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UHMWPE has exhibited excellent performance when used as contact surfaces in tribo-
logical contacts. Traditionally, only UHMWPE grades, with narrow particle size and mo-
lecular weight distribution, have been deemed suitable for such applications. Now, various
UHMWPE grades are available that are different from each other based on their particle size
and molecular weight distribution. The question of whether the particle size of UHMWPE
affects its performance and properties presents a research gap. The present study attempts
to address this question. Additionally, the effect of processing of the UHMWPE is studied. It
is observed that although minor differences were observed in the properties of the various
grades of UHMWPE, they are inadequate to conclusively determine that the particle size
and processing effect the properties and performance of the material.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Ultra High Molecular Weight Polyethylene (UHMWPE) is a
thermoplastic material with good wear resistance, high
impact strength, self-lubricating properties, excellent corro-
sion resistance and, is lightweight [1]. It exhibits a low

coefficient of friction due to its self-lubricating properties.
Also, it has low compressive creep, excellent machinability
without melting and low water absorption. Due to the com-
bination of these properties, UHMWPE is used as a replace-
ment for metals in various tribological applications [2—4].
Commercial UHMWPE grades can have different particle
sizes and molecular weights. Until a few years back, UHMWPE
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grades of only a very narrow particle size distribution were
available. These UHMWPE grades were produced targeting
specific applications and were limited by production tech-
niques [2,5]. However, with the development of
manufacturing techniques at present, numerous UHMWPE
grades of various particle sizes and molecular weights exist in
the market. If a thermoplastic material like UHMWPE has to be
used targeting a specific application, it is necessary that the
influence of particle size and molecular weight on the ther-
momechanical properties and tribological performance is
studied and known. The thermomechanical properties can
have directly influence the performance of the material in
tribological applications [6—8]. UHMWPE components can
experience cyclic loading and diverse temperature and fre-
quency conditions.

Both the particle size and molecular weight of a material
can influence its properties, processing, and, consequently,
performance. Having a lower molecular weight can mean a
reduced melt viscosity leading to easier processing. It has
been observed that natural rubber and cast Poly(Methyl
Methacrylate), which have molecular weights of the order of
10° g/mol, cannot be melt processed until the chains have been
broken down into smaller units [9]. The role of particle size
and polymer molecular weight in the formation and proper-
ties of a calcium aluminate cement-poly(vinyl alcohol) com-
posite was investigated. It was found that both polymer
molecular weight and cement particle size affect the
mechano-chemistry, the “window of processability”, and
mechanical properties of the hardened matrix [10]. The par-
ticle size of UHMWPE was found to affect its motion and
heatingin a hot gas jet deposition process [11]. High molecular
weight and high melt viscosity restrict ordering mechanisms
such as crystallisation, affecting various physical properties
and tribological performance. With increasing crystallinity,
better tribological performance of UHMWPE has been
observed. This improvement in performance was accompa-
nied by an increase in hardness, scratch resistance, and
elastic modulus [12]. The effect of particle size can be more
pronounced in the case of composites involving UHMWPE and
other reinforcement materials [13]. These types of UHMWPE
based composites are popular and used widely due to their
excellent tribological performance. On the comparison be-
tween two UHMWPE grades, it was found that the UHMWPE
with a smaller particle size showed marginally better tribo-
logical performance [14].

In many instances and practical applications, reinforce-
ment materials are added to UHMWPE to obtain composites
with improved material properties and tribological perfor-
mance [14—17]. The process of ball milling is commonly used
to homogeneously disperse these reinforcement materials in
UHMWPE [14]. However, ball milling can lead to the breakage
of polymer molecules if the suitable parameters of time and
speed are not used. Consequently, this can affect the material
properties and tribological performance of the composite.
Comparison of the effect of processing on different UHMWPE
grades and their thermomechanical properties has not been
studied yet.

With the availability of a variety of UHMWPE grades, the
need arises to examine further the influence of particle size
and molecular weight on the properties and performance of

the material. Will a difference in particle size and molecular
weight translate into a significant difference in performance?
How does processing affect the properties of UHMWPE? This is
an uncharted area to the best of the authors’ knowledge.
There exists no information on whether a particular size of
UHMWPE is suitable for a specific application, especially in the
field of tribology. The objectives of the present study are thus
multifold. The first is to use thermomechanical analysis to
determine the effect of particle size and molecular weight on
the viscoelasticity of various UHMWPE grades. The second
objective is to investigate whether or not tribological perfor-
mance is affected by the presence of or the lack of difference
in thermomechanical properties. In the process, the effect of
processing on the various UHMWPE with relation to their
thermomechanical properties is investigated.

2. Experimental work
2.1.  Materials and processing

For the purpose of this study, UHMWPE grades of different
particle diameters (Table 1) were obtained in granular form
from the manufacturers. UHMWPE of particle diameter
140 um was obtained from Celanese Corporation, USA, while the
rest were obtained from Mitsui Chemicals GmbH, Germany. As
can be seen from Table 1, all the UHMWPE grades had similar
density and physical properties [18,19]. Except for 140 um, all
the other grades had relatively similar molecular weight
values. This choice was made intentionally with the purpose
of investigating the effect of molecular weight on thermo-
mechanical and tribological performance.

A mixture of ethanol and UHMWPE material was milled in
a PM100, Retsch GmBH, Germany planetary ball mill. The slurry
obtained after milling was dried in an oven to evaporate the
ethanol. The powder obtained after drying was moulded into
plates of different dimensions using the Direct Compression
Moulding (DCM) method. The parameters of the processing
were adopted from studies carried out already [14—16]. To
determine the relationship between particle size, molecular
weight, processing, properties, and performance, the pro-
cessed or Milled samples were compared with As Received
samples. Unprocessed UHMWPE obtained from the suppliers
was directly moulded using Direct Compression Moulding
(DCM) into samples which are called As Received samples here.

Table 1 — Different UHMWPE grades; M— Milled, AR—As
received.

Designation and Average Molecular  Density©
average particle size®  weight® (x 10% [g/mol] [kg/m’]
10 um, M, AR 180 0.94

30 um, M, AR 200 0.94
120 um, M, AR 200 0.94
140 um, M, AR 350 0.93
160 um, M, AR 240 0.935

& MPC method.
b Solution viscosity method.
¢ ASTM D1505.
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These two are denoted by M and AR in Table 1 and throughout
this study. In both cases, UHMWPE forms obtained after the
DCM process were used directly or machined into different
shapes to be characterised.

2.2. Thermomechanical analysis

2.2.1. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was carried out to
determine the viscoelastic properties of the UHMWPE grades
and to check how their properties change with frequency and
temperature. Three sets of tests were performed: (i) amplitude
and (ii) frequency sweep at a constant temperature in torsion
and (iii) temperature ramp test in a tension configuration.
Samples of dimensions 50 x 10 x 3 mm were used for fre-
quency/amplitude sweep tests and samples of dimensions
105 x 2 x 1 mm were used for temperature sweep tests.
Amplitude sweep tests were performed at 37°C, at a constant
frequency of 1 Hz with increasing shear strain amplitude.
Frequency sweep tests were also done at 37°C and at a con-
stant shear strain of 0.03% (within the limits of linear visco-
elasticity). The tests were performed within a frequency range
0f 0.1-100 Hz, with high frequencies simulating fast motion in
a short time and low frequencies simulating slow motion on a
longer timescale or in quasi-static conditions. The dynamic
mechanical properties were also determined using a tension
deformation test as a function of temperature. Tests were
performed in a wide temperature range (—150°C to 180°C) in
tension mode at a rate of 2 Kmin~'. Experiments were carried
out at 1,2,5, and 10 Hz frequencies (multi frequency mode),
and the samples were tested in the range of linear viscoelastic
response at a constant displacement of 4 um. Comparison
between all the results is possible as long as all materials are
tested within the linear viscoelastic region.

The DMA analysis was performed by applying a sinusoidal
deformation through controlled oscillatory shear strain
Y(t) = vosinwt, where vq is the shear strain amplitude and w is
the applied angular frequency, to a sample with known ge-
ometry and recording the phase-shifted shear stress response
7(t) = Tosin(wt + 6), which allows the determination of complex
shear modulus G*. The complex modulus is determined by
decomposing the shear stress output into an in-phase and out
of phase component and via G’ and G”. All three moduli are
related by Eq. 1

G* =\(G)+ (@) (1)

While the above principle has been outlined in the case of a
shear test, the same principle can be applied by imposing a
tensile strain, ¢(t), and based on the tensile stress, a(t), the
(tensile) storage E’ and loss E” moduli can be determined. The
storage modulus G'(E’) denotes the elastic response of the
material, i.e. the stored energy within one loading cycle in the
material due to stretching and extension of the internal bonds
and structures, which constitutes the reversible part of the
material deformation, providing no plastic deformation
occurred. The loss modulus G”(E”) characterises the viscous
response of the material, i.e. the loss of energy due to internal
friction during deformation, which is dissipated as heat and
constitutes the irreversible part deformation [20,21]. These

Inconel disc

Applied load

Sample pin

Fig. 1 — Pin on disc tribological test setup.

two moduli allow better characterisation of the material
because we can now examine the ability of the material to
return and dissipate energy. The storage and loss moduli are
material properties and are independent of geometry. The
ratio of the two modules is tan 6, is used as the measure of
many properties [20] along with indicating how efficiently the
material loses energy to molecular rearrangements and in-
ternal friction.

2.2.2. Differential scanning calorimetry (DSC)

Differential scanning calorimetry measurements were per-
formed on a Mettler Toledo DSC1 instrument with an intra-
cooler using STAR software. Indium and zinc standards were
used for the temperature calibration and for the determina-
tion of the instrument time constant. Samples of around
10 mg were weighed in standard 40 wL alumina pans. A
heating rate of 10 K min~' was used and the purge nitrogen
gas flow was maintained to be constant at 30 mL min " for all
experiments. DSC was performed to obtain the degree of
crystallinity and the thermal transition temperatures of the
different UHMWPE grades. To calculate the degree of crystal-
linity, the enthalpy of fusion was determined using the
melting peak and used in Eq. (2).

Crystallinity = 4H x 100 (2)

AH100

where, 4H is the enthalpy of the polymer and 4H;q is the
enthalpy of fusion for a 100% crystalline UHMWPE (289 J/g)
[22].

2.2.3. Thermogravimetric Analysis(TGA)
Thermogravimetric analysis of all the UHMWPE grades was
performed using a PerkinElmer TGA 8000. The measurements
were carried out under Nitrogen atmosphere, between 30°C
and 600°C. A heating rate of 10°C/min was used to evaluate the
thermal stability.

2.3.  Tribological setup

Tribological measurements were carried out on a Pin-on-Disc
tribometer (TE67, Phoenix Tribology, UK) with polymer pins and
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Inconel 625 discs as the contact surfaces. The tribological tests
were conducted in water lubrication for ease of comparison
with other results [14—17,23]. Inconel with Ni (58 wt%), Cr
(<23 wt%), Mo (<10 wt%), Nb (<4.15 wt%), Fe(5 wt%) as its major
chemical constituents, was chosen for its good corrosion
resistance. A schematic of the test configuration is shown in
Fig. 1.

The tests were conducted at room temperature for a
duration of 50h with a contact pressure of 5 MPa and a speed of
0.13 m/s. The counter surface discs were ground to a surface
roughness Ra = 0.25 um before being used in the tests. The
parameters for contact pressure and surface roughness of
counter surface were chosen to accelerate the tests while
avoiding creep of the polymers and to minimise hydrody-
namic effects while at the same time obtaining data over a
long duration. Friction values were taken only from the
steady-state region of the tests, while wear was calculated for
the tests’ whole duration. A Linear Variable Differential
Transformer (LVDT) sensor was used to observe the vertical
displacement of the pin holder and determine the wear depth
continuously in the tests. The wear rates were calculated
using Eq. (3).

Wearrate =

(3)

Volumeloss mm?3
(Load)(Slidingdistance) | Nm

No surface roughness difference is observed between the
tribological test samples of Milled and As Received UHMWPE
since the same molding process is used to form the test
samples. Moreover, the wear behaviour is not related to the
processing (ball milling and compression molding) of the
UHMWPE. In studies already carried out, the processing pa-
rameters, including ball milling, were optimised with regards
to UHMWPE [14,17,24].

2.4. Scanning electron Microscopy(SEM)

The morphology of the particles and the topography of the
wear tracks were investigated using an FEI Magellan 400 XHR,
USA high-resolution scanning electron microscope. Energy-
dispersive X-ray spectroscopy was also carried out on the

Milled samples
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(a) Amplitude sweep of Milled samples

wear tracks to gain a better understanding of the wear and
tribological mechanisms involved.

2.5. Contact angle measurements

The wettability of the UHMWPE grades was measured using
the sessile drop method with a Biolin Scientifica Theta tensiom-
eter, Sweden. 4 uL of distilled water was deposited on flat sur-
faces of UHMWPE obtained after direct compression moulding
and contact angle measurements were taken 1s after deposi-
tion. Water contact angles can affect tribological performance
and therefore is crucial to know the wettability character of
the various UHMWPE grades.

3. Results and discussions
3.1.  Thermomechanical properties
3.1.1. Dynamic mechanical analysis

For amplitude and frequency sweep tests, 4 Milled samples
were analysed while only 1 As Received sample was analysed.
Preliminary tests confirmed the authors’ suspicion that DMA
of As Received samples would provide the same results every
measurement, i.e. pre-processing of granular UHMWPE does
not affect material properties. Fig. 2a and b shows the results
of amplitude sweep for Milled and As Received specimens,
respectively. As can be observed by the closeness of results in
both the plots, the various UHMWPE grades behave similarly.
The difference in G’ and G” values between 10 um and 160 um
are on average 31% and 11%, respectively.

Some of the UHMWPE grades show a relatively larger
variation in values near 1% shear strain which can be attrib-
uted to limitations of the test equipment used and the fact
that these materials display linear viscoelastic behaviour only
until 1% shear strain. Therefore, the variation in values is not
material behaviour and can be ignored.

Fig. 3a and b shows the results for frequency sweep of
Milled and As Received specimens. As in amplitude sweep re-
sults, there is some difference in values between the different

As received samples
T
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Fig. 2 — Amplitude sweep of Milled and As Received UHMWPE grades.
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UHMWPE grades. These difference are relatively small. For
instance, at a frequency of 1Hz, the difference in G’ and G”
values between 10 um and 160 um is on average approxi-
mately 31% and 11% respectively.

It can be concluded from the DMA analysis that no signif-
icant difference in results between Milled and As Received
samples are observed. The difference between these two
groups of samples is that Milled samples are processed using
ultrasonication and ball milling while As Received samples are
not. Processing does not seem to influence or affect the dy-
namic mechanical behaviour of different grades of UHMWPE
significantly. Since the UHMWPE grades differ in terms of
particle size and molecular weight, the argument can be
extended that these two parameters do not affect the pro-
cessing and the dynamic mechanical behaviour of the
UHMWPE grades. The small differences seen in dynamic
mechanical behaviour can be a plausible reason for further
investigation but are out of the scope of this study.

Fig. 4a and b shows the complex shear modulus of Milled
and As Received UHMWPE grades in both amplitude sweep and
frequency sweep modes, respectively. UHMWPE with the
highest and lowest molecular weight, 140 ym and 10 um,
display the highest and lowest complex modulus as expected.
Higher molecular weight can translate to a tougher material.
However, the difference in values is not significant enough to
affect properties and performance, as we have seen earlier
and will see in further sections.

3.1.2. DMA tension deformation tests

Although tension deformation tests were conducted at
various frequencies, Fig. 5a and b shows the results of storage,
loss, and complex modulus for 1 Hz. No frequency depen-
dence was observed for all the UHMWPE grades. No significant
difference can be noticed between the various UHMWPE
grades both in Milled and As Received states, as can be seen by
the closeness of the curves. For example, the average loss
tangent values for all the UHMWPE grades at 37°C, both Milled
and As Received, is 0.12. The UHMWPE with the smallest
(10 um) and the largest (160 um) particle size differ as little as
7%, and the UHMWPE with the lowest (10 um) and highest

(140 um) molecular weight differ as little as 23% in terms of
loss tangent values.

It can be seen in Fig. 5b that all the UHMWPE grades display
similar behaviour. The effect of processing is also negligible,
while the effect of particle size and molecular weight can be
detected. However, these differences are relatively small, and,
as shown in continuation, they do not significantly affect the
tribological properties. The glass transition (Tg) and the
melting point (Ty,) can be observed to be around —90°C and
136°C, respectively. These two thermal transition points can
also be seen in the E’, E” plot in Fig. 5a. The small variations
observed in some samples cannot be attributed to any ther-
momechanical phenomena and are insignificant.

3.1.3.  Cole—Cole plot analysis

So far, no significant differences have been observed in the
thermorheological response of the various UHMWPE grades.
Cole—Cole plots are very sensitive and provide more insight
into the thermorheological/viscoelastic character of a mate-
rial. Fig. 6 presents the Cole—Cole plots at a frequency of 1 Hz
for both the As Received and Milled UHMWPE samples. Tem-
perature decreases from left to right in plots.

As UHMWEE is semi-crystalline, its complex thermorheo-
logical response is reflected in the formation of multiple peaks
in the Cole—Cole plots. The multiple peaks are due to the
slower relaxation mechanisms of polymer chains at lower
temperatures through which molecular motions become
difficult. The two peaks can indicate two relaxation modes
[25].

Three second-order phase transitions are generally iden-
tified in polyethylene, which are notated in descending order
from the melting temperature as «, 8 and v [26]. The « and 8
peaks can be seen in Fig. 6. The « relaxation is associated with
an interlamellar shear process (motion of short molecular
sequences in the crystalline region), while the 8 relaxation can
be attributed to the motion of very loose folds in the amor-
phous region [27]. The y relaxation is identified with the glass
transition.

In the AR state, all UHMWPE materials exhibit the same
thermorheological behaviour. However, a trend among the
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Fig. 4 — Complex modulus of Milled and As Received UHMWPE grades in amplitude and frequency sweeps.

various Milled UHMWPE can be observed. There is the influ-
ence of the milling on the g relaxation. With increasing
average particle size, the 8 relaxation process is suppressed.
The processing of the UHMWPE is suspected to affect the
relaxation process of the crystalline and amorphous regions
in the UHMWPE. This influence of processing can also be
noted in the slight difference in crystallinity the various
UHMWPE have (see Table 2).

Since the objective of this work is to examine if there are
differences between the various UHMWPE grades, we will not
delve deeper into the thermal transitions the UHMWPE grades
undergo. The majority of the thermorheological tests indicate
no differences between the various UHMWPE grades.
Cole—Cole analysis however, shows that the processing has
affected the response of the UHMWPE materials, albeit to
different intensities. The tribological testing of As Received
UHMWPE grades is deemed unnecessary as no effect of the
processing is noticeable on the thermomechanical behaviour
of the UHMWPE grades. Since most commercially available
UHMWPE material is processed in some manner before being
used in an application, tribological tests for only Milled
UHMWPE grades are conducted.
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3.1.4. Differential scanning calorimetry

In the larger picture, the degree of crystallinity, melting point,
and glass transition temperatures of the UHMWPE grades was
observed to not vary significantly. Therefore, it could be
concluded the particle size and molecular weight of the
various UHMWPE grades did not affect the processing and
consequently the crystallinity of the material. If one con-
siders, in the case of Milled UHMWPE, the crystallinity to
reduce slightly with larger average particle size, the beta
relaxation is also suppressed. This suppression is not as
evident in the case of As Received UHMWPE.

3.1.5. Thermogravimetric analysis

Fig. 7a shows the TGA curves of various Milled UHMWPE
grades, while Fig. 7b show the average of all the data in Fig. 7a.
It can be seen in Fig. 7b that the TGA curve of the UHMWPE
grades consists of a single step degradation behaviour in the
range from 441 to 509°C. The decomposition is due to the
breakdown of polymer chains. The temperature of the
maximum decomposition rate is around 491°C. The decom-
position is due to the breakdown of the polymer chain. For
comparison, the data for AR UHMWPE grades is shown in
Table 3. There is minimal effect of the processing on the
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Fig. 5 — Tension deformation mode DMA of various UHMWPE grades.
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Fig. 6 — Cole—Cole plots of various As Received and Milled UHMWPE.

thermal degradation of the UHMWPE grades. A similar slight
decrease is also observed in PEEK for similar processing [28].
It can be observed from the zoomed-in insets in Fig. 7a that
increasing particle size results in delayed temperature of
degradation. 10 um UHMWPE has the earliest degradation
temperature, while 160 um has the most delayed degradation.
This can be attributed to the heat needed to melt the particles
and the particle size, which may have different surface
morphology, roughness, and structure. The thermal stability
of Polypropylene particles has been shown to initially
decrease and then increase as particle size further decreases
to the nanometer scale [29]. There are no studies that analyse
the effect of UHMWPE size on its thermal degradation
behaviour to the best of the authors’ knowledge. However,
studies on other materials have shown that thermal stability
decreases with particle size [30—32]. The trend observed in
thermal degradation is also seen in the residual weight at
600°C. The thermomechanical study of the UHMWPE so far in
this study indicates that AR and M UHMWPE display similar
behaviour, and the difference between them is insignificant if
non-existent. Reinforcements and fillers are regularly

Table 2 — DSC analysis of UHMWPE grades.

UHMWPE Melting point °C Crystallinity %
grade
10 um M 136.58 54.99
AR 136.16 54.78
30 um M 135.73 54.99
AR 136.16 54.78
120 um M 135.73 54.99
AR 137.95 51.42
140 um M 136.49 53.63
AR 135.04 52.28
160 um M 136.84 53.17

AR 137.01 52.39

included with UHMWPE to make composites that are used in
real-world applications. Manufacturing a composite involves
various methods of processing, including ball milling. There-
fore, Milled UHMWPE is chosen to be tested for its tribological
performance.

3.2.  Tribological performance

As water wettability can affect the tribological performance of
the UHMWPE grades, contact angle measurements were car-
ried out. Fig. 8 show the water contact angle values for both
Milled and As Received UHMWPE. No significant difference is
observed between the various UHMWPE grades.

Fig. 9a and b shows the friction coefficient and specific
wear rate of the various UHMWPE grades. The friction coeffi-
cient shown here is the average for the last 10 h of a 50 h test.
Although it may seem at first glance from Fig. 9a that the
UHMWPE with the larger particle size has a higher friction
coefficient, the standard deviation and the closeness in values
stops one from conclusively saying that the friction coefficient
is dependent on the particle size. The friction coefficient
values in increasing order are for 30<10<140<120<160 um
UHMWEPE. The specific wear rate of the various UHMWPE
approximately follows the same order. No distinct effect of
particle size or molecular weight on the tribological perfor-
mance is noticed. Material crystallinity plays an important
role in the wear behavior of a material, and it is known that
during testing, the crystallinity can change and thus affects
the wear rate [33]. As the difference in wear rate of tested
UHMWPE samples is small, we can conclude that if the local
crystallinity changes occurred, they did not significantly affect
the wear rate.

Fig. 10 shows the SEM micrographs of the pin surface and
counter surface post pin on disk tests. The arrow marks
indicate the orientation of the roughness profile. It can be seen
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Table 3 — Thermal properties obtained from TGA analysis

of Milled (M) Vs. As Received (AR).

Type Temp. of initial
decomposition (°C)

Temp. of Maximum
decomposition rate (°C)

M 441.5 490.98
AR 444.75 495

from Fig. 10a that UHMWPE can experience both adhesive and
abrasive wear in such conditions [34—36]. Abrasive and ad-
hesive wear are the most common mechanisms to be expe-
rienced by UHMWPE, which induce the observed surface
damage and degeneration of UHMWPE [37]. Abrasive wear of
UHMWPE is predominantly a function of the roughness of the
counter surface, while adhesion is mainly dependent on pa-
rameters like velocity, load, contact area, and the atomic
forces between the two contacting surfaces [34,38]. The
counter surface has a strong influence on the wear and fric-
tion behaviour of UHMWPE due to its abrasive properties and
adhesive interaction [34]. Thermoplastics like UHMWPE have
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Fig. 9 — Pin on disk results of the various UHMWPE grades.
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(a) UHMWPE pin surface

(b) Wear track indicating patchy transfer layer

Fig. 10 — SEM micrographs of the polymer pin surface post tribological test, Wear track indicating patchy transfer layer.

self-lubricating properties. Material is transferred from the
thermoplastic to the counter surface to form a ‘transfer layer’.
The formation of a transfer layer on the counterpart in
UHMWPE bearing systems is often described as being a clear
indication of strong adhesive forces. This layer prevents
asperity to asperity contact, thereby reducing friction and
promoting wear reduction. However, the presence of water as
a lubricant inhibits the formation of such a transfer layer. The
bonding between the transferred material and the Inconel is
not strong enough to withstand the flow/motion of water. This
is evident in Fig. 10b where it can be seen that the transfer
layer is very patchy. A continuous layer that can help reducing
friction is not formed. EDS analysis comparison of the wear
track (Fig. 10b) and the pre-test Inconel surface confirmed the
presence of the patchy transfer layer on the former. EDS of the
patchy layer showed a higher percentage of carbon while the
EDS of the counter surface outside the patchy layers did not.

similar except with regards to their Cole—Cole analysis and
this can be investigated further to gain more understanding of
the particle size on the relaxation behaviour of processed
UHMWEPE. This can affect their application in real-world ap-
plications where cost is a significant factor.
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4, Conclusion

The objectives of the present study were multifold. The first
was to determine the effect of particle size and molecular
weight on the viscoelasticity of various UHMWPE grades. It
was observed through dynamic mechanical analysis in
amplitude sweep, frequency sweep, and temperature test that
the particle size and molecular weight did not significantly
affect the storage, loss, and complex moduli, especially in the
context of their tribological properties. Similarly, no differ-
ence in behaviours was observed between Milled and As
Received samples meaning that the processing did not affect
the thermomechanical properties of the various UHMWPE
grades. DSC and TGA measurements support this conclusion.
Tribological tests indicated that there was no or insignificant
difference in the performance of the various UHMWPE grades,
and their behaviour could not be described by any trend.
However, a more in-depth analysis involving Cole—Cole plots
indicates to suppression of the g relaxation processes of Milled
UHMWZPE. We can say that there is no significant effect of
processing on the various UHMWPE grades on their tribolog-
ical performance. Their thermomechanical properties are
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