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This work aims to investigate the enhancement of tribological, mechanical, and electrical properties of
ultra-high molecular weight polyethylene (UHMWPE) through surface modification via graphene
nanoplatelet (GNP) coating combined with electron beam (E-beam) irradiation. UHMWPE substrates
were dip-coated with 1 wt% GNPs and subjected to E-beam irradiation at doses ranging from 0 to 500
kGy. Among the tested conditions, irradiation at 100 kGy yielded the most favorable outcomes, including
a reduced coefficient of friction (0.1793), improved tensile strength (28.94 MPa), increased elongation at
break (58.35%), and the highest surface hardness (68 Shore D). Furthermore, the surface resistivity
decreased markedly to 2.15 x 10%® Q, indicating a significant improvement in surface conductivity.
Fourier-transform infrared spectroscopy (FTIR) revealed the formation of carbonyl groups (C=O),
attributed to oxidative processes initiated by irradiation-induced free radicals. Scanning electron
microscopy (SEM) images confirm enhanced GNP adhesion and uniform dispersion at moderate

irradiation levels. However, excessive irradiation doses, exceeding 100 kGy, led to the degradation of
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the synergistic integration of graphene coating and optimally tuned E-beam irradiation, particularly at

DOI: 10.1035/d5ra04349b 100 kGy, offers a promising strategy for developing UHMWPE-based materials with superior
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1 Introduction

The development and improvement of polymer materials for
various applications, especially in electronics, biomedicine, and
in the radiation protection industry, require the adjustment of
specific properties of the materials. One of the materials that
has received much attention is Ultra-High Molecular Weight
Polyethylene (UHMWPE). Typically ranges from 3-6 million g
per mol or more. This type of polymer is a plastic that has many
outstanding properties. It has high wear resistance, high
mechanical strength, resistance to chemical corrosion, and
a low coefficient of friction. Therefore, it is widely used in
industry." For example, in medical applications, UHMWPE is
used in artificial knee joints (orthopedic implants), and in
automotive engineering, UHMWPE is used to make gears,
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multifunctional performance for advanced tribological, mechanical, and electrical applications.

bearings, rollers, and force support plates. In the sports
industry, UHMWPE is used in snowboard slides or ice hockey.
However, the problem of surface deterioration remains to be
considered, mainly when used in an environment where there
are forces or external factors that affect the molecular structure
of the material, such as oxidative degradation, UV degradation,
wear and abrasion degradation.”

We can effectively solve this issue with techniques such as
molecular crosslinking using electron beam radiation, which
enhances structural strength and reduces wear. The electron
beam is a high-energy radiation that ionizes certain bonds in
the polymer chain, causing the molecules to form a crosslink.?
In addition, developing materials with increased strength and
wear resistance can utilize surface modification methods. For
example, surface coating or improvement using graphene
coating” and diamond-like carbon (DLC) coating. Adding or
coating with graphene enhances mechanical strength and wear
resistance and significantly reduces friction. Graphene is an
extreme material with self-lubricating properties. It is ideal for
applications that require resistance to pressure and long-term
scratching, such as medical device components or equipment
that rotates or moves continuously.” DLC coating with a carbon
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layer yields a surface structure similar to diamond, significantly
reducing friction, resulting in a smoother surface, decreased
wear, and extended lifespan. This is ideal for components that
experience continuous movement or rotation, such as ball
bearings or prosthetic joints.® In addition, one of the most
convenient methods for applying a coating to a surface is dip
coating, which is a process in which a workpiece material is
dipped into a solution or suspension containing a coating
material, drawn upwards at a controlled rate, and allowed to dry
or bake to adhere the coating material to the surface of the
workpiece.” The basic steps of this process consist of three main
steps: immersion, withdrawal, and drying (or curing)—control
of withdrawal speed, coating viscosity, such as glass fibers or
various polymer materials. The number of dipping cycles affects
the thickness and uniformity of the coating. These include
process simplicity, the ability to control the thickness of the
coating by adjusting the number of dipping cycles, and the
ability to coat complex surface shapes,® such as glass fibers or
various polymer materials.

Graphene nanoplatelets (GNPs) are carbon nanomaterials
that have garnered significant attention due to their unique
properties, including high electrical and thermal conductivity,
excellent mechanical strength,® and a high area-to-volume ratio.
This makes GNPs potentially valuable for many industries
requiring high-barrier, electrical conductivity, and durability
properties. GNPs are multi-layered sheets of graphene, typically
1-10 nm thick, and range in diameter from 100 nm to several
micrometers.'” The structural characteristics of GNPs are
attributed to the presence of carbon atoms interconnected by
sp® covalent bonds, which results in high strength and good
chemical stability." GNPs can be utilized in surface coating
applications by incorporating them into polymers, coating
agents, or coating solutions, decreasing wear rate* and
enhancing their resistance to chemicals and harsh environ-
ments. They can be applied to a wide range of materials.

Pristine  UHMWPE exhibits strong electrical insulation
properties, limiting its application in environments requiring
conductive properties. Coating UHMWPE with GNPs has
become an effective method for enhancing its properties. Since
graphene is an excellent conductive material with a two-
dimensional crystal structure that allows electrons to move
freely, the graphene coating can change the behavior of the
UHMWEPE surface from an insulator to a conductive material to
some extent."> However, graphene coating cannot be chemically
bonded together because UHMWPE has low adhesion. Electron
Beam Irradiation (EBI) is a popular process for modifying
polymer structures, such as crosslinking or surface modifica-
tion.® It has the advantages of increasing strength, thermal
stability, and wear resistance. It was confirmed by previous
studied, for example, Zhang et al.** developed a SiO,-graphene
oxide reinforced epoxy coating cured by electron beam irradia-
tion. This significantly improved corrosion resistance by
enhancing the coating’s crosslinking density and barrier prop-
erties. Ma et al.** investigated the effects of low-energy electron
beam irradiation on colloidal siloxane-coated polymer films.
Using this technique, they promoted effective polymerization
and crosslinking within the siloxane coating. As a result, the
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surface hardness of the films increased significantly. Their
study demonstrated that electron beam curing is a highly effi-
cient method for enhancing the mechanical performance and
surface durability of polymer coatings.

EBI technology is a significant innovation in various indus-
tries. It utilizes high-energy electron beams to perform physical
and chemical processes, including welding, cutting, surface
treatment, and writing patterns on the nanometer scale." This
technology is key in the semiconductor, metal fabrication, and
medical industries. The E-beam system emits high-energy
electrons from an electron gun, typically consisting of a tung-
sten filament heated to produce electron emissions. Therefore,
this work aims to advance further the progress in developing
UHMWPE products via graphene coating on the surface using
the EBI technique. This assists in enhancing GNP adhesion and
inducing beneficial changes in the polymer structure, offering
a promising approach for advanced material development, but
also improves the surface, mechanical, and electrical properties
of UHMWPE.

2 Experimental sections

2.1 Preparation of UHMWPE/graphene coating samples and
E-beam irradiation

UHMWPE was acquired from the Ottensteiner Kunststoff
GmbH & Co. KG, Germany, with dimensions of 16.5 cm X
16.5 cm and a thickness of 3 mm. After that, the surface of
UHMWPE was coated. The technique to coat this material is dip
coating, following the method described by Pietrzyk, B. et al.*
The process involved preparing a 1 wt% dispersion of GNPs in
100 mL of ethanol using an ultrasonic machine operated at
a power of 180 W and a frequency of 40 kHz for 30 min at 30 °C.
Ultrasonication effectively promoted the homogeneous disper-
sion of GNPs in ethanol, as supported by previous studies,
making the suspension suitable for uniform dip-coating. The
UHMWPE sheets were then immersed in the GNP solution for
5 min and baked at 80 °C for 24 h. After that, the UHMWPE/
graphene coating samples were E-beam irradiated at Thailand
Institute of Nuclear Technology (TINT), Thailand, with a varying
dose at 0, 50, 100, 150, 200, and 250 kGy.

2.2 Tribological properties

Wear resistance was evaluated by measuring the coefficient of
friction (coefficients of friction) of pin on disk using Universal
Tribotester (Ducom, USA) type referring to ASTM G99-95a'” in
dry condition with a high-chromium steel ball diameter of 6.35
mm, a pressing weight of 5 N, a speed of 0.3 m s, a sliding
distance of 1000 m, the test diameter is equal to 10 mm. The
samples were cut into a square of 43 mm x 43 mm and 3 mm
thick.

2.3 Morphology and elemental composition analysis

The determination of morphology, the dispersion of GNPs, the
adhesion of GNPs on the surface of UHMWPE, and the
elemental composition of the UHMWPE/GNPs coating was
conducted using scanning electron microscopy (SEM) (FEL
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Quanta 450, Czechia). To determine the morphologies of the
adhesion surface, all samples were coated with platinum for 30
seconds to improve electrical conductivity on the sample
surface and avoid effects of charge accumulation that may
distort or reduce image quality.

2.4 Mechanical properties

Mechanical properties of sample, consisting of the tensile
modulus, tensile strength, and elongation at break, were
assessed using a Universal Testing Machine (TM-G5K; TM Tech
Testing Co., Ltd; Bangkok, Thailand)."®* Tensile testing was
performed at a speed of 100 mm min . The samples were
tested using a durometer (GS-719G; Teclock; Nagano, Japan)
according to ASTM D2240-03 (Shore D)* standard testing for
the surface hardness measurements. Notably, at least 3 repeti-
tions for each formulation were carried out for all mechanical
measurements.

2.5 Electrical properties

The surface resistivity can be calculated using eqn (1). The DC
voltage released from the high-voltage supply passes through
the concentric ring electrode, then through the sample surface,
into the concentric circle electrode, and the DC voltage will pass
into the electrometer to obtain the current value according to
ASTM D257.%° The samples were cut into a circle with a diameter
of 3.5 inches and a thickness of 2 mm.

V
gy = 7 x 53.4 (1)

where o is surface resistivity (Q), Vis voltage (V), I is current (A).

2.6 Contact angle

The contact angle was measured using a contact angle goni-
ometer (Kino; PUDITEC Co., Ltd; Bangkok, Thailand) type,
referring to ASTM D7334-08.” The contact angle measurement
process begins with sample preparation. The samples were cut
into a square with a diameter of 1 cm and a thickness of 3 mm.
The surface should be clean and free from contamination, dust,
or grease. Then, a small amount of water, approximately 2 to 5
microliters, is carefully dropped onto the surface. When a water
drop falls on a surface, an image of the drop is immediately
taken from the side to clearly show the shape of the drop and
the contact line between the liquid and the solid. The resulting
image is then analyzed.

2.7 Fourier transform infrared spectroscopy

Functional groups of UHMWPE, UHMWPE/graphene coating
with E-beam irradiation at 0-500 kGy doses were analyzed using
Fourier transform infrared spectroscopy (FTIR) with Universal
Attenuated Total Reflectance (UATR) sensor technique the
resolution, scan range, and number of sample scans were
4.0 cm ™', 4000-515 cm ™', and 8, respectively.
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3 Results and discussion

3.1 Molecular structure

The FTIR spectra of the UHMWPE, UHMWPE/graphene coating
with E-beam irradiation at 0, 50, 100, 150, 200, 250, and 500 kGy
are shown in Fig. 1. For the spectra of UHMWPE and UHMWPE/
graphene coating with E-beam irradiation 0 kGy, the peaks were
observed at 720-730, 1460-1470, 2848, and 2915 cm ™}, corre-
sponding to CH,, C-H, and C-H, respectively. This is because
UHMWPE/graphene coating with E-beam at 0 kGy did not form
chemical bonds. The FTIR spectra of UHMWPE/graphene
coatings subjected to electron beam irradiation from 0 to 500
kGy exhibit a distinct but initially weak absorption band at
approximately 1715 em ™", corresponding to the C=O0 stretch-
ing vibration. This feature becomes increasingly prominent
with higher doses, indicating that E-beam irradiation leads to
bond cleavage within the UHMWPE matrix, particularly of C-C
and C-H bonds. The resulting free radicals readily react with
atmospheric oxygen, forming carbonyl groups on the polymer
surface.”” To further quantify this effect, the carbonyl peak was
analyzed across the irradiation doses. As shown in Fig. 1, the
C=0 peak is absent in the unirradiated and 50 kGy samples,
begins to appear at 100 kGy, and intensifies progressively at
higher doses. This trend clearly demonstrates that oxidation
increases in a dose-dependent manner, driven by radiation-
induced radical formation and subsequent oxidative reac-
tions.>® To reinforce these qualitative observations, a quantita-
tive analysis of the C=0 peak was carried out by integrating the
area under the absorption band centered at 1715 ecm ™" (within
the 1705-1725 cm™ " range) using the Opus software. The inte-
grated areas were then converted into relative percentages,
using the UHMWPE control sample as the baseline (0%). The
results showed a progressive increase in carbonyl peak intensity
by 0.97%, 2.65%, 4.07%, 5.95%, and 7.67% for samples irradi-
ated at 100, 150, 200, 250, and 500 kGy, respectively. This rela-
tive increase clearly reflects the growing carbonyl content and
confirms the dose-dependent oxidative degradation of the

UHMWPE
W GNPs coati yr'e
2915k -~ 2848 s coating 1460 720
\ /v v |
= GNPs coating (50kGy)
] Y |
o W GNPs coating (100kGy) ¢
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Fig. 1 FTIR spectra of UHMWPE, UHMWPE/graphene coating with E-
beam irradiation at 0, 50, 100, 150, 200, 250, 500 kGy, respectively.
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Fig.2 FTIR spectra of UHMWPE, UHMWPE/graphene coating with E-
beam irradiation at 100, 150, 200, 250, 500 kGy, respectively.

polymer surface. These quantitative results are summarized in
Fig. 2 and support the correlation between irradiation dose and
oxidation level in the UHMWPE/graphene coatings.
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3.2 Morphology analysis

The morphology of the samples was analyzed by SEM, as shown in
Fig. 3. The surface structure changes depending on the irradiation
dose. The non-irradiated sample (0 kGy) had poor adhesion of
GNPs on the surface, resulting in a rough and uneven surface
distribution. When the irradiation was increased to 50-100 kGy,
the surface adhesion of GNPs was significantly improved due to
the formation of chemical bonds between GNPs and the poly-
mers. The dose of 100 kGy provided the best results in terms of
both structure and surface properties.” However, at the radiation
level beyond 150 kGy, there was the deterioration of the surface
structure due to chain scission will start to occur. This caused the
GNPs not to adhere tightly and the surface to become rougher,
especially at 250-500 kGy, which may adversely affect the strength
and stability of the material.*®

3.3 Tribological properties

The results in Table 1 show that the uncoated UHMWPE had
a coefficient of friction (CoF) value of 0.29, which was consid-
ered low according to the basic properties of the material. The
coated sample with GNPs without irradiation, the CoF value

Fig. 3 SEM images of (a) UHMWPE, (b—h) UHMWPE/graphene coating with E-beam at 0, 50, 100, 250, and 500 kGy, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Average coefficient of friction of UHMWPE and UHMWPE/
GNPs coating, with varying E-beam irradiated contents

Samples (E-beam content kGy) Average coefficient of friction

UHMWPE uncoating (0 kGy) 0.29 £ 0.002
UHMWPE/GNPs coating (0 kGy) 0.62 & 0.008
UHMWPE/GNPs coating (50 kGy) 0.40 £ 0.040
UHMWPE/GNPs coating (100 kGy) 0.18 + 0.007
UHMWPE/GNPs coating (150 kGy) 0.23 + 0.008
UHMWPE/GNPs coating (200 kGy) 0.22 + 0.026
UHMWPE/GNPs coating (250 kGy) 0.24 £ 0.027
UHMWPE/GNPs coating (500 kGy) 0.24 + 0.015

significantly increased to 0.62, which could explain the low
cohesive strength of the UHMWPE surface. This causes the
GNPs not to adhere uniformly, resulting in a rougher surface
and increased friction. When the materials were irradiated with
E-beam at the dose of 50-500 kGy, the CoF values decreased
significantly. The lowest CoF was 0.18 found at a dose of 100
kGy, which is even lower than the baseline value of pristine
UHMWPE. This implies that E-beam irradiation promotes
crosslinking between UHMWPE molecules. It helps improve the
adhesion of GNPs on the surface, resulting in a uniform,
smooth surface with excellent friction resistance performance.
However, when the dose was increased above 100 kGy, such as
150-500 kGy, the CoF values increased slightly again, although
they were still lower than those of unirradiated GNPs. This trend
might be because excessive radiation doses cause chain scission
or breakdown of polymer chains and coating structures, dete-
riorating the surface structure and reducing properties from the
optimum point.>®

3.4 Mechanical properties

The mechanical properties of UHMWPE coated with GNPs and
irradiated with varying E-beam doses at 0, 50, 100, 150, 200, 250,
and 500 kGy are summarized in Table 2. The results show that
the sample irradiated at 100 kGy exhibited the highest overall
mechanical performance. This sample had a tensile modulus of
28.67 £ 0.44 MPa, tensile strength of 28.94 £+ 0.33 MPa, and
elongation at break of 58.35 £ 1.43%, which were significantly
higher or comparable to those of the non-irradiated control. In
addition, its surface hardness reached the maximum value of 68
Shore D, suggesting improved surface strength.

These improvements are attributed to the electron beam-
induced crosslinking of the UHMWPE chains, which

View Article Online
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Fig. 4 Stress—strain curve of UHMWPE/graphene coating with E-
beam at 0, 50, 100, 250, and 500 kGy, respectively.

Table 3 Electrical properties, consisting of surface resistivity, of gra-
phene, UHMWPE uncoating, UHMWPE/GNPs coating, with varying E-
beam irradiated contents

Samples (E-beam content kGy) Surface resistivity (Q)

Graphene (0 kGy) 10%-10°

UHMWPE uncoating (0 kGy) (5.22 £ 0.36) x 10"
UHMWPE/GNPs coating (0 kGy) (5.35 + 0.32) x 10"
UHMWPE/GNPs coating (50 kGy) (2.45 + 0.24) x 10°
UHMWPE/GNPs coating (100 kGy) (2.15 £ 0.10) x 10°
UHMWPE/GNPs coating (150 kGy) (5.22 £ 0.36) x 10°
UHMWPE/GNPs coating (200 kGy) (1.12 + 0.26) x 10°
UHMWPE/GNPs coating (250 kGy) (3.59 £ 0.20) x 10°
UHMWPE/GNPs coating (500 kGy) (1.62 + 0.17) x 10"

enhances intermolecular bonding, improves load transfer effi-
ciency, and increases resistance to mechanical deformation.””
The optimal dose of 100 kGy appears to strike a balance between
crosslinking enhancement and avoiding excessive chain scis-
sion. However, the mechanical properties declined significantly
when the dose was increased above 100 kGy. For example, the
250 kGy and 500 KkGy samples exhibited reduced tensile
strength and elongation at break, indicating increased molec-
ular chain degradation. This suggests that excessive radiation
doses lead to chain scission dominating over crosslinking,
which weakens the material structure and reduces its ductility.?®
Therefore, 100 kGy was identified as the optimal E-beam dose to
enhance the mechanical integrity of UHMWPE/GNPs coatings
without compromising elasticity and toughness.

Table 2 Mechanical properties of UHMWPE/GNPs coating, with varying E-beam irradiated contents

E-beam content (kGy) Tensile modulus (MPa)

Tensile strength (MPa)

Elongation at break (%) Hardness (Shore D)

0 28.20 £ 0.40 28.31 &+ 0.40 59.59 £ 2.08 65+ 1
50 28.69 + 0.46 28.77 £ 0.38 47.92 + 3.51 68 +1
100 28.67 = 0.44 28.94 £+ 0.33 58.35 £ 1.43 68 -1
150 21.44 £+ 0.35 26.31 £ 0.05 25.59 + 3.58 67 1
200 18.21 £ 1.71 25.44 £+ 0.41 39.01 £ 8.92 67 £1
250 19.11 £+ 1.89 25.16 £ 0.27 23.81 £+ 0.07 66 +1
500 14.98 £ 0.88 22.28 £ 0.37 48.58 £+ 2.38 64 +1
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Table 4 Contact angle results for the UHMWPE, UHMWPE/graphene
coating with E-beam irradiation at different doses

Samples (E-beam content kGy) Owater (°)

UHMWPE uncoating (0 kGy) 85.37 £ 2.53
UHMWPE/GNPs coating (0 kGy) 94.59 + 1.57
UHMWPE/GNPs coating (50 kGy) 89.61 + 1.10
UHMWPE/GNPs coating (100 kGy) 94.23 + 2.34
UHMWPE/GNPs coating (150 kGy) 94.31 + 2.72
UHMWPE/GNPs coating (200 kGy) 95.01 £+ 2.13
UHMWPE/GNPs coating (250 kGy) 97.39 + 4.36
UHMWPE/GNPs coating (500 kGy) 97.50 + 1.42

The stress-strain curves of UHMWPE samples modified with
GNPs and subjected to various electron beam irradiation doses
demonstrate the evolution of mechanical behavior under
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tensile loading. All samples exhibit typical characteristics of
ductile polymers, including a linear elastic region, yield point,
and strain-hardening phase. As shown in Fig. 4, the sample
irradiated at 100 kGy exhibited the highest tensile strength and
elongation at break, indicating an optimal crosslinking density
that enhances both mechanical strength and flexibility. This
behavior is attributed to a balance between chain crosslinking
and minimal chain scission. In contrast, samples irradiated at
higher doses such as 250 and 500 kGy showed reduced
mechanical properties, with lower peak stress and decreased
strain at break, suggesting degradation due to excessive chain
scission. These results are consistent with previous findings on
radiation-modified polymers, where mechanical performance
improves only within an optimal irradiation window before
degradation becomes dominant.**

Fig.5 Contact angle measurement: (a) UHMWPE, (b—h) UHMWPE/graphene coating with E-beam at 0, 50, 100, 250, and 500 kGy, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5 Electrical properties

The result of electrical properties is demonstrated in Table 3. It
was found that the coating of GNPs on the surface of UHMWPE
significantly reduced the surface resistance value, with the
resistance value of unirradiated UHMWPE/GNPs reduced to
5.35 x 10" from 5.33 x 10'® Q. This indicated that GNPs play
a role in increasing the electrical conductivity on the surface of
the material.** However, the adhesion of GNPs to the surface of
the material in the non-irradiated state was incomplete,
resulting in uneven distribution. The E-beam irradiation at 50
and 100 kGy resulted in the resistance decreased continuously,
reaching a minimum value at 100 kGy of 2.15 x 10® Q. This
supported that the E-beam induces crosslinking of UHMWPE
molecules. It also promotes better adhesion of GNPs on the
material surface, allowing GNPs to arrange themselves into
a uniform network, which results in significantly improved
electrical conductivity on the material surface. However, when
the radiation dose is increased beyond 100 kGy, such as 150-
500 kGy, the resistance value increases again, especially at 500
kGy, equal to 1.62 x 1011 Q, higher than at lower levels. This
increase is caused by the high level of radiation, causing chain
scission and disruption of GNPs' structure as well as surface
damage, which leads to discontinuity of the conducting
network and a decrease in the conductive properties.

3.6 Contact angle

The experiments in Table 4 and Fig. 5 found that the contact
angle of water droplets on the surface (Oyace;) changed signifi-
cantly when graphene was coated and different amounts of E-
beam irradiation were applied to the UHMWPE surface. The
UHMWPE uncoating (0 kGy) material has a water contact angle
of 85.37°, which is in the range of moderately hydrophobic
materials. When UHMWPE was coated with GNPs without
irradiation, the contact angle was found to increase to 94.59°,

M E-beam Irradiated /
n

UHMWPE
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indicating that GNPs play an essential role in enhancing the
hydrophobicity of the surface. Because the structure of gra-
phene has a repulsive force against water (low surface energy),
water cannot spread well on the surface.*” The application of E-
beam irradiation at different doses influenced the contact
angle. Notably, at 50 kGy, the contact angle decreased slightly to
89.61°, which might be due to the graphene structure not being
fully adhered to the surface, which is related to the coefficient of
friction at 50 kGy. At 100 kGy, the point at which the material
has the best overall properties in many aspects, the contact
angle returns to 94.23°, indicating good adhesion of graphene
and uniform distribution. With increasing irradiation doses of
150, 200, 250, and 500 kGy, the contact angle gradually
increased until reaching a maximum of 97.50° at 500 kGy,
indicating that the surface becomes increasingly hydrophobic.
However, other properties such as strength or wear resistance
may start to decrease due to chain scission.

3.7 Proposed reaction mechanism of UHMWPE/graphene
coating with E-beam irradiation

The proposed reaction mechanism is presented in Fig. 6. When
irradiated with E-beam, the C-C and C-H bonds of UHMWPE
and GNPs are broken, generating free radicals that is able to
form new bonds with each other or with reinforcing materials.
The result is the formation of C-C bonds between the GNPs and
the UHMWPE chains, which are chemical bonds that are
significantly stronger than the original physical bonds.** This
results in significantly improved mechanical properties of the
material, especially in terms of strength, wear resistance, and
tensile strength. (C=0 stretching vibration), which indicates
the presence of oxygen-containing functional groups, such as
ketones or carboxylic acids, in the material structure. It may
occur after irradiation due to the oxidation process of UHMWPE
itself. Although irradiation is carried out in vacuum, the

NEoee:
=

Free radical

GNPs

UHMWPE/Graphene coating
with E-beam Irradiated

Free radical

Fig. 6 Proposed reaction mechanism of UHMWPE/graphene coating with E-beam irradiation.
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Table 5 Comparison of the results of this research with other researches using UHMWPE materials combined with GNPs

GNPs Hardness Tensile Surface
Method (% wt)  (Shore D)  strength (MPa) Coefficient of friction (CoF)  resistivity (Q) Ref.
Ball milling/blade mixer + 0.1-5.0 60 No test Decreased by approximately  No test 4
hot pressing 25% at 3% wt GNPs
PE/GNPs composites + extruder + — No test 27.06 No test No test 31
E-beam 130 kGy
UHMWPE/GNPs composites + 0.5 63.6 22.00 Decreased by approximately  No test 34
cyclic impact compaction 10% at 0.5% wt GNPs
UHMWPE/GNPs dip coating + 1.0 68 28.94 Decreased by approximately ~ Decreased from 5.33 x 10"  This
E-beam 100 kGy 38% at 1% wt GNPs to 2.15 x 10% at 100 kGy work

material is still exposed to oxygen in air during sample prepa-
ration steps, such as during hot pressing or aging test in air.>?

Table 5 presents a comparative analysis of UHMWPE
composites reinforced with GNPs, highlighting the effects of
different fabrication methods, filler contents, and property
enhancements. The current study employed dip coating
combined with E-beam irradiation using 1 wt% GNPs and
achieved a hardness of 68 Shore D and a 38% reduction in the
coefficient of friction (CoF) at 100 kGy. In comparison,
Martinez-Morlanes et al.* utilized 3-5 wt% GNPs through ball
milling and hot pressing, reporting values of up to 60 Shore D in
hardness and 25% CoF reduction. Shtertser et al.’>* applied
cyclic impact compaction with 0.5 wt% GNPs (NDC), resulting
in limited changes in hardness (19.9 HBW) and a 10% CoF
reduction, along with a noted decrease in tensile strength.
Additionally, Xu et al.** used electron beam irradiation up to 130
kGy on XLPE/GNPs composites with 15 wt% GNPs, leading to
improvements in thermal conductivity and moderate increases
in hardness and wear resistance, though surface resistivity was
not reported. By contrast, the present study is the only one
among those reviewed that investigated and achieved a signifi-
cant reduction in surface resistivity from 5.33 x 10" Q t0 2.15 x
10% Q at 100 kGy, demonstrating the effectiveness of combining
surface engineering with low GNP loading, and offering
performance characteristics that complement or exceed values
previously reported in similar studies.***

4 Conclusions

The study demonstrated that surface modification of Ultra-High
Molecular Weight Polyethylene (UHMWPE) through the dip
coating of 1 wt% GNPs and subsequent electron beam irradia-
tion (E-beam) significantly enhanced the tribological, mechan-
ical, electrical, and surface characteristics of the material.
Among the tested doses, irradiation at 100 kGy provided the
most optimal improvements, yielding the lowest coefficient of
friction (0.1793), highest tensile strength (28.94 MPa),
enhanced elongation at break (58.35%), and maximum hard-
ness (68 Shore D). The electrical surface resistivity also dropped
markedly to 2.15 x 10°® Q, indicating improved surface
conductivity. FTIR analysis revealed the formation of C=0
bonds from oxidation after irradiation, and SEM images
confirmed improved graphene adhesion at moderate doses.

© 2025 The Author(s). Published by the Royal Society of Chemistry

However, increasing the irradiation beyond 100 kGy led to
property degradation due to excessive chain scission, which
negatively impacted mechanical integrity and electrical
conductivity. Therefore, the synergistic effect of GNPs and
controlled E-beam exposure, particularly at 100 kGy, offers
a promising strategy for tailoring UHMWPE for advanced
applications in biomedical devices, electronics, and wear-
resistant components.

Data availability

The datasets generated during and/or analysed during the
current study are available from the corresponding author on
reasonable request.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the Graduate School, Chula-
longkorn University. The Scholarship from the Graduate
School, Chulalongkorn University to commemorate the 72nd
anniversary of his Majesty King Bhumibol Aduladej is grate fully
acknowledged. This work was supported by the Thailand
Science Research and Innovation Fund, Chulalongkorn
University [grant number: IND_FF_68_036_2100_006].

References

1 X. Cao, Y. Li and G. He, Fabrication of self-Lubricating
porous UHMWPE with excellent mechanical properties and
friction performance via rotary sintering, Polymers, 2020,
12(6), 1335, DOI: 10.3390/polym12061335.

2 D. Toyen, E. Wimolmala, N. Sombatsompop, et al., Sm203/
UHMWPE composites for radiation shielding applications:
Mechanical and dielectric properties under gamma
irradiation and thermal neutron shielding, Radiat. Phys.
Chem., 2019, 164, 108366, DOL  10.1016/
j-radphyschem.2019.108366.

3 M. A. Mulliez, C. Schilling and T. M. Grupp, Equivalent
mechanical properties of X-ray and E-beam cross-linked

RSC Adv, 2025, 15, 26756-26765 | 26763


https://doi.org/10.3390/polym12061335
https://doi.org/10.1016/j.radphyschem.2019.108366
https://doi.org/10.1016/j.radphyschem.2019.108366
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04349b

Open Access Article. Published on 28 July 2025. Downloaded on 12/8/2025 4:38:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

8

9

10

11

12

13

14

15

16

17

vitamin E blended ultrahigh molecular weight polyethylene,
J. Biomed. Mater. Res., Part B, 2020, 108(5), 2131-2140, DOIL:
10.1002/jbm.b.34552.

M. Martinez-Morlanes, F. Pascual, G. Guerin, et al., Influence
of processing conditions on microstructural, mechanical
and tribological properties of graphene nanoplatelet
reinforced UHMWPE, J. Mech. Behav. Biomed. Mater., 2021,
115, 104248, DOI: 10.1016/j.jmbbm.2020.104248.

D. Wang, F. Li, X. Chen, et al, Effect of two graphene
coatings on the friction and wear of sliding electrical
contact interface, Lubricants, 2022, 10(11), 305, DOL:
10.3390/lubricants10110305.

Y. Peng, J. Peng, Z. Wang, et al, Diamond-like carbon
coatings in the biomedical field: properties, applications
and future development, Coatings, 2022, 12(8), 1088, DOI:
10.3390/coatings12081088.

M. Fang, X. Xiong, Y. Hao, et al., Preparation of highly
conductive graphene-coated glass fibers by sol-gel and dip-
coating method, J. Mater. Sci. Technol., 2019, 35(9), 1989-
1995, DOI: 10.1016/j.jmst.2019.05.027.

J. Liu, L. Hua, S. Li, et al., Graphene dip coatings: An effective
anticorrosion barrier on aluminum, Appl. Surf. Sci., 2015,
327, 241-245, DOI: 10.1016/j.apsusc.2014.11.187.

J. Parente, P. Santos, S. Valvez, et al., Fatigue behaviour of
graphene composites: An overview, Procedia Struct. Integr.,
2020, 25, 282-293, DOI: 10.1016/j.prostr.2020.04.033.

F. Z. Bouanis, P. Moutoussammy, I. Florea, et al., Graphene
nanoplatelets coating for corrosion protection of aluminum
substrates, Corrosion, 2019, 75(7), 799-808, DOI: 10.5006/
2960.

J. Londono Monsalve, E. Kovalska, M. Craciun, et al.,
Graphene nanoplatelets on recycled rubber: an
experimental study of material properties and mechanical
improvements, Philos. Trans. R. Soc., A, 2024, 382(2281),
20230324, DOI: 10.1098/rsta.2023.0324.

K. Shiyanova, M. Gudkov, A. Gorenberg, et al., Segregated
network polymer composites with high electrical
conductivity and well mechanical properties based on PVC,
P (VDF-TFE), UHMWPE, and rGO, ACS Omega, 2020, 5(39),
25148-25155.

T. Zhang, Y. Zhang, C. Chen, et al., Corrosion-resistant SiO2-
graphene oxide/epoxy coating reinforced by effective
electron beam curing, Prog. Org. Coat., 2023, 184, 107855,
DOI: 10.1016/j.porgcoat.2023.107855.

J. Ma, J.-H. Kim, ]. Na, et al., Enhanced polymerization and
surface hardness of colloidal siloxane films via electron
beam irradiation, ACS Omega, 2021, 6(20), 13384-13390,
DOI: 10.1021/acsomega.1c01429.

M. S. Mehmood, M. Tabasam, M. Ahmed, et al., Mueller
polarimetry for characterization of E-Beam
irradiated Uhmwpe, Radiat. Phys. Chem., 2020, 166,
108503, DOI: 10.1016/j.radphyschem.2019.108503.

B. Pietrzyk, S. Miszczak, Y. Sun, et al., Al1203+ graphene low-
friction composite coatings prepared by sol-gel method,
Coatings, 2020, 10(9), 858, DOI: 10.3390/coatings10090858.

S. Mahade, A. Mulone, S. Bjorklund, et al., Investigating
load-dependent  wear  behavior and degradation

matrix

26764 | RSC Adv,, 2025, 15, 26756-26765

18

19

20

21

22

23

24

25

26

27

28

View Article Online

Paper

mechanisms in Cr3C2-NiCr coatings deposited by HVAF
and HVOF, J. Mater. Res. Technol., 2021, 15, 4595-4609,
DOL: 10.1016/j.jmrt.2021.10.088.

D. Toyen, T. Anekratmontre, E. Wimolmala, et al,
Comparisons of enhanced thermal neutron-and gamma-
shielding properties in UHMWPE composites containing
surface-treated Sm203 and Gd203 particles, Polym. Adv.
Technol., 2023, 34(7), 2394-2406, DOIL: 10.1002/pat.6059.

M. Nabrdalik and M. Sobocinski, Determination of the
Influence of Selected External Factors on the Physical and
Structural Properties of UHMWPE, Acta Phys. Pol. A, 2024,
146(6), 798, DOL: 10.12693/aphyspola.146.798.

P. Ketsamee, A. Vaughan and T. Andritsch, Enhancing
Dielectric Properties: Improved Interfacial Adhesion of
Polypropylene/Ultra-High Molecular Weight Polyethylene
Nanocomposites for Power Cables, IEEE Trans. Dielectr.
Electr. Insul., 2024, 32(1), 190-197, DOI: 10.1109/
TDEI.2024.3413033.

M. T. Nguyen, K. Grubel, D. Zhang, et al., Amphilic Water-
Lean Carbon Capture Solvent Wetting Behavior through
Decomposition by Stainless-Steel Interfaces,
ChemSusChem, 2021, 14(23), 5283-5292, DOI: 10.1002/
€ssc.202101350.

W. Pang, J. Wu, Q. Zhang, et al., Graphene oxide enhanced,
radiation cross-linked, vitamin E stabilized oxidation
resistant  UHMWPE with high hardness and tensile
properties, RSC Adv., 2017, 7(87), 55536-55546, DOIL:
10.1039/C7RA10637H.

O. N. Tretinnikov, S. I. Fujita, S. Ogata, et al., Surface studies
of ultra-high molecular weight polyethylene irradiated with
high-energy pulsed electron beams in air, J. Polym. Sci.,
Part B:Polym. Phys., 1999, 37(13), 1503-1512.

S. K. Ghosh, K. Nath, S. Paul, et al., Investigation of the effect
of electron beam irradiation on tensile, thermal and gas
barrier properties of graphene nanoplatelet loaded
thermoplastic nanocomposite films, Radiat. Phys. Chem.,
2024, 214, 111310, DOI: 10.1016/
j-radphyschem.2023.111310.

J. D. Femi-Oyetoro, K. Yao, K. Roccapriore, et al., Effects of
high-dosage focused electron-beam irradiation at energies
= 30 keV on graphene on SiO2, Appl. Surf. Sci., 2019, 469,
325-330, DOI: 10.1016/j.apsusc.2018.10.250.

B. Kurbanova, K. Aimaganbetov, K. Ospanov, et al., Effects of
electron beam irradiation on mechanical and tribological
properties of PEEK, Polymers, 2023, 15(6), 1340, DOIL:
10.3390/polym15061340.

K. Ormanbekov, B. Rakhadilov, A. Z. Zhassulan, et al., Effect
of electron irradiation on mechanical, tribological and
thermal properties of polytetrafluoroethylene, Eurasian
Journal of Physics and Functional Materials, 2023, 7(4), 221~
231, DOI: 10.32523/ejpfm.2023070402.

S. D. Reinitz, B. H. Currier, R. A. Levine, et al., Crosslink
density, oxidation and chain scission in retrieved, highly
cross-linked UHMWPE tibial bearings, Biomaterials, 2014,
35(15), 4436-4440, DOI: 10.1016/j.biomaterials.2014.02.019.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1002/jbm.b.34552
https://doi.org/10.1016/j.jmbbm.2020.104248
https://doi.org/10.3390/lubricants10110305
https://doi.org/10.3390/coatings12081088
https://doi.org/10.1016/j.jmst.2019.05.027
https://doi.org/10.1016/j.apsusc.2014.11.187
https://doi.org/10.1016/j.prostr.2020.04.033
https://doi.org/10.5006/2960
https://doi.org/10.5006/2960
https://doi.org/10.1098/rsta.2023.0324
https://doi.org/10.1016/j.porgcoat.2023.107855
https://doi.org/10.1021/acsomega.1c01429
https://doi.org/10.1016/j.radphyschem.2019.108503
https://doi.org/10.3390/coatings10090858
https://doi.org/10.1016/j.jmrt.2021.10.088
https://doi.org/10.1002/pat.6059
https://doi.org/10.12693/aphyspola.146.798
https://doi.org/10.1109/TDEI.2024.3413033
https://doi.org/10.1109/TDEI.2024.3413033
https://doi.org/10.1002/cssc.202101350
https://doi.org/10.1002/cssc.202101350
https://doi.org/10.1039/C7RA10637H
https://doi.org/10.1016/j.radphyschem.2023.111310
https://doi.org/10.1016/j.radphyschem.2023.111310
https://doi.org/10.1016/j.apsusc.2018.10.250
https://doi.org/10.3390/polym15061340
https://doi.org/10.32523/ejpfm.2023070402
https://doi.org/10.1016/j.biomaterials.2014.02.019
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04349b

Open Access Article. Published on 28 July 2025. Downloaded on 12/8/2025 4:38:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

29 H. Wang, L. Xu, R. Li, et al., Improving the creep resistance
and tensile property of UHMWPE sheet by radiation cross-
linking and annealing, Radiat. Phys. Chem., 2016, 125, 41-49.

30 S. K. Park, S. Jung, D. Y. Lee, et al., Effects of electron-beam
irradiation and radiation cross-linker on tensile properties
and thermal stability of polypropylene-based carbon fiber
reinforced thermoplastic, Polym. Degrad. Stab., 2020, 181,
109301.

31 W. Xu, K. Lu, H. Li, et al., Electron Beam-Irradiated Cross-
Linked Polyethylene Composites Containing Graphene
Nanoplatelets for Thermally Conducting Pipes, C, 2025,
11(2), 31, DOI: 10.3390/¢11020031.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

32 K.-Y. Law and H. Zhao, Surface Wetting: Characterization,
Contact Angle, and Fundamentals, Springer International
Publishing, Basel, Switzerland, 2016.

33 K. Bilisik and M. Akter, Graphene nanoplatelets/epoxy
nanocomposites: a  review on functionalization,
characterization techniques, properties, and applications,
J- Reinf. Plast. Compos., 2022, 41(3-4), 99-129, DOIL
10.1177/07316844211049277.

34 A. Shtertser, B. Zlobin, V. Kiselev, et al., Properties of Ultra-
High Molecular Weight Polyethylene Produced by Cyclic
Impact Compaction and Reinforced with Graphene
Nanoplatelets and Single-Walled Carbon Nanotubes, J.
Compos. Sci., 2023, 7(8), 314, DOI: 10.3390/jcs7080314.

RSC Adv, 2025, 15, 26756-26765 | 26765


https://doi.org/10.3390/c11020031
https://doi.org/10.1177/07316844211049277
https://doi.org/10.3390/jcs7080314
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04349b

	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation

	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation

	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation
	Enhancement of surface tribology, mechanical, and electrical properties of UHMWPE via graphene nanoplatelets coating and electron beam irradiation


