show that the addition of
reinforcements did not significantly change the wettability of the

Table 2
Composition of the Inconel 625 discs.

Limits Cr Mo Co Nb Al Ti C Fe Mn Si P S Ni

Min [%wt] 20 8 – 3.15 – – – – – – – – Bal.
Max [%wt] 23 10 1 4.15 0.4 0.4 0.1 5 0.5 0.5 0.015 0.015 Bal.

Table 3
Parameters used for aging.

Duration [days] ∼120

Medium Distilled water
Container volume [ml] 500
Volume [ml/sample] ∼250
Temperature [oC] ∼21 80

Fig. 1. Schematic of the pin-on-disc test.
After the pin-on-disc experiments, the samples and counter-surfaces were
analyzed using scanning electron microscopy (SEM), Jeol JCM-6000
(Neoscope), for identifying the wear mechanism and formation of the transfer
film.

Table 4
Pin-on-disc test conditions.

Parameter Value

Load (Deadweight) 9 kg
Apparent contact pressure 5MPa
Temperature ∼23 °C
Sliding speed 0.13m/s
Duration 4 h
Timestep Before aging 60 days aged 120 days aged
Pin surface Ra ∼0.25 μm
Counter-surface Ra ∼0.1 μm
Lubricant Distilled water

Fig. 2. Water intake of composites exposed to both room and elevated tem-
perature aging.
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composites, with the WCA being approximately 90° for all the mate-
rials. This value suggests poor spreading of the liquid, which could be
translated into proper lubricant film formation and maintenance, and

consequently good lubrication. The scatter in the data can be attributed
to heterogeneous surface conditions because of the composite proces-
sing and manufacturing procedure, which could have produced mate-
rial with non-uniform surface energy.

As the samples were aged, within the same group of materials, no
considerable changes were identified. Therefore, it can be implied, for
the samples and conditions used, that the surface characteristics of the
composites are stable even after being hygrothermally aged for 120
days.

3.3. FTIR

Fig. 4 presents the FTIR spectra for unfilled UHMWPE. It is possible
to identify characteristic UHMWPE peaks, which are CH2 stretching

Fig. 3. Evolution of the water contact angle of the composites with hygrothermal aging.

Fig. 4. ATR-FTIR spectra of unfilled UHMWPE.

Table 5
Degree of crystallinity of composites.

Material Before 60 days 120 days

Xc [%] Xc (RT) [%] Xc(80
o
C) [%] Xc (RT) [%] Xc(80

o
C) [%]

UHMWPE 56.17 55.26 56.66 55.93 62.57
SCF 55.26 54.00 52.51 54.93 60.76
GO 56.43 55.91 55.20 54.11 53.81
ND 57.37 55.39 55.99 56.68 59.22
GO + ND + SCF 55.31 53.29 52.18 52.97 54.59

Fig. 5. Average coefficient of friction of the composites.
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(2840-2870 cm−1, 2915-2940 cm−1), CH2 scissor vibration (1440-
1465 cm−1) and CH2 rock-like bending (720-725 cm−1) [10,28].
However, small intensity peaks were detected at 1735 cm−1 for samples
aged at 80 °C and 120 days, which corresponds to a C=O stretching
vibration, characteristic of ketones (R2CO) [29], which are products of
UHMWPE oxidation [13,16,28]. The composite materials exhibited the
same behavior, with the same absorbance peaks as the unfilled
UHMWPE, suggesting that the oxidation behavior was not greatly af-
fected by the addition of reinforcements.

3.4. DSC

The degree of crystallinity of material relates to the ratio between
the crystalline and amorphous phases. Semi-crystalline polymer me-
chanical properties depend on the crystallinity of the material, as they
are dependent on how the polymer structure is distributed and the
proportion of organized and random form. Similarly, the tribological
performance of composites is also affected as it was identified by
Karuppiah et al. when studying the friction and wear of UHMWPE [30].
The addition of reinforcements can increase or decrease the degree of
crystallinity of polymers depending on the content and scale of the filler

Fig. 6. Average specific wear rate of the composites.

Fig. 7. Worn pin surface of unfilled UHMWPE for different test aging conditions. (Left) Lower magnification. (Right) Higher magnification and sliding direction
indicated by the arrow.
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[23]. The calculated crystallinity based on the DSC measurements and
equation (2) are presented in Table 5.

Before aging, all the materials showed similar degrees of crystal-
linity, which suggests that reinforcements did not significantly affect
the crystallization of the composites. After exposure to both hygro-
thermal conditions for 60 days, no significant variations in the structure
of the polymer were identified. However, when aged for 120 days at
elevated temperature, unfilled and SCF reinforced UHMWPE exhibited
a slight increase in the degree of crystallinity. This increase could be
due to the small degree of oxidation, previously identified by ATR-FTIR
analysis (Fig. 4), that could have caused the crosslinking and scission of
the UHMWPE monomer chains [31]. Moreover, oxidation may have
induced secondary crystallization at the crystal interfaces and of
amorphous regions, increasing the total degree of crystallinity of the
materials [14,16]. The melting temperature of the composites was not
affected by the ageing exposure and was around 136 °C for all compo-
sites.

3.5. Tribological evaluation

Fig. 5 displays the average coefficient of friction of the materials.
Comparing the friction behavior of unaged materials, SCF reinforced
UHMWPE exhibited the lowest friction coefficient of all the tested
materials. The reduction can be attributed to SCFs on the surface partly
bearing the load and better heat removal on the contact for the

composite material [32]. GO, ND and hybrid reinforced composites also
shown a decrease in friction compared to the unfilled UHMWPE.
However, the effect of the nanoparticles was less pronounced than SCF.

Within the same group of materials, no significant differences were
identified in the friction behavior of the materials with aging. This in-
dicates that water absorption and slight oxidation of the composites did
not have notable effects on the friction behavior of the composites for
the tested conditions.

The average specific wear rate (SWR) of the materials is presented
in Fig. 6. Comparing the SWR before aging, all the materials exhibited
SWR in the same order of magnitude. However, SCF, ND, and hybrid
composites showed slightly lower values compared to unfilled and GO
reinforced UHMWPE. The lower wear rate of SCF composite is attrib-
uted to the partial bearing of the load by the fibers, which reduces the
contact between the UHMWPE matrix and the counter-surface while
protecting the polymer from abrasion [32]. ND particles reduce wear
because of their innate superior hardness, which prevents or reduces
asperity to asperity contact between the two surfaces [33,34]. Also, it is
believed that ND particles may act as nano ball bearings when in tri-
bological contact, increasing the mechanical strength and tribological
performance of the material [35]. Hybrid composites performed better
than unfilled UHMWPE, but it did not outperform the other reinforced
composites. Thus, not exhibiting a synergic effect between micro and
nanofillers as identified in previous work [23].

Similarly to the friction behavior, hygrothermal aging did not sig-
nificantly affect wear performance. This indicates that the developed
composites have high structural integrity and water absorption and
oxidation did not considerably modify the tribological performance of
the composites.

Fig. 7 shows images of unaged and aged worn pins of unfilled
UHMWPE. Grooves with plastic deformation on wedges are identified
on the pin surfaces, which are predominant in abrasive wear conditions.
Furthermore, no differences in the removal mechanism were identified
for samples aged at room and elevated temperatures. Addition of re-
inforcements affected the SWR (Fig. 6), but no changes in the wear
mechanism were identified as seen in Fig. 8. Therefore, it is possible to
conclude that hygrothermal aging and the presence of reinforcements,
for the tested conditions, did not affect the mechanism of material re-
moval of the composites.

The Inconel 625 counter-surfaces were also analyzed to study the
wear tracks and formation of the transfer film. As previously cited, the
UHMWPE self-lubricating mechanism is the formation of a passive film
that is transferred to the mating surface reducing friction and wear
between them. Fig. 9 shows the wear track of unaged hybrid UHMWPE
– Inconel contact.

The material transfer was identified on the metallic surface, but no
continuous film was formed. The non-continuity of the film can be at-
tributed to different reasons, one being water-lubricated conditions.
Previous studies showed that presence of lubricant may hinder the
formation of transfer film due to a reduction in the severity of polymer/

Fig. 8. (Left) SCF (i.e. yellow arrow) reinforced UHMWPE unaged worn pin surface. (Right) GO reinforced UHMWPE unaged worn pin surface. The sliding direction
is indicated by the white arrow.

Fig. 9. Wear track of hybrid UHMWPE on Inconel 625, where the white arrow
indicates the sliding direction, the yellow indicates grooves from sample pre-
paration and blue circle material transfer from pin to counter-surface. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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metal contact, and may wash out the spalled film [36,37]. The counter-
surface roughness is also essential for the formation and maintenance of
the transfer film [38]. Therefore, another reason for discontinuous
transfer film would be hydrodynamic effects resulting from the initially
chosen topography, and the smoothening of the surface caused by the
sliding motion. This could explain the higher SWR obtained in this work
if compared to Vadivel et al. [23].

4. Conclusions

In this study, the effect of hygrothermal aging on the tribological
performance of newly developed UHMWPE hybrid composites sliding
against Inconel 625 was evaluated. Aging was performed in distilled
water and at two different temperatures, approximately 21 °C and
80 °C. The composites were evaluated by performing water intake
measurements, wettability, FTIR, DSC, and pin-on-disc tests. The fol-
lowing can be concluded from this work:

• The wear mechanism of the polymer matrix was not affected by the
addition of reinforcements and hygrothermal aging;

• Friction and wear performance of UHMWPE composites were not
significantly affected by hygrothermal aging, which is due to the
structural intact of the developed composites and suggested that
these materials are good candidates for water-lubricated applica-
tions in which temperatures up to 80 °C.
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ABSTRACT
Polymer-based materials have found extensive application as contact surfaces in tribological ap-
plications. UHMWPE composites incorporating various reinforcements like Graphene Oxide
(GO), Nanodiamonds (ND), and Short Carbon Fibres (SCF) have shown promising results as
candidates in such applications. Research conducted has shown that these composites exhibit
excellent tribological performance. However, the deformation of polymers at constant applied
stress is one of their significant drawbacks. Therefore, for further development and application
of these composites, it is essential that their time-dependent properties are evaluated. The study
of viscoplastic/viscoelastic behaviour using classical techniques requires extensive testing over
long periods. In this study, the time-dependent properties of various newly developedUHMWPE
composites are evaluated using a recently developed accelerated data analysis method. Vis-
coelasticity (VE) and viscoplasticity (VP) are analysed in short-term creep tests by comparing
creep development, creep compliance, and pure viscoelasticity curves. Modulus degradation
is evaluated using loading/unloading tests. The addition of reinforcements is seen to improve
the time-dependent behaviour. A multiscale composite containing reinforcements in both nano-
andmicro-metre dimensions (UHMWPE+GO+ND+SCF) displayed the highest improvement in
mechanical performance and resistance to creep and stiffness degradation. A maximum of 77%
improvement in modulus and 70% in stress at yield is witnessed and VP strain was reduced by
approximately 76% at the highest loading. The parameters for VP strain model for UHMWPE
composites are extracted and the behaviour of these composites for long-term performance is
predicted.

1. Introduction
Continuous development of high performing polymer composites for tribological applications is essential for

their potential use in real-world applications. A push towards sustainable tribology has resulted in the increasing
popularity of water as a lubricant [1]. Polymer composites tailored to be used in such conditions are continuously
under development [2–14]. Such composites are typically made of a base polymer matrix reinforced with different
materials. Engineering polymers like PPS, UHMWPE, PEEK, PTFE are regularly used as the base matrix, while
reinforcement material can be carbon-based, metals, fibres, particulate and more. The addition of reinforcements can
enhance stiffness, toughness and the materials’ strength, leading to improved tribological performance. This makes
polymer-based materials promising candidates to be used as tribological contacts for more sustainable and green
tribology [15].

UHMWPE composites, in particular, have piqued the interest of many researchers. materials like basalt, aramid,
wollastonite and glass fibres have been used as the reinforcements for UHMWPE-based composites [16–19]. Lower
friction was observed for UHMWPE reinforced with Graphene Oxide (GO) and MWCNT in water-lubricated
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tribological tests compared to neat UHMWPE [20]. Addition of GO has shown to improve the tribological per-
formance of UHMWPE in water-lubricated systems in various other studies [20–24]. Addition of Nanodiamonds
(NDs) and Short Carbon Fibres (SCF) to this GO reinforced UHMWPE composite improved the tribological perfor-
mance further [25]. Their tribological performance in different lubrication conditions has demonstrated good potential.

Tribological components like guide vane bearings, stern tube bearings, thrust pad bearings that are made from
such polymer composites can experience large loads and resulting stresses due to the extreme tribological conditions
prevalent. Moreover, the mechanical and creep properties of these composites can significantly influence their
tribological performance. Information and knowledge of such properties over extended duration is crucial. The
inclusion of reinforcements can lead to a mixed result with regards to mechanical and creep properties. In one
study, the addition of Hydroxyapatite to UHMWPE lead to inferior mechanical (tensile) properties but better wear
resistance [26]. The use of fibrous material can almost always lead to improved mechanical properties such as tensile
strength, Young modulus and yield stress of the composites provided that they have a good interface with the polymer
matrix. SCFs have been used to improve physical, mechanical and tribological properties of UHMWPE and other
thermoplastic polymers [27–29].

It is common knowledge that thermoplastic materials can creep and display nonlinear stress-strain behaviour.
Creep is dependent upon time, load and temperature. Therefore, thermoplastics like UHMWPE exhibit notable
changes in response when considering long term performance. It is vital to know the creep performance of these
materials over a range of stress values. Such knowledge can help in designing and developing such materials and
utilising them in real-world applications. The fatigue life of HDPE reinforced with GO for orthopaedic implants was
found to be dependent on the loading quantity of GO to a certain extent. An increase in loading content translated to
an increase in fatigue life span [30]. The yield stress of UHMWPE-SCF composites, developed for orthopaedic appli-
cations, from compression tests was observed to be two times higher than that of unfilled UHMWPE. The formation of
a rigid net (skeleton) formed by CF resulted in a decrease of creep of composite materials under compressive load in
comparison with the unfilled polymer [31]. Carbon nanofiber reinforced UHMWPE composites displayed improved
mechanical properties with a tendency of toughness to increase with increasing concentration of carbon nanofibers.
Stiffness was also increased. Nonlinear stiffness response was observed due to the agglomeration of reinforcement at
higher concentrations. Punch testing method was used for these evaluations as it needs a small size of sample [32]. In
another study, the tensile stress-strain curves for UHMWPE composites with different reinforcements were found to
be different. Similarly, the effect of the reinforcements on the tensile strength and elongation at break were also found
to be different [33].

The extent to which such materials can be tested for their time dependent properties in the lab is limited and
time and resource consuming. In real-world applications, these materials can experience loads and stresses that
one cannot replicate in the lab in short term tests. Modelling of the tensile and creep behaviour can help in this
regard. Empirical models such as Norton’s power law have been conventionally used to predict the time-dependent
behaviour of viscoelastic materials [34]. However, there is a necessity to investigate and utilise models that can
accurately describe the new classes of materials such as nanoreinforced polymers. Various models have been applied
to the experimental creep data of HDPE and its nanocomposites [35]. The Burger model and Weibull distribution
functions have been used to describe the time-dependent behaviour of graphene reinforced polymers [36]. Suitable
fitting parameters were obtained from the Kohlrausch-Williams-Watt (KWW) method and the Findley model.
However, these models are rather simplistic and do not separate the individual response of viscoplasticity (VP) and
viscoelasticity(VE). A VP model proposed by Zapas et al.[37] has been successfully used to describe the VP strain
evolution in different materials [38–42]. In this model, the VP strain is written in terms of a stress-dependent integral,
with parameters determined in creep and strain recovery tests. With a combination of Zapas and Schapery [43] model,
it is possible to separate VE from VP and and analyse both of these phenomena and thus predict the complete be-
haviour of the material at any loading ramp. Using such models to evaluate the time-dependent properties of polymer
reinforced with nano- and micrometre reinforcements can help better predict their behaviour in real-world applications.

The objectives of this study are multifold. The mechanical properties of various UHMWPE based materials are
evaluated with special emphasis on the the viscoplastic/viscoelastic behaviour. The parameters representing the time-
dependent properties are identified, and the applicability of the developedmodel to predict the creep of such composites
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is evaluated. The investigation of time-dependent properties is carried out with respect to the VP and VE components.
Complementary characterisation is carried out to validate the results and conclusions. Separation of VP and VE
responses along with the extracted modelling parameters allows for future prediction of complex loading profiles.

2. Methodology
2.1. Materials

MIPELON UHMWPE XM-220 powder (Mitsui Chemicals, Japan) having an average particle size of 30�m, a
molecular weight of 2 ×106 g/mol, and a powder density of 0.4g∕cm3 was used as the base polymer to manufacture
the composites [44]. Table 1 shows the various formulations investigated in this study. Reinforcements at the different
intervals of the size scale were used; namely, Nanodiamonds (ND) and Graphene Oxide (GO) as nanoreinforcements,
and Short Carbon Fibers as the micro-metre sized reinforcement. NDs, sourced from Adamas Nanotechnologies, USA
had an average particle size of 4-5 nm, an average aggregate size of 30 nm, and a molecular weight of 12.01g∕mol
[45]. GO from Graphenea, Spain had a particle size of 28�m [46]. Milled, unsized SCFs (Tenax-A HT M100 100mu)
had an average length and diameter of 100 �m and 7�m respectively [47]. The UHMWPE based composites were
manufactured using already established method, the steps of which are depicted in fig.1 and the detailed description
can be found elsewhere [20, 23–25, 48]. The loading quantity of the reinforcements was based on research already
conducted [25] where the composites listed in table 1, apart from neat UHMWPE, were proven to exhibit low friction
and wear in tribological tests. For composites containing ND and GO, only wet milling was carried out after these
reinforcements were dispersed in ethanol. Carbon fibers, being hydrophobic, did not disperse well in ethanol and the
UHMWPEmatrix when wet milling process was used. SCFs were added by dry milling after completion of wet milling
and subsequent drying. Neat UHMWPE was put through wet ball milling and consolidated (steps 3 to 6 in fig.1), to
be used as the reference material.
2.2. X-Ray Diffraction (XRD) analysis

XRD analysis was carried out using Cu K-� radiation and scanned from 5° to 90° at the rate of 1.5°min−1 . XRD
was carried out to gather information on the crystallinity of the various UHMWPE composites.

Designation/Sample Constituents
UHMWPE Neat UHMWPE
GO GO (1wt%) + UHMWPE (99wt%)
ND ND (1wt%) + UHMWPE (99wt%)
SCF SCF (10wt%) + UHMWPE (90wt%)
Multiscale GO (0.5wt%) + ND (0.5 wt%) + SCF (10%SCF) + UHMWPE (89wt%)

Table 1: UHMWPE based composites used in tests. GO - Graphene Oxide; ND - Nanodiamonds; SCF - Short Carbon
Fibres.

Figure 1: Overview of the manufacturing process.
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2.3. Scanning Electron Microscopy (SEM)
The fracture surfaces of the materials in table 1 were analysed using a JEOL JCM-6000 Neoscope SEM to demon-

strate their morphology. Stress was applied on the samples till fracture to obtain the fracture surfaces.
2.4. Tensile and creep tests

Both tensile and short term creep tests were carried out using an ElectroPuls E10000 from Instron, USA equipped
with a 10kN load cell, mechanical grips and electronic clip-on extensometer. Type IV samples according to ASTM
D638-14 were used for both type of tests [49]. Tensile tests were performed at room temperature at a displacement rate
of 5mm min−1. Stress-strain curves were obtained, from which the tensile properties are determined and presented in
table 2. Modulus was calculated from the slope of the initial linear region of the stress-strain curves at strain interval
between 0.05% to 0.2%. The tensile stress is determined as the maximum stress reached during the test. The yield
point was obtained from the intercept of a straight line drawn at 0.2% offset strain with the stress-strain curve, from
which both the stress at yield and corresponding strain were determined.

Creep tests were performed inside an environmental chamber set to 30 ± 1° C to ensure isothermal conditions and
exclude the influence of temperature fluctuations on the materials’ viscoelastic behaviour. Samples were conditioned
at this temperature for at least 30 minutes before starting the tests. One specimen per sample was used utilising the
methodology described in other research work [40]. Samples were loaded abruptly to the specific stress value at a
rate of 2000Nmin−1 and held at that level for the specified period (to observe creep). The holding times were 10, 20,
30, and 60 minutes, making 2 hours creep time to complete each test cycle. Following the creep step, the sample was
unloaded at a rate of 1500Nmin−1 to 1N load and left to recover the reversible strains. 1N load amounts to only 0.7%
of the minimum applied creep load for the neat polymer. The recovery time was set to be 12× times longer than the
creep time at each step. Creep stresses were applied in an incremental way covering stress levels between 30-60% of
the maximum tensile stress of the neat polymer. These correspond to values of 6, 8, 10 and 12 MPa. At the end of each
recovery step, any unrecoverable strains were considered to be the result of viscoplasticity at that creep step and were
recorded to be used in the model. The choice of the test parameters was decided based on preliminary tests conducted
on the same materials. Fig.2a(a) shows a schematic of the test sequence with the relevant notations.
2.5. Stiffness evolution tests

Amaterial subjected to a high stress can experience changes in its elastic properties (stiffness). The elastic modulus’
dependence on the previously applied maximum strain/stress was measured in a loading-unloading-recovery test. This
was done to evaluate the extent of the changes and damage developed at high-stress. Fig.2b represents the test cycles
carried out to evaluate the stiffness reduction caused by possible micro-damage. An Instron 3366 universal tester
equipped with a 10kN load cell and pneumatic grips was employed for this purpose. Strains were measured by means

(a) Representation of creep development during creep test and
after load removal where �ΣKV P is the VP strain developed.

(b) Representation of displacement controlled stiffness reduction
test.

Figure 2: Representation of creep and stiffness reduction tests.
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of a standard Instron extensometer with a gauge length of 25 mm. The test consisted of determining the initial elastic
modulus in a loading/unloading cycle at a low-stress region followed by straining the sample to increasing strains and
evaluating the modulus after each of these strain levels repeating a cycle of the low-stress region. Due to polymeric
materials’ viscoelastic behaviour, unloading the specimen will not result in an immediate return to its original length.
Therefore, time was allowed after each step for the sample to recover all the reversible strains. The length of recovery
was set to be 20× the time the sample was under load. For example, if loading the sample up to 0.2% strain and
unloading to 0 N takes a time of tx, then recovery time was 20 × tx, and so on for all the loading-unloading cycles.
Any unrecoverable strains after this time was considered as irreversible. In all steps, the loading and unloading was
performed in a displacement control mode at a rate of 5mmmin−1. The strain values in the straining cycles were varied
between 0.4% and 7%. Other experimental procedure details and methodology was adopted from research already
carried out [40, 41, 50–53].
2.6. Modelling of Nonlinear Deformation Behaviour

Materials under load can have both a viscoelastic (�V E) and viscoplastic (�V P ) strain response. The former is
reversible over time, while the latter is permanently irreversible. Both responses can be influenced by possible micro-
damage introduced into the microstructure. Therefore, the total strain (�) can be written as shown in eq.1.

�(�, t) = d(�max)�V E(�, t) + d(�max)�V P (�, t) (1)
where, the strain (�) is a function of stress (�) and time (t). The parameter d represents the effect of damage

introduced at the maximum applied stress (�max). The Zapas and Crissman model was used to characterise the vis-
coplasticity of the materials [37]. According to the model, the VP strain growth during loading with specified time
dependence of the applied stress is given by

�V P (�, t) = CV P

{
∫

t
t∗

0

(
�(t)
�∗

)M
d�

}
(2)

where, CV P ,M and m are constants to be determined experimentally, �∗ is arbitrarily chosen stress value, t∕t∗ is
normalised time and t∗ is an arbitrarily chosen characteristic time constant. For the sake of simplicity and to obtain
dimensionless parameters, values of �∗ = 1MPa and t∗ = 120min (equal to total creep time) were used in this study.

3. Results and discussion
3.1. X-Ray Diffraction analysis

XRD analysis patterns of all the composites are shown in fig.3. An amorphous hump followed by two crystalline
peaks, a pattern characteristic of UHMWPE, can be observed in the range 15° to 25° 2�. The similarity in all the
composites’ diffraction patterns compared with Neat UHMWPE indicates that the addition of reinforcements does not
degrade the UHMWPE to a new substance [54]. The addition of reinforcements also did not affect the crystallinity
negatively. On the contrary, the crystallinity seems to be slightly enhanced by the addition of the individual reinforce-
ments but not in the presence of multiscale reinforcements. This can be attributed to some counteracting mechanisms
where the reinforcements act as both nucleating sites and as hindrance to the growth of the crystals resulting in an
overall similar degree of crystallinity as that for the neat polymer. The absence of peaks typically found in the spectra
of the reinforcement is an indication of their presence in the exfoliated state [55, 56].
3.2. Morphology

Figure 4 shows the SEMmicrographs of fractured surfaces of the variousmaterials obtained after applying stress till
fracture. The relatively smooth fracture surface of neat UHMWPE can be observed in figures 4a and 4b. The absence
of large voids in the sample indicate good consolidation [57]. All the composites, as can be seen from fig.4, exhibit
good consolidation. The presence of reinforcement materials is believed to lead to rougher surfaces [58]. The fracture
surface of UHMWPE grains is smoother than those of the reinforced composites. The increased surface roughness is
also attributed to the introduction of torturous routes for the fracture path due to the reinforcements’ presence. The
very different fracture surface of the different formulations of materials is most probably due to the effect of the aspect
Hari Vadivel et al.: Preprint submitted to Elsevier Page 5 of 16



Figure 3: XRD patterns of various composites. Labels indicate designation and crystallinity values.

Neat 1% GO 1% ND 10% SCF Multiscale
Stress at yield [MPa] 6.0±0.27 6.7±0.49 6.7±0.59 8.4±0.51 10.1±0.77
Strain at yield [%] 1.04±0.008 1.06±0.01 1.085±0.03 0.99±0.028 0.99±0.004
Maximum stress [MPa] 20.1±0.28 21.6±0.52 21.1±1.02 23.8±1.82 28.0±1.51
Modulus [GPa] 0.71±0.02 0.78±0.05 0.76±0.06 1.05±0.03 1.26±0.11

Table 2: Modulus and stress and strain at yield of various materials

ratio of the reinforcements on the stress state of the polymer at their vicinity. Due to the low loading quantity of GO
and NDs and the suspected good dispersion, their presence is not seen straightforwardly in fig.4c-4f. On closer look,
in fig.4j, remnants of the polymer matrix can be seen on the surface of the SCFs. On comparing the surface of the
carbon fibres when present alone (fig.4g) and in the Multiscale composite, it can be seen that the surface is smoother
when the fibres are alone which might indicate that the nanosized particles has contributed to enhanced compatibility
of the multiscale reinforcement.
3.3. Tensile properties

Representative stress-strain curves of all studied materials are shown in fig.5a. The curves show apparent differ-
ences in the different materials’ response that can be explained by the varying scales, geometries, dispersion, and the
reinforcements’ compatibility with the polymer matrix. In terms of morphology, reinforcement type has been observed
to significantly affect the deformation and strength properties of UHMWPE-based composite materials [33]. Lamellar
nanofillers like Graphite nanoplates were found to significantly impact elastic modulus compared to other reinforce-
ments like organomodified montmorillonite, molybdenum disulfide and shungite. UHMWPE/GO materials prepared
with up to 0.5 wt% GO exhibited improved characteristics compared to virgin UHMWPE and nanocomposites pre-
pared with higher GO contents [24]. Also, modulus was seen to increase more for solvent mixed blends than when
they were melt blended [24, 59]. Graphene content and its distribution and matrix-reinforcement interfacial bonding
are found to activate the differential strengthening mechanism in elastic and plastic deformation regime. A comparison
of the response of nano-scaled reinforcements (GO and ND) in fig.5a show an insignificant effect on the behaviour
of materials under tension compared to the neat polymer. An improvement of 9% and 7% of modulus was obtained
for these types of reinforcements respectively. This is in accordance with previously obtained results for materials
prepared in a similar manner and amount of reinforcement [60]. At higher loads, small differences appear where the
Hari Vadivel et al.: Preprint submitted to Elsevier Page 6 of 16



(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)
Figure 4: SEMmicrographs of the fracture surfaces at different magnifications (a) (b) Neat UHMWPE; (c) (d)1% GO;
(e) (f) 1% ND; (g) (h) 10% SCF; (i) (j) Multiscale.

sample reinforced with GO seems to sustain higher loads than that of ND. The samples reinforced with micro-scale
(SCF) and Multiscale reinforcements show larger differences in terms of stiffening and sustaining larger maximum
stresses. Increasing tensile modulus values has been observed with the addition of carbon fibres to UHMWPE due to
their high stiffness and ability to carry high loads over their effective length and restrict the motion of polymer chains
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(a) (b)
Figure 5: a) Representative stress-strain curves of the studied materials; b) Normalized modulus of various composites.
Labels on bars indicate percentage change.

and decrease the deformation capacity of the matrix in the elastic zone [61]. The synergistic effect of the multiscale
reinforcements manifests itself in the increased brittleness and improved stiffness compared to the response of materi-
als with a single type reinforcement. In fact it is remarkable to note that the improvement in the Multiscale composite
is more than the sum of improvements obtained by the addition of a single reinforcement material. This indicates the
synergistic effect of the inclusion of all reinforcements. In order to observe the trends of change in properties of the
materials, fig.5b shows the normalized values of the modulus obtained from tensile tests, with the bar labels indicating
the percentage improvement of each composite compared to neat UHMWPE. The change in stress and strain at yield
is also shown. A maximum of 77% improvement in modulus and 70% in stress at yield is witnessed upon the addition
of all the reinforcements (Multiscale composite).
3.4. Stiffness evolution

To avoid failure of the materials during the creep tests, the selection of stresses was based on the maximum tensile
stress. The creep stresses were selected to be 30% to 60% of the maximum tensile stress of UHMWPE after conducting
preliminary investigations on neat UHMWPE to determine its tensile properties (see table 2). The stiffness of the dif-
ferent materials was evaluated after each loading step. Fig.6a shows the evolution of stiffness with maximum applied
stress for the different materials after the value of modulus at that data point has been normalised to the initial value
of modulus. It can be observed that the stiffness of the various materials shows no significant change up to a stress of
∼ 17.5 MPa. Stiffness starts deteriorating after this stress level, which can be attributed to the large plastic deforma-
tions suffered by the materials when experiencing high stresses or the initiation of microdamage at the vicinity of the
reinforcements. Microdamage leads to the failure of the interface. The stress level at which stiffness stats deteriorating
is approximately the same level at which the curves in 5a start deviating from linearity. For example, the Multiscale
composite shows a maximum decrease of 24% loaded to a stress of 31 MPa. It should be noted that the stress for the
onset of plastic deformation is higher than the maximum stress level chosen in the creep tests (12 MPa). Therefore, the
damage parameter d in eq.1 can be ignored when modelling nonlinearity up to a stress level of ∼17.5 MPa. The evolu-
tion of stiffness is dependent on the type and quantity of reinforcements. At higher loadings and larger dimensions of
reinforcements, degradation is expected to proceed more rapidly due to the expected agglomerations that may trigger
damage or cause local stress concentration. It is interesting to notice that the microsized reinforcements suppress the
initiation of damage partially by increasing the stiffness of the material where their stresses at the same strain levels
are lower. This can be noticed in the case of 10% SCF and Multiscale composites in fig.6a. The change of irreversible
(residual) strains in the various composites is shown in fig.6b. 10% SCF and Multiscale show the most residual strain
reduction, whereas all materials showed less notable difference till 17.5 MPa.
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(a) (b)
Figure 6: a) Stiffness evolution of the different materials with the incremental stress levels; b) Residual strains against
maximum applied stress obtained from loading-unloading-recovery test.

3.5. Short term creep tests
A representative plot of the response of strain against time during one whole creep test stress level is presented in

fig.7a for all studied materials at 10 MPa. A similar response was observed at the other stresses, and graphs can be
found in supplementary documents. It can be seen that the effect of reinforcement on the strain response is following
the same trend as for the tensile tests. The intensity of the strain development increases with the increased creep
times and decreases upon the addition of the reinforcement. The most efficient composite with regards to suppressing
the creep strains is the Multiscale type. When a polymeric material is under constant load, the molecular chains
start to stretch and extend over time and ultimately become very weak and rupture. When rigid reinforcement is
introduced, the molecular movement is restricted, and the extent of stretch is reduced, especially when there exists
a firm interface and bonding between the polymer and the reinforcement over large surface areas. Curves of the
samples with nano-reinforcement overlap and do not show apparent differences from that of the neat polymer except
for the longer creep times where both the creep strain and the VP strains are reduced. As for the 10% SCF and
Multiscale samples, the differences are more distinguished at all time intervals. The efficiency of the combination of
reinforcements to reduce the irreversible creep strains at the longest applied times are presented in Table.3. As noted
already in fig.4 and section 3.2, a good interface obtained between the polymer matrix and the reinforcements helps
reduce the development of VP strain.

The impact of the type of the reinforcement on its efficiency to reduce the VP strains is pronounced at higher
stress levels for the same period of time. The trends observed in fig.7 are also registered for all other stress levels.
The lowest amount of VP strain is displayed by the Multiscale composite. The quantity and type of reinforcement

%Reduction of VP strain @ 60 min creep
6 MPa 8 MPa 10 MPa 12 MPa

Neat 0 0 0 0
1% GO -50.30 -30.79 -34.32 -49.44
1% ND -19.73 -14.73 -28.38 -48.06
10% SCF -19.98 -23.62 -40.82 -63.24
Multiscale -50.30 -48.00 -52.67 -75.95

Table 3: The efficiency of reinforcement in terms of reduction in VP strain.

Hari Vadivel et al.: Preprint submitted to Elsevier Page 9 of 16



(a) (b)

Figure 7: a) Strain response over time of all studied materials under full creep stress cycle of 10 MPa and the different
creep time intervals; b) Development of VP strains over time at 10MPa applied stress for all studied materials. The
symbols represent the experimental points while lines represents the model predictions.

combine synergistically to improve the elastic aspect of the viscoelastic response. Neat, as one would expect, develops
the largest creep/VP strain followed by the nano reinforcement composites (1%GO and 1%ND). The behaviour of
10%SCF is between the nano-reinforced composites and Multiscale composite. Previous studies [40, 53] have shown
that the VP behaviour of nanocomposites and short fibers reinforced composites follow Zapas’s model in development
of VP strains. The model allows extracting parameters that can be used to describe the development of VP strains in
conditions other than those used in the test. Fig.7b shows the model predictions for experimental data, and table 4
shows values of the squared error confirming the accuracy of the model in following the experimental data. Not only
single-type reinforced composites are represented by the model with good accuracy, but also the model is capable of
describing response of multi-scale composites. Most of the data has anR2 value above 0.7, indicating good agreement
of the experimental data with the model predictions for all composites.

Table 5 shows the VP parameters extracted from the experimental results for all the composites. Parameter m
which shows how VP strain develops with time (at constant stress) is the highest for Neat UHMWPE. Addition of
reinforcements decreases the m value. This implies that the rate of developing VP strain reduces with the addition of
reinforcement materials at a constant stress level but is independent on the type of reinforcement. This is an interesting
result since previous application of this methodology on HDPE showed independence of the rate of VP strain
development from the addition of the nanoreinforcement [53]. The difference can be explained by the differences in
the molecular structure between the two grades of polymers and the sensitivity of the creep response to the crystallinity
of the polymer [62]. since addition of the reiforcement didn’t affect the crystallinity of the materials significantly, the

Material R2

6 MPa 8 MPa 10 MPa 12 MPa
Neat 0.57 0.03 0.80 0.66
1% GO 0.95 0.94 0.97 0.89
1% ND 0.94 0.77 0.77 0.81
10% SCF 0.88 0.77 0.97 0.90
Multiscale 0.95 0.91 0.92 0.83

Table 4: Accuracy of the model.

Material m M CV P ,%

Neat 0.20 16 0.838 ⋅ 10−3
1% GO 0.12 26 0.551 ⋅ 10−3
1% ND 0.09 26 4.371 ⋅ 10−3
10% SCF 0.09 24 5.142 ⋅ 10−3
Multiscale 0.09 22 4.855 ⋅ 10−3

Table 5: VP parameters for different ma-
terials.
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Figure 8: Prediction of VP strains for times longer than those used in the test. t∕t∗=40000 ≈ 10 years.

change in molecular structure is mostly occurring in the amorphous part which is responsible for the development of
the creep and irreversible strains by chain disentanglement [63]. M and CV P , which show how VP strain changes
with applied stress level, are different for all materials. The absence of a general trend in these parameters can be
attributed to the fact that different reinforcements at different loading quantities are used. However, one can notice
that the reinforced UHMWPE composites, Multiscale especially, have improved resistance to creep. This is due to the
restricting action of the rigid particles. Homogeneous distribution and an excellent reinforcement-polymer interface
also contribute to this improvement.

The parameters extracted from the experimental tests can be used to predict or model the VP strain development
of these composites under conditions other than those used in this study. This ability can help predict behaviour
in real-world applications. Results of such predictions are presented in fig.8. VP strain predictions are presented
for approximately a 10 year duration under the highest loading level of 12 MPa. Validating such predictions with
experimental results is necessary but was not carried out in this study due to time constraints. At such long duration,
accumulated VP strains of the neat polymer continues to increase reaching more than 10 % while composites seem
to be stabilising after relatively short creep times especially for the Multiscale composite. For all composites, the
maximum developed VP strains do not exceed the the critical strains at which damage is expected.

All these composites were developed to be used in tribological applications. The Multiscale composite, which
is the best performer so far in this study, also has exhibited excellent tribological performance [25, 64]. There-
fore, in further sections, the focus will be on the Multiscale composite. A comparison with the other composites
andNeat UHMWPEwill be made. Figures pertaining to other composites are provided in the supplementary materials.

Pure VE strain of the materials used can be obtained by subtracting VP strain from the total strain response.
Analysis of the pure VE strains allows evaluating the linearity of VE behaviour and suggests suitable models to
describe them. Fig.9 shows the development of pure VE strain and creep compliance with time at a stress of 10
MPa for the Multiscale composite. At all loading time duration, the VE strain and creep compliance follow the same
curve and increase in value with time, indicating that the VP strain removal has been done properly. The same trend
is observed in all other applied stress levels, indicating good repeatability of the experiment with different applied
times. Fig.10 shows a comparison of VE strains and creep compliance across different stress levels for the Multiscale
composite. As expected, the VE strains increase with applied creep stress. The VE strain curves are steeper and attain
Hari Vadivel et al.: Preprint submitted to Elsevier Page 11 of 16



higher values. The nonlinear viscoelastic nature of the composite can be noticed from the creep compliance curves.
This is observed for all materials in this study and at all stress levels, including the lowest value of 6 MPa. This
reinforces the need to perform modelling of viscoelasticity with nonlinear VE models such as the Schapery model
[43, 65, 66]. Extraction of VE behaviour parameters, combined with VP parameters, can help predict total behaviour
for any complex loading profile.

Comparisons of the VE strains and creep compliance over time for the different materials studied at an applied
stress of 10 MPa are shown in fig.11. The trend observed is similar to that observed in viscoplasticty (see fig.7b). The
Multiscale composite reaches the stable strain faster and recovers it. 1% GO and 1% ND display the same behaviour
while that of 10% SCF is in between that of the nano reinforced composite and Multiscale.The viscoelastic behaviour
depends to a large extent on the stiffness of the material which has been shown to have increased significantly for the
samples of SCF and multiscale reinforcements.

(a) Development of pure VE strain with time (b) Creep compliance with time

Figure 9: (a) Development of pure VE strain and (b) Creep compliance with time for Multiscale composites at 10MPa
applied stress level.

(a) Development of pure VE strain with time (b) Creep compliance with time

Figure 10: (a) Development of pure VE strain and (b) Creep compliancewith time forMultiscale composites at different
applied stress level at 60 min loading duration.
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(a) Development of pure VE strain with time (b) Creep compliance with time

Figure 11: (a) Development of pure VE strain and (b) Creep compliancewith time forMultiscale composites at different
applied stress level at 60 min loading duration.

4. Conclusion
UHMWPE based composites developed as tribological contact surfaces for water lubricated applications were

evaluated for their tensile and time-dependent properties. Observations using SEM and XRD indicate a homogeneous
dispersion of reinforcement material in the polymer matrix and a good reinforcement-matrix interface. No negative
effect of the addition of reinforcements on the crystallinity is observed. All the composites perform better than neat
UHMWPE to resist development of VP/VE strain. Of all the materials studied, theMultiscale composite, incorporating
reinforcements in both nano (GO, ND) and micro-scale (SCF) dimensions, shows the highest resistance to strain and
creep. The improvement is a result of the synergistic behaviour of the different reinforcements. A maximum of
77% improvement in modulus and 70% in stress at yield is witnessed for the Multiscale composite. For the same
composite, VP strain was reduced by approximately 76% at the highest loading. Stiffness evolution after different
loading levels was used to determine the critical loading value at which factors such as microdamage result in the
mechanical response’s degradation. Parameters of viscoplastic behaviour that can be used to predict the VP strains
at different loading cycles to those used in this study were extracted. The approach used in this study, together with
evaluating the various composites’ time-dependent behaviour, provides a valuable way to approach material selection
and design for applications.
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Supplementary figures

(a) (b) (c)
Figure 12: Development of VP strains over time at (a) 6MPa, (b) 8MPa, (c) 12MPa applied stress for all studied
materials. The symbols represent the experimental points while lines represents the model predictions.

(a) (b) (c)
Figure 13: Strain response over time of all studied materials under full creep stress cycle of a) 6MPa, (b) 8MPa, (c)
12MPa and the different creep time intervals.

(a) (b)
Figure 14: Development of pure VE strain for all composites at different applied stress levels at 60min loading duration.
(a) 6 MPa (b) 8 MPa (c) 12 MPa.

Hari Vadivel et al.: Preprint submitted to Elsevier



(a) (b)
Figure 15: Development of creep compliance with time for all composites at different applied stress levels at 60 min
loading duration. (a) 6 MPa (b) 8 MPa (c) 12 MPa.

(a) (b)

Figure 16: Development of creep compliance with time for different materials at different stress levels. (a) Neat (b)
GO (C) ND (d) SCF.
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(a) (b)

Figure 17: Strain vs. Time at different stress levels. (a) 6 MPa (b) 8 MPa (C) 10 MPa (d) 12 MPa
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(a) (b)

Figure 18: VE strain for different materials. (a) Neat (b) GO (C) ND (d) SCF.
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ABSTRACT
Usage of environmentally friendly tribological materials is critical to the continued development
of various tribological systems. UHMWPE and water are widely used for such purposes. A
UHMWPE based composite containing Graphene Oxide (GO), Nanodiamonds (ND) and Short
Carbon Fibres (SCF) has exhibited excellent performance when used as a contact surface in dis-
tilled water tribological contacts. However, to better understand its performance in real-world
applications, the tribological performance must be evaluated in more realistic and in a more vari-
ety of conditions. In this study, the tribological performance of the newly developed UHMWPE
based multiscale composite is evaluated and compared against that of Neat UHMWPE’s. The
tests are carried out in different lubricating conditions: no lubricant (dry), under SeaWater (SW)
and under an Environmentally Acceptable Lubricant (EAL). Neat UHMWPE displays lower
friction and wear in dry conditions. SCFs present in the composite prevent the formation of a
transfer film due to their abrasiveness. However, under SW lubrication, the multiscale composite
outperforms neat UHMWPE. A maximum reduction of 77% in friction coefficient and 88% in
specific wear rate is obtained. In EAL lubricated conditions, while both materials display the
same friction coefficient, the multiscale composite has a maximum reduction of 75% in wear.

1. Introduction
Over the past two decades, there has been a growing demand to make tribological systems environmentally friendly

[1, 2]. Naturally, increased environmental awareness and demand for sustainable solutions has led to a transition from
oil lubricated systems to oil-free systems and use of tribological contact materials that generate minimal contamination
and wear. This strategy is critical in applications where leakage of lubricant or other contaminants into the surrounding
environment can have harmful and potentially disastrous effects.

When considering sustainable lubricants, water is a obvious candidate. It is readily available, inexpensive and
non-toxic. Tribological systems where water can be readily used as lubricant are prevalent in the marine, hydropower
and pump industries. There are also other less known applications like circulators for nuclear power stations[3–5]. In
the marine, food and hydropower industry, using water-lubricated bearings eliminates the problem of pollution caused
by oil and grease lubricated metal bearings and could increases reliability and efficiency. The lubrication properties
of water are however poor mainly due to its low viscosity (0.66 cSt at 40°C) compared to that of, for example, turbine
oils (32-68 cSt at 40°C) [6].

Given water’s low viscosity, the load carrying capacity of water in tribological contacts is minimal. This limits
effective lubrication under higher loads and low sliding speeds. Bearings lubricated with water are therefore more
likely to operate in boundary/mixed lubrication regime for longer periods [7]. To accommodate for this shortcoming,
additives can be added. By increasing the pressure viscosity coefficient by the addition of additives, the lubricating
performance can be enhanced. Alkyl sulfates have shown to be effective in concentrations as low as 1% [8]. Lower
friction and wear has also been found by polyvinylpyrrolidones as additive, even at a low concentration of 5% [9].
Alternatively, alkyl polyglucosides and alkyl glucopyranosides have shown effective for use as additive to enhance the
tribological properties of water [10, 11]. Other base fluids such as vegetable oils, polyalphaolefins, synthetic esters
and glycerol are often considered. Although vegetable oils have a narrow viscosity range and generally a low thermal
and oxidation stability [12–14], synthetic esters and glycerol have shown great potential.

This document is the results of the research project funded by Kempestiftelserna
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Synthetic esters can be designed to meet specific viscosity demands and have a high thermal stability and low
volatility. Most synthetic esters have a much higher biodegradability than mineral oils [15]. Glycerol in pure form it
has a viscosity of (890 Pa.s) 1100 cSt which is significantly higher than an average mineral oil [16]. The higher shear
resistance results in rather high friction coefficients. By adding water, much lower friction coefficients can be obtained.
Glycerol aqueous solutions have great potential as green lubricants [17]. However, addition of water compromises the
obtainable lubrication film thickness and consequently, wear performance [17, 18]. Still, commercial lubricants with
satisfactory performance have been developed and are available in the market [19].

The most important attributes of bearing materials in water based lubrication applications is low friction and wear
under the full range of operating conditions. Especially low sliding speeds and high contact pressures, which are
often experienced at start-up and shut-down cycles, put high demands on the materials. These conditions allow bear-
ings to operate in the boundary lubrication regime which makes especially polymer based materials suitable. Poly-
mers are lightweight, require little maintenance, are low cost and at the same time posses good mechanical properties
and resistance to corrosion and chemical solutions [20–25]. In particular, Ultra high molecular weight polyethylene
(UHMWPE), a thermoplastic, has shown excellent performance as a tribological material. It possesses self lubri-
cation properties, allowing for low friction and a high wear resistance. It is furthermore known for its high impact
strength and a good corrosion resistance [26–28]. UHMWPE based multiscale composites prepared by the addition
of Graphene Oxide (GO), Nanodiamonds (ND) and Short Carbon Fibres (SCF) have shown excellent tribological per-
formance under DI water lubrication [29]. The addition of reinforcements in different size scales is suspected to allow
for a synergistic improvement in tribological performance and mechanical properties. The addition of reinforcements
has also shown to decrease the development of creep over time [30]. The composite has furthermore been shown to
retain its performance even after undergoing hygrothermal ageing at a high temperature [31]. These results indicate
the strong potential of the UHMWPE based multiscale composite to be used in wide range of applications.

It is however vital that the tribological performance of the multiscale composite is evaluated under real world con-
ditions. This includes the use of different lubricants and contact loads. The contact conditions play an important role in
the tribological performance [5, 32–37]. Most water lubricated applications do not use DI water but naturally sourced
water from rivers or the sea which can be full of contaminants and minerals. Te physical and chemical properties of
seawater, such as low lubricity and high causticity, result in numerous challenges [38]. Consequently, research into
the tribological performance of friction pairs in seawater environment is critical for seawater components. Also, con-
sidering the increased interest in using Environmentally Acceptable Lubricants (EAL), the composite’s performance
under EAL lubrication is extremely relevant. In light of these research gaps, the objective of this study is to evaluate
the tribological performance of the UHMWPE based multiscale composites under different lubrication conditions and
contact pressures. Furthermore a comparison is made with the neat UHMWPE polymer to determine the effect of
the used reinforcements under the different conditions. In the process, the tribological mechanisms prevalent in such
contacts are investigated to better understand the material’s capabilities.

2. Methodology
2.1. Materials

For this study, UHMWPEwith particle diameter 30�mwas obtained fromMitsui Chemicals GmbH, Germany. The
UHMWPE had a molecular weight 200×106g∕mol and a density of 0.94 kg∕m3. The processing of the rawUHMWPE
material into samples was adapted from work done earlier in the research group [29, 39–41]. Neat UHMWPE and a
Multiscale composite were evaluated and compared. In the Multiscale composite, Nanodiamonds (ND) and Graphene
Oxide (GO) were used as nanometer-sized reinforcements, while Short Carbon Fibre was used as the micrometre sized
reinforcement. NDs, sourced from Adamas Nanotechnologies, USA had an average particle size of 4-5nm, an average
aggregate size of 30nm, and a molecular weight of 12.01g∕mol [42]. GO from Graphenea, Spain had a particle size
of 28�m [43]. Milled, unsized SCFs (Tenax-A HT M100 100mu) had an average length and diameter of 100�m and
7�m respectively [44].

The loading quantity of the reinforcements was based on research already conducted [29]. The Multiscale compos-
ite consisted of 0.5wt% GO, 0.5wt% ND and 10wt% SCF. GO, and ND was dispersed in ethanol before being added
to UHMWPE and ball-milled. The resulting mixture was dried in an oven. SCFs were added to this mixture, and dry
ball milling was carried out to obtain the final composite mixture. Direct compression moulding was carried out on
the mixture to obtain the composite in plate form.

Synthetic Sea Water (SW) with formulation according to ASTM standard D1141 was procured from Vickers Lab-
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Figure 1: Pin on disc tribological test setup

oratories Ltd., UK and used for tribological evaluation. It had a pH of 8.2 and constituted of various salts (see table
2). Sustainalube®, a mixture of glycerol, water and additives, from Sustainalube AB, Sweden was used as the EAL. It
is both water-soluble and 100% biodegradable.
2.2. Tribological setup

TheNeatUHMWPE andMultiscale composite plates obtained after amoulding processweremachined into cubical
pins with sides of 4.2mm. Tribological tests were carried out using a pin-on-disc tribometer (TE67, Phoenix Tribology)
using Inconel 625 counter surfaces. The alloy was chosen for its good corrosion resistance, which enables use in
corrosive environments, including seawater. The main alloying elements of the used Inconel disks are Ni (58 wt%),
Cr (< 23 wt%), Mo (< 10 wt%), Fe(5 wt%) and Nb (< 4.15 wt%). A schematic of the test configuration is shown in
fig.1. Table 1 lists the parameters used in the tribological tests.

The tests were conducted at room temperature for a duration of 24 h with contact pressures of 5 and 10 MPa.
A speed of 0.13 m/s was used. The counter surface discs were ground to a surface roughness Ra = 0.2�m before
being used in the tests. The parameters for contact pressure and surface roughness of counter surface were chosen to
accelerate the tests while avoiding creep of the polymers and hydrodynamic effects while at the same time obtaining
data over a long duration. Friction and wear values were taken only from the steady-state region of the tests. A Linear
Variable Differential Transformer (LVDT) sensor was used to observe the vertical displacement of the pin holder and
determine the wear depth continuously in the tests. The wear rates were calculated using eq.1.

Wear rate = Volume loss
(Load)(Sliding distance)

[
mm3

N ⋅ m

]
(1)

Friction coefficient values were taken from the last 5 hours of the 24 h tests to represent steady-state values. Thus,
any topographical features arising from themachining of the samples should not influence the properties post a running-
in period. The specific wear rate values were taken from the whole duration of the tribological tests.

Parameter Values
Type of contact Pin on disc
Speed 0.13 m/s
Loads 5 MPa, 10 MPa
Duration 24 h
Roughness 0.2�m
Lubrication conditions 1. Dry

2. Seawater (SW)
3. Sustainalube (EAL)

Table 1: Test conditions used for tribological tests,

Compound Salt concentration
[g/L]

Salt
[%]

NaCl 24.53 0.681
MgCl2 5.2 0.144
Na2SO4 4.09 0.114
CaCl2 1.16 0.0322
KCl 0.695 0.0193
NaHCO3 0.201 0.00558
Others 0.1562 0.004331
Table 2: Synthetic seawater composition ac-
cording to ASTM D1141-98
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Figure 2: Dynamic Viscosity of Sea Water and EAL

2.3. Rheology study
The dynamic viscosity of the lubricant used was measured using Bohlin CVO 100 rheometer. Information on the

viscosity of the lubricants used can help understand the tribological mechanisms. The measurements were conducted
at 25°C while increasing the shear rate from 0 to 100 s−1. A concentric cylinder geometry was used with a 25 mm
diameter inner cylinder and a 27 mm diameter outer cylinder.
2.4. Post tribological characterisation

The wear tracks and pins post tribological tests were analysed using a FEI Magellan 400 XHR high-resolution
scanning electronmicroscope. Energy-dispersive spectroscopy (EDS)was also performed to better understand possible
material transfer and the involved tribological mechanisms. In addition, the sliding surfaces of the pin specimens
after tribological tests were analysed using a Wyko NT100 optical profiler. The topographical data obtained aids in
understanding the wear mechanisms involved under different test conditions.

3. Results and discussions
3.1. Dynamic viscosity

Fig.2 shows the dynamic viscosity of the two lubricants used, SW and EAL. The dynamic viscosity values of DI
water (not presented here), with the same characterisation parameters, was found to be similar to that of SW. The effect
of the different salts on the dynamic viscosity can therefore be considered negligible. As can be seen from fig.2, the
EAL has a higher dynamic viscosity than SW over the entire measurement. A higher viscosity can lead to the formation
of a better lubricating film, improving lubrication properties.
3.2. Tribological characterisation

Fig.3 show the average friction coefficient and specific wear rate values of Neat UHMWPE and the Multiscale
composite under different lubrication conditions and at different loads. Representative friction plots for the materials
at a contact pressure of 10 MPa are provided in fig.4. Analysing all these results together can shed more light on the
tribology of the tested materials in these specific conditions.
Dry conditions

It can be observed from fig.3 that both Neat UHMWPE and the Multiscale composite display their highest friction
and wear value under dry conditions. With the absence of an effective lubricant, the sample and counter surface are
in constant contact and operate in the boundary lubrication regime. The high degree of contact and absence of a low
Hari Vadivel et al.: Preprint submitted to Elsevier Page 4 of 11



(a) Friction coefficient (b) Specific wear rate
Figure 3: Friction coefficient and specific wear rate of Neat UHMWPE and Multiscale composite under different
lubrication and load conditions.

Figure 4: Representative curves of friction evolution of Neat UHMWPE and Multiscale composite at 10 MPa under
different lubrication conditions.

shear interface leads to high friction. Interestingly, the Multiscale composite underperforms with respect to friction
and wear in comparison to the Neat polymer. Although the aim of adding reinforcements is to enhance the tribological
properties, friction is significantly higher for the Multiscale composites. However, it should be noted from fig.4 that
the friction of the Multiscale composite seems to attain a stable value during the test while the friction of the Neat
UHMWPE material has not.

Polymer-based materials that operate in dry conditions are known to display good tribological performance by
forming a transfer layer on the counter surface. In fig.5a and fig.5b, the presence of this transfer layer on the wear
track formed by Neat UHMWPE can be seen. Polymer material has transferred from the surface of the pin (fig.5c)
to the counter surfaces. Similar mechanism has been observed in other studies involving UHMWPE [45–48]. On
the contrary, in the case of the Multiscale UHMWPE composite, the formation of such a transfer layer is hindered
by the presence of SCFs. Due to their stiff and abrasive nature, the SCF rub against the counter surface, repeatedly
removing any transferred material in the process. On analysing the pin surfaces more closely (fig.5f), the sheared
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(a) Wear track 250x (b) Wear track 1000x (c) Neat Pin surface

(d) Wear track 250x (e) Wear track 1000x (f) Multiscale pin surface
.

Figure 5: SEM micrographs - 5 MPa, Dry conditions. Wear track and pin surface of Neat (top row) and Multiscale
(bottom row). Double sided arrow indicates direction of motion. Arrows in fig.5f indicate sheared SCF surfaces

(a) Dry Neat 5 MPa (b) Dry Neat 10MPa (c) Dry Multiscale 5 MPa (d) Dry Multiscale 10MPa
Figure 6: Pin surface topography - Dry conditions

off and flattened surfaces of SCFs caused by sliding contact can be seen on the surface. SEM micrographs of the
wear tracks of the Multiscale composites, as shown in figs.5d and 5e, do not show the same extent of transfer layer
formation. This results in more asperity contact between the pin and the hard counter surface, which increases wear
and friction [29, 31, 49, 50]. Only at 10 MPa, the Multiscale composite provided a slightly lower wear rate than the
Neat polymer. At higher loads, the plastic deformation of a polymer material is more pronounced. Moreover, the
higher surface temperature generated due to higher frictional heating assists in deformation due to thermal softening.
This is illustrated by the pin surface topography presented in figure 6. The Multiscale composite has previously shown
to have higher hardness and better mechanical properties than the neat UHMWPE polymer [29, 30]. This allows the
composite to maintain its shape while frictional heat is more easily dissipated from the contact into the bulk. This could
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(a) Salt crystal on pin (b) Salt deposits on wear track
Figure 7: SEM micrographs - Neat, 5 MPa, SW lubrication. Encircled area in 7b indicates and a salt deposit. Double
sided arrow indicates direction of motion.

(a) Pin surface 250x (b) Pin surface 1000x
Figure 8: SEM micrographs - Multiscale, 5 MPa, SW lubrication.

(a) Seawater neat 5 MPa (b) Seawater neat 10MPa (c) Seawater MS 5 MPa (d) Seawater MS 10MPa
Figure 9: Pin surface topography - SW lubrication

explain why, despite the absence of transferred material, the specific wear rate is lower for the Multiscale composite
at 10 MPa.
Seawater lubrication

Under SW lubrication, the tribological contact is still operating in the boundary regime owing to the low viscosity of
water (see fig.2). However, unlike in dry conditions, the presence of water hinders the formation of a polymer transfer
layer. Therefore, no such layer was observed on the wear track. Water has been known to quickly take away any
transfer film/layer formed in UHMWPE metal contacts [51]. In some studies, corrosion has been shown to influence
tribology more than the lubricant [52]. In this study, the effect of corrosion can be ruled out due to the excellent
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(a) Neat pin surface, 5 MPa (b) Neat pin surface, 10 MPa (c) Neat, SL, 10 MPa, wear track

(d) Multiscale pin surface, 5 MPa (e) Multiscale pin surface, 10 MPa (f) Multiscale, SL, 10 MPa, wear track
Figure 10: SEM micrographs - EAL lubrication. Double sided arrow indicates direction of motion.

corrosion resistance of Inconel. Seawater contains salts and minerals like NaCl, Mg(OH)2 and CaCO3, that cancrystallise and deposit on the contact surfaces. Seawater, being a weak alkaline solution, contains Mg2+ and Ca2+
ions. These deposited layers prevent the direct contact of the sliding surface and, due to their sludge-like nature, offer
some lubricating effect [53, 54]. In fig.7, the presence of such a salt crystal (NaCl) can be observed, loosely attached
to the surface of the pin and. On the corresponding wear track, the presence of salt deposits in the form of CaCO3can be identified, as indicated in fig.7b. EDS analysis of the wear tracks reveals a higher presence of elements like
calcium, sodium, chlorine and oxygen resulting from the deposition of various salts on the Inconel surface. It must be
noted that the deposits of salts are considerable but patchy.

The Multiscale composite outperforms Neat UHMWPE under SW lubrication. This is owed to the presence of
reinforcements in the composite coupled with the formation of salt deposits. The friction and wear observed for
the Multiscale composite in this study is lower than under DI water lubrication tested under the same conditions
in a previous study [29]. GO is known to shear easily, and NDs can act as mini ball bearings. These two nano-
reinforcements enhance the lubricating characteristic of the composite. SCFs, which are micro-reinforcements, protect
the composite surface from contact with the counter surface by carrying the load [49]. Under both 5 MPa and 10 MPa,
the presence of SCFs at the sliding surface was observed. However, most SCFs orientated parallel to the surface
appeared to have been pulled out, exposing the surrounding polymer, see figure 9 and 8. This is likely a result of the
poor lubrication properties of SW and the consequent interaction with the counter surface asperities. The presence
of the lubricants, however, allows wear debris to be cleared from the contact preventing extensive wear.The ability
of the Multiscale composite to retain its tribological performance even after hygrothermal ageing [31] helps prevent
plasticisation and its adverse effects on friction and wear [52, 55].
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EAL lubrication
The lowest friction and wear for all tested materials under different loads are observed when EAL lubrication is

used. The viscosity of the EAL is far higher than that of SW (see fig.2). It is suspected that due to the effective
lubricating properties arising from the higher viscosity of the EAL, the contact of surfaces is minimised. This is
supported by the fact that Neat and Multiscale exhibit almost identical friction under EAL lubrication at both 5 MPa
and 10 MPa. Similar excellent lubrication by aqueous solutions of glycerol and water has been demonstrated in other
studies [17, 56, 57]. No distinct deposit or transfer layers could be found on the wear tracks of the tested materials. The
EAL interferes with the self-lubricating properties of the polymer, yet very favourable friction and wear performance
can be obtained [57]. The EAL used is a commercially available lubricant and is known to perform well under such
tribological conditions. It prevented the contact of surfaces by enabling the formation of an effective lubricating film.
The presence of friction-reducing materials in the form of GO and ND does not provide a distinct advantage to the
Multiscale composite. However, the presence of SCFs does enhance its resistance to wear. The prevalent mechanisms
are similar as found under SW lubrication and dry sliding. The SCFs reinforce the material to minimise the contact
with the counter surface [29, 49]. Fig.10 shows the SEM micrographs of the sample surfaces and wear tracks post
tribological tests in EAL lubrication.

4. Conclusion
The tribological performance of a UHMWPE based multiscale composite containing GO, ND and SCF, devel-

oped for demanding tribological applications, was evaluated under different loads and lubrication conditions. Neat
UHMWPE was used as comparison. Under the absence of a lubricant (dry contact), the Neat UHMWPE performed
better than Multiscale composite. The dry conditions allowed for the formation of a transfer layer in the contact, which
helped reduce friction and wear. In the case of the Multiscale composite, no clear transfer layer was formed due to the
abrasive nature of the SCFs.

As in dry running conditions, the tribological contact experiences boundary lubricating regime under Sea Water
(SW) lubrication. However, in SW, the Multiscale composite performed far better than Neat UHMWPE. The presence
of salts and minerals in the SW resulted in the formation of deposits on the counter surface and in the contact. This
reduced the direct contact of the tribological surfaces. These factors, along with the presence of reinforcements,
improved the performance of the Multiscale composite. This improvement was observed at both loads of 5 MPa and
10 MPa. A maximum reduction of 77% in friction coefficient and 88% in specific wear rate was obtained.

Under EAL lubrication, both Neat and Multiscale material displayed approximately similar friction under both
loads. Dues to the higher viscosity of the EAL, a good lubricating filmwas formed, preventing contact of the surfaces to
a large extent. Both testedmaterials exhibited approximately the same friction values under EAL lubrication. However,
the Multiscale composite displayed lower wear due to its excellent properties arising out of the synergistic effect of the
inclusion of GO, ND and SCF. Wear was reduced by 75%.
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ABSTRACT
To mitigate the effects of downstream lubricant spillage from hydroelectric power plants, envi-
ronmentally friendly lubricants are required. For the sustainable operation of oil-free bearings,
the development of high performance bearing materials is crucial. In this study, the tribological
performance of PPS and UHMWPE-based composites, incorporating various reinforcements,
such as graphene oxide, is evaluated and compared with five commercial materials. Experiments
were performed under different lubricating conditions; Dry, water, and using a glycerol-based
environmentally adaptive lubricant (EAL). The use of water inhibited an adequate transfer film,
which increased wear for most materials. EAL lubrication showed a significant reduction in
friction (up to 98%) when compared to dry conditions. The experimentally developed PPS com-
posite provided superior tribological properties, especially under water-lubricated conditions.

1. Introduction
Hydropower is a growing industry and an established renewable energy source. Hydropower plants are typically

situated on rivers or other large water bodies. Due to their proximity to nature, it is essential to prevent pollution caused
by the power plant operation. To a large extent, achieving this depends on improving the quality and service life of the
used components [1]. Especially bearings are critical components in hydropower turbine assemblies that determine
the durability and efficiency of operation. Figure 1 shows two examples of such bearings. The harsh conditions these
bearings are subjected to has resulted in stringent tribological demands, i.e., service life of 20 to 40 years and opera-
tion under boundary lubricated conditions [2, 3]. Hydropower bearings are conventionally lubricated with mineral oils
allowing for a low friction and high service life. However, to eliminate the possible danger of downstream oil spillage
into the environment, oil-free lubrication systems, i.e., using water-based lubricants, are preferred [4]. Given the low
viscosity of water, bearings lubricated with water tend to operate in a boundary or mixed lubrication regime for rela-
tively longer periods [5], especially when considering low sliding speeds and start/stop cycles. This can significantly
increase friction while shortening the effective wear life of bearing components. Therefore, the use of water-based
lubrication introduces several engineering challenges, foremost of which is the material choice for bearing surfaces.

There are several commercial polymer-based materials available for demanding and oil/grease free bearing appli-
cations [6]. However, the utilisation of these materials has so far, not fully met the operation and endurance targets set
by the hydropower industry; a friction coefficient below 0.1 and a wear resistance that enables 40 years of operation.
To allow for these targets to be met, there is a need for new and improved materials to be developed which perform
well in terms of friction and wear resistance under water-based lubrication conditions.

Considering the operation in water with boundary lubrication or dry sliding conditions, self-lubricating polymers
offer a performance that cannot be achieved with conventional metallic bearing materials, coatings, or ceramics [7–
17]. Polymers and polymer blends can be reinforced by fibers or particles to form a polymer composite, enabling an
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Figure 1: Location of the variable inlet guide vane bearings in a Kaplan turbine

increase in stiffness, toughness, and the materials’ strength. The enhanced properties can positively affect tribolog-
ical performance. This makes polymer-based materials promising materials with the ability to control and optimise
their frictional and wear behaviour in tribological contacts for a more sustainable and green hydropower industry [18].
For example, two of the most commonly used materials for hydropower applications are Thordon ThorPlas and Orkot
TXM Marine [6]. These commercially available materials typically consist of a base polymer matrix reinforced with
different materials. GGB’s HPMB, HPM, and HPF fiber-reinforced self-lubricating composite bearings have been
specifically designed to meet low wear demands in the hydropower industry. OILES’ line of bearings is also suitable
for various components in a hydroelectric power plant.

PPS, PEEK, PTFE, and UHMWPE are the commonly used polymers to fabricate components for tribological ap-
plications [19–21]. Continued development of polymer-based materials often focuses on the addition of micro and
nanofillers. Short Carbon Fibers (SCFs), due to their outstanding thermal and mechanical properties, are popular can-
didates in the recent developments of polymer composites [22–24]. To improve PEEK’s relatively poor wear resistance
under water lubrication, Zhong et al. incorporated short carbon fibers (SCFs) in the polymer matrix and carried out
tribological tests under water lubrication [25]. All the prepared composites exhibited stable coefficients of friction for
a range of loads and an enhanced wear resistance. Research by Sattari and co-workers also indicated that the addi-
tion of nano SiO2 and SCF in UHMWPE improved the composite’s hardness, along with its tribological performance
[26]. Recently, much attention has been focused on graphene and its derivatives, such as graphene oxide (GO), as
promising reinforcements and solid lubricants. Polymer matrices reinforced with GO have shown improvements in
stiffness, fracture toughness and an improved wear resistance in dry sliding conditions [27–31]. This makes GO an
effective reinforcement to obtain composites with high tribological and mechanical properties [29]. Apart from fibers
and two-dimensional fillers, nanoparticles are also gaining popularity to be used as reinforcement in a complex polymer
composite system. The addition of nanodiamonds (NDs) to polymers has been shown to improve various polymers’
mechanical and tribological properties [32, 33]. A 1 vol% addition of ND in PVA improved the composite’s tensile
modulus by 40% [34]. Sustained macro-scale super-lubricity has been observed in a combination of graphene and
nanodiamonds developed to be used as reinforcement in UHMWPE. [35].

To take advantage of the unique properties of reinforcements, different reinforcements can be combined in the
same polymer matrix or a polymer blend system which can lead to a synergistic improvement of properties and perfor-
mance. Golchin et al. observed a reduction in wear and friction in a polyphenylene sulfide (PPS) composite containing
SCFs, multi-walled carbon nanotubes (MWCNTs), and graphite (Gr) [36]. Based on this work, Jain and co-workers
developed a new range of composites and confirmed the potential of combining reinforcements from different scales
and the use of PTFE to reduce both friction and wear of PPS [37]. This lead to additional work on the optimisation
of the PTFE content, establishing the highest tribological performance at a PTFE content of 40 wt% under dry and
water-lubricated conditions. Similar to the previously described work on PPS by Golchin et al., lower friction was
Julian Somberg et al.: Preprint submitted to Elsevier Page 2 of 14
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Table 1
Tested materials (PTFE – polytetrafluoroethylene; TiO2 – titanium dioxide ;Gr - graphite;
GO – graphene oxide; ND – nanodiamonds; SCF – short carbon fibers; MWCNT – multi-
walled carbon nanotubes)

Materials Composition Source Primary application

Thorplas Thermoplastic with additives

Commercial
Hydropower bearingsOrkot Thermoset with PTFE and Polyester fibers

Bronze Copper + Tin

PAI PAI + TiO2 High performance
thermoplastic bearingsPVX PPS + PTFE + Gr + CF

PPS PPS + 40% PTFE + 0.5% GO + 0.5% MWCNT + 10% SCF LTU Hydropower bearingsPE UHMWPE + 0.5% ND + 0.5% GO + 10% SCF

observed for UHMWPE reinforced with GO and MWCNTs in water-lubricated tribological tests compared to neat
UHMWPE [30, 31, 38–40]. Vadivel et al. included GO, NDs and SCFs in UHMWPE composite to find a decrease
in both friction and wear [41]. The improvement was attributed to the synergistic effect of the different reinforcement
materials in the composite.

The newly developedmaterials have proven to performwell under the tested conditions. However, to obtain a better
insight into their performance for hydropower applications, it is essential to verify their tribological behaviour under
the relevant tribological conditions. This includes a higher contact pressure and lubricated and starved (dry) sliding
conditions. It is furthermore of interest to compare the performance with that of the commercially available materials.
The evaluation of the tribological performance of these materials in different lubricating conditions can also shed
light on their optimal operating conditions and help in continued research and development. For this study, variable
inlet guide vane bearing and their respective sliding conditions are considered. Seven different materials, six polymer-
based and onemetal, are evaluated in different lubricating conditions; Dry, water, and using an Environmental Adaptive
Lubricant (EAL). Further analysis of the surfaces is carried out to gain insight into the friction and wear mechanisms
occurring in the contact.

2. Materials and Methods
Table 1 lists the various materials used in the tribological characterisation. Four different commercially avail-

able self-lubricating bearing materials for hydropower and marine applications were analysed; ThorPlas-blue®, Orkot
TXM®, PAI Duratron® and Tecatron PVX®. Thorplas (ThorPlas-Blue) supplied by Thordon, Canada, is a thermoplas-
tic polymer blend prepared by compounding different matrices along with solid lubricants and additives. Orkot (Orkot
TXM) was supplied by Trelleborg Sealing Solutions, Germany. The material’s composition is PTFE woven polyester
fibres with MoS2 and PTFE lubricants as solid incorporated into wound layers. PAI (PAI Duratron T4203) supplied by
Mitsubishi Chemical Advance Materials is a polyamide imide reinforced with titanium dioxide. PVX (Tecatron PVX),
was obtained from Nordbergs tekniska AB, Sweden. The material is a bearing grade polyphenylene sulfide (PPS) com-
posite reinforced with 10% PTFE, 10% graphite, and 10% short carbon fiber by weight. Furthermore, bronze samples
were included in the experiments, as it is a commonly used alloy for sleeve bearings under demanding but oil or grease
lubricated conditions.

Two previously developed composite materials were prepared to be compared with the commercial materials. A
PPS based composite (referred to as PPS) consisting of 40% PTFE + 0.5% GO + 0.5% MWCNT + 10% SCF by
weight and a UHMWPE based composite (referred to as PE) consisting of 0.5% ND + 0.5% GO + 10% SCF by weight
(see table 1) were prepared using previously established and optimised methods [38–43]. The surfaces of the pin
specimens are shown in figure 2. DI water was used as the lubricant in water-lubricated experiments. Sustainalube®
from Sustainalube AB, Swedenwas furthermore used as EAL. The lubricant is amixture of glyrecol, water and additives
and thereby both water-soluble and 100% biodegradable.
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(a) PE (b) PPS (c) Thorplas (d) Orkot

(e) PAI (f) PVX (g) Bronze
Figure 2: Optical microscope images of the various materials used.

Table 2
Test conditions used for tribological tests

Parameters Conditions

Type of contact Pin on plate
Counter surface SS 2333 grade
Surface roughness 0.31 ± 0.02 µm
Contact pressure 20 MPa
Stroke Length 5 mm
Velocity 0.02 mm/s
Time 20 hours
Lubrication conditions 1. Dry

2. water
3. EAL

Nanoindentation
The friction and wear behaviour of a material is directly dependent on its mechanical properties. Especially the

stiffness and strength are important properties to consider. Hardness measurements can be used to provide an indication
of these mechanical properties. A lower hardness enables larger deformations and thereby a larger contact area which
could result in higher friction coefficients. Furthermore, harder polymers tend to provide a higher wear resistance
[44]. Hardness measurements can therefore be useful indications to understand the obtained friction and wear data.
The hardness measurements were performed using a Nanotest Vantage nano-indenter equipped with a Berkovich tip.
50mN of load was applied with a loading and unloading time of 15s and 1s, respectively, and a dwell time of 2s. 10
measurements were performed for each material.
Tribological characterisation

Friction and wear measurements were conducted using a TE77 Cameron Plint pin-on-plate tribometer. The volu-
metric wear was calculated using a linear variable differential transformer (LVDT). The test materials were machined
to cubical pin specimens with sides of 4 mm. Stainless steel plates of SS2333 grade were used as the counter surface
with chromium (Cr) and nickel (Ni) as main alloying elements. The counter surface material had a hardness of 205±5
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Figure 3: Pin on plate tribological test setup
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Figure 4: Nanoindentation hardness results

HV [6]. The plates were cut from a rolling sheet with the grinding direction parallel to the sliding direction. The
pin-on-plate configuration was employed to simulate the conformal nature of the variable inlet guide vane bearings.
Changes in water pressure and input from the regulating mechanism introduces large variations in bearing contact
pressures ranging from 0 up to 100 MPa. Based on the maximum water pressure, a mean projected contact pressure
of 20 MPa was calculated. The sliding speed and stroke length were specifically selected to replicate the reciprocating
sliding conditions experienced by variable inlet guide vane bearings. The pins and counter surfaces were ultrasonically
cleaned with ethanol prior to testing. Each experiment was repeated three times. To eliminate the influence of the pin
machining marks (see figure 2) on the experimental data, the friction coefficient and specific wear rate were calculated
from the last four hours of sliding, at which stage a steady friction and wear response was obtained.
Post-tribological characterisation

The pins and wear tracks on counter surfaces were imaged using an FEI Magellan 400 XHR high-resolution scan-
ning electron microscope. This allows for the identification of wear features which helps in the understanding of the
friction and wear behaviour. Energy dispersive spectroscopy (EDS) was additionally performed on the counter surfaces
to detect the elemental composition at the wear track. The identification of transferred material allows for a better un-
derstanding of transfer film formation under the different lubrication conditions. Prior to imaging, the pins and counter
surfaces were sputtered with a 15nm thick platinum coating. Surface topographical analysis was performed using a
Veeco Wyko NT1100 optical profilometer.
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Figure 5: Friction and wear results of the tribological characterisation under different lubrication conditions.

3. Results and discussion
3.1. Nanoindentation

The hardness results obtained from nanoindentation experiments and average load hysteresis curves are presented in
figures 4a and 4b. Not unexpectedly, bronze has the highest measured surface hardness from all materials. Among the
polymer-based materials, large differences can be seen. PE and PVX have a relatively low hardness value. UHMWPE
is generally known as a soft polymer, whereas for PVX, the high graphite content is likely to reduce the hardness of
the relatively stiff PPS matrix. The commercial Thorplas and Orkot provide a higher hardness, which can be attributed
to the matrix and addition of reinforcing fibers. PAI showed a high hardness value of 0.35 GPa. PAI is reinforced
with TiO2 although even the matrix itself has a high stiffness. The PPS composite had a hardness, a factor of three
higher than the commercial PPS-based PVX. Although previous research has indicated a decrease in hardness when
introducing PTFE to polymers of higher hardness [45], the synergistic effect of the reinforcements in the nano and
micrometre scale by the addition of GO, MWCNTs, and SCFs is effective in reinforcing the composite and negating
the undesirable loss of mechanical properties by the addition of PTFE [37]. Although the hardness data indicates large
differences, these results should be interpreted with caution. The morphological nature of the materials differs greatly,
due to blending of polymers and the introduction of reinforcements as particles, short fibers and woven fabrics in
different scales. The complex material composition at the surface can locally affect the measured hardness. Especially
for some of the commercial materials, for which the exact composition is unknown, this effect might be present.
3.2. Friction

The coefficient of friction (CoF) data obtained from the tribological tests of the seven materials are summarised
in figure 5a. The experiments performed under dry conditions provided friction coefficients over a large range from
0.1 to 0.28. The highest CoF was obtained for bronze with a value equal to the upper limit for the friction force trans-
ducer. Thorplas provided the lowest friction coefficient and is the only material that operated with a CoF of around 0.1.

Under water-lubricated conditions, a different trend was identified. Both increases and decreases in CoF with
respect to dry conditions were obtained for the different materials. Notable is that the experimentally developed PPS
composite provided the lowest friction coefficient among all testedmaterials at 0.05. This is 62% lower than the second-
best performing material, the PE composite. Despite its low viscosity, water can prevent extensive friction and wear
by reducing the shear resistance at the contact surface. However, it can also obstruct the transfer film formation, which
is important friction and wear mitigation mechanism for most polymers. For the developed PE and PPS composites,
the addition of GO and PTFE when specifically considering the PPS composite, enables the observed low friction
behaviour while the SCFs enhance the wear resistance.

Tests using the EAL provided much lower CoFs for all tested materials. Interestingly, the large differences in CoF
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Figure 6: Elemental map of dry sliding PE counter surface

for the different materials, as obtained under water-lubricated conditions, were not present for the EAL experiments.
This is related to the much more effective lubrication properties of the EAL. Glycerol based lubricants have previ-
ously shown to provide excellent lubrication properties [46]. The reduction in friction was especially evident for the
commercial PAI and bronze. The respective friction coefficients were reduced by 98% and 77% with respect to dry
sliding.
3.3. Wear

The specific wear rates of the different materials obtained from tribological tests are presented in figure 5b. Under
dry sliding conditions, bronze and PVX displayed high specific wear rates. It can furthermore be observed that the
PE and PPS composites, as well as Thorplas, operate in the same low wear regime. Orkot provided the highest wear
resistance under dry sliding conditions. The high wear resistance of these materials is likely linked to the adequate
addition of solid lubricants and enhanced load carrying capacity through the addition of reinforcing fibers. Therefore
it is interesting to consider the hardness results as presented in section 3.1. Although Orkot and PPS, with the highest
hardness values, provide the highest wear resistance of the tested composites, not all materials follow this trend. For
these materials, it becomes evident that material transfer, the presence of reinforcements and solid lubricants, and
aspects such as thermal stability contribute to wear resistance.

Under water-lubricated conditions, wear increased for nearly all materials. Interestingly, PAI did not experience
much change in wear resistance and CoF with respect to the dry experiments. Both the PE and PPS composites
displayed only a minor increase in specific wear rate, in contrast to the commercial composites. The high performance
with respect to both friction and wear under water lubrication is in line with the material design objectives for these
specific composites [41].

The experiments using the EAL showed the lowest wear rates for all tested materials. The lubricant is, in contrast
to water, suitable in decreasing both friction and wear. The most promising results were obtained for Thorplas, Orkot,
and experimentally developed PPS.
3.4. Post-tribological characterisation

When comparing the counter surfaces for all polymer-based materials under the different lubrication conditions,
some general trends can be identified. Water as a lubricant reduces the shear strength at the sliding contact, conse-
quently reducing the friction coefficient for most materials. However, the inability for the polymers to form an effective
transfer film causes an increase in the observed wear rate.

For the developed PE composite, material was transferred to the counter surface in dry sliding as confirmed by the
uniform presence of carbon in the wear track by EDS, see figure 6. Considering the composite’s composition, this can
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(a) Thorplas (b) Orkot (c) PPS
Figure 7: SEM images of counter surface wear tracks

Figure 8: Elemental map of dry sliding PPS counter surface

be both the polymer and/or the reinforcements. Under lubricated conditions, transfer was only visible in the valleys
of the counter surface topography. Despite the high contact pressure and low hardness of UHMWPE, the composite
performs rather well, which is linked to the reinforcements and their synergistic effect in reducing friction and wear in
water-lubricated conditions, as found in our previous work [41]. Furthermore, the introduction of water in the contact
could help to dissipate frictional heat more effectively with respect to dry conditions, which mitigates thermal softening
and corresponding effects on the friction and wear performance. The wear reduction by the EAL was less significant
for the UHMWPE composite when compared to the other materials. Closer examination of the pin surface revealed
SCF fiber pull-out at the sliding surface. Further investigation is required to determine whether the wear resistance
could be improved by enhancing the polymer-reinforcement interface. Additionally, reinforcement orientation and
dispersion could be of great influence on the tribological performance [47].

The developed PPS composite provided a clear transfer film on the counter surface under dry conditions, see figure
7c. As found by EDS (see figure 8), the elemental composition of this film indicated a high sulphur content originating
from the PPS. Adhesive wear features were also evident from the surface topography of the pin, see figure 9b. At
higher magnifications, however, SEM images indicated surface cracking (figure 10a). The introduction of water and
the EAL mitigated any clear transfer film formation and surface cracking (see figure 10b), likely due to a reduction in
friction force and surface temperature. Under lubricated conditions, the main wear mechanisms changed from adhe-
sive to abrasive wear with smooth surface topography and corresponding abrasive grooves, see figure 9c. No surface
cracking was present on the lubricated surfaces, as can be seen in figure 10b. Under these conditions, the SCFs protect
the polymer from extensive wear and enabled operation with low wear.
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(a) Orkot Dry (b) PPS Dry (c) PPS EAL
Figure 9: Several profilometry plots of pin surfaces

(a) Dry sliding (b) Water-lubricated
Figure 10: SEM images of PPS pin surfaces at 1000x

The two commercial materials Thorplas and Orkot, performed somewhat similar under most conditions. Thorplas
provided both low friction and low wear characteristics under dry sliding, which is due to the stabilization of transfer
film formation by the used solid lubricants, see figure 7a. Orkot had a higher friction coefficient of 0.17 under dry
sliding whereas Thorplas has a CoF of 0.10. This difference likely relates to the bulkier and less uniform material
transfer, as is visible in figure 7b. The pin surface topography clearly showed the fiber weave, reinforcing the bulk
polymer, see figure 9a. The absence of a transfer film when using water lubrication increases the observed wear and
friction drastically. For both materials, the transfer film has proven to be crucial for their tribological performance in
the absence of adequate lubrication. The use of the EAL, in contrast to water, dramatically reduced both friction and
wear for both Thorplas and Orkot.

PAI also showed extensive adhesion to the counter surface during dry sliding, see figure 11a. The transferred mate-
rial enabled reasonably low wear rates to be obtained despite a high friction coefficient in both dry and water-lubricated
conditions. In contrast to the previously discussed materials, even under water-lubricated conditions, such transfer was
evident. EDS analysis indicated a high titanium content in the adhered layer originating from the added TiO2, seefigure 12. The addition of TiO2 enhances material’s adhesion due to its affinity with the metal surface, which has
previously also been found for PPS on tool steel [48]. Furthermore, the TiO2 at the pin surface reinforces the polymer
effectively, reducing the wear rate. Using the EAL, the counter surface showed extensive abrasive scuffing marks in
the sliding direction, see figure 11b, which are due to the hard TiO2 particles. Similar abrasive features were found on
the polymer pin.
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(a) Dry sliding (b) EAL-lubricated
Figure 11: SEM images of the PAI counter surfaces at 50x

Figure 12: Elemental map of water-lubricated PAI counter surface

PVX did not transfer effectively on the counter surface besides some minor patches. This resulted in relatively
poor friction and wear performance under dry and water-lubricated conditions and large abrasive wear groves on the
pin, as visible in figure 13a. when introducing the EAL, however, a low friction coefficient was obtained, although still
under-performing with respect to wear. Interestingly, the EAL-lubricated pin surface showed extensive matrix crack-
ing (see figure 13b), whereas no such behaviour was found under dry or water-lubricated conditions. PPS is an inherent
brittle polymer [49], and cracks can be introduced under high loading conditions. With a high crack propagation rate
and consequent delamination and release of material, the material’s extremely high wear rates can be explained for
both dry and water-lubricated sliding. Considering the significant friction reduction observed using the EAL, local
friction force peaks are mitigated by effective lubrication. In turn, this prevents crack propagation and might explain
why surface cracks are, in contrast to the dry and water lubricated conditions, still visible.

Bronze, being a copper-tin alloy, adheres rather well to steels which could explain the high friction and wear, espe-
cially in dry sliding conditions [50]. The SEM images also show clear adhesive wear features on the counter surface,
see figure 14a. Using both water and the EAL reduces the material transfer of bronze. However, the low viscosity
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(a) Dry sliding (b) EAL-lubricated
Figure 13: SEM images of PVX pin surfaces at 1000x

(a) Dry sliding counter surface bronze (b) Water-lubricated pin bronze
Figure 14: SEM images of the bronze experiment counter surface and pin at 50x

of water does not avoid boundary lubrication, which explains the high friction and adhesive wear features on the pin
surface (see figure 14b) as well as minor adhesion to the counter surface. Using the EAL, no clear wear features were
found on either surface which corresponds to the low CoF and SWR.

Due to an effective transfer film formation, Thorplas provided the lowest coefficient of friction under dry condi-
tions. The lowest specific wear rate, however, was found for Orkot, followed by the PPS composite. Matrix cracking
surrounding the PPS composite’s different phases was evident on the pin surface at higher magnifications. The highest
friction and wear were observed for bronze which is linked to extensive adhesive wear, with features clearly visible on
both the pin and counter surfaces. The use of water as a lubricant was ineffective in mitigating wear for most materials,
which is linked to the obstruction of the transfer film adhesion and formation. The lowest CoF and SWR by water
lubrication were obtained using the PPS composite, which, by the combined addition of PTFE, SCFs, MWCNTs and
GO, performed significantly better than the commercial materials. Additionally, no matrix cracking was observed on
the pin surface with the introduction of water as a lubricant. In contrast to water, the use of the EAL enabled reductions
in friction and wear to be obtained for all materials. Adhesive wear was effectively reduced, and abrasive wear features
dominated the pin surface topography for all polymer-based materials. Bronze, while performing poorly in dry and
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water-lubricated conditions, provided the lowest CoF and SWR in EAL lubrication. The differences in friction and
wear for the polymer-based materials were effectively reduced under these conditions.

4. Conclusions
The development of suitable bearing materials is crucial for the continued operation of hydropower plants. In

this study, five commercial materials and two different developed polymer composites were compared with respect to
their tribological response in dry sliding conditions, water-lubricated conditions and lubricated with an EAL by using
Sustainalube. Post tribological test characterisation was carried out to obtain a better understanding of the tribological
mechanisms involved.

• In dry conditions, only Thorplas obtained a friction coefficient of 0.1. The othermaterials provided a significantly
higher friction coefficient. Orkot provided the highest wear resistance, outperforming Thorplas and the PPS
composite with a reasonable margin.

• Under water-lubricated conditions, the experimentally developed PPS composite provided a superior perfor-
mance with respect to both wear and friction.

• The combined inclusion of GO and SCF in the polymer composite leads to enhanced mechanical properties,
providing a higher wear resistance in all tested conditions.

• By EAL lubrication, the friction coefficients and specific wear rates were reduced significantly for all tested
materials. A reduction of friction coefficient of up to 98% was achieved, whereas the specific wear rates were
reduced by up to an order of magnitude. Bronze outperformed all polymer-based materials in both aspects. For
the polymer-basedmaterials, no large differences with respect to tribological performance under EAL-lubricated
conditions were observed.

• When considering both friction and wear as criteria for bearing material selection, not one single material is
able to operate well under all three tested lubrication conditions.
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