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Abstract

Total joint arthroplasty surgeries are known to have a high success rate but the
longevity of the implants still acts as a limiting factor. Ultrahigh molecular
weight polyethylene is the material of choice for the implant bearing surfaces
due to its excellent clinical and tribological performance. A common problem
associated with the polymer is however the loosening of the implant from its
surrounding bone tissue. This phenomenon is caused by a biological reaction to
released wear particles.

Reducing the release of wear particles will increase the lifespan of implants
and can be accomplished by increasing the wear resistance of the material.
Crosslinking of the polymer by means of gamma irradiation is a well known ap-
proach to achieve an increased wear resistance but eventually leads to oxidation
of the polymer. The addition of vitamin E as antioxidant is known to reduce this
without significant loss of mechanical properties. A second approach is based
on adding reinforcements to the polymer in order to enhance its tribological
performance.

This work focuses on the thermal and mechanical characterisation of newly
developed UHMWPE nano-composites with a focus on the addition of vitamin E
and crosslinking by gamma irradiation. Based on previously published results
indicating an increased fracture toughness for different composites, Nanodia-
monds, multiwalled carbon nanotubes and graphene oxide nanoparticles were
dispersed throughout the matrix and consolidated. The thermal characterisa-
tion was performed using differential scanning calorimetry, making it possible to
identify the different thermal transitions and degree of crystallinity of the poly-
mer. The fracture toughness, an important property in wear due to fatigue,
was furthermore characterised by performing three point bending experiments.
Finally, by means of a multiaxial pin-on-plate set-up the wear resistance of the
materials was analysed.
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1 Introduction

Ultrahigh molecular weight polyethylene (UHMWPE) possesses great mechan-
ical, tribological and clinical characteristics, making it the material of choice
for joint replacements. Due wear and the biological response to released wear
particles, the longevity of the implants is however still limited.

By increasing the wear resistance of UHMWPE and thereby reducing the
release of wear particles, the longevity of implants can be increased. Much
research has been dedicated to understanding the in vivo wear mechanisms and
properties of UHMWPE is detail with as goal, increasing the wear resistance of
the material. Ultimately the wear resistance of the materials can be improved
by addition of fillers and reinforcements, as well as crosslinking by radiation.
crosslinking of the polymer is known to negatively affect its fracture toughness,
increasing the wear induced by fatigue related delamination wear.

Previously published results have indicated an increase in fracture toughness
of UHMWPE by using nano-reinforcements. Based on this work and other de-
velopments, carbon based nano-reinforced composites materials were developed
and characterised. By utilising differential scanning calorimetry, several ther-
mal and physical properties were analysed. The melting and glass transition
temperature as well as the degree of crystallinity were determined for the dif-
ferent materials to acquire a better understanding of the physical effect of the
performed modifications. Based on the earlier mentioned work indicating an
improvement in fracture toughness, three point bending experiments were per-
formed to analyse the re-producability of the earlier found results and determine
the effect of the reinforcements also with respect to the addition of vitamin E as
anti-oxidant and crosslinking by radiation. By means of a multi-direction tribo-
tester, the wear performance of the materials is analysed, closely simulating the
physiological environment of a hip replacement.

1.1 The hip joint

The hip joint, is a ball-on-socket joint connecting the femur to the pelvis. The
joint allows for a wide range of motion such as flexion, rotation and adduction.
The joint’s stability is ensured by muscles and ligaments which surround the
joint [12]. In Figure 1.1, a healthy hip is presented.

The hip joint is a very effective tribological system. The bone cup and head
are separated by a smooth elastic tissue known as the articular cartilage. This
tissue distributes the loads between the opposing bones. Synovial fluid acts
as a lubricant and reduces the wear to almost nothing. Although the wear
mechanisms of synovial joints are still not fully understood, it is believed that
the lubrication is a combination of fluid film lubrication which is established by
a by squeeze-film action, and boundary lubrication at high load levels [18].
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Figure 1.1: The hip joint and total joint arthroplasty [8]

Conditions such as osteoarthritis can over time cause damage to the bearing
surfaces which may cause excessive pain, ultimately limiting the patient’s day-
to-day activities. A total joint arthroplasty, TJA, is in this case often required.
In which both bearing surfaces, as the name suggests, are replaced by synthetic
materials [51]. The general set-up of a TJA is depicted in figure 1.1, showing the
femur insert with ball surface and the cup with liner as inserted in the pelvis. A
TJA can be executed using different methods and materials. Common head-cup
combinations are ceramic on ceramic, metal on metal and metal on polymer.
The former two options show lower wear rates but come with disadvantages
like carcinogenicity, squeaking and revision difficulties, making UHMWPE the
general material of choice in joint arthroplasty [11].

1.2 UHMWPE

Polyethylene, PE, is a polymer existing of a simple molecular monomer struc-
ture consisting of carbon and hydrogen atoms. PE is a semi-crystalline polymer
existing is several forms such as, low density polyethylene (LDPE), high density
polyethylene (HDPE) and ultrahigh molecular weight polyethylene (UHMWPE).
Each of these forms has a unique density, degree of branching and corresponding
mechanical properties. As the name suggests, UHMWPE consists of very large
molecules (molecular weight between 2 and 6 million) which gives the material
good mechanical properties compared to the other polyethylene forms [51].

In the early 1960’s ultrahigh Molecular weight polyethylene was introduced.
When compared to other polymers and forms of PE, its superior tribological
properties and good mechanical properties make it the material of choice as bear-
ing material in orthopaedic applications. The general longevity of UHMWPE
joint components in a TJA is in the range of 15-20 years [19]. Especially since
joint replacement has become a more frequent option for younger, more active
patients, much research has been dedicated to increase a joint’s longevity [51].
The longevity is directly related to the wear and research is therefore dedicated
to finding ways of the reducing wear of joint components.
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The wear of UHMPWE in orthopeadic applications is based on a combi-
nation of different wear mechanisms [25]. Under poorly lubricated conditions,
the transfer and adhesion of the polymer to the counter surface can be iden-
tified. The formed transfer film consequently provents contact between both
bearing surfaces and generally reduces wear. For well lubricated hard mate-
rials on UHMWPE tribo pairs, two main mechanisms are distinguished. The
generation of microscopic wear particles is a result of the repetitive contact of
the two bearing surfaces (acetabular cup and the femural head) under multi-
axial loading. On a microscopic scale, the contact of the aspherities of both
material induces cyclic plastic deformations. The accumulation of plastic strain
will ultimately allow the surface material to locally reach a critical strain which
results in material failure and the generation of a wear particle [60]. UHMWPE
is furthermore susceptible to fatigue related delamination wear. The repetitive
sliding causes plastic deformation into the bulk of the material with a maxi-
mum shear stress located below the sliding surface. Ultimately this may lead to
subsurface crack initiation. If the crack propagates towards the surface, larger
flakes of material will ultimately be released which causes wear on a macro scale
[40].

The fatigue behaviour of the polymer is dependent on a wide range of vari-
ables. Several molecular parameters such as the molecular weight, crystallinity,
lamella thickness and the chain entanglement may affect the initiation and prop-
agation of cracking due to repetitive loading [14]. A measure of identifying a
material’s resistance to crack propagation is the plane-strain fracture tough-
ness, K1c. This stress concentration factor denotes the stress concentration at
which a crack starts to propagate in the crack opening mode. UHMWPE is
known to have a high fracture toughness, and is able to dissipate much energy
by plastic deformation before propagation. Modifications such as crosslinking,
as later described in section 1.4.1, may reduce the fracture toughness can make
the delamination wear a more dominant wear mechanism.

1.3 Challenges in TJA

Although total joint arthroplasty surgeries have a very high success rate, the
longevity of a joint replacement is still limited. Based on outcome studies, it
was found that especially for patients under the age of 55, the failure rate in-
creased significantly after 10 years of implementation [1]. In case of failure,
revision surgery is required which exposes the patient to health risks. Work by
bozic et al. showed that many of the executed revision surgeries are directly
related to wear related issues [4]. Although revision solely due to extensive
wear of the joint components is less common, most surgeries are wear related.
In vivo, microscopic UHMWPE wear particles are released under normal oper-
ation. In an effort to eliminate the foreign particles, macrophages are activated
and multinucleated giant cells are formed as a biological response. This reac-
tion is capable of degrading, for example, bacteria but is not effective against
UHMWPE wear particles. The interaction with the wear debris triggers the re-
lease of inflammatory substances. These substances are crucial to the activation
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of osteoclasts. Osteoclasts are responsible for the resorbing of bone cells. The
activation of osteoclasts changes the equilibrium between resorbing and the for-
mation of bone cells. The bone resorbing mechanisms consequently dominates
causing necrosis of the bone tissue in close proximity of the polymer [31]. This
phenomenon is known as wear induced osteolysis. Osteolysis leads to a loss in
mechanical integrity of the interface between the bone and implant, known as
aseptic loosening [15].

1.4 Developments

Much research has been dedicated to improving the mechanical characteristics
of UHMWPE including the wear resistance of the material. With respect to
the above mentioned problem of wear induced osteolysis, a reduction in re-
leased UHMWPE wear particles will increase the joint longitivity. Reducing
the amount of released wear particles can be achieved by reducing the wear
rate of the polymer under sliding conditions. A reduction in wear rate while
maintaining the mechanical integrity of the polymer can be achieved by the
addition of fillers and/or reinforcements as well as addition of antioxidants and
crosslinking by radiation.

1.4.1 Crosslinking

UHMWPE is known to be susceptible to plastic deformation under sliding with
a preferred sliding direction. This causes an alignment of polymer chains in the
sliding direction and the formation of drawn-out micofibrils. This allignment
increases the wear resistance in the sliding direction by strain hardening. How-
ever, in the transverse direction, perpendicular to fibril orientation, a lower wear
resistance can be found. This phenomenon was firstly described by Wang. et al
who were able to determine the molecular orientation at the bearing surface [59].
Since a hip joint is subjected to a non-unidirection sliding, this phenomenon is
found to be responsible for the detachment of fibrous wear debris and there-
fore increasing the wear rate significantly than when compared to unidirection
sliding [5].

By means of crosslinking, the chain mobility can be greatly reduced, prevent-
ing the formation of orientated fibrils. The crosslinking of UHMWPE chains
can be achieved by high energy ionizing radiation. Initially the process of irra-
diating was applied to sterilise the polymer for clinical use. It was found that by
irradiation, free radicals are created which can link molecular chains, forming
a crosslinked network in the amorphous phase of the material [28]. The main
advantage is the above mentioned decrease in molecular mobility and conse-
quent increase in wear resistance. However, the material looses a part of its
ductility which results in a lower resistance against fracture and fatigue failure
[13]. Although the effect of crosslinking on the crack initiation is still a debated
subject, it is commonly known that crack propagation is greatly accelerated as
a function of the crosslink density. Due to the reduced ductility of the material,
less energy is dissipated through plastic deformation around the crack tip. This
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results in a lower stress intensity required for crack propagation [2]. Aside of
the loss in fracture toughness, crosslinking is associated with another undesir-
able characteristic. The free radicals which are formed in the crystalline phase
can, due to a limited chain mobility, not form any crosslinks [16]. Over time
these radicals are believed to migrate and ultimately react with oxygen which
ultimately degrades the polymer’s properties [36].

1.4.2 Oxidation

The oxidation process has several intermediate steps with the creation of oxy-
gen containing reaction products [36]. Kurtz et al. were able to characterise the
oxidation process by means of analysing retrieved acetabular cups with different
implementation times [21]. Not only were the authors able to link an increase
in oxidation products with the implementations time, also an increase in oxi-
dation was found to be present on the bearing surface with respect to the bulk
material. The authors linked this to the presence of the synovial fluid which
due to its constituents accelerates the oxidation. Aside of crosslinking also the
oxidation of UHMWPE is found to have a direct relationship with the materi-
als’ fatigue resistance. Over time, oxidation is known to weaken the material
promoting fatigue related delamination wear which may lead to excessive wear
and components failure [9, 27].

A first generation of highly crosslinked UHMWPE was based on the use of
thermal treatments to decrease the oxidative behaviour of the material. The
thermal treatment is executed after crosslinking and allows free radicals to re-
attach, preventing extensive oxidation. Both re-melting and annealing of the
polymer below the melting temperature increases the chain mobility and allows
for the removal of free radicals. However, although the oxidation is consequently
limited, the mechanical properties are also altered. crosslinking reduces the frac-
ture toughness and fatigue crack resistance which is even further reduced by the
performance of a thermal treatment [28]. Re-melting furthermore reduces the
materials’ crystallinity which therefore influences a variety of other mechanical
properties [10].

More recently this lead to a new development: The diffusion of vitamin
E in the polymer [36]. Vitamin E is a known anti-oxidant and tests showed
significant decreases in oxidation of UHMWPE while the mechanical proper-
ties remain rather unaffected [35]. Teramura et al. tested vitamin E blended
UHMWPE with respect to pure UHMWPE using a knee simulator. It was
found that the addition of vitamin E significantly increased the materials’ wear
resistance. The authors suggested this to be directly related to the reduced oxi-
dation which would prevent sub-surface fatigue related delaminations even in a
non-crosslinked state [56]. An article by Oral et al. described the fracture tough-
ness of UHMWPE with added vitamin E which is tested and compared to aged,
crosslinked conventional UHMWPE. As described above, crosslinking showed to
reduce the fracture toughness but the addition of vitamin E increased the mate-
rials’ fracture toughness, noticeably reducing the negative effect of crosslinking
[37]. Vitamin E diffused UHMWPE has clinically been used since 2007 and is
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currently considered the new standard in hip prostheses [36].
In work of Doshi et al. the effect of radiation dose as well as the influence

of vitamin E concentration were investigated. It was found that an increased
radiation dose and thus crosslink density decreased the fatigue crack propagation
resistance, K1c, as well as the IZOD impact strength. The diffusion of vitamin
E on the contrary increased both the fatigue crack propagation resistance as
well as the IZOD impact strength of the material [9]. The effect of vitamin E
and crosslinking were also analysed in work by Pang et al. It was found that the
micro-hardness of the materials was significantly affected. A irradiation dose of
100 kGy, significantly increased the micro-hardness of the material while vitamin
E showed to reduce it slightly. Interestingly, the irradiated sample with vitamin
E added showed an ever higher hardness than the material without vitamin E.
The authors owed this to the elimination of free radicals and therefore effect of
oxidation of the material on the hardness [38].

1.4.3 Tribological Testing

The development of new more wear resistant types of UHMWPE and composites
also came with more insight in the effect of the physiological environment on the
wear behavior of artificial hip joints. To accurately characterise materials, these
physiological effects need to be taken into account when finding the tribological
properties.

Although the friction coefficient of the polymers can be determined and com-
pared rather easily, it is far more complicated to determine the wear and lifetime
of the socket in vivo. The forces and dynamics experienced by a hip joint do
not allow for an even wear and loading. As discussed, the sliding regime ulti-
mately determines the molecular orientation at the bearing surface and should
therefore be simulated accurately. Furthermore, the chemical composition of
the synovial fluid shows to affect the tribological properties of UHMWPE. The
effect of the bovine serum albumin, BSA, protein on the lubrication character-
istics of UHMWPE was investigated by Karuppiah et al. The authors found
that the adsorption of the BSA protein to the polymer’s surface caused an in-
crease in friction coefficient[19]. Sawae et al. showed that the concentration of a
phospholipid and protein in the lubricant simulating synovial fluid also affected
the specific wear rate. A higher concentration of these constituents increased
the wear rate with respect to a macro-molecule free pH buffer solution [44]. As
mentioned above, the dynamic spectrum of an hip in vivo, should be consid-
ered for tribo-testing. For example, the contact pressure, the sliding direction
and velocity greatly influences the wear and ultimately the total life span of a
prosthesis.
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1.5 Reinforcements

Several studies have shown that the addition of nanoparticles can significantly
increase the wear resistance and mechanical properties of UWHMPE. The use
of carbon allotrobes as reinforcement in UHMWPE has so far not been a wide
area of research. Although data is available, few tests have been performed
which fully simulate the physiological environment of a hip joint. Especially
regarding the wear resistance, the addition of nano-reinforcements is considered
promising. Other than the potential to improve the tribological characteristics
of the material, the addition of nanoparticles has also shown to increase the
oxidation stability of UHMWPE [52] [48].

Carbon is a single element which, due to its ability to form multiple bonds,
is able to compose a wide variety of different molecular arrangements. In this
section, three carbon based nano-particles are described which are considered
in this work due to their proven effect on tribological and mechanical properties
of UHMWPE and other polymers.

1.5.1 Graphene Oxide

Graphene is a rather new carbon allotrope, firstly isolated in 2004. Graphene
is a 2-dimensional structure of sp2 bonded carbon atoms. Due to its structure,
it shows exceptional characteristics such as mechanical strength and stiffness as
well as thermal and electrical conductivity [32]. Due to graphenes’ hydophobic-
ity, its dispersion in a polymer is difficult. Graphene oxide on the contrary is
significantly easier to disperse. Graphene oxide shows the same 2D structure
as graphene but has additional hydroxyl, carboxylic acid and epoxide groups,
making it easier to disperse in polar solvents [62][7].

In work of Melk and Emami, the effect of GO on the fracture toughness and
micro-hardness was analysed on UHMWPE. While the hardness was increased
slightly by the addition of 0.5 to 3.0 wt% GO, the fracture toughness showed
to decrease significantly as can be seen in Figure 1.2. The authors speculated
that this decrease might be directly related to the hydroxyl functional groups
of GO which favor brittle failure [26]. This identical behaviour was observed
in a publication by Suñer et al. In the respective work, the fracture toughness
was determined of GO-UHMWPE composites with a GO content of 0.3% and
2%. The composite with a GO content of 0.3% had a slightly lower fracture
toughness than pure UHMWPE, whereas the 2% sample performed significantly
worse [53].

The effect of GO on the micro-hardness was more prominent in work of Pang
et al. In the article, the effect of vitamin E and crosslinking by radiation at 100
kGy were taken into account. It was found that the addition of 0.5 wt% GO, the
micro-hardness increases both in crosslinked and irradiated conditions. In non-
irradiated conditions however, the addition of vitamin E showed to counteract
the effect of GO. The effect of GO on the elastic properties of the material
such as the young’s modulus, yield stress as well as fracture stress was more
prominent, also for the non-irradiated samples[38].
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Figure 1.2: Fracture toughness of reinforced UHMWPE-E composites[26]

Chen et al. showed an increase in mechanical properties such as yield
strength and hardness when adding GO up to 1.0 wt% in UHMWPE. Chen
et al. also focused on the bio-compatibility of GO reinforced UHMWPE com-
posites. By means of a cytotoxicity test, the number of living cells as well as
cell’s metabolism was analysed. It was found that the addition of GO did not
influence the amount of living cells and their strength. The researchers owed
this to GO’s excellent intrinsic bio-compatibility as well as hydrophilic charac-
teristics [7].

The increase in polymer micro-hardness directly relates to a decrease in the
amount of plastic deformation under sliding conditions. A increase in hardness
is confirmed in work of Tai et al. [55]. It was furthermore found that in addition
of GO in UHMWPE provides a slight increase in friction coefficient but a large
increase in wear resistance of 50% for 3wt% GO. By analysis of the metal counter
surface, it was found that the addition of GO changed the wear mechanism from
delamination wear to abrasive wear with a well established transfer film.

1.5.2 Multi-walled Carbon Nanotubes

Carbon nanotubes (CNTs) are known the exhibit high mechanical, thermal
and electrical properties. CNTs are comprised of a graphene sheet rolled up,
forming a tube like structure. CNTs generally have have a small diameter
and a high length. Mainly due to this aspect ratio, CNTs are known to be
effective reinforcements in polymer materials. The above nanotube is known
as a single walled carbon nanotube (SWCNT). Theoretically, a SWCNT has
the highest aspect ratio and therefore exhibits higher specific properties than
nanotubes with a larger wall thickness. Double-walled (DWCNT) or multi-
walled (MWCNT) have two or several layers, respectively. The synthesis is
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both easier and more affordable, making them the reinforcement of choice for
polymers in different applications [50].

Theoretically, the addition of a small weight percentage of MWCNTs should
provide the polymer an enormous increase in, for example, the Young’s modulus.
However, due to particle agglomerations and non-random distributions higher
percentages are often required and variation in properties obtained. In general
however, an increase in shear strength, hardness, toughness as well as plowing
and cutting resistance is found by the addition of MWCNTs [41].

In work of Suñer et al., the wear characteristics as well as cytotoxicity of
MWCNT-UHMWPE composites are anaylsed. The effect of wear particles of
pure UHMWPE and 1wt% MWCNT composites was tested on a cell line. It
was observed that the cytotoxicity of the MWCNT composite wear particles
was identical to that of pure UHMWPE wear particles. The introduction of
MWCNTs did therefore not induce any adverse effects [54].

Martinez et al. showed the effect of MWCNTs on the mechanical properties
of UHMWPE in combination with gamma radiation. Samples were irradiated
with a dose of 90 kGy. The results showed that irradiation of pure UHMWPE
caused a decrease in toughness of 38%. The addition of MWCNTs increased
both the young’s modulus with 71% and increased the toughness to that of
non-irradiated UHMWPE MWCNT composites. The incorporation of MWC-
NTs is therefore a promising method of increasing the materials’ toughness and
decreasing the negative effect of crosslinking by radiation [24]. An increase in
fracture toughness was also observed by Melk and Emami as presented in Figure
1.2. For all tested percentages of MWCNTs, the critical energy release rate is
increased with respect to the pure UHMWPE-E. The best performing composite
has a concentration of 1 wt% MWCNT [26].

Tests show that the addition of MWCNTs to UHMWPE in different con-
centrations shows a clear increase in the friction coefficient of the material [23,
43]. The actual increase largely depends on the test conditions and counter face
materials. Zoo et al. showed an increase in friction coefficient of 100% at a
MWCNT concentration of 0.5% [63]. The effect of the addition of MWCNTs on
the wear resistance however, has been found more positive. With an increased
shear strength, hardness and toughness it can be expected that the material will
have an increased resistance against abrasion [41]. Although not all papers show
increased values for the respective properties, the addition of CNT does show
a rather clear effect on the abrasion resistance. Samad and Sinha reported an
increased wear resistance of over 300% for both 0.1% and 0.2% MWCNT [43].
Furthermore, in the previously mentioned paper of Suñer et al., an decrease in
wear rate of 30% was found with the addition of 0.5 wt% MWCNT [54]. The
tribological performance is ultimately largely dependent on different properties
of both the MWCNTs and the matrix as well as the interaction of these two
constituents [41].
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1.5.3 Nanodiamonds

Nanodiamonds, NDs, are carbon allotropes, with a diamond structured core
and a graphite shell with a rich surface chemistry composed of multiple carbon
phases. NDs can be synthesised by means of detonation in which a shockwave is
able to convert carbon to nano-diamond particles [20]. The respective properties
of nanodiamonds such as hardness and stiffness, make them a desirable additive
for polymer materials [30].

Nanodiamonds have been known to exist for decades however, developments
in dispersion and purification made it only possible to fully exploit the pos-
sibilities of these carbon allotrobes over the last years [64]. The research on
nanodiamonds is therefore exploited ever more but still limited and its prop-
erties are not as well known as graphene and MWCNTs. Nanodiamonds are
known to form tight agglomerates which are difficult to break which makes
the dispersion in polymers difficult [20, 61]. Surface functionalised NDs can
therefore be used to improve the dispersivity. It has furthermore been found
that different surface functionalisations can also improve the compatibility of
the NDs with polymers. An improved interface between the ND and polymer
allows for a better transfer of properties [17]. For example, polycarbonate and
poly(methyl methacrylate) have shown improvements in mechanical properties
by the addition of NDs with different surface functionalisations. Although all
ND composites provided an improved micro-hardness, the effects of carboxylic,
and hydroxyl surface groups increased the micro-hardness and young’s modulus
of both polymers when compared to pristine NDs. Amine and Amide group
functionalised NDs showed an even higher increase in hardness and Young’s
modulus [17]. Ultimately, the effect of each functionalisation is also dependent
on the polymer type, agglomoration size and the amount of NDs added [29].

In work of Sergueevitch Bobrovnitchii, the wear rate of different polymers
was investigated with different percentages of nanodiamonds. For polyethylene,
the wear rate decreased by 33% with the addition of 2 wt% ND. Note that no
UHMWPE was tested. For other polymers with generally higher wear rates,
such as PTFE, the effect was even more significant [49]. The cytoxicity of NDs
was determined in work of Hussain et al. In the article, the cytotoxicity of both
carboxylic ND and pristine NDs was determined. It was found that both type
of particles showed full biocompatibility without a decrease in, for example,
mitochondrial function of a number of different cell types [47].

The previously mentioned work of Melk and Emami also shows the frac-
ture toughness and micro-hardness of UHMWPE reinforced with NDs. The
actual improvement in fracture toughness is largely dependent on the amount
of added NDs. It was found that at 0.7 wt% ND, the fracture toughness showed
a very significant increase as presented in Figure 1.2. The micro-hardness on
the contrary did not show a large increase as an effect of the added NDs [26].

13



2 Experimental work

2.1 Materials

Although crosslinking has a significant effect on the wear resistance of UHMWPE,
mechanical properties such as the fracture toughness and tensile strength have
shown to decrease as a function of the radiation dose due to a decrease in molecu-
lar weight [57]. Based on the above described fracture toughness results of Melk
and Emami, the amount of reinforcements was determined. For each reinforce-
ment, samples were prepared from both Gur 1020 and Gur 1020-E as supplied
by Ticoma, Germany. A batch of these samples was then crosslinked while a
second batch was not further altered. The samples are presented in table 2.1.
The used reinforcements were identical to the reinforcements as used by melk
and Emami. Commercially available carboxylated nanodiamonds from Adámas
Nanotechnologies, Raleigh, NC were used with a an average agglomorate size of
30nm. Furthermore, commercial Graphene Oxide was acquired from NanoIn-
nova Technologies, Spain. Finally, carboylated multiwalled carbon nanotubes
were provided by Nanocyl S.A., Belgium with a carbon purity of 95+%.

Table 2.1: Test material settings

non-irradiated 100 kGy irradiated

polymer reinforcement polymer reinforcement

Gur 1020 - Gur 1020 -
Gur 1020 GO 0.5% Gur 1020 GO 0.5%
Gur 1020 ND 0.7% Gur 1020 ND 0.7%
Gur 1020 CNT 1.0% Gur 1020 CNT 1.0%
Gur 1020-E - Gur 1020-E -
Gur 1020-E GO 0.5% Gur 1020-E GO 0.5%
Gur 1020-E ND 0.7% Gur 1020-E ND 0.7%
Gur 1020-E CNT 1.0% Gur 1020-E CNT 1.0%
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2.2 Sample preparation

nano reinforced Non-nano Reinforced

exfoliation of
nanoparticles

ultrasonic
dispersion of
UHMWPE

wet planetary
milling

oven drying

compression
molding

Figure 2.1: Manufacturing flow chart

The sample preparation process is graphically depicted in Figure 2.1. The nano-
reinforcements were firsty exfoliated in 50 ml ethanol using a Model 3000MP
ultrasonic disperser from BioLogics inc., Cary, NC at 50 hZ, using a titanium
tip. The amount of time required for full dispersion is dependent on the used
reinforcement and was adjusted accordingly. The UHWMPE resin was then
added and dispersed at 60 hZ. for 60 minutes. The mixture was then mixed
using PM100 planetary mill from Retsch for 120 minutes at 400 rpm. The
obtained slurry was then oven dried at a temperature of 60◦C for 24 hours. The
composite powder was compression molded to acquire the final material using
a LPC-300 hotpress from Fontijne Grotnes, the Netherlands. The consolidation
was performed at a temperature of 190◦C by loading to 15 MPa and unloading
over a pre-defined load cycle producing plate materials with a dimension of
60x60x5 mm.
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The crosslinking was accomplished by means of gamma radiation and out-
sourced to Synergy Health, the Netherlands. A total dose of 100 kGy was applied
to the samples, which is in accordance with previously performed tests and in-
dustry standards. At this dose level, the crosslink density has shown to be
saturated and an additional dosage is therefore increasingly less effective [28].
The dosimetry report can be found in appendix A.

To acquire pin specimen for the pin-on-plate tests, strips were cut from the
plates which were machined to a dimension of 4x4x60 mm. This bar was divided
into smaller specimen of 4x4x20 mm and machined to its final pin dimension of
4x4x15 mm. Before initiating the pin-on-plate tests, the specimen were cleaned
using a multiple step process. The samples were first ultrasonically cleaned in
diluted Polyoxyethylene octyl phenyl for 30 minutes. The specimen were then
rinsed in distilled water and consequently ultrasonically cleaned in ethanol for
15 minutes. Finally, the specimen were dried in a vacuum oven at 60 degrees
for 30 minutes.

2.3 Characterisation techniques

2.3.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry, DSC was used to determine several thermal
properties of the polymers. By measuring the heat flow required for heating
a polymer sample, and comparing this to an empty reference pan, the ther-
mal transition temperatures can be identified. A DSC821 from Mettler Toledo,
Germany was utilised to perform the experiments under an inert nitrogen atmo-
sphere with a flow rate of 80 ml/min. The thermal properties were determined
by performing three repetitions per material and averaging the result.

To find the glass transition temperature, Tg, the sample was cooled from
room temperature to -130◦C before heating to above the melting point at a
heating rate of 10◦C/min to 200◦C. At this temperature, any thermal history
is removed and the consequent cooling allowed for controlled crystallisation in
the sample. The samples was again cooled to -130◦C and heated to 300◦C,
providing a second glass transition temperature data point and allowing for the
determination of the crystallinity of the material by measuring the heat of fusion
of the melting peak. To find the crystallinity of the polymer, the theoretical
heat of fusion of a fully crystalline was taken as 291 J/g [33]. The crystallinity
of the polymer can then be calculated using equation 2.1 , where ∆Hm and
∆H0

m are the measured heat of fusion and theoretical 100% crystalline heat of
fusion, respectively. In the interpretation of the acquired DSC curves to find
the heat of fusion was done in accordance with ASTM F2625—10.

χc(%) =
∆Hm

∆H0
m

· 100 (2.1)
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2.3.2 Fracture Toughness

The fracture toughness of a polymer is known to be dependent on a variety
of molecular properties as previously indicated in section 1.2. To identify the
effect of the performed modifications on the delamination wear characteristics
of the composites, the fracture toughness was determined of the composites.
The fracture toughness experiments were performed in accordance with ASTM
D5045. Five samples of each material were tested using a 3-point bending test
in an Instron 3366 test-rig with equipped with a 10kN load cell. The dimensions
of the samples are in accordance with previously published results[26] and were
selected to ensure a plane strain condition at the crack tip. The samples had
a length of 50mm, a width of 8mm and a thickness of 4.5mm. A notch was
introduced using a razor blade prior to the characterisation, stretching to half
the width of the samples, see Figure 2.2.

Figure 2.2: SENB fracture toughness specimen

The tests were performed in a climate chamber at a temperature of -100◦C
to prevent ductile failure of the sample under the applied load. At this low tem-
perature, the molecular chain mobility is reduced in the polymer which reduces
plastic deformation should allow for a brittle fracture. The plastic deformation
is a known energy dissipating mechanism and therefore influences the ultimate
force at which crack propagation is evident. The fracture toughness, K1c, was
calculated in accordance with ASTM D5045 using euqations 2.2 and 2.3. In
which Ps is the onset load of propagation, and B, W and a are the geometrical
sample parameters as presented in Figure 2.2.
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2.3.3 Pin on plate

The pin on plate tests were executed using a multiaxial pin-on-plate set-up as
described in work of Sawano et al. [46]. This approach was taken, to prevent the
molecular alignment of UHMWPE bearing surfaces and the corresponding effect
on the wear resistance which would be present in a unidirectional pin-on-plate
method. To make the results comparable to the tests as executed by Sawano
et al., the same approach was taken and a majority of the test parameters
were taken. The test apparatus as schematically presented in Figure 2.3a, uses
servo motors and a PC-controlled servo actuator to acquire the two dimensional
articulation according to a predefined pathway. Pneumatic cylinders controlled
by solenoid valves were utilised to apply and control the normal loading of the
pin on the counter surfaces [45]. Based on earlier found results, it was concluded
that an elliptical pathway most accurately represented the wear behaviour as
found in vivo out of four tested options. This pathway was therefore selected
using the identical geometry as presented in Figure 2.3b.

(a) Multiaxial pin on plate apparatus (b) Elliptical pathway [46]

Figure 2.3: Experimental set-up

The contact pressure furthermore taken as 2 MPa. This values is in line with
previously found results at Kyushu Unversity and is also in agreement with the
maximum value of contact pressure as proposed by Saikko [42]. In the work of
Saikko, the dependency of the specific wear rate was determined on the wear
rate and wear mechanisms of UHMWPE in multiaxial pin-on-disk set-up. It
was found that loads under 2 MPa show results which are in agreement with
the the clinical wear rate and wear mechanisms as found on retrieved acetabular
cups. A sliding speed of 45 mm/s was selected and a total sliding distance of
10 km which are in line with the tests as executed by Sawano et al. [46].

The counter surfaces were prepared from Co-Cr alloy per ASTM-F75 and
polished using a diamond slurry to a roughness of approximately ra=0.008 µm.
From previously conducted research, it was found that a roughness in this range
does not largely affect the wear rate when comparing it to a superpolished
counter surface with a theoretical surface roughness of ra=0 µm [58].
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As lubricant, a solution of 30 % Fetal Bovine Serum (FBS) was used to
represent the synovial fluid as present in vivo. During the experiment, the
lubricant level was controlled an the solution was replenished with distilled
water to ensure a constant FBS concentration in the lubricant.

The wear rate is determined by analysing the pin mass loss at sliding dis-
tances of 10 km. The mass of each pin was therefore determined after cleaning
before initiating the tests. At an interval of 5 km, the pins were removed,
cleaned and dried. The mass was then determined of the samples along with a
soak pin to be able to determine the mass gain as a result of fluid uptake. The
specific wear rate, Ws, was then found using the equation 2.4, in which δM is
the change in mass of the respective pin, ρ is the density of GUR 1020/GUR
1020-E, P is the contact pressure and L is the sliding distance.

Ws =
δMtest − δMsoak

ρ · P · L
(2.4)

2.3.4 Microscopy

UHMWPE is known to exhibit a combination of different wear mechanisms
which can often be identified visually. Adhesive wear is, as previously described,
generally found to be present in poorly lubricated sliding direction. Due to the
high hardness difference between the polymer and metal counter surface, only
the transfer of polymer to the metal counter surface can be expected. On the
counter surface, the adhesion of the polymer is often clearly visible both by
changes in topography and elemental composition. This makes the identifi-
cation possible both by visual and electrical microscopy techniques. On the
polymer pin surface, extensive adhesive wear may be identified by extensive
plastic deformation and detached surface portions. As abrasive wear relates to
the repetitive contact of the surface asperities, the pin surface generally has
a lower surface roughness with wear tracks more clearly present. The surface
roughness of the counter surface and sliding kinematics have a large effect on
the development of wear products and therefore also affects the pin surface to-
pography. Although the microscopic wear is still rather difficult to identify in
multiaxial sliding, macroscopic delamination wear can more easily be identified
due to larger detached areas. The type of wear exhibited by the material is
largely dependent on the sliding conditions, the lubrication but also the mate-
rials’ own properties such as the ultimate tensile strength, elongation at break
and the critical strain energy release rate.

To understand the effect of the performed modications on the wear behaviour
and identify the involved wear mechanisms, optical micropscopy was performed.
Both the used pin and counter surfaces were analysed.
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3 Results and discussion

3.1 Differential scanning calorimetry

The DSC experiments were performed in accordance with the temperature pro-
file as described in section 2.3.1. The determined heatflow plotted with re-
spect to the temperature cycle of pure UHMWPE can be found in Figure 3.1.
Two glass transition regions, visible as a step consequent to the heating from
-130◦C, can clearly be identified. Furthermore, two endothermic melting peaks
are clearly visible along with the crystallisation peak following the cooling from
200◦C. In this section, the effect of the performed modifications is described
with respect to the previously indicated transition temperatures and degree of
crystallinity of the polymer.

Figure 3.1: Heatflow and temperature cycle

Glass transition temperature

When focusing on the non-irradiated samples no differences in glass transi-
tion temperature were identified when comparing the ND and CNT reinforced
samples with respect to the pure UHMPWE and UHMWPE-E materials. In-
terestingly however, a decrease in glass transition temperature was evident for
the GO reinforced materials as presented in Figure 3.2. Due to the obstruction
and consequent reduction in molecular chain mobility, The addition of a rein-
forcement is generally found to increase the amount of energy to pass the glass
transition stage. For polymers of a high molecular weight however, it has previ-
ously been shown that the addition of reinforcements can also force a decrease
in glass transition temperature [3, 39]. This reduction is known to relate to a
poor interface between the polymer chain and reinforcement. A difference in
free surface may introduce an increase in molecular chain mobility, reducing the
glass transition point of the polymer. The absence of a good bonding between
the reinforcement and polymer is likely also the mechanism responsible for the
reduction in fracture toughness as previously presented in section 1.5.1.
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Figure 3.2: Glass transition temperatures non-crosslinked materials

For the crosslinked materials, GO does not induce the same effect on the
glass transition point of the polymer as can be seen from glass transition tem-
peratures presented in table 3.1. A possible explanation is the oxidation of
functional groups on the GO particle surface by ionizing radiation. Oxidation
of the functional groups is known to change the surface free energy of the re-
inforcement [6] and may therefore alter the interface between the particle and
polymer.

material
UHMWPE UHMWPE-E

0 kGy 100 kGy 0 kGy 100 kGy

Virgin -113.1±0.0◦C -118.7±0.0◦C -113.2±0.1◦C -118.2±0.0◦C
0.5% GO -118.2±0.2◦C -118.9±0.0◦C -118.1±0.0◦C -115.2±0.0◦C
0.7% ND -113.8±0.1◦C -118.2±0.4◦C -112.8±0.4◦C -118.4±0.2◦C
1.0% CNT -112.9±0.2◦C -114.8±1.0◦C -111.6±1.3◦C -115.8±0.4◦C

Table 3.1: Glass transition temperature
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material
UHMWPE UHMWPE-E

0 kGy 100 kGy 0 kGy 100 kGy

Virgin 118.5±0.4◦C 117.1±0.4◦C 118.1±0.1◦C 118.9±0.0◦C
0.5% GO 118.8±0.5◦C 117.2±0.2◦C 118.5±0.0◦C 120.9±0.0◦C
0.7% ND 119.3±0.3◦C 118.2±1.1◦C 118.5±0.4◦C 118.2±0.0◦C
1.0% CNT 119.1±0.3◦C 117.3±0.0◦C 118.6±0.0◦C 119.1±0.5◦C

Table 3.2: Crystallisation onset temperature

Crystallisation temperature

The melt crystallisation peak provides data on the crystallisation kinetics of
the polymer is therefore of interest to determine the effect of the performed
modifications. The on-set temperatures of the crystallisation of the different
materials are presented in table 3.2. Upon melt crystallisation the presence of
nano-reinforcements is known to allow for the nucleation of crystallites which
would advance the crystallisation onset to a higher temperature. Despite some
minor fluctuations, no such increase was found. This is however in line with
previously generated results on similar samples. Aside of the onset tempera-
ture, also the peak crystallisation temperatures were determined which also did
not provide any clear differences and trends indicating an effect of the used
reinforcements on the crystallisation kinetics.

Melting temperature

The melting temperature relates to temperature at which the crystalline phase
is broken down and indicates the transition of the polymer from a rubbery
to a liquid phase. The endothermic peak which is found in during the DSC
cycle provides information on the crystallite size and size distribution within the
polymer. A higher peak melting temperature corresponds to a higher lamella
thickness for which more energy is required to break down the crystallites. A
wide melting peak furthermore indicates a broader distribution of crystallite
sizes within the polymer. The melting temperature of the materials can be found
in Figure 3.3, neither the addition of vitamin nor the addition of the three nano-
reinforcements does not significantly affect the peak melting temperature. The
crosslinking of the polymer however, shows to decrease the melting temperature
of the polymer, as is more clearly displayed in Figure 3.3. This effect is in
line with literature [22] and can be explained by the polymer chain scissioning
resulting from the ionizing radiation during crosslinking. The reduced molecular
weight does not allow for the initially formed crystallites and the reduction in
lamella thickness reduces the amount of energy required to break down the
complete crystalline phase, lowering the melting temperature.
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material
UHMWPE UHMWPE-E

0 kGy 100 kGy 0 kGy 100 kGy

Virgin 135.2±1.1% 132.5±0.6% 137.0±0.5% 133.8±0.5%
0.5% GO 136.2±2.4% 133.9±1.1% 135.8±0.5% 132.6±0.5%
0.7% ND 135.9±1.5% 131.4±0.1% 135.1±0.6% 133.5±0.9%
1.0% CNT 136.1±0.5% 134.7±1.2% 136.1±0.5% 134.7±1.2%

Table 3.3: Melting temperature
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Figure 3.3: UHMWPE melting temperature

Degree of crystallinity

When analysing the DSC results for the non-crosslinked samples, it was found
that the degree of crystallinity was increased after removing the thermal history.
Although this behaviour corresponds with data acquired in previous projects
using the identical polymer, the inverse may generally be expected. The in-
troduction of chain entanglements by the compression molding process reduces
the chain mobility and will increase the heat of fusion of the melting peak,
consequently showing a higher degree of crystallinity. Upon re-melting, these
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Material
UHMWPE UHMWPE-E

0 kGy 100 kGy 0 kGy 100 kGy

Virgin 51.6±0.2% 53.2±0.0% 49.3±0.3% 49.1±0.2%
0.5% GO 51.4±0.1% 54.4±0.3% 51.1±0.6% 50.8±0.0%
0.7% ND 51.6±0.3% 50.2±0.6% 50.4±0.1% 49.5±0.0%
1.0% CNT 52.6±0.2% 52.6±0.0% 49.4±0.2% 50.4±1.2%

Table 3.4: Degree of crystallinity

chain entanglements are eliminated and a reduction in the determined degree of
crystallinity would therefore be evident. The fact that the materials exhibited
an increase in crystallinity upon re-melting shows to indicate an inadequate
crystallisation in the compression molding process. This likely relates to an
inconsistent or fast cooling rate, not allowing the polymer chains to form crys-
tallites to the maximum possible degree

When further analysing the results it can be seen that the addition of the
different reinforcements does not cause any clear trends in the degree of crys-
tallinity. An obstruction of the molecular movement is known to possibly pre-
vent crystallisation but no evidence of such behaviour was found. The addition
of vitamin E on the contrary shows a slight decrease in degree of crystallinity for
nearly all samples when compared to the non-vitamin E doped polymer. Albeit
it only to a small degree, the addition of vitamin E is known to obstruct the
formation of a crystalline phase and therefore reduces the degree of crystallinity
of the polymer.

The degree of crystallinity is normally found to be reduced after crosslink-
ing and consequent annealing. However, since no annealing step was executed
the decrease in crystalline phase is not as pronounced. When focusing on the
initial melting peaks, not taking into account the removal of thermal history,
a significant increase in heat of fusion and therefore degree of crystallinity is
present. The heat of fusion of the polymer includes the energy required to
break the formed crosslinks at the melting transition and is therefore higher
for the crosslinked samples. The results presented in table 3.4 were determined
using the second melting peak after removal of the thermal history. The in-
crease in degree of crystallinity is undone by the removal of thermal history
and the values are close to the non-crosslinked materials. This reduction in
degree of crystallinity upon the second heating cycle is in line with literature
[22, 34] and may be explained by the reduced molecular weight as a result of the
chain scission during the exposure to ionizing radiation. The formed crystalline
phase of the material will initially remain intact despite the reduced molecular
weight. Upon melting and removal of the thermal history, the crystallites are
eliminated. During the cooling, the reduced molecular weight and reduced chain
mobility due to present crosslinks prevent efficient crystallisation. The newly
formed crystallites furthermore have a lower lamella thickness as was found by
the decrease in melting temperature.
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Figure 3.4: Degree of crystallinity non-crosslinked materials
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3.2 Fracture Toughness

The fracture toughness experiments were, as previously described, performed at
a temperature of -100◦C. Although close to the glass transition temperature of
the polymer, all but the GO reinforced samples showed as ductile fracture. A
typical force displacement graph of the tested pure and Go reinforced UHMWPE
can be found in Figure 3.5. The UHMWPE samples shows a very smooth curve
with a maximum load at a large distance from the linear section of the graph.
The GO reinforced sample has a significantly more brittle behaviour with a
sudden brittle fracture and consequent decrease in load. The ASTM D5045-
14 standard provides a method for the interpretation of the load-displacement
curve. A requirement in the standard states that the maximum load, pmax,
should be within a specified range of the compliance of the linear section of
the graph. The pure UHMWPE sample as presented in Figure 3.5, as well
as the ND and CNT reinforced samples do not comply with this requirement
and the found fracture toughness results are therefore invalid. Due to practical
limitations of the used test equipment, no measures can be made to allow for a
fully brittle fracture and the acquired results are consequently not disregarded.
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Figure 3.5: Three point bending force displacement graph

Aside of the force-displacement plot showing ductile behaviour for most sam-
ples, also by visual inspection shear lips could be identified. These shear lips
are an indication of plastic deformation and therefore ductile fracture. A fur-
ther reduction of the test temperature to below the glass transition temperature
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might allow for more brittle behaviour of the polymer and a better estimation
of the fracture toughness albeit impossible with the currently used equipment.
The fracture toughness values results determined from the performed experi-
ments are presented in Figure 3.6. The results indicate no notable effect of the
addition of vitamin E whereas the effect of the added reinforcements is more
pronounced. In line with the previously presented fracture toughness data by
Melk and Emami as presented in Figure 1.2, a significant reduction in fracture
toughness was observed by the addition of GO. In the respective article, this
reduction is assigned to the presence of hydroxyl functional groups on GO sur-
face which favour brittle fracture. However, aside of the mechanical properties
of the reinforcement, also the interface between the polymer is expected to have
a role in this significant reduction. The by DSC determined repulsive interface
between the reinforcement and polymer chain likely has a large effect on the
transfer of loads and consequently also the fracture toughness. The addition of
both ND and CNT shows to slightly increase the fracture toughness although
the effect is not as pronounced as presented in the work of Melk and Emami.
Despite not changing the sample preparation and experimental procedure, it
was found difficult to re-produce the earlier found results.
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Figure 3.6: Fracture toughness
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3.3 Pin on plate

Due to the duration of the experiments, only a small set of material has currently
been tested. The determined specific wear rates of the materials are presented
in Figure 3.7. To set a baseline, firstly the four non-reinforced samples were
tested followed by the CNT reinforced materials since these performed best
with respect to the fracture toughness results both in the work of Melk and
Emami, and the results as presented in section 3.2. With only two data points
per material and large standard deviations, it is difficult to interpret the found
data.

By focusing on the pure, unmodified UHMWPE, an average wear rate of
0.73 ·10−6 was found whereas clinical values are generally within the range of
2-3·10−6 [42]. The found values are however closer to the clinical wear rates
than the values as acquired by Sawano et al. using the same experimental set-
up [46]. The main difference between both experiments is the contact pressure
which was now taken as 2 MPa whereas 7 MPa was utilised in the work of Sawano
et al.. Despite a standardised test method and accurate mass measurements,
little mass loss was detected, increasing the standard deviation of the mass loss
measurements.

In Figure 3.7, the effect of vitamin E is clearly visible. In pure, crosslinked
and CNT reinforced condition, a lower specific wear rate was found for the vi-
tamin E diffused polymer which is in line with results by Teramura et al. [56].
Although especially for the non-crosslinked samples a positive effect may gen-
erally be expected, the increased wear resistance is much higher than initially
expected. The in section 3.1 presented data showed a reduction in degree of
crystallinity by the addition of vitamin E. The vitamin E diffused materials
therefore have a larger amorphous phase content corresponding with a higher
molecular mobility. This increased the strain limit of the material also corre-
sponds with a higher toughness and therefore affects the wear behaviour of the
polymer.

When specifically focusing on the effect of crosslinking by irradiation, larger
difference can be noted with the crosslinked material exhibiting a higher wear
resistance. With respect to the possible plastic deformation and molecular align-
ment under sliding, this is in line with the expectations for multiaxial sliding.
More interestingly, the effect of the addition of CNT, shows to be as effective in
decreasing the wear rate of the polymer as crosslinking. Although the acquired
data gives a valuable indication in the effect of the tested modifications, the
results still show a rather large standard deviation. Furthermore, delamination
wear is fatigue related and therefore time-dependent. To ensure reliable results,
simulating the in-vivo conditions, it must be ensured that the determined wear
rates at the two measurement intervals are closely correlated.
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x10-6

Figure 3.7: Specific wear rate

3.4 Microscopy

Both pin and counter surfaces were analysed by optical microscopy after the
wear experiments. From the pin surfaces, mainly the machine marks are promi-
nently visible. The pin surfaces after sliding can be found in Figure 3.8. For
the non-irradiated samples found in Figures 3.8a and 3.8c, flakes of UHMWPE
can be identified on the surface. These flakes show to be a direct results of sub
surface fatigue failure which corresponds to delamination wear. The relative
large amount of material which is released in this wear mechanism also relates
to the higher wear rate of the non-irradiated samples.

Although difficult to interpret due to differences in surface topography before
initiating the tests, a clear effect of crosslinking can be identified when looking
at Figures 3.8b and 3.8d. Less plastically deformed material is present on the
surface and wear is to be mainly based on abrasive wear and the formation of
microscopic wear particles. Interestingly, no features of delamination wear can
be identified despite the expected decrease in fracture toughness. However, due
to the low wear volume, no clear conclusions can yet be drawn.

29



(a) PE (b) PE irradiated

(c) PE-E (d) PE-E irradiated

Figure 3.8: Worn pin surfaces

The pin surfaces of the CNT materials are presented in Figure 3.9. The
visible unidirectional scratches show to be caused by handling the material and
are not due to the wear tests. When comparing Figure 3.9a with Figure 3.8a,
delamination wear features are still present but less prominent. The crosslinked
sample follows the same trend as the previously discussed crosslinked samples.
Notable less plastic deformation is present and even the fine machining marks
are present although the surface is notably smooth.
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(a) PE CNT (b) PE CNT irradiated

Figure 3.9: Worn pin surfaces

When analysing the counter surfaces after sliding, no indications of mate-
rial transfer were found. The surface showed to be covered with de-hydrated
proteins, identified by white spots as can be seen in Figure 3.10. In the image,
the bottom area shows the wear track whereas the top area shows the counter
surface with the protein deposits not subjected to sliding. After cleaning the
protein deposits, no clear indication of wear tracks nor material transfer could
be noted to the counter surfaces both for pure PE and CNT samples. This
is however in line with expectations as the lubricant inhibits the adhesion of
the released polymer to the counter surface. The polished surfaces furthermore
prevents mechanical interlocking of the polymer due to presence of scratches.
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Figure 3.10: Counter surface post sliding
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4 Conclusions

With respect to the generated results, several conclusions can be drawn towards
the performed preparation and testing methods as well as the performance of
the composites.

• Nanocomposites were successfully prepared of UHMWPE matrix with the
addition of carbon nanoparticles, vitamin E and the crosslinking by means
of gamma radiation.

• The glass transition temperature was decreased by crosslinking, due to
the reduced molecular weight by radiation induced chain scissioning. Also
the use of GO as reinforcement showed to decrease the glass transition
temperature, indicating a repellent interface between the polymer and
reinforcement.

• The used reinforcements did not affect the degree of crystallinity whereas
the addition of vitamin E showed a structurally lower degree of crys-
tallinity.

• The fracture toughness experiments did not allow for brittle fracture for all
samples, making for a difficult comparison of the different materials. The
results indicated a significant reduction in fracture toughness by the ad-
dition of GO whereas both ND and CNT slightly increased the material’s
resistance to crack propagation.

• Despite a limited amount of data points in the tribological characteri-
sation, a clear increase in wear resistance was found for the addition of
vitamin-E, CNT and crosslinking.
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5 Recommendations

Several recommendations can be made towards the continuation of work as well
as improvements to the current experimental set-up.

• As not all materials have yet been tested for both the fracture toughness
and pin on plate characterisation, the test series are to be finished and an
appropriate amount of repetitions need to be performed before drawing
final conclusions regarding the performance of the materials.

• The inconsistency in pin surface preparation made it difficult to distinguish
between wear features and the present machining marks. A re-evaluation
of the sample preparation process is therefore suggested to achieve a more
consistent pin surface which makes it easier to determine the involved wear
mechanisms and also adds to the accuracy of the wear mass measurements.

• Both the fracture toughness and DSC experiments indicated a poor per-
formance of the GO as reinforcement. Additional research is therefore
suggested in improving the interface between GO and the polymer by, for
example, functionalising the GO with additional end groups.

• As crosslinked UHMWPE is annealed in the industry to prevent oxida-
tion, all non vitamin-E doped, crosslinked samples, should be subjected
to annealing to compare the performance of the composites in conditions
representing the practical application as accurate as possible.
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