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Abstract
Ultra high molecular weight polyethylene (UHMWPE) is a polymer commonly used
in various applications, particularly in hip joint replacements. Despite its good
performance, it is susceptible to oxidation degradation, which can be mitigated with
the addition of vitamin E, and to excessive wear against metal countersurfaces, which
can potentially be improved with the addition of nanoparticles. In this work, sixteen
newly developed UHMWPE nanocomposites with different nanofillers (multi-walled
carbon nanotubes, graphene oxide and nanodiamonds), blended with and without
vitamin E, and both irradiation crosslinked and non-crosslinked were studied.
Thermomechanical characterisation (dynamic mechanical analysis and
thermogravimetric analysis) and tribological pin-on-disc testing showed that both
nanofillers and the addition of vitamin E ensured improved the performance of the
nanocomposites compared to the virgin UHMWPE. Vitamin E improved the
oxidative and thermal stability of UHMWPE, decreased the wear and increased the
coefficient of friction. The nanoparticle reinforcements contributed to improved
thermal stability to some degree and decreased the wear. Crosslinking was also shown
to result in improved thermomechanical performance, although it appears that the
addition of vitamin E inhibits the crosslinking process.
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Introduction

Ultra high molecular weight polyethylene (UHMWPE) is a commonly used polymer
in many applications, due to its excellent performance. However, as always, there is a
desire for its further improvement, particularly in the biomedical field, where
UHMWPE is the material of choice for total joint replacements. When used in hip
arthroplasty, UHMWPE has proven susceptible to severe oxidation degradation,
resulting in fatigue damage, increased wear and reduced lifespan of the implant [1].
The addition of vitamin E (α –tocopherol) to UHMWPE was found to be an effective
method of improving its oxidation resistance and mechanical properties. It reacts with
the free radicals in UHMWPE and improves its oxidation resistance by preventing
them from bonding with oxygen [2]. However, if the countersurface used with
UHMWPE is metal, excessive wear debris can be generated, which necessitates an
improvement in UHMWPE wear resistance.
Since wear performance is closely linked to mechanical properties, suggested
methods for improving the wear resistance of UHMWPE include crosslinking by
irradiation and the addition of nanofillers. In this work, the termomechanical
performance of newly developed UHMWPE nanocomposites with carbon nanofillers
was investigated. In order to address all UHMWPE termomechanical performance
problems, the nanocomposites were prepared from pure and vitamin E blended
UHMWPE matrices and both irradiation crosslinked and non-crosslinked.
The studied nanocomposites were reinforced with multi-walled carbon nanotubes
(MWCNT), graphene oxide (GO) and nano-diamonds (ND) in pre-decided weight
percentages (wt%), previously found to perform best in terms of mechanical
properties [3]. Their performance was evaluated through thermomechanical
characterisation: dynamic mechanical analysis (DMA) and thermogravimetric
analysis (TGA), and tribological pin-on-disc dry sliding tests against a metal
countersurface in order to determine their friction and wear behaviour. Wear analysis
of nanocomposites and their respective metal countersurfaces was performed using a
3D optical profilometer, EDS and a scanning electron microscope (SEM) to
determine the occurring wear mechanisms. All obtained results were compared
against the benchmark of pure UHMWPE to determine the effect of these additions
on UHMWPE performance.

1.1

Aim and objectives

The aim of this work is:




to determine the effect of MWCNT, GO and ND nanofillers;
to determine the effect of vitamin E;
to determine the effect of crosslinking by irradiation;

on the thermomechanical and tribological performance of newly developed
UHMWPE nanocomposites.
1
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2.1

Theory (state of the art)
About UHMWPE

Ultra high molecular weight polyethylene (UHMWPE) is a thermoplastic polymer
composed of multiple ethylene chains with up to 200.000 units in one chain [1] – its
structure is shown in Fig. 1. The term UHMWPE is used for polyethylenes with
molecular mass higher than 1 million g/mol, usually between 3 – 7 million g/mol [4].

Figure 1: UHMWPE structure [1].
UHMWPE is considered to be an engineering plastic, suitable for more demanding,
advanced applications (Fig. 2). It is used in a wide range of applications, from
aerospace and automobile industry, agriculture, ballistic protection systems
(personnel, vehicle and armour) and food packaging, to components operating in
aqueous environments, bearings for silent running, separators for rechargeable
batteries hydraulics, biomedical applications for total joint replacements, particularly
hip implants etc. [5].

Figure 2: Engineering polymers pyramid [6].
In general, UHMWPE is highly wear resistant, self-lubricating, exhibits a low friction
coefficient against metals, high impact strength, good mechanical properties (fracture
toughness and tensile strength) and low compressive creep. Chemically it is
biocompatible, chemically inert, resistant to organic solvents, stable in corrosive
media, and has a low water absorption. It also has a very low brittle temperature
2

(around -20°C) and a relatively high melting point (around 130°C), which makes it
suitable for extreme temperature applications. Some more mechanical properties are
shown in Fig. 3.

Figure 3: Some mechanical properties of UHMWPE [4].

2.2

UHMWPE in biomedical applications

Due to the continuing increase of the average human lifespan, the need for total joint
replacements is growing by the year. Hip joints are one of the most complex and
critical joints to replace, as they are the main prerequisite for even partial human
mobility. In itself, the hip joint is an incredibly complex tribological system with a
ball-on-socket configuration, which allows for 6 different types of movement
(flexion, extension, abduction, adduction, lateral and medial rotation [1]).
Consequently, hip kinematics have been extensively studied and are quite difficult to
replicate. The joint consists of the acetabular socket in the pelvic bone and the femur
bone with the femoral head, where both contact surfaces are covered by a layer of
cartilage and lubricated with synovial fluid. The cartilage is soft and flexible and
allows for distribution of loads, while the synovial fluid not only lubricates the joint,
but acts as a shock absorber and renews the cartilage by providing nutrients (based on
[1]). These combined properties result in an efficient load transmission, which can be
up to 8 times the weight of the person [7], operating at low speeds, but also very low
wear and friction levels - 0.001-0.03 [8], which is possible due to a multi-mode
lubrication mechanism [9]. The exact mechanics of the lubrication mechanism are not
yet fully understood, but it is believed to be a combination of fluid film lubrication
and the boundary layer formation on asperities under high loads.
When one of the hip joint components is damaged due to injury or disease, the wear
and friction levels increase, which usually results in a painful loss of mobility,
prompting the need for a partial or total joint replacement. The current hip joint
replacement solutions can be grouped into two categories: hard-on-soft bearings, such
3

as metal-on-polyethylene and ceramic-on-polyethylene and hard-on-hard bearings,
such as metal-on-metal and ceramic-on-ceramic or ceramic-on-metal bearings [10].
Today, the metal-on-polyethylene (MOP) hip joint bearings are the most commonly
used, due to their cost effectiveness, high durability and good clinical performance so
far. The design currently in use consists of a metal acetabular cup with a polyethylene
liner and a steel femoral head and stem (Fig. 4). The metal used is normally a
chromium-cobalt (CoCr) alloy.

Figure 4: Modern metal-on-polyethylene hip joint replacement bearings [11].
The metal acetabular cup serves to prevent any deformation of the polymer liner,
allowing it to retain the shape and carry higher loads. The success of the MOP hip
bearings therefore depends on the wear of the polymer liner, which is the weakest
component of the system. The wear rate of the polymeric cup defines the lifetime of
the prosthesis, as the wear debris can cause osteolysis (progressive destruction of
bone tissue) and aseptic loosening of the prosthesis, leading to eventual implant
failure [10]. Studies have shown that the polyethylene liner wear rate highly depends
on the oxidation resistance of the chosen material, as well as the applied load. Higher
load equals faster wear rate, which is why MOP hip bearings are not suitable for
younger, active people or people with high body weight, as the loads induced by such
patients exceed the ISO recommended loads. Therefore, most of the hip replacement
research in the past decades has been focused on reducing the wear of the
polyethylene liner and increasing the hip implant lifespan, mainly through the
development of new, advanced materials for polymer liners.
In the last decade, UHMWPE has been the polymer liner of choice in most implanted
MOP hip bearings. It has a proven record of good clinical performance, with the main
problem being its oxidation stability, which results in lower implant lifespans. In 2012,
carbon fibre reinforced polyetheretherketone (CFR-PEEK) was suggested as a
promising biocompatible alternative to UHMWPE, as it exhibited significantly lower
wear rates. Because it contains hard carbon fibres, it was paired with ceramic heads to
prevent potential excessive generation of metal wear debris [12]. At this time the CFRPEEK is still undergoing clinical trials and UHMWPE composites remain the leading
material in joint replacements. A very recent study from 2018 also proposed PEEK as
the replacement material for the CoCr alloy femoral heads of the hip joint replacement,
to obtain a fully polymer UHMWPE-on-PEEK hip joint prosthesis [13].
The oxidation stability of UHMWPE liners in the hip bearings is affected by many
factors during its use, such as improper implant storage, the gamma irradiation
4

sterilisation process, which generates free radicals, and oxygen in bodily fluids during
the implantation. All of the above can induce oxidation, which results in chain
scission inside the material, decreasing its molecular mass and mechanical properties
and leading to decreased wear resistance, higher wear rates and osteolysis. In fact, the
most common type of damage observed in retrieved hip bearings was fatigue-induced
damage due to severe oxidation. Additionally, such damage also generates smaller
wear debris, which increases inflammatory cell response (based on [1], [14], [15]).

2.3

Crosslinking UHMWPE

In the 1970s, UHMWPE crosslinking was recognised as a way of improving its
oxidation resistance and achieving better wear resistance and mechanical properties.
Crosslinked UHMWPE (XPE) has two or more molecular chains linked with covalent
bonds, resulting in highly increased molecular mass. Since the crosslinking process
reduces chain mobility, it results in reduced plastic deformation and wear. For hip
implants, the crosslinking is usually done by high-energy irradiation. Similarly to the
previously mentioned gamma sterilisation technique, this also results in the formation
of free radical species due to the C-H and C-C bond scission. These free radicals can
then react with other radicals and any possible chain imperfections. In the amorphous
phase of the material they re-bond, but in the crystalline phase, they remain trapped,
which leads to long-term oxidation degeneration of the material.
Such residual free radicals can be removed by many different methods, which are still
being developed, because none of them are satisfactory as of yet. An option for
biomedical applications is to process the crosslinked UHMWPE with different
radiation doses at different temperatures and then thermally treat it to remove the
residual radicals. The thermal treatment can be either remelting (at a temperature
above the melting point) or annealing (below the melting point). Such thermal
treatments improve the oxidation resistance, because they remove any residual free
radicals and hydroperoxides. However, to completely eliminate these compounds and
prevent irradiation-related oxidation, the UHMWPE should be remelted, which results
in deteriorated mechanical properties, such as tensile strength, fracture toughness and
fatigue crack propagation resistance. The deterioration occurs due to the loss of
crystallinity, as the cooling and recrystallization after the melting are done without
applying pressure. The degree of crystallinity, which ensures the desired mechanical
properties, is the result of extrusion and compression moulding during manufacturing,
so by remelting the UHMWPE after an irradiation treatment the manufacturing
process is effectively reversed. Consequently, annealing remains the usual thermal
treatment for now, but it is far from perfect (based on [2], [15], [16]).
Additional methods for improving the mechanical properties and wear resistance of
UHMWPE include ion implantation, the addition of fillers and blended antioxidants
(such as vitamin E), surface modifications, DLC coatings and biomimetics [17].

5

2.4

The addition of vitamin E

As stated, the addition of antioxidants is a valid approach to improving the oxidation
stability of crosslinked UHMWPE, which is usually done by doping or blending the
material with vitamin E. Vitamin E is a collective name for 8 forms of tocopherols
and tocotrienols, which exhibit alpha tocopherol activity, with alpha tocopherol being
the one commonly used and recognised under the name of vitamin E [18]. It is a quite
strong naturally occurring antioxidant, which is inherently biocompatible and
neutralises free radicals due to the phenolic hydrogen compound bonded within its
chemical structure shown in Fig. 5.

Figure 5: Vitamin E chemical structure [19].
The current research suggests, that the mechanism of free radical scavenging is a
transfer of hydrogen atoms from the phenolic hydroxyl group to the free radicals and
that the antioxidant activity depends on the number and position of the phenolic
hydroxyl groups [20]. Vitamin E is best known for protecting body tissues from
oxidation degradation, however it is also used in industrial applications, such as
construction and polymer materials, food packaging and sports equipment, as an
oxidizing/reducing agent and is currently the only routinely used natural antioxidant.
The research of UHMWPE-vitamin E blends started in the 1990s, when vitamin E
was first blended into the UHMWPE resin powder before consolidation and
irradiation crosslinking, which resulted in decreased crosslinking efficiency of the
irradiation process due to the vitamin E’s free radical scavenging action. The amount
of vitamin E added with the blending technique was thus initially limited to 0.3 wt%
[21]. The use of vitamin E as a processing stabiliser was also thoroughly investigated
[20], and it outperformed all commonly used synthetic antioxidants for polyethylene
and polypropylene materials, showing that even the by-products of the vitamin E
reactions acted as stabilisers. That indicated that the addition of vitamin E early in the
process is beneficial, if the crosslinking is not needed.
Further development introduced the technique of diffusing vitamin E into the
UHMWPE after the irradiation crosslinking, which does not have an adverse effect on
the final material and enables the addition of vitamin E up to 0.7 wt% [21]. However,
a comparative study [22] of UHMWPE with different quantities of vitamin E, ranging
from 0 to 1 wt% showed, that vitamin E successfully inhibits oxidation degradation
even at very low quantities, such as 0.05 wt%. Further testing with a very aggressive
hydrogen peroxide solution showed that even such a low quantity made a difference
in oxidation resistance, with the time period of antioxidation protection increasing
with increasing vitamin E quantity. Several studies [2], [3], [21]–[25] have since
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found a decrease in wear rate and increase in crystallinity, mechanical properties and
fatigue strength in UHMWPE-vitamin E blends and most importantly, the improved
oxidation resistance. There have however been some concerns regarding the
efficiency of crosslinking UHMWPE-vitamin E, as it requires higher irradiation levels
to achieve a similar degree of crosslinking [1].

2.5

Thermomechanical properties of UHMWPE

One of the options suggested for measuring the cross-linking and entanglement
densities to determine the cross-linking efficiency and even the effect of the oxidation
on the cross-linking process, is dynamic mechanical analysis (DMA) [26, 27]. In
general, DMA gives information about the viscoelastic behaviour of polymers
through the storage and loss modulus, which are both material properties. To date,
there are very few studies dealing with DMA performed on UHMWPE or its
composites or blends [26]–[30]. The ones performed were done across a certain
temperature range, with Fouad et al. observing that the pre-heat treatment process
significantly affected the mechanical and viscoelastic properties of UHMWPE [31]. A
study of UHMWPE reinforced with graphite nanoplatelets (GNPs) showed a
significant increase of the storage modulus compared to unreinforced UHMWPE,
which increased with increasing GNP content and also resulted in improved wear
resistance [30]. Another study dealing with alumina-toughened zirconia (ATZ)
reinforced UHMWPE also showed an increase in the storage modulus compared to
unfilled UHMWPE and also that the composites more or less retained the viscoelastic
properties of the neat UHMWPE, as there was very little change in the glass transition
temperature Tg or the tan(δ) damping factor [29]. The increase in storage modulus
was also reported for carbon nanotube (CNT) reinforced UHMWPE [32], which was
attributed to the reinforcing action of the CNTs and a strong interfacial adhesion
between CNT and UHMWPE. The authors also noted a strong dependency of the
UHMWPE viscoelastic properties on the testing frequency and the decrease of the
damping factor tan(δ) with increased frequency.
Another method of evaluating the effect of oxidation in UHMWPE is
thermogravimetric analysis (TGA), which gives information about the thermal and
oxidative stability of the material. TGA studies in air have shown an increased
thermal stability in irradiation cross-linked UHMWPE and UHMWPE with vitamin E
compared to virgin UHMWPE, as the thermal decomposition started at higher
temperatures [3], [33]. One of the studies [33] also noted that both irradiated and nonirradiated UHMWPE gained mass and reached a maximum just before starting to
decompose, which did not happen in UHMWPE samples with vitamin E, so they
started to lose mass sooner. Another study [34] dealing with GNP reinforced
UHMWPE noted improved thermal stability due to the reinforcements, which was
explained as the GNPs restricting the mobility of the polymer chains. Since thermal
decomposition is mainly controlled by the mobility of the molecules at the interface,
any type of rigid reinforcements should in theory improve the thermal stability of a
composite [35].
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2.6

The addition of nanoparticles

Besides improving the oxidation resistance, improving the wear resistance of
UHMWPE is the second part of the material development puzzle. In order to achieve
that, there have been several attempts of creating UHMWPE nanocomposites. A
nanoparticle is a particle measuring less than 100 nm in at least one dimension, which
has many advantageous properties when used as a filler, resulting from the high
surface-to-volume ratio. Nanoparticles can have many different morphologies, such as
spheres, tubes, rods, flakes…
In the past the creation of such nanocomposites has been unsuccessful, due to poor
filler-matrix adhesion and filler particles acting as crack initiation sites. Newer
manufacturing technologies have partially solved those problems, but nanocomposite
processing and manufacturing remain hot research topics with the perpetual challenge
of creating homogenous materials. In terms of total joint replacements all
nanocomposites are currently still in the development phase, as none of them have
been cleared for use in actual orthopaedic implants. However, some studies have been
conducted on the biocompatibility of the nanoparticle wear debris with promising
results [1].
From a tribological perspective, polymer nanocomposites can contain either
lubricating fillers, which decrease the surface energy, but form weaker bonds and
decrease mechanical properties of the material, or reinforcement fillers, which
increase mechanical properties, particularly strength. However, reinforcement fillers
also increase the abrasiveness of the nanocomposite, which may increase the friction
coefficient, prevent the formation of transfer film and cause third-body abrasion. In
some cases, the fillers can promote transfer film formation and increase polymer
conductivity by facilitating the removal of friction generated heat. The main
advantages of nanocomposites compared to the microfilled composites is less material
removal, as the nanoparticles are roughly the same size as the surrounding polymer
chains and better matrix-filler bonding, due to the large specific surface area of the
nanoparticles. Nanofillers are also highly reactive and influence the transfer films
more actively, while tending to affect the crystallinity, microstructure, physical and
mechanical properties of the polymer matrix (summarised from [36]).

2.6.1 Nanocomposite wear
In order to create a nanocomposite with wear resistance, the process of
nanocomposite wear must be understood first. In general, wear is caused by
repeatedly induced damage from rubbing two or more bodies against each other under
the application of forces, which results in surface mechanical cohesion loss and the
formation of wear debris. The wear debris formation is characterised by wear
mechanisms, such as abrasion, adhesion, fatigue, corrosion, delamination, erosion
etc., and often more than one wear mechanism is acting at the same time, which
makes wear a complex phenomenon, strongly dependent on the interaction between
the countersurfaces. Since polymers have much lower transition temperatures than
metals and are not good thermal conductors, frictionally generated heat and its effect
on the polymer material must also be taken into account. Due to the lack of heat
8

removal from the contact, softening, melting and oxidation can occur and should be
avoided if possible, as they significantly affect the friction and wear behaviour (based
on [36], [37]).
For polymers, a general approach to wear mechanisms roughly groups them into 2
groups: cohesive and interfacial wear processes [37], shown in Fig. 6. Cohesive wear
processes are controlled by mechanical properties of the bodies in contact, so most of
the mechanical wear processes fall into this category: abrasion, fatigue and fretting.
Cohesive wear processes are caused by the dissipation of frictional heat in relatively
large regions adjacent to the interface, which happens due to the interaction of surface
forces and resulting traction stresses, or due to geometric interlocking of
interpenetrating contacts. Such a surface zone depends on the contact geometry and
the generated contact stresses. In contrast, the interfacial wear processes include
transfer wear, corrosion and chemical wear and are caused by dissipation of frictional
heat into smaller regions at greater energy density, resulting in a local temperature
increase. The temperature facilitates the wear processes, and also the chemistry of
surfaces, not just the mechanical properties, must now be considered to determine the
total occurring wear.

Figure 6: Cohesive VS interfacial wear processes, illustrated [37]
There is a significant lack of nano-scale tribological studies of polymers and polymer
nanocomposites, as most such studies appear to be focusing on metals and ceramics
[36]. Most of the tribological studies that have been done focus on the investigation of
the friction coefficient and wear rate, with little or no wear scar or wear mechanism
analysis conducted. Consequently, there are also relatively few comprehensive wear
studies in terms of UHMWPE nanocomposites and the exact wear mechanisms are
not yet understood. It should also be noted, that correlating the results of
nanocomposite studies can be a difficult task: nanocomposites are usually prepared
from commercially available fillers, which are often not characterised before
producing the nanocomposite, so whether the fillers are actually nano-scale can be
questionable. The nanoparticles tend to agglomerate and even result in micro-scale
composites in some cases, causing large discrepancies in experimental results [37].
In general, the decrease in composite wear for polymer-metal sliding contacts is often
attributed to enhanced mechanical properties, filler lubricating action or chemically
improved bonding between transfer films and metallic counterparts. However, like
with many nano-world phenomena, this does not fully apply to nanocomposites.
Many previous wear studies of nanocomposites have attempted to explain the effect
of nanoparticles on at least dry sliding wear, attributing the decrease in wear to a
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development of a thin and uniform transfer film or the rolling effect of the
nanoparticles and suggesting they could act as nanobearings [38].
A study from 2010 [39] of short fibre reinforced polymer composites with and
without nanoparticles attempted to explain the role of the nanoparticles in the wear
behaviour - they observed a nano-polishing effect due to high hardness and a
competitive effect of friction reduction due to a transfer film on the countersurface,
where the nanoparticles were free to move and could act as spacers, reducing the
adhesion in the contact. They also showcased the importance of the type of
nanoparticle motion, sliding or rolling. If the nanoparticle is caught in the transfer
film and slides, it will cause nano-ploughing and nano-cutting wear, while rolling
motion of the nanoparticle will contribute to the decrease in friction, particularly
under extreme conditions.
The wear behaviour of nanocomposites greatly depends on the composite parameters,
such as dispersion state and filler distribution, size distribution, matrix-filler
interfacial bond strength and so on, which determine the mechanism of the wear
debris formation [36]. The nanoparticle size has a significant effect, with finer
particles contributing to better wear performance than larger ones. Nanoparticle
content is another variable, with most studies reporting favourable results with
contents up to 4 wt% [40], although decreased performance could be attributed to
poor nanoparticle dispersion and agglomeration, which could potentially be resolved
through better nanocomposite manufacturing.
The surface roughness of the metal countersurface also has a significant effect, with
higher surface roughness increasing the polymer wear rate. Interestingly, a study of
UHMWPE with nano zinc oxide (NZO) particles [41] showed an increase of surface
roughness after wear testing for virgin UHMWPE and UHWMPE/NZO with low
NZO content, but a decrease in surface roughness for UHMWPE/NZO with 10 wt%
NZO, which also had a lower wear rate than the low NZO content, but higher than the
virgin UHMWPE. However, the authors did not attempt to explain the mechanisms.
In terms of wear mechanisms, polymers are known to be particularly susceptible to
adhesion and fatigue. Theseare further facilitated by the increased contact
temperatures due to the generated frictional heat, which is not dissipated out of the
contact fast enough. For nanocomposites, studies of PEEK and PPS nanocomposites
[40] reported the transition from adhesive and fatigue wear in virgin material, to mild
abrasive wear in the nanocomposite, while higher wt% resulted in severe abrasive
wear due to nanofiller agglomeration.

2.7

UHMWPE nanocomposites

UHMWPE has been known to exhibit very good adhesion to reinforcements when the
nanocomposites were prepared by compression moulding [42]. Carbon nanoparticles
are one of the possible choices for nanofillers in UHMWPE nanocomposites due to
their high strength, thermal and electrical conductivity and chemical and thermal
stability, which result from the strength of the covalent carbon-carbon bonds. They
are commonly used in contents up to 4 wt% [40].
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2.7.1 UHMWPE/MWCNT nanocomposites
Carbon nanotubes are a relatively old type of nanoparticles, as they were first
discovered in 1991. They are an allotrope of carbon with a long, thin cylinder
structure. Multi-walled carbon nanotubes (MWCNT) are a subform of carbon
nanotubes, which consist of multiple walls, i.e. more layers of graphene, as shown in
Fig. 7. That ensures very high mechanical strength, as well as good electrical
conductivity. It has been shown that an addition of as little as 0.5 wt% can
significantly improve the material performance, however, they are hard to disperse
and can easily agglomerate and tangle, which causes defective sites in the composites
[36]. They are commonly used in electrical, engineering and biomedical applications
and their nanocomposites exhibit excellent mechanical properties [43].

Figure 7: Multi-walled carbon nanotube schematic [44].
A large portion of nanocomposite studies has been done with different forms of
carbon nanotubes and some of the relevant results have been summarised in the
following section. For nanocomposites with different forms of carbon nanotubes
(CNT), some dry sliding studies with polyimide (PI) against steel reported a decrease
in friction coefficient and wear rate, which they attributed to the increase in the
quality of the transfer film [45], which reduced adhesion for nanocomposites, while
the other authors attributed the decrease in friction and wear to the hardness
disparities and transfer film on the metal slider [46]. According to [36], the hardness
argument and the transfer film quality explanation is not reasonable, but most sources
agree that the formation of transfer film majorly contributes to the friction and wear
decrease.
A dry sliding study of PA66 with CNT [47] showed an increased wear resistance,
which was attributed to a nematic alignment of the CNTs on the surface, as well as a
reduction in surface temperature due to the high thermal conductivity of the dispersed
CNTs in the nanocomposite. The main wear mechanism determined in this study at
low temperatures was delamination of the polymer transfer films on the
countersurface, indicated by the flaky wear debris, which was observed regardless of
the CNT content. At elevated temperatures, the wear debris morphology changed
from flakes to rolls when containing CNTs and from flakes to granules for pure PA66.
A study of UHMWPE filled with natural particles [48] such as corals, found a 70%
increase in UHMWPE hardness and a significant reduction in adhesive wear.
In terms of UHMWPE with CNT, a recent UHMWPE-CNT study [49] noted
improved wear resistance, but the mechanism was not explained. The self-lubrication
effect of CNT as the cause of wear resistance improvement has also been proposed
many times as a possible explanation, suggesting that CNTs becomes dislodged from
11

the nanocomposite during sliding and act as spacers in the polymer-metal interface
[50], essentially the idea of nanobearings again. But to date, the evidence of such an
effect has not been conclusively proven.
There have been many studies [1], [3], [14], [25], [51]–[54] dealing with MWCNT
reinforced UHMWPE nanocomposites. Such nanocomposites exhibited very high
mechanical properties and a good wear resistance. Mechanical properties continue
increasing with increasing content of the MWCNT. A decrease in wear up to 30% has
been observed with the addition of 0.5 wt% MWCNT [14], [52], which does not
increase significantly with higher wt%. There seems to be no specific wt%, where
mechanical properties or wear resistance would start to decrease, up to the higher
wt% where nanoparticles start to agglomerate.
A recent study on the dispersion of MWCNT in UHMWPE matrix showed, that the
re-agglomeration induces delamination, fractures and cracks, suggesting that even
higher wt% of MWCNT would be possible without adverse effects with better
manufacturing techniques [55]. Another study of UHMWPE/MWCNT [56] found a
significant wear decrease even for low content of MWCNT (0.5 wt%), with a slight
friction increase. The wear decrease was attributed to variations in microstructure
with the MWCNT content and load bearing capacity, but no evidence was provided to
correlate the structure-property relationship [36].
Additionally, MWCNT nanoparticles were found to act as free radical scavengers,
enhancing the UHMWPE nanocomposite oxidation resistance [54]. Coupled with
vitamin E, the oxidation resistance of UHMWPE-MWCNT composites could
therefore potentially be significantly improved. Another study of
UHMWPE/MWCNT [57] showed that the wear resistance of the composites also
depends on the MWCNT structure, with nanofibrils in oriented nanostructures
showing a decrease in fatigue rate due to direction of friction and high strength, while
lamellar MWCNT structures were more prone to fatigue wear.
The main concern with UHMWPE/MWCNT nanocomposites for use in total joint
replacements is their potential toxicity, as there are very few and contradictory studies
pertaining to the biocompatibility of such materials and their wear debris [1]. A recent
study showed good biocompatibility [14], but further investigation is still necessary.
One of the few more comprehensive wear studies of UHMWPE/MWCNT [58]
analysed both the wear mechanisms and the worn surface topography after testing.
They tested nanocomposites with 0, 0.5, 1, 1.5 and 2 wt% of MWCNT with the 2
wt% MWCNT exhibiting the lowest wear rate. The lowest wear rate in that case was
attributed to increased nanocomposite hardness (75% more than virgin UHMWPE),
which exhibited the lowest amount of wear during the initial transient wear phase,
where the wear was found to be high and non-linear, transitioning to the steady-state
phase after the surface irregularities had been flattened. Virgin UHMWPE exhibited a
lot of wear in the transient state due to its low hardness and scratch resistance.
The wear debris observed for virgin UHMWPE was in the form of long needle-like
fibrils and particulates. The particulate UHMWPE/MWCNT wear debris was several
time smaller. Adhesion craters and abrasive furrows were observed on the surfaces of
both virgin and MWCNT-filled UHMWPE materials, with MWCNT-filled
UHMWPE showing fewer and smaller adhesion craters and narrower abrasion
furrows. UHMWPE underwent a deformation at the asperities due to the normal load,
which resulted in lower asperity heights and consequently adhesion at the polymer12

metal interface. Due to the relative motion during the wear testing, the bonded
softened material was pulled off, leaving an adhesion crater. The detached material
then formed either a transfer film by bonding with the metal countersurface again or
wear debris as it left the contact zone.
The reduction of adhesion craters for UHMWPE/MWCNT was attributed to the
strong bonding of the MWCNT nanoparticles with the UHMWPE polymer matrix,
which increased the pull-off force needed to generate adhesive wear debris. The
observed wear was further increased by the plastic deformation and flow due to
frictional heating of the contact zone, resulting in softening material. The intensity of
the plastic flow and deformation was smaller for UHMWPE/MWCNT, which was
attributed to the high thermal conductivity of the MWCNTs, which could have helped
with evenly dissipating the frictional heat.
The samples also exhibited microcutting, caused by the generated wear debris, which
was again smaller for the UHMWPE/MWCNT and attributed to the hardness
increase. All of the observed wear phenomena were the smallest for the 2 wt% of
MWCNT.
Additionally, cracks were observed on the surface, indicating delamination of the
underlying material for both virgin and UHMWPE/MWCNT, where the delamination
wear was again reduced. The delamination wear was caused by penetration of hard
metal asperities into the softer polymer surface, leading to fracture and plastic
deformation, which was repeated until a crack was formed due to material fatigue.
The crack then propagated until it joined with the other surface cracks, causing a
delamination of a sheet of material. The worn surface topographies and wear profiles
showed a pile-up of the virgin material on the surface, due to the plastic flow and
deformation and a wear crater was formed. The UHMWPE/MWCNT 2wt% also
exhibited material stacking due ploughing and plastic flow, resulting in a series of
stacked layers.
To summarise all of the above, UHMWPE/MWCNT nanocomposites show an
increase in mechanical properties, such as strength, fracture toughness and hardness,
with even a small wt% of MWCNT resulting in a significant difference. In dry sliding
polymer-metal contacts MWCNT-filled UHMWPE exhibits a decreased friction
coefficient according to most studies and improved wear resistance, which is mainly
attributed to increased mechanical properties. The addition of nanoparticles results in
the wear mechanism transition from adhesive and fatigue wear to abrasive wear,
however the final wear rate is always smaller than the virgin UHMWPE.

2.7.2 UHMWPE/GO nanocomposites
The second type of nanofillers used in this work, graphene oxide (GO), is a newly
emerging biocompatible material. It is composed of a single layered 2D hexagonal
pattern, formed by sp2-bonded carbon atoms, as shown in Fig. 8. The edges of GO
nanoparticles contain functional exogenous oxygen bearing groups, making the whole
layer hydrophilic. GO nanoparticles also exhibit good antibacterial activity and are
often used in biosensors and other biomedical applications (summarised from [59]).
Similarly, graphene sheets are also used in UHMWPE nanocomposites.
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Figure 8: Graphene oxide schematic [60].
Compared to UHMWPE/MWCNT nanocomposites, there are not as many studies of
UHWMPE/GO particle nanocomposites [3], [4], [51], [59], [61]–[70]. A study of
UHMWPE/GO [63] under dry sliding conditions against Zirconia balls as
counterparts showed a decrease in friction and wear, which transitioned from fatigue
wear to abrasive wear. The worn surfaces of pure UHMWPE showed microcracks and
deep grooves, as well as friction fatigue wear damage. With the addition of GO, the
fatigue wear decreased, which was attributed to stress transfer facilitated by the GO
structure. An addition of GO up to 3 wt% resulted in a very smooth worn surface,
with no surface defects and a shallow and narrow wear track. The GO transfer film
was confirmed on the Zirconia balls. An addition of 1 wt% was found to optimally
increase the mechanical properties, as well as caused the change in wear mechanism.
Since most of the other UHMWPE/GO studies were done under lubricated conditions,
those relevant wear results are presented below in the absence of dry sliding studies.
The addition of up to 0.5 wt% of GO appeared to have a positive effect on the
mechanical properties of UHMWPE, with higher wt% causing a significant decrease
of some mechanical properties, particularly fracture toughness, while tensile strength
etc. remained increased, and hardness even increased at 1 wt% [1], [64]. A significant
decrease (up to 30%) in wear has been reported against a CoCr metal countersurface
at lubricated conditions (bovine serum) with the addition of 2 wt% [1], while at least
0.7 wt% [1], [63] or more of GO must be added to make any difference in the wear
rate. The decrease in wear rate was attributed to the lubricating action of the 2D
graphene layers, but should be further investigated [51]. As for the reported decrease
of mechanical properties at higher wt %, it has been suggested that better GO/matrix
adhesion and chemical bonding should improve them, so it appears to be a
manufacturing problem [1].
It has been shown that GO nanocomposite biocompatibility is very good [64], so it
can be considered as a potential material for the hip replacement application. A study
of GO sheets also showed a decrease in wear due to their large surface areas, resulting
in a strong interaction between the GO sheets and the bulk UHMWPE, as well as
good transfer film formation [17].
A popular application of UHMWPE/GO is in aqueous environments, lubricated by
water, saline solutions or seawater, in part due to the demand for environmentally
friendly systems, which includes green lubricants. So far none of the bio-degradable
lubricants are also environmentally friendly, so water is often proposed as the ultimate
environmentally safe lubricant. UHMWPE has shown a relatively good performance
when lubricated with water [71], [72], particularly if reinforced. The inclusion of
1wt% GO in water lubricated polymer-metal contact [65] resulted in a decrease in
friction, which was attributed to the lubricating action of the stacked GO plans, which
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was assumed in several other studies as well: [61], [63], [68], [70]. The
UHMWPE/GO also showed a decrease in wear under water lubrication, which was
attributed to the 2D structure of the GO sheets and their good adhesion to the polymer
matrix, resulting in efficient stress transfer and reduced wear [61], [65]. Similar wear
and friction results were reported in saline solution lubricated conditions, which
showed an improved wear and scratch resistance [62].
A study of PI/GO nanocomposite films in seawater [73] showed the seawater to be a
better lubricant than water and is one of the few comprehensive wear studies of GO
nanocomposites which also includes results under dry sliding conditions. In dry
sliding conditions, the virgin PI showed severe abrasive wear, indicated by furrows in
the surface. With the addition of increasing GO content (up to 0.7 wt%), the wear
decreased and the wear mechanism transitioned from abrasive to adhesive wear, with
transfer film delamination, which resulted in a relatively smooth worn surface and a
transfer film due to the GO flake structure. The introduction of seawater as the
lubricant further reduced the wear, but the wear mechanism was reported to be mild
abrasive wear even in the presence of GO. The absence of adhesive delamination
wear in the lubricated case was attributed to the cooling action of the lubricant, which
compensated for the frictional heating generated during dry sliding, as the authors
believe the frictional heating was facilitating the adhesive wear under dry conditions.

2.7.3 UHMWPE/ND nanocomposites
Compared to the other two nanofillers, nanodiamonds (ND) are relatively new
nanoparticles, although they were in fact discovered and forgotten about three times
in Russia. Due to their truncated octahedral architecture (Fig. 9), they are considered
very suitable for use in biomedical applications and are about 2–8 nm in diameter.
They are highly biocompatible, with tunable surface structures and can be cost
effectively synthesised on a large scale. At their structural core is a diamond-like
cage, composed of carbons, while their surface resembles graphite, so they are often
used as composite reinforcements and lubricant additives (based on [74], [75]).

Figure 9: Nanodiamonds schematic [76].
There is a relatively high number of studies dealing with ND reinforced polymer
composites and their improved mechanical properties (acc. to [77]), however, very
few of these studies are tribological in nature. Even fewer wear studies deal with
UHMWPE/ND nanocomposites [3], [61], [65], [78] and I was unable to find a
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comprehensive wear study dealing with UHMWPE/ND nanocomposites or similar
materials with ND at this time.
In a UHMWPE-vitamin E matrix the addition of 0.7 wt% ND resulted in improved
mechanical properties, particularly fracture toughness, while there were problems
with composite morphology at higher wt% [3]. In a virgin UHMWPE matrix with
water as a lubricant the addition of 1 wt% ND resulted in a significant reduction of
wear (72%) and friction (24%), while higher contents did not cause further decrease
[79]. Such a significant reduction of wear was attributed to boundary lubricating
action of ND and initially also to nano-polishing of the countersurface, but the nanopolishing action was not confirmed after further tests. However, the changes in
countersurface roughness due to abrasion and nano-polishing of the extremely hard
dislodged ND particles have been reported by others [80]. The UHMWPE/ND
transfer film was also investigated during the study, but no clear correlation between
the tribological properties and transfer film formation was found. Some authors
suggested that the extremely hard ND particles act as nano-bearings [65], [75], [81],
[82], transferring the sliding friction into rolling friction and separating the surfaces,
but the theory has not been universally confirmed yet, as the mechanisms seem to
depend on the system [75]. It has also been reported that ND nanoparticles could act
as stress concentrators and lead to interface fractures, so in some studies there seem to
be some issues with achieving a strong interface between the ND and UHMWPE
matrix [3], [83].

2.7.4 Transfer films
Since most tribological studies summarised above have attempted to explain the wear
behaviour of UHMWPE nanocomposites with the formation of a transfer film or a
with the lack thereof, the current understanding of the transfer film phenomena
deserves a closer look. In general it is agreed, that the transfer film-counterpart bond
strength strongly correlates to the composite wear resistance and that as such, the
transfer film is a major mechanism in wear improvement.
A transfer film is the reason for transition from transient wear behaviour to steadystate wear rate [84]. In polymer-metal contacts, the transfer of material occurs from
the polymer to the metal countersurface, due to lower hardness of the polymer. The
film is formed during the running-in wear phase due to adhesion and interlocking of
polymer particles in between the metal asperities. Since polymers are self-lubricating
to a degree, the transfer film provides protection from the hard asperities of the metal
surface and prevents scratching damage and wear during the steady-state wear phase.
The coefficient of friction is also decreased due to the transfer film acting as a sort of
lubricant.
The material transfer is facilitated by three factors: surface deformation under the
load, substrate material fracture, both of which depend on the contact stress state
caused by the normal load, contact geometry and the friction coefficient; and the
transfer of the fractured material on the countersurface [84]. Therefore, the wear
debris in polymer-metal contacts is generated as the removal of material from the
polymer, as well as the removal of the transfer film from the metal countersurface.
However, the formation of transfer films is not understood, in terms of why the films
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form selectively and what affects their stability, morphology, layer cohesion, wear life
and thickness.
A recent study on PTFE transfer film [85] has attempted to reach some general
conclusions about the parameters affecting the formation of a transfer film: the
transfer film with the best tribological properties was formed at low loads, low speeds
and isotropic surface morphology. They found that slower sliding speed resulted in
thinner transfer films and better wear resistance. Similarly, lower load also resulted in
better surface quality and wear resistance of the transfer film, while an increase in
load decreased the film thickness. A too smooth surface with directional roughness
did not form a very wear resistant film, so an isotropic surface morphology with some
surface roughness was suggested to improve the transfer film adhesion and stability.
Another study on POM with Al2O3 [86] fillers investigated the transfer film
formation under dry conditions and their results indicate, that the transfer film forms
uniformly in the presence of lubricant, but is destroyed by agglomerated dislodged
nanoparticles in dry sliding conditions. In contrast, the results of a study of
epoxy/nanosilica composite transfer films [87] under dry sliding conditions suggested
that the transfer film formation depended on the size of the generated wear debris,
which was influenced by the nanoparticle content. Higher nanoparticle content
resulted in higher friction coefficient, but also in better, more uniform transfer film
formation.
At this point it should be noted, that the transfer films in wear studies are rarely
characterised at all and are instead only described with qualitative terms to indicate
whether the transfer film is patchy or uniform and continuous. It is widely accepted,
that the transfer film should be as uniform and stable as possible, which is governed
by the tribochemical reactions between the polymer matrix, fillers and the
countersurface, so an approach to choosing fillers for wear reduction based on Gibbs
free energy has been proposed [88], but is not widely used.

2.8

Research gap

It is obvious that significant future research contributions are needed to fully
understand the thermomechanical performance of nanocomposites in general, let
alone UHMWPE nanocomposites. Mechanical properties seem to be relatively well
characterised, as that research is partly driven by the industrial need for better
materials, however very little in depth characterisation such as DMA is done and
there are still considerable gaps in tribological understanding. More studies are
needed to determine and understand the correlation between the nanocomposite
constituents, their effects and the operating conditions on the resulting material
performance. That would also potentially enable lifetime predictions (although some
attempts at wear prediction have been made [89]).
To date, experimentally obtained results and conclusions seem to vary significantly,
despite closely resembling testing conditions and characterisation methods for the
same polymer nanocomposite. The prevailing issue seems to be nanocomposite
manufacturing: there is no standard procedure for nanocomposite processing and
commercially available polymer matrices and reinforcements are often not
characterised prior to producing the nanocomposite. Combining a mystery polymer
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nanocomposite with the tribological complexity of the polymer-metal contacts in
general makes it difficult to correctly interpret the experimental results and derive any
scientific insight. All experimental results should therefore be taken into account with
caution, as the determined tribological properties are only valid for the test rig system
from which they were experimentally obtained.
In terms of UHMWPE composites, very little research has been done on UHMWPEvitamin E and ND reinforced nanocomposites, although a considerable amount of
literature is available for MWCNT-reinforced UHMWPE nanocomposites and
somewhat less for GO-filled ones. There is a lack of in depth wear analysis for all
UHMWPE nanocomposites, as well as a lack of transfer film characterisation in
general. Most importantly, the comparison of these currently available experimental
results shows, that the evident wear behaviour cannot by fully explained by the
increased mechanical properties or the mere presence of nanoparticles, which is an
opinion shared by several authors [36], [40].
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3

Methodology

3.1

Studied materials

The materials studied within the scope of this work were virgin UHMWPE, which
served as a reference material, UHMWPE blended with 0.1 wt% of vitamin E and 12
nanocomposites made with three different types of carbon nanofillers - graphene
oxide (GO), nanodiamonds (ND) and multi-walled carbon nanotubes (MWCNT). The
nanoparticles were added to both UHMWPE and UHMWPE-vitamin E blended
matrices and all material variations were also crosslinked by irradiation to compare
them with the non-irradiated ones, producing 16 different materials altogether, shown
visually in Table 1.
Table 1: All studied materials represented visually.
UHMWPE

UHMWPE-E

irradiated

irradiated

●

●

●

●

●

●

●

0.7% ND

●

●

●

●

0.5% GO

●

●

●

●

16 materials

UHMWPE

UHMWPE- E

Unfilled

●

1% MWCNT

The chosen contents of the added nanoparticles were 1 wt% for MWCNT, 0.7 wt% for
ND and 0.5 wt% for GO. The contents were based on a previously conducted study [3],
where the nanocomposites with these contents exhibited the best mechanical properties,
as shown in Fig. 10.

Figure 10: Hardness and fracture toughness values depending on the nanoparticle
content [adapted from 3].
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As can be seen from Fig.10, the hardness of UHMWPE nanocomposites remained
relatively constant no matter the content, while the fracture toughness increased
significantly at 0.7 wt% ND, 1 wt% of MWCNT and a little at 0.5 wt% GO. Since
higher fracture toughness has been linked to improved wear resistance [90], the
UHMWPE nanocomposites of these contents were expected to exhibit good
tribological performance.

3.2

UHMWPE nanocomposite preparation

All nanocomposite preparation was done by my colleagues at LTU. The unfilled
UHMWPE GUR 1020 and unfilled UHMWPE-vit. E E GUR 1020 with 1000 ppm of
vitamin E was supplied by Celanese, Germany. The average grain size of both
materials was 140 μm. Three different types of carbon nanoparticles were added to
both polymer matrices: graphene oxide (GO), multi-walled carbon nanotubes
(MWCNT) and nanodiamond (ND). GO monolayer powder with a thickness of 0.7–
1.2 nm and an average length of 3–5 μm weas supplied from NanoInnova
Technologies, Spain. MWCNTs with an average diameter of 9 nm, an average length
of 1.5 μm and a purity of >95% were supplied by Nanocyl, Belgium. NDs with a
cubic phase, an average aggregation size of 30–40 nm, were functionalized with
carboxylic groups (COOH) and supplied from Adámas Nanotechnology, US. GO,
MWCNTs and ND were dispersed for 1 h in 30 ml of ethanol using an ultrasonic
homogenizer with a titanium tip (model 3000 MP, 230 V/50 Hz from Biologics, INC,
USA). The suspension was then added to UHMWPE or UHMWPE-E powder and
stirred for 30 min. The prepared solutions were then ball milled using a planetary ball
mill (Retsch PM 100, Germany) for 2 h at 400 rpm – previously optimised parameters
[91]. The slurry was dried at 60 °C for 24 h. The obtained nanocomposite powders
were then pressed using a compression moulding machine at 190 °C under a pressure
of 5 MPa for 30 min.
The compression moulding cycle of the nanocomposite powders was performed in
cycles using LPC-300 Fontijne Grotnes press (Vlaardingen, Netherlands). The
pressing cycle used was based on [92]. The material was heated up to 190 °C without
applying pressure during the initial phase. In the next phase, the nanocomposites were
loaded with 15 MPa and unloaded (0 MPa) for five times, each time for 90 s and the
temperature was kept at 190 °C. During the last cycle, the applied pressure was
maintained at 15 MPa for 30 min at 190 °C. The samples were then cooled to room
temperature by circulating water into the die. The composites were consolidated in
cubic sheets (58.8 x 58.8 x 4.5 mm3).

3.3

Dynamic Mechanical Analysis (DMA)

Viscoelastic materials are known to exhibit a response to loading, which is composed
of an elastic, instantaneously recoverable part and a viscous part, which cannot be
completely recovered due to the frictional loss of energy within the material – Fig. 11.
Since polymers are such materials, their relationship between the stress and strain
response depends on time [93].
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Figure 11: Viscoelastic response to loading by a) stress - creep and b) strain –
relaxation [94].
Dynamic mechanical analysis (DMA) is used to characterise the viscoelastic
behaviour of polymers by applying a sinusoidal deformation to a sample of known
geometry. In this case, the deformation was applied through controlled oscillatory
shear stress 𝜏 and the shear strain response 𝛾 was recorded, from which the complex
shear modulus G* (stiffness) and damping factor tan(δ) can be determined [95], as
shown in Fig. 123.
G* is known as the complex storage modulus and describes the entire viscoelastic
behaviour of a sample under oscillatory shear stress. It is given by Eq. 1 below ,
where 𝜏𝐴 is the shear stress amplitude in Pa and 𝛾𝐴 is the dimensionless shear strain
amplitude [96].
𝐺∗ =

𝜏𝐴
𝛾𝐴

[𝑃𝑎]

(1)

Figure 12: Relationship between applied sinusoidal stress to strain and the resultant
phase lag [95].
As can be seen from Fig. 12, there is a phase shift between the applied force (stress)
and the displacement (strain, i.e. material response to the oscillatory stress), which is
characterised by angle 𝛿, always between 0 and 90° (Fig. 13). Based on that the
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complex shear modulus G* can be expressed through the in-phase component, the
storage modulus G’, and the out-of-phase component, the loss modulus G’’, both in
Pa [96].

Figure 13: A vector diagram describing the relationship between G*, G' and G’’ [97].
As per Fig. 13, the moduli are described by the following equations:
𝐺′ =

𝜏𝐴
𝛾𝐴

cos(𝛿) [𝑃𝑎]

(2)

and
𝐺 ′′ =

𝜏𝐴
𝛾𝐴

sin(𝛿) [𝑃𝑎]

(3)

The storage modulus G’ represents the elastic response of the material, where the
energy is stored inside the deformed material, through stretching and extension of the
internal structures and bonds. If the material is not overstretched and destroyed, i.e. no
plastic deformation occurs, the elastic deformation is fully reversible and the energy is
released again when the material returns to its initial state. In contrast, the loss
modulus G’ represents the viscous response, which originates from the internal
friction processes between molecules, where the deformation energy is absorbed and
transformed into heat. The heat then dissipates, resulting in a loss of energy, which is
why the deformation of the viscoelastic material as a whole is not fully reversible.
The damping factor tan(δ) is given as the ratio between both moduli:

tan(𝛿) =

𝐺′′
𝐺′

[/]

(4)

Normally, viscoelastic solids have a higher G’ than G’’ (G’>G’’) due to the bonds
within the material, while viscoelastic liquids have a higher G’’ (G’<G’’).
All DMA measurements conducted within the scope of this work were done using a
Haake MARS II rheometer (Haake Modular Advanced Rheological System II –
MARS II, ThermoScientific, Germany), equipped with a temperature control
chamber. The accompanying software automatically calculated G’, G’’ and tan(δ) as
results.
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3.3.1 Sample preparation
All tested materials were cut into rectangular blocks of 50 𝑥 10 𝑥 3.5 𝑚𝑚, as shown
in Fig. 14.

Figure 14: DMA sample schematic.
Since the quantities obtained from the DMA measurements depend on the geometry
of the samples, the width and thickness of each individual sample were measured at 8
points along the length to avoid errors in the DMA results. Average sample
dimensions are in Table 2. Inside the rheometer the samples were clamped on both
sides using solid clamps, so the actual tested length of the sample was about 35 𝑚𝑚.
Table 2: Average dimensions of each tested DMA sample.
Material

Length
[mm]

Width
[mm]

Thickness
[mm]

UHMWPE

32.91

9.75

3.55

UHMWPE-vit.E

32.25

10.13

3.57

UHMWPE irradiated

32.93

10.19

3.55

UHMWPE-vit. E irradiated

35.13

9.40

3.42

UHMWPE/0.7% ND

32.57

10.02

3.62

UHMWPE-vit.E/0.7% ND

32.53

9.84

3.48

UHMWPE/0.7% ND irradiated

31.97

10.00

3.52

UHMWPE-vit.E/0.7% ND irradiated

32.20

9.830

3.41

UHMWPE/1% MWCNT

38.15

10.05

3.41

UHMWPE-vit.E/1% MWCNT

35.20

10.01

3.41

UHMWPE/1% MWCNT irradiated

31.78

9.91

3.51

UHMWPE-vit.E/1% MWCNT irradiated

32.23

10.23

3.67

UHMWPE/0.5% GO

32.20

9.93

3.46

UHMWPE-vit.E/0.5% GO

34.68

9.95

3.53

UHMWPE/0.5% GO irradiated

32.66

10.05

3.46

UHMWPE-vit.E/0.5% GO irradiated

32.40

9.95

3.52

23

3.3.2 Amplitude sweep DMA
Normally, the stress-strain relationship for polymers is linear, i.e. the increase in
strain is proportional to the stress increase (Fig. 15) and vice versa, which is called
linear viscoelastic behaviour, as the theory of linear viscoelasticity is a good
approximation of the time-dependent behaviour of polymers [93].

Figure 15: At any given time 𝑡, the strain 𝜀 is proportional to the applied stress 𝜎 [93].
However, if a certain threshold is crossed, the polymeric material will start behaving
non-linearly, i.e. the stress-strain relationship will no longer be proportional. Loading
the material past the limit of linear viscoelasticity results in unpredictable material
behaviour, so all polymeric materials should always operate within the linear region
of viscoelasticity to avoid critical failure and enable an accurate prediction of their
operational lifespan [98].
In order to ensure further DMA tests were conducted within the linear region of
viscoelasticity, amplitude sweep tests were done first to determine the load at which
to conduct them. Amplitude sweep tests characterise the deformation behaviour of the
sample and can be used to determine the upper limit of the non-destructive, i.e. linear
region by increasing the amplitude at a controlled stress τ and a constant frequency
over time, as shown in Fig. 16.

Figure 16: Diagram of an amplitude test with a 5 stage amplitude increase [adapted
from 87].
The testing parameters used for DMA amplitude sweep tests within the scope of this
work are given in Table 3 below, 1 repetition was done per material.
24

Table 3: DMA amplitude sweep testing conditions.
Test conditions
Shear stress range [Pa]

100 – 10e5

Temperature [°C]

37

Frequency [Hz]

1

The testing conditions were based on the hip joint replacements application. All
measurements were plotted as G’ and G’’ moduli against the shear stress on the x-axis
in a log-log scale. The shear stress limit is clearly visible from the plot, particularly
from the G’ line, which is no longer constant above a certain stress and starts to
increase or decline. (Fig. 17).

Figure 17: Example of an amplitude sweep test result for UHMWPE-vit.E/1%
MWCNT irradiated.
3.3.3 Frequency sweep DMA
Frequency sweep DMA tests characterise the time-dependent behaviour of polymers
in the linear (non-destructive) deformation range as assured by the results of the
amplitude sweep tests. The polymer sample was tested within a range of frequencies,
with high frequencies simulating fast motion in a short time and low frequencies
simulating slow motion on a longer timescale or at rest (Fig. 18). The shear stress
amplitude was kept constant and determined according to the results of the amplitude
sweep DMA tests from section 3.3.2, as it was always kept below the linear limit.
Thus not all materials were tested at the same shear stress, but that does not affect the
results of the frequency DMA tests as, acc. to Eq. 1, G* is based on the ratio between
the applied stress and the strain response, which allows comparison between the
results for all materials as long as the samples are tested within the linear behaviour
region.
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Figure 18: Diagram of a frequency sweep DMA test with a 5 stage frequency increase
[adapted from 87].
The testing parameters used for frequency sweep DMA tests within the scope of this
work are given in Tables 4 and 5 below, 3 repetitions were done per material.
Table 4: DMA frequency sweep testing conditions.
Test conditions
Frequency range [Hz]

0.1 – 100

Temperature [°C]

37

Shear stress amplitude [Pa]

Determined acc. to amplitude sweep tests

Table 5: Shear stress amplitudes used for frequency DMA tests.
Material

Shear stress amplitude [Pa]

UHMWPE

600

UHMWPE-vit.E

500

UHMWPE irradiated

1000

UHMWPE-vit. E irradiated

500

UHMWPE/0.7% ND

1000

UHMWPE-vit.E/0.7% ND

700

UHMWPE/0.7% ND irradiated

1000

UHMWPE-vit.E/0.7% ND irradiated

1000

UHMWPE/1% MWCNT

1000

UHMWPE-vit.E/1% MWCNT

1000

UHMWPE/1% MWCNT irradiated

1000

UHMWPE-vit.E/1% MWCNT irradiated

2000

UHMWPE/0.5% GO

800

UHMWPE-vit.E/0.5% GO

200

UHMWPE/0.5% GO irradiated

1000

UHMWPE-vit.E/0.5% GO irradiated

1000
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3.4

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a type of thermal analysis, where the mass of
the sample is measured as it undergoes a controlled temperature change, usually an
increase up to the point of complete thermal decomposition. TGA provides
information regarding phase transitions, thermal decomposition and residue, oxidation
stability etc. It is used to analyse the thermal stability of polymers and determine the
upper temperature at which they can still be used before starting to decompose [99].
A typical TGA curve is shown in Fig. 19 below and plotted as mass (usually in
percentage) against temperature. When the curve begins to descend, it indicates that
the mass loss due to thermal degradation has started to occur, and, when it stabilises
again, the remaining mass constitutes the residue that cannot thermally decompose in
the given atmosphere.

Figure 19: A typical TGA curve [99].
TGA can be performed in different atmospheres: in air or in oxygen (faster
decomposition due to increased oxidation) to study the effects of oxidation, or in an
inert atmosphere (argon, nitrogen) to study the thermal decomposition resulting from
the polymer structure breakdown due to heat exposure and not oxidation.
Within the scope of this work TGA tests were performed both in air and argon, using
a TGA/DSC1 analyser (Mettler-Toledo, Switzerland). The testing parameters used for
TGA tests are given in Table 6 below, 1 repetition was done per material.
Table 6: TGA testing conditions.
Test conditions
Temperature range [°C]

30 – 600

Heating speed [°C/min]

5

Sample mass [mg]

10

Atmosphere

Air and argon (inert)
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3.5

Pin-on-disc testing

Tribological performance of the chosen UHMWPE-based materials was evaluated
through pin-on-disc testing, where a polymer pin was sliding unidirectionally in a 14
mm diameter circle against a metal disc under controlled conditions (normal load,
sliding speed). All tests were conducted dry-running on the TE67 pin-on-disc test rig
(Phoenix Tribology, UK), as shown in Fig. 20.

Figure 20: Pin-on-disc schematic and test rig [55, 90].
The metal countersurface chosen was cobalt-chromium (CoCr), as that is the material
usually paired with UHMWPE in total hip joint replacements. It should be noted, that
more complex, multi-directional test rigs are needed to properly evaluate the
tribological performance of UHMWPE-based materials meant for orthopaedic
applications such as hip joint implants, as unidirectional or linear reciprocal wear tests
have been known to produce misleading results due to the reorganisation of the long
UHMWPE chains [16]. The wear found in multi-directional tests was found to be
higher for non-crosslinked UHMWPE and therefore more realistic [101]. However,
since such a machine was not available, unidirectional pin-on-disc test results can still
be used for comparing the tribological performance of the chosen 16 UHMWPEbased materials and to determine the effect of vitamin E and the nanoparticles.
The pin-on-disc machine is equipped with a friction load cell, which measured the
friction force and gave the coefficient of friction as a results. Additionally, an LVDT
sensor was used to measure the vertical displacement (z-axis) of the pin during the tests,
which occured due to the wearing of the polymer pin. The displacement values were
used to calculate the wear rate, according to Eq. 5:

𝑊𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =

𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 [𝑚𝑚]∗ 𝑝𝑖𝑛 𝑎𝑟𝑒𝑎 [𝑚𝑚2 ]
𝑙𝑜𝑎𝑑 [𝑁]∗𝑠𝑙𝑖𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑚]

𝑚𝑚3

[ 𝑁𝑚 ]

(5)

The testing parameters used for pin-on-disc tests are given in Table 7 below. They were
chosen to accelerate the pin-on-disc tests and mimic real UHMWPE applications (based
on [1, 16, 24, 55, 69]). 1 repetition was done per material.
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Table 7: Pin-on-disc testing conditions.
Test conditions
Contact pressure [MPa]

3

Load [N]

53

Sliding speed [m/s]

0.15

Test time [h]

20

Lubrication

Dry-running

Temperature [°C]

Ambient (25)

Countersurface

CoCr discs (Ra = 0.2 μm)

The contact pressure of 3 MPa was selected as the nominal contact pressure for hip
joint replacements [1], a low sliding speed was chosen to prevent polymer creep and
overheating, and a countersurface roughness of Ra = 0.2 μm was selected to accelerate
the wear. The 20 h test duration proved sufficient for both the coefficient of friction and
the wear rate to reach a steady-state after the initial running-in period (Fig. 21 and 22).

Figure 21: UHMWPE coefficient of friction evolution over time as an example.

Figure 22: UHMWPE vertical displacement (pin wear) over time as an example.
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3.5.1 Sample preparation
All tested UHMWPE-based materials were machine cut into cubic pins of 4.3x4.2x4.2
mm, as shown in Fig. 23. The CoCr discs were polished to the desired surface roughness
of Ra = 0.2 μm.

Figure 23: Schematic representation of the polymer pin and CoCr disc.
Before testing, all CoCr discs were characterised by EDS (SEM JCM-6000, Jeol, Japan)
to confirm their CoCr composition. A pre-test EDS spectrum is given in Fig. 24 below,
showing that the discs contain approximately 65% of Co, 30% of Cr and 5% of Mo.

Figure 24: EDS spectrum of a CoCr disc before testing.
To obtain the desired CoCr disc surface roughness, the discs were first machine
grinded using grinding paper P240 and then manually grinded in the same direction.
The achieve Ra = 0.2 μm, the discs were manually grinded using 10 strokes of
grinding paper P240 and cleaned with ethanol after grinding to remove any excess
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abrasive particles, which could interfere with the test. The achieved Ra surface
roughness values were measured with Wyko 1100 optical profilometer (Veeco, USA)
in 4 points along the disc diameter, the results are given in Fig. 25 and Table 8.

Figure 25: Surface topography of CoCr discs before testing.
Table 8: Average Ra values for each CoCr disc used for the pin-on-disc testing.
Test no.

Ra [μm]

Test no.

Ra [μm]

1

0.209

9

0.205

2

0.215

10

0.235

3

0.223

11

0.197

4

0.205

12

0.217

5

0.199

13

0.210

6

0.211

14

0.231

7

0.187

15

0.218

8

0.220

16

0.185

3.5.2 Wear analysis
Wear analysis was conducted on 4 different tested materials, on both discs and pins,
in order to determine the generally occurring wear mechanisms. The worn surfaces
were analysed using scanning electron microscopy (SEM) and electron dispersive Xray spectroscopy (EDS), with a table top SEM JCM-6000 (Jeol, Japan) for the discs
and an SEM with a low voltage and low vacuum mode for the pins JSM-IT300 (Jeol,
Japan), as well as using 3D optical profilometry, with an optical profilometer Wyko
1100 (Veeco, USA). The disc wear analysis was done at 4 points along the wear
track.
The tested materials analysed were UHMWPE-vit.E, UHMWPE-vit.E/0.7% ND,
UHMWPE-vit.E/1% MWCNT and UHMWPE-vit.E/0.5% GO, chosen to represent
each type of the added nanoparticles and the unfilled UHMWPE.
31

4

Results and discussion

4.1

DMA results

4.1.1 Amplitude sweep DMA results
DMA amplitude sweep tests were carried out as described in section 3.3.2. The
samples were tested over a range of shear stress and the results are presented below in
Fig. 26, grouped according to the type of nanoparticle reinforcement or lack thereof.
The shear stress limits after which each material starts behaving non-linearly are
given in Table 9 at the end.
Unfilled UHMWPE

Figure 26: DMA amplitude sweep results for unfilled UHMWPE in log-log scale.
As can be seen from the chart in Fig. 26, the storage modulus G’ is larger than the
loss modulus G’’ for all materials, because the samples were in solid state, so the
elastic response was predominant in all 16 tested materials. The shear stress limit up
to which the materials behaved linearly was determined from the G’ curves (solid
lines) for each material as shown in section 3.3.2. Crosslinked (irradiated) UHMWPE
(red) had the highest G’ over the whole shear stress range and also the highest linear
limit, because it was the most rigid due to crosslinking. The G’ values of all 3
materials except irradiated UHMWPE were quite similar.
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UHMWPE/MWCNT

Figure 27: DMA amplitude sweep results for UHMWPE/MWCNT in log-log scale.
MWCNT nanocomposites in Fig. 27 showed a similar trend as unfilled UHMWPE,
with the crosslinked material exhibiting the highest G’ and linear limit.
UHMWPE/ND

Figure 28: DMA amplitude sweep results for UHMWPE/ND in log-log scale.
33

UHMWPE/ND results in Fig. 28 also showed a similar trend as the previous two
cases, where the crosslinked UHMWPE/0.7%ND had the highest G’, although the G’
values of the ND-filled materials were much closer together than in unfilled or
MWCNT-filled UHMWPE materials.
UHMWPE/GO

Figure 29: DMA amplitude sweep results for GO-filled UHMWPE in log-log scale.
GO-filled materials in Fig. 29 showed an entirely different trend from the other 3
cases, as the UHMWPE-vit.E/0.5%GO had the highest G’ value, which was higher
than all the others by a full decade on the log-log scale. GO-filled UHMWPE
nanocomposites also had the largest differences among the linear limit values.
Table 9: Linear shear stress limits obtained from DMA amplitude sweep tests,
rounded to the nearest value.
Material

Linear shear stress limit [Pa]

UHMWPE

630

UHMWPE-vit.E

560

UHMWPE irradiated

1100

UHMWPE-vit. E irradiated

560

UHMWPE/0.7% ND

1200

UHMWPE-vit.E/0.7% ND

800

UHMWPE/0.7% ND irradiated

1260

UHMWPE-vit.E/0.7% ND irradiated

1200
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UHMWPE/1% MWCNT

1200

UHMWPE-vit.E/1% MWCNT

1200

UHMWPE/1% MWCNT irradiated

1360

UHMWPE-vit.E/1% MWCNT irradiated

1200

UHMWPE/0.5% GO

890

UHMWPE-vit.E/0.5% GO

200

UHMWPE/0.5% GO irradiated

1200

UHMWPE-vit.E/0.5% GO irradiated

1600

In general, the shear stress limit was around 𝜏 = 1000 Pa for all materials, with
crosslinked UHMWPE materials exhibiting a higher limit than the rest, except in the
case of GO, where the results were quite erratic and did not follow the same trend as
the rest of the materials. MWCNT-filled UHMWPE nanocomposites consistently had
the highest linear limits and the least difference between them.
4.1.2 Frequency sweep DMA results
The second part of DMA were the frequency sweep tests, which were done as
described in section 3.3.3. The samples were tested over a range of frequencies and
the results are again grouped according to the nanoparticle reinforcement type.
Unfilled UHMWPE

Figure 30: DMA frequency sweep results for unfilled UHMWPE on log-log scale.
For unfilled UHMWPE in Fig. 30, the crosslinked UHMWPE had the highest storage
modulus G’ and UHMWPE-vit.E had the lowest G’. Initially, The G’ curves of all
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unfilled UHMWPE materials gradually increased up to 1 Hz and remained stable
(linear) after that, up to 80 Hz, where they started to increase slightly. The G’’ curves
steadily decreased up to 50 - 60 Hz, where they showed a distinct spike.
UHMWPE/MWCNT

Figure 31: DMA frequency sweep results for UHMWPE/MWCNT on log-log scale.
MWCNT-filled G’ and G’’ curves in Fig. 31 behaved similarily as the unfilled
UHMWPE curves described above. Crosslinked UHMWPE/1%MWCNT had the
highest G’ and crosslinked UHMWPE/1%MWCNT-vit.E the lowest.
UHMWPE/ND

Figure 32: DMA frequency sweep results for UHMWPE/ND on log-log scale
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ND curves in Fig. 32 also behaved like the others, crosslinked UHMWPE/0.7%ND
had the highest G’ and UHWMPE/0.7%ND had the lowest. The values of G’ for NDfilled materials had the least difference amongst themselves.
UHMWPE/GO

Figure 33: DMA frequency sweep results for UHMWPE/GO in log-log scale.
As observed in the amplitude sweep results, the frequency sweep results for GO-filled
UHMWPE materials in Fig. 33 also did not follow the trend from the other cases.
UHMWPE-vit.E/0.5%GO had the highest G’, while the crosslinked UHMWPEvit.E/0.5%GO had the lowest. Although the curves look similarily linear as for the
other materials, the difference between the highest and the lowest G’ is several
decades, which is much larger than in the other cases.
In general, the frequency sweep results followed the trend of the amplitude sweep
results, as they should, because G’ and G’’ are material properties. The G’ curves for
all 16 materials are more or less linear across the entire frequency range. In contrast,
all G’’ curves show distinct spikes at 50-60 Hz, which could be due to the high
molecular weight of UHMWPE, because the long and heavy molecular chains cannot
react quickly enough at higher frequencies. However, since the spikes appear in all 16
materials within the same frequency interval, they could also be related to the
properties of the testing equipment. Either way, the obtained results can only be
considered stable up to the frequency of 50 Hz.
Since the G’ and G’’ curves are mostly linear up to 50 Hz, the results can be directly
compared at one frequency. Fig. 34 and 35 below show the comparison of G’ and G’’
at 1 Hz, in order to easily evaluate the effect of vitamin E and nanoparticle
reinforcements.
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Figure 34: DMA frequency sweep G' results at 1 Hz.
In unfilled materials, vitamin E decreased the storage modulus G’, which
characterises the elastic response of the material, but the decrease did not occur in the
nanocomposites. Although DMA results are difficult to directly correlate to
mechanical properties, a decrease in storage modulus G’ could be correlated to lower
hardness or lower degree of crystallinity, as vitamin E has been known to decrease
both hardness [102] and crystallinity [103] in pure UHMWPE. However, all 3 types
of nanofillers also slightly decreased G’ compared to pure UHMWPE, despite
significantly enhancing its mechanical properties [3] and not affecting [103] or even
increasing the degree of crystallinity [3]. Therefore, more DMA characterisation
would be needed to fully understand the link between UHMWPE G’ and G’’ and its
mechanical properties, as there are very few DMA UHMWPE nanocomposite studies
to date.
Crosslinking significantly increased the storage modulus G’ in materials without
vitamin E. Since crosslinking by irradiation increases the molecular weight of
UHMWPE by forming additional covalent bonds and restricting the movement of its
polymer chains, the rigidity of the crosslinked UHMWPE structure could account for
the increase in G’ and DMA has been used to evaluate the cross-linking density
before [27]. Additionally, that indicates that the nanoparticle reinforcements do not
affect the crosslinking process. There was no such increase in crosslinked UHMWPEvit.E materials, filled or unfilled, which indicates that vitamin E inhibits the
irradiation crosslinking process.
As previously mentioned, the results of the GO-filled nanocomposites did not follow
the trend of the other materials and the difference between all 4 GO-filled materials
were quite large. The decrease in G’ could indicate increased polymer chain mobility
due to a weak interface between the GO and the UHMWPE matrix [104]. The GO
samples also had the highest standard deviation, which further indicates there was a
problem with the samples, likely related to a weak interface between the GO fillers
and the UHMWPE matrix, due to GO processability problems.
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Fig. 35 below shows that the loss modulus G’’ results followed the same trend as the
storage modulus G’ results.

Figure 35: DMA frequency sweep G'' results at 1 Hz.
Another quantity obtained from the DMA measurements is the damping factor tan(δ),
the ratio of G’’ and G’ defined in Eq.4 from section 3.3, shown in Fig. 36. For all
materials the δ value was around δ = 0.1, as values of δ < 1 are common for solids.
MWCNT-filled UHMWPE had the lowest δ values, which could indicate higher
hardness.

Figure 36: DMA frequency sweep δ results.
39

4.2

TGA results

4.2.1 TGA results in air
The TGA tests were done as described in section 3.4. The results presented in Fig. 3740 are again grouped according to the nanoparticle type or lack thereof.
Unfilled UHMWPE

Figure 37: TGA results in air for unfilled UHMWPE.
UHMWPE/MWCNT

Figure 38: TGA results in air for UHMWPE/MWCNT.
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UHMWPE/ND

Figure 39: TGA results in air for UHMWPE/ND.
UHMWPE/GO

Figure 40: TGA results in air for UHMWPE/GO.
All samples tested in air completely decomposed by 550°C, with the thermal
decomposition starting at around 230°C. The comparison of temperatures at which
90% weight loss occurred is given in Fig. 41 below. Once again, the results of the
GO-filled nanocomposites do not follow the same trend as the other materials and
exhibit large differences among their results. Except for the case of UHMWPEvit.E/0.5%GO, the addition of GO nanoparticles resulted in decreased T90
temperature. That is likely due to the GO processing problems, because it has been
previously reported that GO nanoparticles enhanced the thermal stability of
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UHMWPE nanocomposites [3], [67], [68]. The explanation given was that GO has
the ability to restrain the free radicals generated during thermal decomposition and
that Go chemical bonds and Van der Waals forces reinforce the interactions between
GO and UHMWPE, which limits the motion of molecular chains and prevents the
decomposition.

Figure 41: Temperature of 90% decomposition TGA results in air.
The TGA results in air (Fig. 41) show that the addition of vitamin E significantly
increased the T90, because vitamin E is an antioxidant and a free radical scavenger. In
unfilled UHMWPE, vitamin E increased T90 from 421°C for pure UHMWPE to
454°C for UHMWPE-vit.E and 439°C for crosslinked UHMWPE-vit.E. Vitamin E
also increased the T90 in MWCNT-filled nanocomposites, to 460°C for UHMWPEvit.E/1%MWCNT, but not in ND-filled nanocomposites, as UHMWPEvit.E/0.7%ND had a lower T90 than UHMWPE/0.7%ND.
Both MWCNT and ND contributed to a large increase in T90 by more than 20°C
compared to pure UHMWPE, to 451°C for UHMWPE/1%MWCNT and 448°C for
UHMWPE/0.7%ND, which could be due to the high thermal stability of the
nanoparticles [3]. It appears that MWCNT has a synergetic effect with vitamin E,
resulting in an even larger increase, while ND performed better without vitamin E.
The strong positive effect of MWCNT on oxidative and thermal stability of
UHMWPE has been reported previously [3], [105], [106] and attributed to the fact
that MWCNT has higher thermal conductivity than the polymer, which allows for
maximum heat flow in MWCNT instead of in UHMWPE, which delays its thermal
degradation. Additionally, MWCNT has been reported to improve oxidation stability
by acting as a free radical scavenger [54].
Crosslinking also resulted in increased T90 in the nanocomposites, but not in the
unfilled UHMWPE. Additionally, it can again be observed that vitamin E inhibits the
crosslinking process, as the crosslinked nanocomposites with vitamin E had lower
T90 than the ones without vitamin E. In unfilled UHMWPE, the increase in T90 in
crosslinked UHMWPE-vit.E compared to crosslinked pure UHMWPE likely results
from the addition of vitamin E alone.
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4.2.2 TGA results in argon (inert atmosphere)
The second part of TGA tests were done as described in section 3.4 in argon, which
served as inert atmosphere. That allowed us to study thermal degradation due to heat
exposure only, without the effect of oxidation, and the results were much different
than in air. As before, the results in Fig. 42-45 are grouped by nanoparticle type.
Unfilled UHMWPE

Figure 42: TGA results in argon for unfilled UHMWPE.
UHMWPE/MWCNT

Figure 43: TGA results in argon for UHMWPE/MWCNT.
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UHMWPE/ND

Figure 44:TGA results in argon for UHMWPE/ND.
UHMWPE/GO

Figure 45: TGA results in argon for UHMWPE/GO.
In contrast with TGA in air, the samples tested in argon did not fully decompose.
About 2% of residue was left behind, which stabilised by 500°C. All materials started
to degrade at around 260°C, 30°C later than in air due to no oxidation.
Fig. 46 shows the comparison of T90, the temperature at which 90% of
decomposition occurred for all materials. The T90 temperatures in argon were higher
than the T90 temperatures in air and the differences between materials are much
smaller, so additional TGA tests in argon are needed to confirm the conclusions
observed here.
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Figure 46: Temperature of 90% decomposition TGA results in argon.
As can be seen from Fig. 46, vitamin E appears to have a limited effect in argon,
particularly in unfilled, as it is an antioxidant and there is no oxidation to prevent in
the inert atmosphere. ND and GO appeared to slightly lower the T90 compared to
pure UHMWPE, while MWCNT performed slightly better than ND and GO.
In contrast with TGA in air, crosslinking had a pronounced effect in argon, because
only thermal, not oxidation degradation occurred. Decomposition was the result of
structure breakdown due to heat exposure and since crosslinking strengthens the
UHMWPE structure by forming additional covalent bonds, that could account for the
increased T90 in argon for crosslinked materials.

4.3

Pin-on-disc results

4.3.1 Friction and wear results
The pin-on-disc testing was done dry-running as described in section 3.5 and the
obtained results were in the form of the friction coefficient and the wear rate, which
are presented in Fig. 47 and 48 below. Since only one repetition of the pin-on-disc
tests was done per material due to the time constraint, further testing is needed to
confirm these results.
As already stated in section 3.5, it must also be taken into account that UHMWPE is
susceptible to plastic deformation under unidirectional sliding, which causes an
alignment of the polymer chains in the sliding direction. The wear resistance in the
sliding direction is increased, but lower in all other directions [101].
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Figure 47: Coefficient of friction pin-on-disc results.
As can be seen from Fig. 47, vitamin E increased the coefficient of friction in both
unfilled and filled UHMWPE materials. All nanofillers also slightly increased the
coefficient of friction compared to pure UHMWPE, while crosslinking decreased it.

Figure 48: Wear rate pin-on-disc results.
Vitamin E, crosslinking and all three types of nanoparticle reinforcements reduced the
wear compared to pure UHMWPE. The wear rate values were in accordance with
previously reported wear rates measured for UHMWPE on the same test rig at LTU
[65], [107].
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There was a significant reduction in wear in unfilled UHMWPE-vit.E due to vitamin
E, as well as in in UHMWPE-vit.E/0.7%ND. ND again appeared to perform well with
vitamin E, while MWCNT nanocomposites had less wear without vitamin E.
Both MWCNT and ND decreased the wear due to enhanced mechanical properties
(hardness, fracture toughness), heat removal from the contact due to the higher
thermal conductivity of nanoparticles, and likely also due to favourable changes in
wear mechanisms, which has been previously reported for MWCNT [52]. GO-filled
UHMWPE nanocomposites except the UHMWPE/0.5%GO had the highest wear,
which again indicates that some issues with GO nanocomposites must be solved to
improve their performance.
Crosslinked MWCNT and ND nanocomposites with vitamin E exhibited the lowest
wear, despite the issues with vitamin E and crosslinking indicated by TGA and DMA.
That could potentially be explained through micro-hardness measurements performed
on the same materials by my colleague, shown in Fig. 49.

Figure 49: Micro-hardness measurements, courtesy of Julian Somberg, LTU.
The hardness measurements showed that vitamin E decreased the hardness of
UHMWPE and crosslinking increased it. However, both the crosslinked materials
with and without vitamin E exhibited a significant increase in hardness, again as if the
crosslinking was successful despite vitamin E. Since the hardness measurements were
done by indentation on the surface, the crosslinking may have been successful on the
surface, but the gamma irradiation may not have penetrated fully through the bulk
material and the final degree of crosslinking was less than for UHMWPE without
vitamin E. That would account for the decrease in wear, as less than ¼ of the pin was
worn off during the pin-on-disc tests and the outer surface of the pin would therefore
be fully crosslinked with all the resulting improvements in the mechanical properties.
The issues with crosslinking were only indicated by TGA and DMA, because the
entire sample is in use during those tests. In fact, it has been previously reported that
vitamin E inhibits the irradiation crosslinking process due to its radical scavenging
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action and that more energy is needed to obtain the same degree of crosslinking in
UHMWPE blended with vitamin E [1], however more testing should be done to
confirm this hypothesis.

4.3.2 Wear analysis results
Only 4 materials were analysed with SEM, EDS and 3D optical profilometer, one
unfilled and one with each type of nanoparticle reinforcements. The worn surfaces of
both the pin and the disc were analysed.
UHMWPE-vit.E

Figure 50: SEM images of UHMWPE-vit.E pin.
As can be seen from the pin SEM images in Fig. 50, the main wear mechanisms for
the unfilled UHMWPE-vit.E were adhesion from the transfered material, some plastic
deformation and some abrasion due to the disc surface roughness. Since the tests were
dry-running, there was more adhesion than if the tests were lubricated, which would
have cooled the contact and removed the wear debris.

Figure 51: SEM and EDS images of UHMWPE-vit.E test disc.
The CoCr test disc SEM images in Fig. 51 show mainly large polymer wear debris
flakes due to adhesion, which was confirmed by EDS, and some patches of transfered
material. The 3D profilometer images in Fig. 52 below show some transfered material
and very little change in Ra surface roughness of the disc.
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Figure 52: 3D optical profilometer images for UHMWPE-vit.E test disc.
UHMWPE-vit.E/1%MWCNT

Figure 53: SEM images of UHMWPE-vit.E/1%MWCNT pin.
There appears to be more abrasion with the introduction of MWCNT, as well as more
plastic deformation and some adhesion, than in the case of unfilled UHMWPE-vit.E
(Fig. 53 and 54).

Figure 54: SEM and EDS images of UHMWPE-vit.E/1%MWCNT test disc.
There was quite a lot of wear debris produced during the MWCNT-filled tests, with
flakes of different shapes and sizes. The smaller flakes could be attributed to abrasion,
while the large ones resulted from adhesion and plastic deformation. Although no
transfer film can be seen, quite a lot wear debris appeared to be adhered to the
surface, which can also be seen on the 3D optical profilometer images in Fig. 55
below and would account for the adhesion and plastic deformation.
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Figure 55: 3D profilometer images of UHMWPE-vit.E/1%MWCNT test disc.
UHMWPE-vit.E/0.7%ND

Figure 56: SEM images of UHMWPE-vit.E/0.7%ND pin.
Increased abrasion compared to unfilled UHMWPE can again be seen in the
UHMWPE-vit.E/0.7%ND pin images (Fig. 56), along with adhesion and what
appears to be some evidence of the material peeling off, which could indicate
delamination, i.e. high cycle fatigue. There is much less plastic deformation than in
the previous two cases.

Figure 57: SEM and EDS images of UHMWPE-vit.E/0.7%ND test disc.
The CoCr test disc images (Fig. 57) show very small wear debris and what appear to
be some patches of transfer film. The wear debris flakes are quite small, so if
delamination is in fact occurring, it is not very pronounced and could just be the
flaking of the transfer film. The 3D optical profilometer images in Fig. 58 below
show almost no wear debris and a reduction in surface roughness, which could
indicate nano-polishing by ND [80].
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Figure 58: 3D optical profilometer images of UHMWPE-vit.E/0.7%ND test disc.

UHMWPE-vit.E/0.5%GO

Figure 59: SEM images of UHMWPE-vit.E/0.5%GO pin.
Similarily to UHMWPE-vit.E/0.7%ND, the pin images of UHMWPE-vit.E/0.5%GO
in Fig. 59 also show evidence of delamination, which is more pronounced than in
ND-filled nanocomposite. There also appears to be some plastic deformation, as well
as abrasion and adhesion.

Figure 60: SEM and EDS images of UHMWPE-vit.E/0.5%GO test disc.
The CoCr test disc SEM images in Fig. 60 show large flakes along with lots of tiny
wear debris particles, but there is no indication of a transfer film. The 3D optical
profilometer images in Fig. 61 also show lots of wear debris on the surface of the disc
and no noticeable reduction in surface roughness.
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Figure 61: 3D optical profilometer images of UHMWPE-vit.E/0.5%GO test disc.
To summarise, the main wear mechanisms were adhesion and abrasion, with
increased abrasion occurring with the addition of nanoparticle reinforcements. There
was also some delamination in the case of GO and ND nanocomposites and ND
appeared to have a nano-polishing effect indicated by reduced Ra surface roughness.
The MWCNT nanocomposite showed a lot of plastic deformation, but no
delamination. These changes in wear mechanisms could be responsible for the
decrease in wear, along with improved mechanical properties, but further testing is
needed to confirm this hypothesis.
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5

Conclusions

Based on the experimental results presented in this work, some main conclusions can
be drawn regarding the effect of vitamin E, crosslinking and MWCNT, ND and GO
nanoparticle reinforcements on the performance of UHMWPE:




Vitamin E significantly improves oxidative stability in air, decreases the
storage modulus G’, increases coefficient of friction, decreases wear and
inhibits the crosslinking process.
Crosslinking by irradiation improves thermal stability in inert atmosphere,
increases the storage modulus G’ and decreases both the coefficient of friction
and wear.
All nanofillers improve the thermal stability of UHMWPE to some degree,
reduce the wear, slightly increase the coefficient of friction and the storage
modulus G’. They do not appear to affect the crosslinking process.

All of the investigated methods of UHMWPE improvement resulted in improved
tribological performance (reduced wear) and better oxidation and thermal stability,
but further testing is needed in order to confirm these conclusions.

5.1

Future work

As demonstrated by this work, future research into UHMWPE-based nanocomposites
is needed in order to fully characterise the obtained materials, such as temperature
DMA. The processing of GO-filled nanocomposites must also be further optimised to
avoid large discrepancies in the UHMWPE/GO experimental test results. In terms of
tribological performance, more repetitions and additional tests using a more complex
test rig are needed if the materials are to be used in hip joint replacements.
Additionally, a more in depth wear analysis at different loads and contact conditions
should be performed to fully understand the effect of the added nanoparticles on the
changes in wear mechanisms.

53

References
[1]

S. S. Moreno, Investigation of Carbon Reinforced UHMWPE Nanocomposites
for Use in Orthopaedics. 2015.

[2]

E. M. Brach Del Prever, A. Bistolfi, P. Bracco, and L. Costa, ‘UHMWPE for
arthroplasty: past or future?’, J. Orthop. Traumatol., vol. 10, no. 1, pp. 1–8,
Mar. 2009.

[3]

L. Melk and N. Emami, ‘Mechanical and thermal performances of UHMWPE
blended vitamin E reinforced carbon nanoparticle composites’, Compos. Part B
Eng., vol. 146, pp. 20–27, Aug. 2018.

[4]

G. E. Selyutin, Y. Y. Gavrilov, E. N. Voskresenskaya, V. A. Zakharov, V. E.
Nikitin, and V. A. Poluboyarov, ‘Composite Materials Based on Ultra High
Molecular Polyethylene : Properties , Application Prospects’, Chem. Sustain.
Dev., vol. 18, pp. 301–314, 2010.

[5]

Technavio, ‘Ultra-high molecular weight polyethylene market, UHMW
polyethylene market’, 2017. [Online]. Available:
https://www.technavio.com/report/global-ultra-high-molecular-weightpolyethylene-market. [Accessed: 17-Oct-2018].

[6]

‘High Performance Plastics | High Performance Polymers’. [Online].
Available: https://www.onlineplastics.com/products/high-performance-plasticsc-1_192.html#1-YToxOntzOjQ6ImdyaWQiO2k6MDt9. [Accessed: 17-Dec2018].

[7]

A. J. van den Bogert, L. Read, and B. M. Nigg, ‘An analysis of hip joint
loading during walking, running, and skiing.’, Med. Sci. Sports Exerc., vol. 31,
no. 1, pp. 131–42, Jan. 1999.

[8]

D. G. Poitout, ‘Biomaterials Used in Orthopedics’, in Biomechanics and
Biomaterials in Orthopedics, London: Springer London, 2004, pp. 15–20.

[9]

T. Murakami, H. Higaki, Y. Sawae, N. Ohtsuki, S. Moriyama, and Y.
Nakanishi, ‘Adaptive multimode lubrication in natural synovial joints and
artificial joints’, Proc. Inst. Mech. Eng. Part H J. Eng. Med., vol. 212, no. 1,
pp. 23–35, Jan. 1998.

[10] S. R. Knight, R. Aujla, and S. P. Biswas, ‘Total Hip Arthroplasty - over 100
years of operative history.’, Orthop. Rev. (Pavia)., vol. 3, no. 2, p. e16, Sep.
2011.
[11] Matthew Osso, ‘Hip Replacements, by Matthew Osso - OpenWetWare’, 2016.
[Online]. Available:
https://openwetware.org/wiki/Hip_Replacements,_by_Matthew_Osso.
[Accessed: 16-Oct-2017].
[12] C. L. Brockett, G. John, S. Williams, Z. Jin, G. H. Isaac, and J. Fisher, ‘Wear
of ceramic-on-carbon fiber-reinforced poly-ether ether ketone hip
replacements’, J. Biomed. Mater. Res. Part B Appl. Biomater., vol. 100B, no.
6, pp. 1459–1465, Aug. 2012.
[13] R. M. Cowie, A. Briscoe, J. Fisher, and L. M. Jennings, ‘Wear and Friction of
54

UHMWPE-on-PEEK OPTIMATM’, J. Mech. Behav. Biomed. Mater., vol. 89,
no. September 2018, pp. 65–71, 2019.
[14] S. Suñer, C. L. Bladen, N. Gowland, J. L. Tipper, and N. Emami, ‘Investigation
of wear and wear particles from a UHMWPE/multi-walled carbon nanotube
nanocomposite for total joint replacements’, Wear, vol. 317, no. 1–2, pp. 163–
169, Sep. 2014.
[15] K. K. Wannomae, S. D. Christensen, A. A. Freiberg, S. Bhattacharyya, W. H.
Harris, and O. K. Muratoglu, ‘The effect of real-time aging on the oxidation
and wear of highly cross-linked UHMWPE acetabular liners’, Biomaterials,
vol. 27, no. 9, pp. 1980–1987, Mar. 2006.
[16] A. Galvin et al., ‘Wear of crosslinked polyethylene under different tribological
conditions’, J. Mater. Sci. Mater. Med., vol. 17, no. 3, pp. 235–243, Mar. 2006.
[17] S. F. E, L. Shi, Z. G. Guo, and W. M. Liu, ‘The recent progress of tribological
biomaterials’, Biosurface and Biotribology, vol. 1, no. 2, pp. 81–97, Jun. 2015.
[18] National centre for Biotechnology, ‘PubChem Compound Database;
CID=14985’. [Online]. Available:
https://pubchem.ncbi.nlm.nih.gov/compound/14985.
[19] T. Vickers, ‘The RRR stereoisomer of alpha-tocopherol (vitamin E)’. [Online].
Available: https://en.wikipedia.org/wiki/Vitamin_E#/media/File:RRR_alphatocopherol.png.
[20] B. Kirschweng, D. Tátraaljai, E. Földes, and B. Pukánszky, ‘Natural
antioxidants as stabilizers for polymers’, Polym. Degrad. Stab., vol. 145, pp.
25–40, Nov. 2017.
[21] K. Doudin and S. Al-Malaika, ‘Vitamin E-stabilised UHMWPE for surgical
orthopaedic implants: Quantification of vitamin E and characterisation of its
transformation products’, Polym. Degrad. Stab., vol. 125, pp. 59–75, Mar.
2016.
[22] R. Lerf, D. Zurbrügg, and D. Delfosse, ‘Use of vitamin E to protect crosslinked UHMWPE from oxidation’, Biomaterials, vol. 31, no. 13, pp. 3643–
3648, May 2010.
[23] E. Oral, C. A. Godleski Beckos, A. J. Lozynsky, A. S. Malhi, and O. K.
Muratoglu, ‘Improved resistance to wear and fatigue fracture in high pressure
crystallized vitamin E-containing ultra-high molecular weight polyethylene’,
Biomaterials, vol. 30, no. 10, pp. 1870–1880, 2009.
[24] E. Oral, S. D. Christensen, A. S. Malhi, K. K. Wannomae, and O. K.
Muratoglu, ‘Wear Resistance and Mechanical Properties of Highly Crosslinked, Ultrahigh-Molecular Weight Polyethylene Doped With Vitamin E’, J.
Arthroplasty, vol. 21, no. 4, pp. 580–591, 2006.
[25] J. Baena, J. Wu, and Z. Peng, ‘Wear Performance of UHMWPE and
Reinforced UHMWPE Composites in Arthroplasty Applications: A Review’,
Lubricants, vol. 3, no. 2, pp. 413–436, 2015.
[26] M. Xie and H. Li, ‘Viscosity reduction and disentanglement in ultrahigh
molecular weight polyethylene melt: Effect of blending with polypropylene
and poly(ethylene glycol)’, Eur. Polym. J., vol. 43, no. 8, pp. 3480–3487, Aug.
55

2007.
[27] S. D. Reinitz, E. M. Carlson, R. A. C. Levine, K. J. Franklin, and D. W. Van
Citters, ‘Dynamical mechanical analysis as an assay of cross-link density of
orthopaedic ultra high molecular weight polyethylene’, Polym. Test., vol. 45,
pp. 174–178, Aug. 2015.
[28] J. Cheng et al., ‘Effective nondestructive evaluations on UHMWPE/RecycledPA6 blends using FTIR imaging and dynamic mechanical analysis’, Polym.
Test., vol. 59, pp. 371–376, May 2017.
[29] D. Duraccio et al., ‘The role of alumina-zirconia loading on the mechanical and
biological properties of UHMWPE for biomedical applications’, Compos. Part
B Eng., vol. 164, pp. 800–808, May 2019.
[30] T. Liu, A. Eyler, and W.-H. Zhong, ‘Simultaneous improvements in wear
resistance and mechanical properties of UHMWPE nanocomposite fabricated
via a facile approach’, Mater. Lett., vol. 177, pp. 17–20, Aug. 2016.
[31] H. Fouad, A.-H. I. Mourad, and D. C. Barton, ‘Effect of pre-heat treatment on
the static and dynamic thermo-mechanical properties of ultra-high molecular
weight polyethylene’, Polym. Test., vol. 24, no. 5, pp. 549–556, Aug. 2005.
[32] S. Kanagaraj, A. Fonseca, R. M. Guedes, and M. S. A. Oliveira, ‘Thermomechanical behaviour of ultrahigh molecular weight polyethylene-carbon
nanotubes composites under different cooling techniques’.
[33] M. J. Martínez-Morlanes, F. J. Medel, M. D. Mariscal, and J. A. Puértolas, ‘On
the assessment of oxidative stability of post-irradiation stabilized highly
crosslinked UHMWPEs by thermogravimetry’, Polym. Test., vol. 29, no. 4, pp.
425–432, Jun. 2010.
[34] F. Alam, M. Choosri, T. K. Gupta, K. M. Varadarajan, D. Choi, and S. Kumar,
‘Electrical, mechanical and thermal properties of graphene nanoplatelets
reinforced UHMWPE nanocomposites’, Mater. Sci. Eng. B, vol. 241, pp. 82–
91, Feb. 2019.
[35] B. J. Briscoe, E. Pelillo, and S. K. Sinha, ‘Scratch hardness and deformation
maps for polycarbonate and polyethylene’, Polym. Eng. Sci., vol. 36, no. 24,
pp. 2996–3005, Dec. 1996.
[36] A. Dasari, Z.-Z. Yu, and Y.-W. Mai, ‘Fundamental aspects and recent progress
on wear/scratch damage in polymer nanocomposites’, Mater. Sci. Eng. R
Reports, vol. 63, no. 2, pp. 31–80, Jan. 2009.
[37] B. J. Briscoe and S. K. Sinha, ‘Wear of polymers’, Proc. Inst. Mech. Eng. Part
J J. Eng. Tribol., vol. 216, no. 6, pp. 401–413, Jun. 2002.
[38] K. Friedrich, R. Reinicke, and Z. Zhang, ‘Wear of polymer composites’, Proc.
Inst. Mech. Eng. Part J J. Eng. Tribol., vol. 216, no. 6, pp. 415–426, Jun. 2002.
[39] L. Chang and K. Friedrich, ‘Enhancement effect of nanoparticles on the sliding
wear of short fiber-reinforced polymer composites: A critical discussion of
wear mechanisms’, Tribol. Int., vol. 43, no. 12, pp. 2355–2364, Dec. 2010.
[40] K. Friedrich, Z. Zhang, and A. K. Schlarb, ‘Effects of various fillers on the
sliding wear of polymer composites’, Compos. Sci. Technol., vol. 65, no. 15–
16, pp. 2329–2343, Dec. 2005.
56

[41] A. J. K. Prasad, H. S. Yeshvantha, T. Chandrakant Ashok, G. Jagannadh, and
Basavaraj, ‘Studies on the Wear Characteristics of Ultra High Molecular
Weight Polyethylene (UHMWPE) Polymer Nanocomposites containing Nano
Zinc Oxide’, Mater. Today Proc., vol. 5, no. 1, pp. 2619–2626, Jan. 2018.
[42] R. L. Orndorff, ‘New UHMWPE/Rubber Bearing Alloy’, J. Tribol., vol. 122,
no. 1, p. 367, Jan. 2000.
[43] T. Arunkumar, R. Karthikeyan, R. Ram Subramani, K. Viswanathan, and M.
Anish, ‘Synthesis and characterisation of multi-walled carbon nanotubes
(MWCNTs)’, Int. J. Ambient Energy, pp. 1–5, May 2018.
[44] ‘Chirag Satpute Blog: Grab All The Info About The Multiwalled Carbon
Nanotubes’. [Online]. Available:
http://chiragsatputeblog.blogspot.com/2017/08/grab-all-info-aboutmultiwalled-carbon.html. [Accessed: 17-Dec-2018].
[45] H. Cai, F. Yan, and Q. Xue, ‘Investigation of tribological properties of
polyimide/carbon nanotube nanocomposites’, Mater. Sci. Eng. A, vol. 364, no.
1–2, pp. 94–100, Jan. 2004.
[46] A. Tanaka et al., ‘Friction and wear of carbon nanohorn-containing polyimide
composites’, Tribol. Lett., vol. 19, no. 2, pp. 135–142, Jun. 2005.
[47] S. M. Lee, M. W. Shin, and H. Jang, ‘Effect of carbon-nanotube length on
friction and wear of polyamide 6,6 nanocomposites’, Wear, vol. 320, pp. 103–
110, Dec. 2014.
[48] S. Ge, S. Wang, and X. Huang, ‘Increasing the wear resistance of UHMWPE
acetabular cups by adding natural biocompatible particles’, Wear, vol. 267, no.
5–8, pp. 770–776, Jun. 2009.
[49] M. C. Galetz, T. Blaβ, H. Ruckdäschel, J. K. W. Sandler, V. Altstädt, and U.
Glatzel, ‘Carbon nanofibre-reinforced ultrahigh molecular weight polyethylene
for tribological applications’, J. Appl. Polym. Sci., vol. 104, no. 6, pp. 4173–
4181, Jun. 2007.
[50] D. Qian, E. C. Dickey, R. Andrews, and T. Rantell, ‘Load transfer and
deformation mechanisms in carbon nanotube-polystyrene composites’, Appl.
Phys. Lett., vol. 76, no. 20, pp. 2868–2870, May 2000.
[51] J. A. Puértolas and S. M. Kurtz, ‘Evaluation of carbon nanotubes and graphene
as reinforcements for UHMWPE-based composites in arthroplastic
applications: A review’, J. Mech. Behav. Biomed. Mater., vol. 39, pp. 129–145,
Nov. 2014.
[52] P. S. R. Sreekanth and S. Kanagaraj, ‘Influence of multi walled carbon
nanotubes reinforcement and gamma irradiation on the wear behaviour of
UHMWPE’, Wear, vol. 334–335, pp. 82–90, Jul. 2015.
[53] M. J. Martínez-Morlanes, P. Castell, V. Martínez-Nogués, M. T. Martinez, P. J.
Alonso, and J. A. Puértolas, ‘Effects of gamma-irradiation on
UHMWPE/MWNT nanocomposites’, Compos. Sci. Technol., vol. 71, no. 3, pp.
282–288, Feb. 2011.
[54] P. S. Rama Sreekanth and S. Kanagaraj, ‘Restricting the ageing degradation of
the mechanical properties of gamma irradiated UHMWPE using MWCNTs’, J.
57

Mech. Behav. Biomed. Mater., vol. 21, pp. 57–66, May 2013.
[55] J.-C. Baena and Z. Peng, ‘Dispersion state of multi-walled carbon nanotubes in
the UHMWPE matrix: Effects on the tribological and mechanical response’,
Polym. Test., vol. 71, pp. 125–136, Oct. 2018.
[56] Y.-S. Zoo, J.-W. An, D.-P. Lim, and D.-S. Lim, ‘Effect of Carbon Nanotube
Addition on Tribological Behavior of UHMWPE’, Tribol. Lett., vol. 16, no. 4,
pp. 305–309, May 2004.
[57] A. V. Maksimkin, V. D. Danilov, F. S. Senatov, L. K. Olifirov, and S. D.
Kaloshkin, ‘Wear performance of bulk oriented nanocomposites
UHMWPE/FMWCNT and metal-polymer composite sliding bearings’, Wear,
vol. 392–393, pp. 167–173, Dec. 2017.
[58] P. S. R. Sreekanth and S. Kanagaraj, ‘Influence of multi walled carbon
nanotubes reinforcement and gamma irradiation on the wear behaviour of
UHMWPE’, Wear, vol. 334–335, pp. 82–90, Jul. 2015.
[59] D. K. Gupta, R. S. Rajaura, and K. Sharma, ‘Synthesis and Characterization of
Graphene Oxide Nanoparticles and their Antibacterial Activity’, vol. 1, no. 1,
pp. 16–24, 2015.
[60] Metalgrass LTD, ‘Graphene Oxide: Introduction and Market News | GrapheneInfo’. [Online]. Available: https://www.graphene-info.com/graphene-oxide.
[Accessed: 21-May-2019].
[61] A. Golchin, A. Wikner, and N. Emami, ‘An investigation into tribological
behaviour of multi-walled carbon nanotube/graphene oxide reinforced
UHMWPE in water lubricated contacts’, Tribol. Int., vol. 95, pp. 156–161,
Mar. 2016.
[62] W. Pang, Z. Ni, J. Wu, and Y. Zhao, ‘Investigation of tribological properties of
graphene oxide reinforced ultrahigh molecular weight polyethylene under
artificial seawater lubricating condition’, Appl. Surf. Sci., vol. 434, pp. 273–
282, Mar. 2018.
[63] Z. Tai, Y. Chen, Y. An, X. Yan, and Q. Xue, ‘Tribological Behavior of
UHMWPE Reinforced with Graphene Oxide Nanosheets’, Tribol. Lett., vol.
46, no. 1, pp. 55–63, Apr. 2012.
[64] Y. Chen, Y. Qi, Z. Tai, X. Yan, F. Zhu, and Q. Xue, ‘Preparation, mechanical
properties and biocompatibility of graphene oxide/ultrahigh molecular weight
polyethylene composites’, Eur. Polym. J., vol. 48, no. 6, pp. 1026–1033, Jun.
2012.
[65] H. S. Vadivel, A. Golchin, and N. Emami, ‘Tribological behaviour of carbon
filled hybrid UHMWPE composites in water’, Tribol. Int., vol. 124, pp. 169–
177, Aug. 2018.
[66] Y. An et al., ‘Friction and wear properties of graphene oxide/ultrahighmolecular-weight polyethylene composites under the lubrication of deionized
water and normal saline solution’, J. Appl. Polym. Sci., vol. 131, no. 1, p. n/an/a, Jan. 2014.
[67] S. Suñer, R. Joffe, J. L. Tipper, and N. Emami, ‘Ultra high molecular weight
polyethylene/graphene oxide nanocomposites: Thermal, mechanical and
58

wettability characterisation’, Compos. Part B Eng., vol. 78, pp. 185–191, Sep.
2015.
[68] W. Pang, Z. Ni, G. Chen, G. Huang, H. Huang, and Y. Zhao, ‘Mechanical and
thermal properties of graphene oxide/ultrahigh molecular weight polyethylene
nanocomposites’, RSC Adv., vol. 5, no. 77, pp. 63063–63072, Jul. 2015.
[69] A. Chih, A. Ansón-Casaos, and J. A. Puértolas, ‘Frictional and mechanical
behaviour of graphene/UHMWPE composite coatings’, Tribol. Int., vol. 116,
pp. 295–302, Dec. 2017.
[70] S. Suñer and N. Emami, ‘Investigation of graphene oxide as reinforcement for
orthopaedic applications’, Tribol. - Mater. Surfaces Interfaces, vol. 8, no. 1, pp.
1–6, Mar. 2014.
[71] K. Marcus and C. Allen, ‘The sliding wear of ultrahigh molecular weight
polyethylene in an aqueous environment’, Wear, vol. 178, no. 1–2, pp. 17–28,
Nov. 1994.
[72] C. Zhu, O. Jacobs, R. Jaskulka, W. Köller, and W. Wu, ‘Effect of counterpart
material and water lubrication on the sliding wear performance of crosslinked
and non-crosslinked ultra high molecular weight polyethylene’, Polym. Test.,
vol. 23, no. 6, pp. 665–673, Sep. 2004.
[73] C. Min, P. Nie, H.-J. Song, Z. Zhang, and K. Zhao, ‘Study of tribological
properties of polyimide/graphene oxide nanocomposite films under seawaterlubricated condition’, Tribol. Int., vol. 80, pp. 131–140, Dec. 2014.
[74] Q. Zou, Y. G. Li, L. H. Zou, and M. Z. Wang, ‘Characterization of structures
and surface states of the nanodiamond synthesized by detonation’, Mater.
Charact., vol. 60, no. 11, pp. 1257–1262, Nov. 2009.
[75] V. N. Mochalin, O. Shenderova, D. Ho, and Y. Gogotsi, ‘The properties and
applications of nanodiamonds’, Nat. Nanotechnol., vol. 7, no. 1, pp. 11–23,
Jan. 2012.
[76] STRN, ‘Scientists Develop Nanodiamond-based Controllable Light Source’,
2018. .
[77] M. Ullah, A. Kausar, M. Siddiq, M. Subhan, and M. Abid Zia, ‘Reinforcing
Effects of Modified Nanodiamonds on the Physical Properties of PolymerBased Nanocomposites: A Review’, Polym. Plast. Technol. Eng., vol. 54, no.
8, pp. 861–879, Jun. 2015.
[78] S. A. Haddadi, A. R. S.A., M. Amini, and A. Kheradmand, ‘In-situ preparation
and characterization of ultra-high molecular weight polyethylene/diamond
nanocomposites using Bi-supported Ziegler-Natta catalyst: Effect of
nanodiamond silanization’, Mater. Today Commun., vol. 14, pp. 53–64, Mar.
2018.
[79] A. Golchin, A. Villain, and N. Emami, ‘Tribological behaviour of
nanodiamond reinforced UHMWPE in water-lubricated contacts’, Tribol. Int.,
vol. 110, pp. 195–200, Jun. 2017.
[80] I. Neitzel, V. Mochalin, J. A. Bares, R. W. Carpick, A. Erdemir, and Y.
Gogotsi, ‘Tribological Properties of Nanodiamond-Epoxy Composites’, Tribol.
Lett., vol. 47, no. 2, pp. 195–202, Aug. 2012.
59

[81] M. G. Ivanov, S. V. Pavlyshko, D. M. Ivanov, I. Petrov, and O. Shenderova,
‘Synergistic Compositions of Colloidal Nanodiamond as Lubricant-additive’, J.
Vac. Sci. Technol. B, Nanotechnol. Microelectron. Mater. Process. Meas.
Phenom., vol. 28, no. 4, pp. 869–877, Jul. 2010.
[82] K. D. Behler, A. Stravato, V. Mochalin, G. Korneva, G. Yushin, and Y.
Gogotsi, ‘Nanodiamond-Polymer Composite Fibers and Coatings’, ACS Nano,
vol. 3, no. 2, pp. 363–369, Feb. 2009.
[83] Y. Haleem et al., ‘The Effect of High Concentration and Small Size of
Nanodiamonds on the Strength of Interface and Fracture Properties in Epoxy
Nanocomposite’, Materials (Basel)., vol. 9, no. 7, p. 507, Jun. 2016.
[84] S. Bahadur, ‘The development of transfer layers and their role in polymer
tribology’, Wear, vol. 245, no. 1–2, pp. 92–99, Oct. 2000.
[85] H. Li, Z. Yin, D. Jiang, L. Jin, and Y. Cui, ‘A study of the tribological behavior
of transfer films of PTFE composites formed under different loads, speeds and
morphologies of the counterface’, Wear, vol. 328–329, pp. 17–27, Apr. 2015.
[86] L.-H. Sun, Z.-G. Yang, and X.-H. Li, ‘Study on the friction and wear behavior
of POM/Al2O3 nanocomposites’, Wear, vol. 264, no. 7–8, pp. 693–700, Mar.
2008.
[87] J. Zhang, L. Chang, S. Deng, L. Ye, and Z. Zhang, ‘Some insights into effects
of nanoparticles on sliding wear performance of epoxy nanocomposites’, Wear,
vol. 304, no. 1–2, pp. 138–143, Jul. 2013.
[88] Q. Zhao and S. Bahadur, ‘The mechanism of filler action and the criterion of
filler selection for reducing wear’, Wear, vol. 225–229, pp. 660–668, Apr.
1999.
[89] A. Abdelbary and A. Abdelbary, ‘Prediction of wear in polymers and their
composites’, Wear Polym. Compos., pp. 185–217, Jan. 2014.
[90] S. M. Kurtz, L. Pruitt, C. W. Jewett, R. P. Crawford, D. J. Crane, and A. A.
Edidin, ‘The yielding, plastic flow, and fracture behavior of ultra-high
molecular weight polyethylene used in total joint replacements.’, Biomaterials,
vol. 19, no. 21, pp. 1989–2003, Nov. 1998.
[91] E. Enqvist, Carbon Nanofiller Reinforced UHMWPE for Orthopaedic
Applications. 2013.
[92] A. Fonseca, S. Kanagaraj, M. S. A. Oliveira, and J. A. O. Simões, ‘Enhanced
UHMWPE Reinforced with MWCNT through Mechanical Ball-Milling’,
Defect Diffus. Forum, vol. 312–315, pp. 1238–1243, Apr. 2011.
[93] V. N. Pokrovskii, ‘Linear viscoelasticity’, Springer Ser. Chem. Phys., vol. 95,
pp. 99–134, 2010.
[94] S. Misra, K. T. Ramesh, and A. M. Okamura, ‘Modeling of Tool-Tissue
Interactions for Computer-Based Surgical Simulation: A Literature Review’,
Presence Teleoperators Virtual Environ., vol. 17, no. 5, pp. 463–491, Oct.
2008.
[95] PerkinElmer Inc., ‘Dynamic Mechanical Analysis (DMA) - A Beginner’s
Guide’, PerkinElmer, pp. 1–23, 2008.
60

[96] T. Mezger, The Rheology Handbook, 2nd Editio. Vincentz Network, Hannover,
Germany, 2006.
[97] A. Paar, ‘Basics of rheology’. [Online]. Available: https://wiki.antonpaar.com/en/basics-of-rheology/.
[98] O. Starkova and A. Aniskevich, ‘Limits of linear viscoelastic behavior of
polymers’, Mech. Time-Dependent Mater., vol. 11, no. 2, pp. 111–126, Nov.
2007.
[99] PerkinElmer Inc, ‘FAQ, Thermogravimetric Analysis (TGA) TGA 8000 TGA
4000 STA 6000 / STA 8000 The Thermogravimetric Instrument Family’, 2015.
[100] ‘Tribolab - Luleå University of Technology’. [Online]. Available:
https://www.ltu.se/research/subjects/Maskinelement/Laboratorier-ochutrustning/Tribolab-1.2097?l=en. [Accessed: 17-Dec-2018].
[101] A. Wang et al., ‘Orientation softening in the deformation and wear of ultrahigh molecular weight polyethylene’, Wear, vol. 203–204, pp. 230–241, Mar.
1997.
[102] W. Pang, J. Wu, Q. Zhang, and G. Li, ‘Graphene oxide enhanced, radiation
cross-linked, vitamin E stabilized oxidation resistant UHMWPE with high
hardness and tensile properties’, RSC Adv., vol. 7, no. 87, pp. 55536–55546,
Dec. 2017.
[103] J. Somberg, ‘Mechanical and Thermal Characterisation of Novel UHMWPE
Composites for Total Joint Arthroplasty’, 2019.
[104] J. F. Gérard, P. Perret, and B. Chabert, ‘Study of Carbon/Epoxy Interface (or
Interphase): Effect of Surface Treatment of Carbon Fibers on the Dynamic
Mechanical Behavior of Carbon/Epoxy Unidirectional Composites’, in
Controlled Interphases in Composite Materials, Dordrecht: Springer
Netherlands, 1990, pp. 449–456.
[105] M. J. Martínez-Morlanes, F. J. Medel, M. D. Mariscal, and J. A. Puértolas, ‘On
the assessment of oxidative stability of post-irradiation stabilized highly
crosslinked UHMWPEs by thermogravimetry’, Polym. Test., vol. 29, no. 4, pp.
425–432, Jun. 2010.
[106] J. Shariati, A. R. Saadatabadi, and F. Khorasheh, ‘Thermal Degradation
Behavior and Kinetic Analysis of Ultra High Molecular Weight Polyethylene
Based Multi-Walled Carbon Nanotube Nanocomposites Prepared Via in-situ
Polymerization’, J. Macromol. Sci. Part A, vol. 49, no. 9, pp. 749–757, Sep.
2012.
[107] P. Jan; N. Emami; M. Kalin;, ‘Tribološke lastnosti UHMWPE nanokompozitov
z vitaminom E’, accepted to Štekam 2019 student conference, 2019.

61

