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Abstract

The effect of carbon filler wt% ratios on the microstructural and tribological

properties of the ultra-high molecular weight polyethylene (PE)/graphene

nanoplatelets (GNP), PE/graphene oxide (GO), and PE/carbon nanotube

(CNT) composites and PE/GNP-GO hybrid composite layers was studied to

determine the best tribological performance after the dry wear test. The layers

had a semi-crystalline structure like PE, but the shifts in the peaks showed the

presence of interactions between the fillers and PE matrix, according to x-ray

diffraction (XRD) analysis. FTIR analysis results indicated that GO-containing

layers caused interactions and new bonds. The lowest values for the friction

coefficient were found in layers containing GNP and GO, which had a lubricat-

ing effect. The friction coefficient decreased by 83.24% in the PE/0.7GO com-

posite layer compared to PE. Wear resistance of the PE/3GNP and PE/1GO

layers were the highest compared to PE and other layers. The PE/3GNP and

PE/1GO layers improved the wear resistance of PE by 12% and 11%, respec-

tively. Abrasive wear and fatigue wear tracks on the worn surface of the

PE/3GNP and PE/1GO composite layer were significantly reduced compared

to PE and other layers. This study suggests that layers that will provide the

highest molecular interaction with PE and improve its wear resistance will be

produced with GO and nano-sized GNP.

Highlights

• The interaction of graphene-derived fillers with PE and its effect on friction

and wear properties were investigated.

• GNP and GO are the best filler materials among the graphene derivatives

for increasing wear resistance.

• High wear resistant of layers achieved at 3 wt% GNP loadings.

• Layers containing GO had the lowest friction coefficient values among the

other layers.
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1 | INTRODUCTION

Ultra-high molecular weight polyethylene (PE) is an
engineering thermoplastic and the material of choice for

bearing components in hip and knee total joint
arthroplasty.1 PE has great chemical stability, good self-
lubricating qualities, good wear resistance, and low fric-
tion. It is also biocompatible.2 Three million joint
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replacement procedures are performed worldwide each
year, and PE is typically used in these procedures. How-
ever, orthopedic implants have a restricted lifetime.3

Wear of PE fragments leads to osteolysis,4 and it has dis-
advantageous properties such as low surface hardness
and anti-fatigue capacity.5 Therefore, the improvement of
the mechanical properties and wear resistance of neat PE
is highly prominent.6 Incorporating fillers to overcome
the deficiency of the PE matrix is a hopeful solution. For
this purpose, some researchers developed composite
materials with PE matrices that were produced using var-
ious inorganic and organic fillers.7 Unfortunately, the use
of fillers in artificial joints was limited due to poor perfor-
mance, high cost, and high additive amounts of compos-
ites.5 In this study, graphene nanoplatelets (GNP),
graphene oxide (GO), and carbon nanotube (CNT) fillers,
which are some carbon derivatives, were used in the PE
matrix. Recent research has focused on graphene as a
possible filler due to its high surface area, potential for
strong bonding, and efficient load transmission between
the filler and polymer matrix.8 Graphene nanoplatelets
(GNP) have properties closer to those of single-layer gra-
phene than other graphene derivatives.9 Furthermore, a
2D graphene layer improves lubrication properties and
promotes more homogeneous filler dispersion in the
polymer matrix.10 To investigate the mechanical and tri-
bological properties of PE composites with GNP, numer-
ous tests are being carried out. Wang et al.11 investigated
the electrical conductivity of PE/graphene nanosheet
composites. According to the study of Aliyu et al.,12 PE
composites with low GNP contents (0.1, 0.25, and 0.5 wt
%) were produced, and the results revealed that
PE/0.25 wt% GNPs had the maximum wear resistance.
Chih et al.13 prepared spray-coated UHMWPE compos-
ites with 0–4.6 wt% of GNP and 1–2 layered graphene
(2LG). Test results indicated that GNP presented better
tribological behavior than 2LG. Alam et al.8 reported at
the thermal, mechanical, and electrical characteristics of
PE nanocomposites with graphene nanoplatelets. Gu
et al.1 presented the thermal conductivity of graphite
nanoplatelet/UHMWPE nanocomposites, and these were
fabricated via mechanical ball milling followed by a hot-
pressing method. Unlike all this literature, in this study,
composite layers were produced with higher GNP con-
tents and lower particle thicknesses of GNP. As a conse-
quence, the tribological and structural properties of
composite layers can be altered by changing the loading
content of GNP. Moreover, GNP may be a good candidate
to overcome the wear defects of the PE.14 GO is obtained
by the oxidation of graphite. GO has functional groups
that include hydroxyl, carboxyl, and epoxy groups.
The oxygen-containing functional groups disperse
easily into some polar solvents and form intercalated

composites owing to their strong interaction with polar
molecules.15–17 An et al.6 reported that pure PE and its
composites were produced with different GO wt% (0,1,
0.3, 0.7, and 1.0) by liquid phase dispersion, ball mill mix-
ing at high speed, and hot pressing and showed an
improvement in the wear resistance of the composites.
Pang et al.5 studied the mechanical and thermal proper-
ties of GO/PE nanocomposites. The results showed that
the thermal and mechanical properties of nanocompo-
sites improved with increasing GO content. In the studies
of Chen et al.,16 GO/PE composites were produced by
liquid-phase dispersion followed by hot pressing. They
investigated the microstructural, mechanical, and bio-
compatibility properties of composites formed by the
addition of pure PE and different wt% (0.1, 0.3, 0.5, and
1.0) GO. CNTs have been extensively used because of
their good mechanical, electrical, and thermal proper-
ties.18 CNTs have unique properties such as high elastic
modulus (200–1000 GPa), tensile strength (11–63 GPa),
and good lubricity.19,20 CNTs with a maximum tensile
strength of 300 GPa are highly durable materials.18 In the
studies of Zoo et al.,21 CNT was added to the PE matrix
at different wt% (0.1, 0.2, and 0.5) to improve the tribo-
logical properties of PE. The results showed that CNT
was a potential filler material to increase wear resistance
without significant structural changes. Samad and
Sinha22 produced composite materials with the addition
of plasma-treated SWCNT at different wt% (0.05, 0.1, and
0.2) to improve the mechanical, thermal, and tribological
properties of PE layers on DF3 tool steel backing mate-
rial. SWCNTs contributed to the improvement of the
mechanical and thermal properties of the film without
causing any structural changes in the polymer matrix.
From the results of the studies summarized in the litera-
ture above, it was understood that GNP, GO, and CNT
fillers had significant effects on the structural, thermal,
mechanical, and tribological properties of the PE com-
posite and nanocomposite materials. In this study, GNP,
GO, and CNT powders, which are known as carbon-
derived filler materials, were applied to the PE matrix
with different wt% ratios. Composite powders (PE/GNP,
PE/GO, and PE/CNT) and hybrid composite powder mix-
tures (PE/GNP-GO) were produced by mixing with the
liquid phase dispersion method in wt% values. These
powders were coated onto PE with the hot press molding
process. The reason for using composite layer instead of
composite is that the cost of producing numerous filling
materials for industrial applications increases. Therefore,
composite powder is more advantageous. Furthermore,
the effect of filler wt% ratios on the microstructural and
tribological properties of the produced composite
and hybrid composite layers was studied. Wear tests were
performed on the layers in dry sliding conditions. In this
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study, it was aimed at determining the composite or
hybrid composite layer that offered the best tribological
performance after the wear test.

2 | MATERIALS AND METHODS

PE used in the present work was from Sigma-Aldrich
Chemie. The molecular weight was in the range of 3–6
million as per the manufacturer's data. The powder's
density was 0.94 g/mL. Graphene nanoplatelets (GNPs)
were purchased from Graphene Chemical Industries
Co. with an average particle thickness of 5–8 nm. Pow-
der thickness was 5 μm, and surface area was 120–
150 m2/g. The Hummers method23 was used to prepare
GO from graphite. CNT powders with a particle size of
9.5 nm in diameter, 1.5 μm in length, and surface area

was 250–300 m2/g. It was purchased from Graphene
Chemical Industries Co. Before preparing the composite
mixture, the surface of the CNT was modified. CNT
powders were washed in a HNO3/H2SO4 (1:1 volume)
acid mixture in an ultrasonic bath at 80�C with distilled
water until the pH was 5.0, and then dried in an oven
at 100�C for 24 h.

PE composites and hybrid powders of different
weight percentages (wt%) of GNP, GO, CNT, and GO-
GNP in PE were prepared as follows: In brief, fillers
were sonicated for 30 min in ethanol using an ultra-
sonic bath. Ultrasonic mixing provides better distribu-
tion of powders in the ethanol solution and PE solution
compared to mechanical mixing. Ultrasonic mixing is
used in studies on graphene derivatives in the litera-
ture.12,15 The filler suspension was then combined with
PE powders, and the mixture was mixed for 30 min
before being sonicated for an hour. After that, the com-
posite powders were dried in an oven at 60�C after the
ethyl alcohol was removed at 60–70�C in an oil bath.
The final step was hot pressing composite powders onto
PE for 30 min at 180�C and 10 MPa pressure.24 The
composite and hybrid layers were coded by their wt%
GNP, GO, CNT, and GO-GNP in PE. The images and
molecular representations of the layers were given in
Figures 1 and 2.

X-ray diffractograms (XRD) obtained by a PAN ana-
lytical, empyrean diffractometer employing Cu K radia-
tion in the angle range 2� = 5�–30� served as a
representation of the crystallinity of the layers. TheFIGURE 1 The images of layers.

FIGURE 2 Molecular representations between PE and GO, CNT and GNP.
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crystallite size of the layers was calculated by the follow-
ing Scherrer Equation (1).25,26

L¼ k:λ
β:cosθ

ð1Þ

where L is the crystallite's size, K is a shape-related con-
stant, lambda is the width at half its maximum, beta is
the wave's length, and theta is the peak location.

The molecular structure of the composite layers was
characterized by Fourier transfer infrared spectroscopy
(FTIR) spectra, which are recorded by a Spectrum
100, Perkin Elmer, between 400 and 4000 cm�1. We
obtained transmission electron microscope (HR-TEM)
images of the cross-section area of the PE/3GNP layer
using Jeol 2100F 200 kV RTEM to explain the distribu-
tion of GNP at the interface. The tribological properties
of the obtained layers were investigated using a recipro-
cating wear tester under dry sliding conditions (Figure 3).
The outside temperature was about 25�C, and the relative
humidity was nearly 45%. The wear tests on all layers
were performed under a constant load of 5 N using a
5 mm-diameter 316 L ball at a sliding velocity of 1.9 cm/s
over a sliding distance of 57.5 m. The wear was calculated
by analyzing the width and depth of wear scars develop-
ing on layer surfaces with the help of a contact stylus pro-
filometer (SJ400). The wear rate was calculated using
Equation (2).

A¼ π:W :D:C
4:S:F

ð2Þ

where A: Wear rate, mm3/Nm. W: Width of wear scar,
mm. D: Depth of wear scar, mm. C: Length of wear
scar, mm. S: Total sliding distance, m. F: The test load is
defined as N. In order to look into the wear mechanisms,
worn surface morphologies of layers were investigated

using optical and scanning electron microscopy
(OM and SEM).

3 | RESULTS AND DISCUSSIONS

XRD patterns of PE and its layers are presented in
Figure 4A–D. The diffraction peaks of PE were found at
2θ� = 21.5� and 23.8� which correspond to the (110) and
(200) diffraction planes in the orthorhombic phase of
semi-crystalline PE.8,27 As shown in Figure 4, the XRD
patterns of all layers showed diffraction peaks at similar
2θ� values with PE. It was determined that the peaks of
the (110) and (200) planes shifted to the right from the
inside Figure 4A–D of all layers. In the XRD analysis of
hydroxyapatite/polylactic acid composites, Nejati et al.28

attributed the shifts in the peaks and changes in crystal-
line size to the presence of interactions between the filler
and matrix. Peaks for GNP were seen in PE/GNP layers
(Figure 4A) and in PE/GNP-GO hybrid layers
(Figure 4D), which were connected to the graphitic (002)
plane by the 2θ� = 26.7� value.29 The diffraction intensi-
ties of GNP peaks improved with increasing GNP wt%.
According to Ma et al.,30 larger GNP levels in epoxy
matrix nanocomposites resulted in a higher diffraction
intensity, which revealed the graphene layers in the dif-
fraction (002) plane at 2θ� = 26.6�. Reddy et al.31

reported the reason for the low intensities of the graphitic
carbon peaks. Because the (110) and (200) diffraction
planes were more intense than those of graphitic carbon.
The amorphous content manifested as a broad peak
around 19.6� in all layers. This peak was more intense in
layers containing GO (Figure 4B). This result was attrib-
uted to the dominance of the amorphous region of the
polymer.32 These peaks showed that the composite layers
exhibited a semi-crystalline structure like an unfilled
polymer.33 The XRD examination results of PE/GO layers
did not show the characteristic peaks of GO, and the out-
come showed that GO was completely exfoliated within
the layer. And also, the dominant structure in all
PE/CNT layers was the semicrystalline structure
(Figure 4C). A similar result was reported with XRD
analysis by Showkat et al.34 They examined the crystal
structures of composites prepared with poly (diphenyl
amine) (PDPA) and multiwalled carbon nanotubes
(MWNT), and found that the planar structure of PDPA
was dominant rather than the hexagonal surface lattice
of MWNT.

The values of crystalline size of layer are shown in
Figure 5A. In comparison to PE, all filler components
showed a decrease in the (110) and (200) planes at crystal-
line size values. According to Figure 5, layers with 3.0 wt%,
GNP, 3.0 wt% GO, 3.0 wt%, GNP-GO, and 2.0 wt% CNTFIGURE 3 Reciprocating wear test instrument.
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added to the polymer matrix displayed the lowest value.
The inclusion of filler particles, which produce crystal
defects, dislocations, and bind polymer chains, was blamed
for the reduction in crystallite size.16,18 As can be seen from
Figure 5, the samples containing GNP at all filler contents
and for both two planes showed the lowest crystalline size
values. This situation is explained by the structures of
GNP, GO, and CNT fillers. Although GNP and CNT are
nanosized, GNP has a higher surface area than GO but is
lower than CNT. The distribution of GNP in the matrix
and its interaction with the polymer suggest that it binds
polymer chains more than GO and CNT. Similar results
found in this study and the literature were attributed to
geometric differences between GNP and CNT.35,36 Further-
more, as described in recent literature comparing various
nanofiller materials, the applications of GNP and GO nano-
filler materials are more promising than those of CNT.37 In
a newly published study examining polymer chain confor-
mations in GNP/MWCNT filled UHMWPE hybrid com-
posites, it was reported that GNP inhibits polymer chain
movement more than CNT.38 The XRD analysis results of
this study showed that the intensity increased in the gra-
phitic carbon peaks of GNP at high GNP content
(Figure 4A). The GNP filler bound the crystalline regions
of the polymer, revealing the amorphous regions. This

result is proven by the decreases in crystal size values and
the decreases observed in the band intensities of CH2 and
C O groups in FTIR analysis results (Figure 8). These
PE-GNP molecular interaction described are shown in
Figure 5B. Figure 5C,D presents the low and high
HR-TEM cross-section images of the PE/3GNP layer to
demonstrate the interfacial interaction of GNP and PE. As
can be seen in Figure 5C, the GNP layers got closer to each
other, forming a continuous interconnected network, and
dark areas and nearly transparent areas were observed on
the cross-section surface of the PE/3GNP layers.

According to the literature, a continuous intercon-
nected network is evident of homogenous dispersion
of GNPs in the polymer matrix.39,40 In the high-
magnification HR-TEM image of the same layer in
transparent areas (Figure 5D), a flaky morphology that is
characteristic of the exfoliated structure41 was observed.
HR-TEM analysis performed on the cross-section con-
firmed the strong interfacial adhesion of the PE/3GNP
layer due to the homogeneously distributed graphene
layers. Previous polymer composite studies with GNP
have also reported similar images.42

Figure 6 displays the FE-SEM images of PE and layer
surfaces that were chosen based on crystalline size values,
and EDS elemental maps are utilized to analyze the

FIGURE 4 XRD diffractograms of PE and layers with graphene derivatives.
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distribution of oxygen in the polymer matrix. The surface
structure of PE was relatively smooth similar to the litera-
ture.17 The surface image of the PE/2GO composite layer,
which had the highest crystal size value in both planes
among the other layers, was mostly flat but consists of
wrinkled surfaces at certain regions at Figure 6. And also,
PE/1GNP, PE/1GNP-GO, and PE/2CNT films had a rough
surface morphology. The images ordered according to the
decreasing crystalline size values in Figure 6 showed that
the surface structures became more and more heteroge-
neous. These images revealed that the filler materials
caused a decrease in crystallinity by binding the polymer
chains just like in XRD analysis. The oxygen groups of GO
were equally distributed in the PE matrix, according to the
results of the EDS elemental mapping for the PE/GO and
PE/GNP-GO layers. The oxygen elements were shown on
the EDS maps as red dots.

To reveal the crystalline structures, the surfaces of PE
and layers were treated with acid etching (7% potassium

permanganate/concentrated sulfuric acid). OM observed the
treated and untreated surface structures in Figure 7. As can
be seen from Figure 7, there are distinct and more bright
regions on the surface of PE compared to other layers. There
were traces showing the presence of dark and generally dot-
ted crystal regions on the entire surface after etching.43 The
etched surface image of PE supported the XRD analysis
results (Figure 4), which showed higher crystal size values
than all composite and hybrid composite layers. Bright white
regions were not very clearly visible in the unetched surface
images of GNP, GO, CNT, and GNP-GO filled layers com-
pared to PE. However, the darkened areas became evident
due to the filler materials added to the matrix after etching.

FTIR spectrums of PE and layers are presented in
Figure 8. The bands were seen at 2917.42–2849.37 cm�1

in Figure 8. The asymmetric and symmetric stretching
vibrations of the CH2 group were cited as the causes of
these bands, respectively.44 The characteristic bands
of PE at 1464.04 and 719.27 cm�1 could be assigned to

FIGURE 5 (A) Crystalline size values of layers with graphene derivatives, (B) PE-GNP molecular interaction representation according

to the analysis results of this study, (C) low-magnification HR-TEM images of cross section area of PE/3GNP, and (D) the high-

magnification HR-TEM images of cross section area of PE/3GNP.
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CH2 bending and CH2 rocking stretching vibrations,
respectively.45 PE is defined by these peaks in the litera-
ture.46 However, in this study, the presence of C O
vibration peaks at 1262.27, 1092.65, and 1025.35 cm�1

were clearly observed in the PE spectrum. The presence
of oxygen groups in the structure resulting from the pro-
duction of PE.47 As seen from Figure 8A,C,D, the inten-
sity of all vibration peaks (CH2 asymmetric and
symmetric, CH2 bending, CH2 rocking, and C O groups
stretching vibrations) of the PE/2GNP-PE/3GNP,
PE/2CNT, and PE/2GNP-GO layers decreased compared
to both PE and other layers. This observed change was
due to interactions between matrix-filler40 and the

occurrence of new bonds.48 As seen from the FTIR spec-
trum of PE/GNP layers at 2.0% and 3.0% GNP contents, it
was understood that the interaction of both CH2 groups
and C O groups with GNP was high due to the nano size
and high surface area of GNP. The severe intensity reduc-
tions observed in the FTIR spectrum of the PE/2CNT
layer sample, which gave the lowest crystalline size value
in the XRD analysis results, reveal that this filler type
and its amount affect the crystal regions in the polymer
matrix. Also, the FTIR spectrum of PE/CNT layers has
shown that the CNT additions also surround the polymer
chain parts to which the oxygen groups are attached and
reduce the vibrations. In the FTIR spectra of PE/GO

FIGURE 6 FE-SEM images of the surfaces of PE and layers and EDS elemental mapping results of PE/GO and PE/GNP-GO layers.
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layers, it was determined that the peak intensities of
C O stretching vibrations decreased after 1.0% GO con-
tent, and no change was observed in the CH2 group
peaks. This result is an indication that GO, which has
functional groups containing oxygen, enters between the
polymer chains and causes interaction or the formation
of a new bond. Intensity losses were observed in the FTIR
spectra of PE/GNP-GO hybrid layers with the addition of
2.0% and 3.0% GNP-GO, and they gave results compatible
with the FTIR spectra of hybrid layers prepared with
only GNP.

The variation of the friction coefficient values
obtained as a result of the wear tests of PE and layers
according to distance is shown in Figure 9. As can be
seen from Figure 9, it was understood that the friction
behavior of PE was quite unstable, increasing to a higher
level with increasing sliding distance. The reason was
that the contact area increased with the sliding distance
and the surface of the PE softened with the friction heat,
thus causing an increase in the friction coefficient.49 The
average friction coefficient of PE was 0.197; the average
friction coefficient values of PE/0.7GNP, PE/1GNP,
PE/2GNP, and PE/3GNP composite layers were found to
be 0.190, 0.218, 0.172, and 0.163, respectively. This fric-
tion coefficient value of PE was consistent with the litera-
ture.50 However, the low friction coefficient values in
PE/0.7GNP, PE/2GNP, and PE/3GNP composite layers
were not observed in the study by Aliyu et al.12 for

PE/GNP composite materials. The friction coefficient of
PE was determined at 0.15; the friction coefficient
increased to 0.24 with the addition of GNP to the matrix.
They attributed this increase to the fact that GNP addi-
tion prevents polymer chains from slipping over each
other. In this study, the GNP (0.7, 2.0, and 3.0 wt%) addi-
tions decreased the friction coefficient values due to the
additional lubricating effect of polymer chains on each
other and the GNP–polymer interaction. However, the
PE/1GNP composite layer had a higher friction coeffi-
cient value than the pure polymer. Huang et al.51

reported high friction coefficient values in their study.
They examined the tribological properties of PE compos-
ites with GO, and they concluded that the wrinkled and
rough surface of the composite affected the mechanical
properties. In this study, the FE-SEM surface image of
the PE/1GNP composite layer given in Figure 5 was
rather rough compared to the surface image of
PE. Among the layers containing GO, the lowest friction
coefficient value was observed in the PE/0.7GO (0.033)
layer with the lowest GO content. The friction coeffi-
cient values of PE/1GO (0.086) and PE/3GO (0.072)
layers were found to be lower than those of PE
(0.197). This showed that the GO filler was homoge-
neously distributed in the matrix and had a lubricating
effect.6 Although an unstable change was observed in
the variation of the friction coefficient depending on
the sliding distance of the PE/2GO layer, the friction

FIGURE 7 OM untreated and treated surface images of PE and layers with graphene derivatives.
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coefficient value was lower than that of the PE since
the PE/2GO layer presented a flat appearance. Huang
et al.51 and Tai et al.15 examined the tribological prop-
erties of PE composites with GO and reported that GO
reduced the adhesion and friction force between the
contact surfaces because it was a good solid lubricant.
In the study of Huang et al.,51 they found that the
friction coefficient values of composites with GO were
higher than the pure polymer. GO did not show lubri-
cating properties due to the increase in lateral force.
Tai et al.15 reported that the friction coefficient
increased because the GO was not distributed homoge-
neously in the polymer matrix. Although the lowest
friction coefficient value among CNT layers was seen
in PE/2CNT (0.182), the friction coefficients of
PE/0.7CNT (0.186) and PE/1CNT (0.188) layers were
also very close to each other. The highest friction coef-
ficient value of PE/3CNT (0.194) had almost the same

result as the friction coefficient value of the PE (0.197)
in the layer. This decrease in friction coefficient with
the addition of CNT was attributed to the fact that the
CNT act as solid lubricants due to their smooth cylin-
drical surfaces that provide rolling motion during
wear.20 The friction coefficient values of the layers
with GNP and GO were compared with the friction
coefficients of the layers containing CNT, it was deter-
mined that nano-sized CNT and GNP additions gave
values close to those of the PE, while the layers with
GO had much smaller friction coefficient values. Based
on these results, it was concluded that the lubricating
effect of GO is stronger than that of both nano addi-
tives. As can be seen from Figure 9, the coefficients of
friction of all hybrid layers were lower than those of
PE but showed an unstable change compared to PE
and composite layers because they contained a mixture
of two fillers with different dimensions. However, this

FIGURE 8 FTIR spectrums of PE and layers with graphene derivatives.
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unstable change gave consistent results despite the
increase in the amount of additive. PE/0.7GNP-GO
hybrid composite layer showed the lowest and most
stable coefficient of friction. After about 33 m, a
change with a sudden increase was observed. However,
with the increase in the amount of filler in other
hybrid composites, both the friction coefficient and
sudden changes were experienced at gradually lower
distances. These results showed that the synergistic
effect of the filler content added in the lowest amount
in the hybrid composite layer was stronger. It had
been determined that both GNP and GO had lubricat-
ing properties in composite and hybrid layers, individ-
ually or together.52

According to wear volume values, it was determined
that the layers containing 3.0% GNP (0.02073 mm3) and
1.0% GO (0.02111 mm3) were the best filler and filler
amounts to improve the wear resistance of PE

(0.02378 mm3). The decrease in wear rate observed in
previous studies on PE composites was attributed to the
lubricant properties of graphene,17 the high aspect ratio,
and the large surface area.12 FTIR analysis results sup-
ported the improvement in wear resistance of the
PE/3GNP and PE/1GO composites because they had
the highest polymer-filler interaction (Figure 7).
Kanagaraj et al.50 attributed the decrease in wear volume
of CNT-added polymer composites to load transfer
depending on the polymer-CNT interface strength.
Kumar et al.19 reported that the addition of CNT played
an important role in the tribological performance by
increasing the crystallinity of the structure. It was con-
cluded that the crystal phase would provide good damp-
ing by distributing the applied load; therefore, increasing
crystallinity facilitates the energy dissipation mechanism
and reduces the wear rate. In this study, it is thought that
it is not correct to attribute the increase in wear rate to

FIGURE 9 Friction coefficient values of PE and layers with graphene derivatives.
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the lack of interaction between CNT and polymer.
Because the FTIR analysis results of the CNT-containing
layers proved the existence of interactions (Figure 7).
However, FE-SEM surface images and unetched and
etched OM surface images, which were examined to
obtain information about the crystallinity of the layers,
showed that the layer with the least crystal structure
compared to the other layers was the layer containing
CNT. Therefore, the reason for the increase in the wear
volume (0.04044 mm3) indicates that the CNT did not
affect the structure sufficiently to increase the crystallin-
ity. The PE/1GNP-GO hybrid layer had the close
wear volume value (0.02423 mm3) as the PE
(0.02378 mm3). The wear volume values of hybrid layers
(0.02796 mm3—PE/0.7GNP-GO; 0.02600 mm3-PE/2GNP-
GO; 0.02740 mm3—PE/3GNP-GO) were higher than the
values of all GO containing layers (0.02275 mm3—
PE/0.7GO; 0.02462 mm3—PE/2GO; 0.02484 mm3—
PE/3GO). And, hybrid layers showed higher values
compared to layers containing 2.0 wt% (0.02323 mm3)
and 3.0 wt% GNP (0.02073 mm3) but lower values than
layers containing 0.7 wt% (0.03101 mm3) and 1.0 wt%
GNP (0.02592 mm3). According to these results, it was
concluded that there is a synergistic effect of both GO
and GNP on wear properties.

FE-SEM images of worn surface of PE and layers and
OM images of their corresponding testing balls are shown

in Figure 10. The FE-SEM surface images of PE showed a
deep grooved, wavy structure perpendicular to the slip
direction, which was the typical indicator of fatigue wear.
Many microscopic fluctuations on the worn surface of PE
under dry wear conditions had been attributed to the
heat softening of the polymer matrix during friction.49 In
addition, the presence of microcracks at the bottom of
the deep grooves was also observed in Figure 10. These
microcracks and a large amount of scattered wear debris
both in the center and around the ball showed that
fatigue wear was the dominant wear mechanism in the
PE.17 It was determined that abrasive wear and fatigue
wear tracks on the worn surface of the PE/3GNP compos-
ite layer were significantly reduced compared to PE. The
relatively smooth worn surface of the PE/3GNP compos-
ite layer that had the lowest wear rate results and the best
GNP-polymer interaction were observed. 3.0 wt% GNP
addition was the amount that offered the most advanta-
geous results for the PE matrix.17 There were adhesive
wear traces but no fatigue traces in the worn surface of
the PE/1GO layers with the lowest wear rate value. Also,
the ball surface wear products appeared to be quite mini-
mal. As a result, it was understood that a 1.0 wt% GO
addition was the maximum amount that improved wear
resistance. Li et al.53 reported that the loads are trans-
ferred and carried at larger forces due to the two-
dimensional structure of GO.

FIGURE 10 FE-SEM images of worn surface of PE and layers and OM images of their corresponding testing balls.
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4 | CONCLUSIONS

In this paper, all composite powders were prepared by
liquid-phase mixing of carbon derivative colloids with
PE matrix, and then composite and hybrid composite
layers were produced by hot press molding. XRD anal-
ysis results confirmed the semi-crystalline structure of
all layers, just like PE. The decrease in crystallite size
values was attributed to binded polymer chains at the
highest filler amounts. The PE/2GO composite layer
had the highest crystal size value in both planes
among the other layers, according to the etched sur-
face image and crystal size values. Among all fillers,
layers containing GO gave the lowest friction coeffi-
cient values. The friction coefficient in the PE/0.7GO
(0.033) composite layer was reduced by 83.24% as com-
pared to PE (0.197). The PE/3GNP and PE/1GO layers
increased the wear resistance of PE by 12% and 11%,
respectively. Dry wear test results showed that PE/1GO
and PE/3GNP composite layers were wear-resistant
layers. And these results were attributed to the lubri-
cant properties, the high aspect ratio, the large surface
area of graphene, and the homogeneous distribution of
graphene in the matrix. These results revealed that
nano-sized GNP provided an effective charge transfer
and that GO filler was homogeneously distributed in
the matrix.
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