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Impact of Reinforcement Ratio on Mechanical Properties and Wear
Behaviour of Graphene Nanoplatelet Reinforced Epoxy Composites
Highlights

7

«+ The addition of graphene nanoparticles to the epoxy material resulted in an increase in its strength and
elasticity module. However, it was observed that there was an optimal reinforcement ratio, and when the
graphene reinforcement exceeded 0.2%, the strength of the material started to decrease.

+« The amount of reinforcement and the addition of reinforcement had a positive effect on the coefficient of
friction of the epoxy material. Specifically, as the reinforcement ratio increased, the coefficient of friction
decreased, indicating improved tribological properties.

«» The study revealed that increasing the amount of reinforcement, such as graphene nanoplagglet, in the epoxy
material resulted in a decrease in wear volume. However, it was also observed that increa the load and
sliding distance had the opposite effect, leading to an increase in wear volume.

Graphical Abstract

Composite materials were manufactured by incorporating graphene nanoplatelets into the epoxy matrix at various
reinforcement ratios. Subsequently, tensile and abrasion tests were conducted to assess the impact of the
reinforcement ratio on the material’s behavior and performance. Experimental stage is given in figure 1.
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Production Stage Experimental Stage

Figure. Experimental process
Aim
This study was carried out to determine how the wear volume, wear rate, friction coefficient and tensile strength
change depending on the graphene nanoplatelet ratio.

Design & Methodology

By providing homogeneous particle distribution in the magnetic stirrer, epoxy matrix nanoparticle composites were
produced by pouring into a silicone mold.

Originality

The study aimed to examine the influence of varying nanoparticle content in the epoxy matrix on the mechanical and
tribological properties of the material. By systematically altering the amount of nanoparticles added to the epoxy, the
researchers sought to assess the extent of their impact on the material's mechanical behavior (such as strength,,
elasiticty modules) as well as its tribological performance (such as friction coefficient and wear resistance).
Findings

Although exceeding a certain reinforcement ratio negatively affects the mechanical properties of the material, an
increase in the amount of reinforcement leads to an improvement in its tribological properties..

Conclusion

The use of nanoparticles has improved the wear resistance and tensile strength of the material.
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ABSTRACT

New features are gained to the enhanced characteristic of composites with the additi pafticles. Graphene

In this study, tribological behaviour and mechanical properties of the nano partlcle relnforc i€ material investigated.
Nanopartlcles were |ncorporated into the non- relnforced sample at varying We htr, m 0.1% to 0.5%. The findings
i echanical properties of the
speumens across all reinforcement ratios. The failure Ioad of the neat epoxy s mined as 415.94 N and the modulus

Furthermore, the tribological performance of the samples was exa g condltlons The worn surfaces were
examined using SEM. The incorporation of graphene nanoplateletf&§y ent has Deen observed to positively impact the wear
resistance of the epoxy matrix material. ®

o
Keywords: Graphene nanoplatelet , nano-particle, epo

| epoksi kompozitlerin
inma davranisi lizerinde

nano pargacik takviy:
%0,5 agirlik guamla isen oranlarda takviyesiz numuneye katilmistir. Bulgular, grafen nanopargaciklarinin epoksi
matris mal -@ rin, tiim takviye oranlarinda numunelerin mekanik 6zelliklerini artirdigini gostermistir. Takviyesiz
epoksi e

ikii 415,94 N ve elastisite modiilii ise 2,4 GPa olarak belirlenmistir. Grafen nanoplatelet takviyeli

kom anik sonuglar, %0,2 takviyeli kompozitlerde elde edilmis olup, kopma yiikii ve elastisite modiilii degerleri
SIT, ¢ 4,46 GPa olarak bulunmustur. Ayrica, numunelerin tribolojik performansi kuru kayma kosullarinda
incele 15 ylizeyler SEM kullanilarak incelenmistir. Grafen nanoplatelet takviyesinin epoksi matris malzemesinin
asmnma lumlu yonde etkiledigi gézlemlenmistir

Anahtar kelimeler: Grafen nanoplatelet, nano-parcacik, epoksi kompozit, asinma, cekme testi.

1. INTRODUCTION

Composites are heterogeneous materials that can act ~ Correct design and manufacturing of the reinforcing
together as a structure, consisting of different phases, one ~ element and matrix in composites can lead to the

is a reinforcing element, and the other is a matrix ~ development of engineering materials with unique
material. properties that surpass those of metal alloys and

ceramics. These properties include high strength,
excellent corrosion resistance, superior thermal
resistance, and enhanced hardness. [1]. Composites are
preferred in various main structural components and
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system productions due to their high specific modulus
and specific strength [2]. Epoxy, which is one of the most
important thermoset materials used as matrix material,
has a wide application area as an electronic encapsulant
adhesive and coating material for structural composites
due to its low cost and superior performance [3-6].
Recently, it has been observed that nano-sized
reinforcing elements have been added to the epoxy in the
production of composite materials. The reinforcing
elements, which have different geometric shapes and
sizes, can change polymers' chemical, mechanical and
tribological properties [7].

These reinforcing materials can be one, two or three-
dimensional. Recently, carbon nanotubes, graphene and
nanofibers have been widely used as fillers in composites
since they have better structural and functional properties
and a wide range of applications in all areas [8]. In
nanofiber composites, achieving a homogeneous
distribution of fibers within the matrix is of utmost
importance. Various methods such as ultrasonic mixing,
solution mixing and polymerization in situ are used for
homogenous distribution [9-11].

Graphene is a two-dimensional carbon allotrope
composed of carbon atoms arranged in a tightly packed
honeycomb lattice structure. [12]. It has a lot of
application potential due to its outstanding electggn
transport properties and other distinctive feat@reg
Various graphene production techniques have bee
developed, mechanical, physical and chgmi

element. They have seen that increas
improves mechanical and ther,

dvell-mixed samples had higher
e, and strength. However, it was
ending and elasticity modules did not
atterjee et al. examined the tensile,
flexural an@pghermal properties of graphene nanoparticle-
reinforced “epoxy composites. They mixed expanded
graphene particles and epoxy using a high-pressure three-
shaft mixer. They observed that expanded graphene
nanoparticles increase flexural modulus and hardness. It
also increased the fracture toughness of the composite by
60% [15]. Polat et al. conducted a study to examine the
impact of a graphite nanoparticle-reinforced nylon 66
layer on the fatigue strength of single lap bonding in
aluminum-carbon fiber composites. They determined
that the composites containing wt. 1%, 3% and 5%
graphene nanoparticles have higher fatigue strength than

pure epoxy for all ratios [16]. Chandrasekaran et al.
examined the influence of graphene, graphite and carbon
nanotube reinforcement on the fracture behaviour and
damage mechanism of the epoxy composite. They
examined the effect of nanoparticle ratio on fracture
toughness by applying a three-point flexural test with a
single edge notch. They obtained the best fracture
toughness of 0.5% [17]. Boumaza et al. studied the
tensile strength and hardness properties of nano particle-
reinforced coatings. They have determined that even the
nanoparticle reinforcement they use at very low rates
provides high mechanical, thermalgand adhesion
properties. The 2% by weight ZrO2, Fe;03, and
SiO; nanoparticle reinforcement jncreas hardness
of the composites by 28%56%
modules by 4%, 25%, 2&%
Sepetcioglu and Tarakci

study on the
ior of pressure
wt% graphene
nreinforced filament
ite. They determined that

vessels (B-CPVs)
nanoplatelet (G
winding lggs

is to th@ homogeneous distribution of GnP
ix apgdl the enhanced strength of the fiber-
]. Du et al. studied the impact of
particle layer reinforced carbon reinforced
es on the fracture behaviour and delamination.
fodnd that 1% by weight graphene nanoparticles
prced composites increased matrix rupture energy
0% and reduced the thermal expansion coefficient
by 30% [20]. Upadhyay and Kumar (2019) conducted a
study examining the hardness and abrasion resistance of
composites reinforced with graphene and MoS,, utilizing
various reinforcement ratios. In their abrasion tests
conducted under varying humidity conditions (40%,
60%, and 80%), Polat et al. observed an decrease in wear
resistance as the humidity level increased. Additionally,
they reported the wear rate (WR) of graphene-reinforced
samples was lower compared to MoS,-reinforced
composites. [21]. Wang et al. (2014) produced multilayer
graphene (MLG) filled polyvinyl chloride (PVC)
composites with traditional melt mixing methods and
analyzed the wear behavior of these materials. They
investigated the effects of filler ratio on hardness,
microstructure, wear resistance and COF in MLG/PVC
composites. They found that incorporating MLG (multi-
layered graphene) had a notable impact on increasing
wear resistance PVC material. Additionally, they
observed that the hardness of the composite decreased as
the graphene reinforcement ratio increased [22].
Graphene nanoparticle materials are used not only for
structural materials but also for the reinforcement of
epoxy-based adhesives. Giiltekin et al. examined the
impact of incorporating graphene nanoparticles into an
epoxy adhesive on the strength of single lap bonds. The
findings revealed that the addition of graphene
nanoparticles led to an increase in both the bond strength
and total strain amount of the epoxy adhesive. [23].



When the studies are examined, it has been observed that
chemists and material scientists have recently conducted
many studies on graphene and its derivatives.

Upon examining the studies, chemists and material
scientists have recently conducted many studies on
graphene and its derivatives. In this study, the effects of
graphene nanoplatelet addition to RIMR300 resin at
different rates on the tensile strength, elasiticity modules
and abrasion properties of the reinforced samples were
investigated.

2. MATERIAL AND METHOD

The matrix used in the study was Propox brand RIMR300
epoxy, while the hardener employed was RIMH300.
Graphene nanoplatelet with a diameter of 5um and a
thickness ranging from 6-9 nm was utilized as the nano-
particle reinforcement material. For the epoxy resin and
hardener, a mixture of 2:1 was provided and neat, 0.1
wt.%, 0.2 wt.%, 0.3 wt.%, 0.4 wt.% and 0.5 wt.%

A .Vlagngtic,
stirrer

graphene nanoparticle reinforced epoxy matrix
composites were prepared. Heidolph brand MR Hei-
Standard model magnetic stirrer was used to ensure the
complete mixing of nanoparticles in epoxy. The
production steps and test setup of of samples are given in
Figure 1.

Epoxy-graphene mixtures prepared according to the
desired ratios on the sensitive balance were mixed for 45
minutes. The prepared mixture was poured into the
silicone mold prepared according to ASTM D-638
standard and cured under room temperature for 24 hours.
The aforementioned procedures were refilicated for each

the load direction and
to the load direcdi

| I

orn-Sample

‘Rotating Disc

c)

Figure 1. Production stages of composites and tensile/wear test setup; a) manufacturing the samples b) mechanical
characterization tests c)wear tests

The wear behavior of graphene nanoplatelet reinforced
epoxy composites was investigated with the help of a pin

on disc device in accordance with ASTM G-99 standards.
20 mm x 20 mm sized samples were cut from the sample



prepared to perform adhesion wear tests. Steel balls with
high thermal conductivity were used to wear the samples
in the abrasion tests. The reason for this is to ensure that
the heat generated in the wear zone is quickly removed.
In the tests, the track diameter and revolution were
determined as 0.65 cm and 375 rpm, respectively. After
the abrasion tests, the WR and the coefficient of friction
(COF) of the samples were determined.

The specific wear rate (SWR) is an important parameter
that expresses the resistance of a material to wear. The
equation used in this parameter is shown as follows [34]
AV mm3

= 7t C) 1)
Where, AV = Volume of wear loss; Fy = Normal load and
L = Sliding distance

Xiao et al. explained how to calculate the wear values in
detail [24]. The track depth and average track width
values used in the formula were determined with the
Time TR 200 surface roughness device, and the WR was
determined. Table 1 shows the parameters and levels
used in the wear tests.

Ks

Table 1. Wear Parameters

Parameters Levels
Applied Load (N) 10,15ve 20
Sliding Distance (m) 250, 500, 750

3. RESULTS AND DISCUSSION
3.1. Tensile Test Results

In the current study, the effect of rei
matrix material with graphene nanop
strength and abrasion resistanc

reinforced
tensile

B”composite, and the maximum
preased by 117% compared to the neat
803.13 N. Tensile strength tended to
orcement ratios above 0.2%. A slight

reinforcement ratio, but it could not catch the 0.2%
reinforced sample. Alexopoulos et al. also stated that
graphene reinforcement at values below 1%
reinforcement significantly increased the strength of the
material [25]. Furthermore, according to Li et al. [26], the
tensile strength and hardness properties of graphene-
reinforced composites exhibited improvement across
various  reinforcement ratios  (0.3-0.9%). This
enhancement was attributed to the rough surface
structure of graphene, which promoted enhanced
mechanical lock and load transfer between reinforcement

and matrix. The primary cause for the reduction in tensile
stress at reinforcement ratios above 0.2% can be
expressed as agglomeration and pure bonding, which
reduces the interaction between epoxy and graphene
nanoplatelet, weakening the interfacial bond, and thus the
occurrence of stress concentrations in  these
agglomeration regions [27]. In many studies, it has been
observed that the 0.2-0.25% reinforcement ratio range
provides the highest increase in strength. [25, 28].
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g the tensile tests, the percent strain changes were

medsured with the help of the TML brand BFLAB-5-
3LJB-F series strain gauge attached to the specimens.
The Young’s Modulus of the specimens was determined
for different reinforcement ratios by using the stress
values and percent elongation values obtained from the
universal test device (Figure 3).
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Figure 3. The elasticity modulus of neat and composites
samples

The modulus of elasticity of the neat epoxy sample was
determined as 2.4 GPa. The modulus of elasticity of the
0.1% graphene nanoplatelet-reinforced composite
increased to 3.17 GPa. Similar to the tensile test, the
highest modulus of elasticity was obtained at a 0.2%
nanoparticle reinforcement ratio. For the 0.2%
reinforcement ratio, the modulus of elasticity increased
by 86%, reaching a value of 4.46 GPa. With an increase
in the reinforcement ratio to 0.3%, there was a decrease



in the modulus of elasticity, which dropped to 3.82 GPa.
For 0.4% and 0.5% reinforcement ratios, the elastic
modulus of the samples increased again but did not
exceed that of the 0.2% reinforced sample. The modulus
of elasticity for 0.4% and 0.5% reinforcement ratios were
determined as 4.03 GPa and 4.12 GPa, respectively.

During the tests, strain gauges perpendicular to the
tensile direction were attached to the samples, and the
Poisson ratios were determined. The Poisson ratio of the
neat epoxy samples was determined as 0.41. It was
observed that the poison ratio decreased up to 0.2%
reinforcement ratio. When this ratio is exceeded, it rises
again, but then it tends to decrease.

The ¢ values of the neat, 0.1%, and 0.2% reinforced
samples were determined as 0.41, 0.38 and 0.33,
respectively. The lowest and highest & value was
determined in 0.5%, and 0.3% reinforced composites as
0.27 and 0.43. When the literature was examined, it was
seen that the results were compatible with similar studies
[25, 29].

4. WEAR TEST RESULTS
The wear performance is a multifaceted phenomenon

Figure 4 illustrates the variation of the COF over time at
10 N load and 250 m sliding distance. It is obvious the
COF curve of the neat specimen follows a more
fluctuating course compared to the reinforced samples. A
high number of such fluctuations illustrates that the neat
sample surface is worn more, and the surface integrity
deteriorates in a shorter time. It was observed that these
fluctuations gradually decreased as the reinforcement
ratio increased, resulting in a reduce in the COF. Kazemi
et al. [30] stated that graphene reinforcement up to 0.3%
in fiber-reinforced composite reduced the COF, and
when this ratio is exceeded, it started toglse again.
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Figure 5. COF depending on the sliding distance

In Figure 5, COF graphs of reinforced and neat samples
are given for each load, depending on the sliding
distance. It is seen that the COF increase in all samples
depending on the increasing sliding distance for all three

applied loads. For 10 N load and 250 m sliding distance,
the maximum and minimum COFs were obtained for the
neat and 0.5% reinforced samples, and the COFs were
measured as 0.43 and 0.35, respectively. Studies have



revealed that the incorporation of 0.5% graphene
nanoplatelet reinforcement provides an 18% reduction in
the COF compared to the neat sample. Observations
indicated that the COF reduced as the graphene
nanoplatelet reinforcement ratio increased. Graphene
nanoplatelet reinforcement seems to enhance the
abrasion endurance of the epoxy. The homogeneous
distribution of graphene nanoplatelet within the epoxy,
which creates a robust network structure and establishes
a favorable interface with the epoxy, emerges as the key
factor contributing to the increased wear resistance. [31]
Figure 6 presents the COF graphs for both reinforced and
neat samples at all three sliding distances, depicting their
variation as a function of load. It was apparent that the
COFs increase for all materials depending on the
increasing loads for each applied sliding distance. At low

temperatures, the matrix material has a higher resistance
to plastic deformation. Nevertheless, increasing the
applied load, the surface temperature of the material
escalates, leading to increased plastic deformation and
surface degradation, ultimately causing a rise in the COF.
Yazdani et al. [32] and Suresha et al. [33] underlined that
the COF increases with higher loads which is well-suited
with this study. The highest and lowest COFs were
obtained for the neat epoxy, and 0.5% reinforced
samples, and the COFs were measured as 0.51 and 0.44
for 750 m sliding distance and 20 N load, respectively.
The increase in the graphene nanoplat
a decrease in the COF. Since graphene i
and forms a transfer film layer, it contrib(e

the COF [28].
O A
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g on the sliding distance. It was
e SWR reduced as the sliding distances
increased. maximum and minimum wear rates at 15
and 20 N loads were obtained in neat, and 0.5% graphene
nanoplatelet reinforced composites, respectively. At
these two applied loads, the wear rates at 250m distances
differ significantly from 500 and 750 m distances. The
wear rates for the neat and 0.5% reinforced composite
were measured as 25.24*10% and 10.01*10%,
respectively, under the conditions of a 20 N load and 250
m sliding distance. It was observed that the WR exhibited

ISN 20N

Load (N)

\ 7Figure 6. Coefficients of friction depending on load

a reduce with the increase in graphene nanoplatelet ratio.
It is obvious that the graphene nanoplatelet reinforcement
significantly increases the wear resistance. The reason for
the enhancement in the wear endurance of the samples
can be explained as the reduce in the COF and the
improve the tensile strength. The decrease in the COF
provides reduced lateral forces and lower wear loss.
Furthermore, weak Van der Waals bonds between
graphene layers enable interlayer shearing, which reveals
the lubricating property of graphene [35].
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Figure 8 illustrate the correlation between the

difference between wear rates inc
increased at low sliding distance

ing the load from 10 N to 20 N increased
the wear v6lume from 2.07 mm? to 12.62 mm?3 at a 250
m distance. This shows that there is a parabolic
relationship between the applied load and the wear

epoxy, in

the sliding distance

e. At 20 N and 500 m distance, the wear volume of
#% graphene nanoplatelet reinforced composite was
reduced by approximately 58%, compared to neat epoxy,
down to 6.48 mm?®. Kumar et al. [38] also yielded similar
results, demonstrating an increase in wear volume with
escalating the applied load.

The graphs of wear volumes at constant load and variable
sliding distances are shown in Figure 10. It is obvious that
the wear volume at 10 N loads is quite low compared to
the wear volume at 15 N and 20 N loads. The difference
between wear volumes decreased with increasing sliding
distances as the graphene nanoplatelet content increased.
The two-dimensional planar geometry of graphene
nanoplatelet helped to restrain crack propagation, thereby
reducing the size of the debris and the wear rate. For neat
epoxy, increasing the load from 10 N to 20 N at a constant
sliding distance increased the wear volume from 2.07
mm?3 to 12.06 mm3 while increasing it from 250 m to 750
m at a constant load from 2.07 mm?3 to 0.46 mm?®. The
effect of the load on the wear volume is more dominant
compared to the sliding distance.
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5. WEAR SURFACE MORPHOLOGY

In Figure 11, the surface morphologies of the@geat an
reinforced worn specimens under differefg loads a

Upon examining Figures 13a and 13c, it is®yident that the
wear trace width of the neat sa

narrower compared to the 20

ere the load is increased.It is
wear trace of 0.2% graphene
d composite is lower compared to the
e matrix deformation is reduced.

It has also been observed that the wear debris is smaller
and has a cleaner surface.

The lubricating property of graphene nanoplatelet formed
a film layer between the pin and the counter surface,
reducing the contact area and resulting in increasing wear
resistance. In Figure 13g and Figure 13h, it is seen that
the trace width of 0.5% graphene nanoplatelet reinforced
composite is lower than neat and 0.2% graphene
nanoplatelet reinforced composite. It is

clear that both the amount of debris, pits, and size of
scratches were observed less in the wear zone in Figure
13g and Figure 13h. It was noted that the amount of wear
increased as the load was increased in all three materials
that underwent surface morphology examination.
Increasing the graphene nanoplatelet reinforcement ratio
improved the tribological properties of the sample.
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3. CONCLUSIONS

The effects of graphene nanoplatelet reinforcement to
epoxy material and different reinforcement ratios on the
tensile force and wear properties of the produced
composites are as follows;

» The test results revealed a significant impact of
incorporating graphene nanoplatelet into the epoxy
matrix material on the mechanical properties. The
Young’s Modulus, which is an expression of the
amount of strain of the materials against the applied
load, was higher than that of pure epoxy in all samples
with graphene nanoplatelets.

» The most significant effect of graphene nanoplatelets
on the Young’s Modulus was seen in the sample with
0.2% nanoparticles. An 86% increase was achieved in
the modulus of elasticity of this sample. Although a
slight decrease was observed in the sample strength
and Young’s Moduluswith the added nanoparticle
amount exceeding 0.2%, this decrease did not go
below the neat epoxy values.

» There was an increase in the COF across all material
types as the load and sliding distance were increased.
However, compared to the neat epoxy, the graphene
nanoplatelet-reinforced composites exhibited a lower
COF. Moreover, both the addition of graphene
nanoplatelet and an increase in graphene nanopl
content contributed to enhanced wear resistance in
samples.

> Increasing the sliding distance and load res
increase in wear volume. It was comprehended
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