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Abstract

tively reducing the break-off of the specimen.

This article comprehensively discusses the mechanical and tribological properties of epoxy matrix composites filled
with 100um graphite particulates, at loadings ranging from 0 to Twt%. The investigation also focuses on the effects
of the graphite filler on the wear surface of the specimens, utilizing an optical microscope for analysis. The results
revealed a significant decrease in the tensile strength of the composite, with a reduction of more than 50% observed
at Twt% graphite loading. However, the flexural strength exhibited an initial sharp increase at 0.1wt% graphite load-
ing, followed by a decline at higher graphite contents. Moreover, both impact and hardness values demonstrated
improvement as the graphite content increased. The addition of graphite particles led to a reduction in the friction
coefficient, attributed to the solid lubrication capabilities of graphite. Furthermore, the wear rate exhibited a sharp
decrease with an increase in graphite content due to the formation of a lubrication layer at the contact surface, effec-
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Introduction

Epoxy as a polymer is known for its unique mechanical
properties and high chemical resistance, making it a ver-
satile material for applications in corrosive environments
where metals can easily react, and weaker polymers
cannot withstand (https://dianhydrides.com/what-is-
epoxy/). Fibre-reinforced epoxy matrix composites are
extensively used multiphase materials, primarily due to
their exceptional strength-to-weight ratio. Epoxy-matrix
composites offer remarkable mechanical and tribological
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properties, dimensional stability, and sufficient chemi-
cal and corrosion resistance [1]. Incorporating fillers into
the epoxy resin is a common method to enhance matrix
properties. Previous literature demonstrates that fill-
ers such as nanoclay [2], silica [3], TiO, [4], glass beads
[5], and fly ash [6] have been utilized as fillers for epoxy
matrix composites, resulting in improved stiffness,
toughness, hardness, mould shrinkage, heat distortion
temperature, wear rate, and fracture mechanisms. Some
studies have also reported a significant reduction in pro-
cessing costs [7].

Composite materials have revolutionized research in
advanced materials, offering opportunities to enhance
conventional materials in terms of cost-effectiveness and
aesthetics, while also enabling the combination of differ-
ent properties to design materials with multiple function-
alities. Polymeric materials filled with strong inorganic
substances can exhibit high stiffness, low weight, and
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excellent wear and corrosion resistance. These charac-
teristics make polymeric composites a promising choice
for industrial applications, as they can be tailored with
functional fillers [8, 9]. Fibres in polymer matrices have
been found to improve the strength and stiffness of
composites, while particulates, when homogeneously
mixed, enhance hardness and impact properties. Fill-
ers, in general, enhance the mechanical, thermal, and
tribological properties of polymer composites [10-12].
Various materials such as glass, carbon, and Kevlar have
been transformed into fibres for reinforcing polymers,
while graphite, graphene, and carbon black particles are
employed as fillers. Nanofillers such as silica, alumina,
boron nitride, titanium oxide, and carbon are also widely
used [13].

The integration of various functional fillers is an essen-
tial approach in designing load-bearing and wear-resist-
ant polymer composites. Baptista et al. [14] investigated
the mechanical properties of epoxy-matrix composites
containing graphite fillers. Graphite fractions ranging
from 5 to 30wt% were added to the epoxy matrix, result-
ing in a substantial decrease in tensile strength and an
increase in tensile modulus. These effects were attrib-
uted to the high content of graphite particles, leading
to agglomeration and the formation of both micro and
macro pores. Kulkarni et al. [15] aimed to enhance the
mechanical properties of epoxy by incorporating graphite
particles with an average size of 75 pm at weight fractions
between 3 and 12%. They observed a 100% increase in
impact strength, a 59% increase in flexural strength, and a
19% increase in fracture toughness for a graphite content
of 12wt%. El-Melegy et al. [16] investigated the synergis-
tic effect of different nanoparticle hybridizations on the
mechanical properties of epoxy composites, dispersing
nanoparticles such as graphite, silicon carbide, and alu-
mina in an epoxy matrix. The results showed a 37% and
195% increase in tensile and elastic modulus, respectively,
for a 2wt% SiC/epoxy composite, 132% and 200% for a
3wt% alumina composite, and 85% and 32% for a 2wt%
graphite/epoxy composite. Alajmi et al. [17] explored
the tribological characteristics of graphite epoxy com-
posites in adhesive wear experiments. Composites with
graphite content ranging from 0 to 7wt% were prepared
and tested, and it was determined that the optimal graph-
ite content for minimal wear and friction was between
3-4wt%. Deviating from this range resulted in higher
friction and wear rates. Sakka et al. [18] studied the cor-
relation between friction coefficient and temperature for
epoxy matrix composites filled with carbon nanotubes,
graphite, or a hybrid of both. They concluded that a
strong correlation exists between friction and tempera-
ture, as the flash temperature measured at the beginning
of the experiment exceeded the composite’s degradation
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temperature, thereby affecting the friction coefficient of
the entire system. Researchers have devoted considerable
attention to incorporating particles and fibers into poly-
mer matrices to improve mechanical properties, enabling
them to compete with metals and other high-strength
structural members. Over the past 30 years, numerous
investigations have been conducted by researchers such
as Shalwan [19], Kaushik [20], Yasmin [21], Novak [22],
Suherman [23], and Yao [24], among others.

In this study, epoxy matrix composites filled with vary-
ing fractions of approximately 100 pum graphite par-
ticulates were fabricated. Layered composites were also
developed, followed by an investigation of their mechani-
cal and tribological properties. The adhesion of the lay-
ered specimens was also considered. This research aims
to explore cost-effective alternatives to fillers in polymers
used in friction-intensive systems.

Materials and methods

Materials used

The epoxy resin with commercial name (KEMAPOXY
150) was used in this study. It was obtained from Chemi-
cals for Modern Building (CMB), Cairo, Egypt, along with
the corresponding hardener in with 2:1 ratio. Graphite
particles from EGYCARBON, Cairo, were sieved and
graded to an approximate particle size of 100 pm.

Mixing and preparation

Two types of composite structures were developed for
this study: homogeneously mixed composites; where the
composite resin and filler were mixed together, and lay-
ered structures, where a layer of neat epoxy was poured
first, followed by a layer of graphite/epoxy composite.
For the homogeneously mixed composite, the epoxy
and hardener were mixed in a container according to
the manufacturer’s recommended ratio (2:1) and direc-
tions. The mixture was mechanically stirred for two
minutes using a drilling machine with a coupled metal
stirrer head. Graphite particles were slowly added to the
mixture while stirring to ensure a homogeneous mixture
and prevent agglomeration. The liquid composite was
then poured into a mould after 5 min of stirring and gas
bubbles are expelled by heating the surface of the speci-
men with a gas lighter. The specimens were cured for
24 h at room temperature, removed from the mould, and
allowed to continue curing for 5 days to reach maximum
strength.

For the layered composite, the first layer of neat epoxy
was poured into the mould and allowed to cure for 1 h.
Subsequently, another layer of either 0.1wt% graphite/
epoxy or 1wt% graphite/epoxy composite was poured,
and both layers were cured together. Samples were then
cut according to the dimensions required for the specific
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Table 1 Specimen designation

Designation Epoxy (wt%) Graphite
(Wt%)

Neat 100

0.1%G 99.9 0.1

0.5%G 99.5 0.5

1% G 99 1

tests. Figures 1 and 2 illustrate the homogeneously mixed
and layered specimens, respectively. Tensile and flexural
specimens were rectangular with dimensions of 25 mm X

0.1%
graphite

Neat

Fig. 1 Homogenously mixed specimens

Fig. 2 Double and triple layered specimens
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8 mm X 270 mm. Tribological specimens were cut into
rectangular cubes measuring 10 mm X 10 mm X 30 mm.
Table 1 presents the designation of each specimen. The
thickness of the specimens remained consistent due to
the uniform utilization of the same volume across all
specimens.

Mechanical properties

Tensile and flexural measurements were conducted
using a universal tensile testing machine (iBERTEST,
Spain, model TESTCOM-100) in accordance with
ASTM D638 and D790 standards, respectively. The
crosshead speed for both tensile and flexural tests was

0.5%
graphite

1%
graphite

Triple layered (Neat+0.1%+1%G)
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set at 1 mm/min. Three specimens were tested for
each specimen range (Neat, 0.1, 0.5, 1wt%), and the
average values were recorded. Hardness values were
determined using a Shore D hardness tester, with five
random points tested on each specimen to obtain the
average hardness value. Impact tests were performed
using a Charpy impact testing machine following
ASTM D256 standard.

Friction and wear test

A Block-on-Ring (BOR) test setup, as depicted in
Fig. 3, was employed for friction and wear testing in
this study. The block specimen had dimensions of
10 mmx10 mmx30 mm, while the ring served as
the stainless steel counterface (AISI 304, hardness
1250HB). Adhesive wear tests were conducted accord-
ing to the G-77 ASTM standard under ambient condi-
tions (temperature: 25 °C, humidity: 50 + 5%). A sliding
speed of 200-400 rpm and normal loads of 10 N, 20 N,
and 40 N were applied during the tests.

Load cell

Counterface

Fig. 3 Pohoto of the block-on-ring tribometer
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Results and discussion

Tensile behaviour

Tensile tests were conducted on three specimens of each
graphite/epoxy composite as well as the neat polymer.
Figure 4 presents typical engineering stress-strain curves
obtained from these tests. The curves demonstrate the
brittle behaviour of all specimens, both with and without
graphite filler. It is evident that the mechanical properties
of the composites are influenced by the characteristics
of the filler used. In this study, all composites exhibited
lower tensile strength than the neat epoxy, with the ten-
sile strength decreasing as the graphite filler content
increased. The derived tensile properties are presented in
Table 2.

The results indicate that the addition of 0.1wt% graph-
ite reduced the tensile properties of the neat epoxy by
32.7% (from 52.11 MPa to 35.05 MPa). This reduction is
expected since graphite is a brittle material, and its incor-
poration into the epoxy matrix renders the epoxy more
brittle. A reduction of 43.5% is observed with the addi-
tion of 0.5wt% graphite particles, and a final reduction of
56.03% is observed with the specimen containing 1wt%

Specimen holder
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Table 2 Tensile properties of graphite/epoxy composite

Specimen Tensile Tensile Strain at break
strength (MPa) Modulus (GPa)

Neat 52.11 296 0.0190

0.1% Graphite 35.05 30 0.0119

0.5% Graphite 2941 3.08 0.0104

1% Graphite 2291 3.26 0.0072

graphite particles. This trend aligns with the findings of
Suresha et al. [2] in their study on the role of micro/nano
particles in the mechanical and tribological properties of
polymer composites.

The strain at break for each specimen, as indicated in
Table 2, demonstrates a significant decrease in elongation
with the addition of graphite particles. This increased
brittleness can be attributed to the amplified stress con-
centration areas and reduced bonding between the
matrix and filler. With higher graphite content, agglom-
erates are formed, resulting in greater interfacial distance
between the matrix and filler, leading to the generation
of micro cracks and air bubbles, as illustrated in Fig. 5.
Additionally, the presence of graphite micro particles
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can create obstacles for crack propagation within the
composite, resulting in a less favourable crack path and
increased brittleness during fracture.

Flexural behaviour

Homogenously mixed composite

Flexural properties play a crucial role in structural ele-
ments, as composite materials used in structures often
experience bending loads. Therefore, the development of
new composites with improved flexural characteristics is
essential. Figure 6 illustrates the flexural strength of the
homogenously mixed graphite/epoxy composites in com-
parison to the neat epoxy. It is observed that all graphite/
epoxy composites exhibited higher flexural properties
than the neat epoxy. This improvement can be attrib-
uted to the mechanism of load transfer from the matrix
to the high-strength graphite particles during bending. In
tension, the stresses are in the opposite direction, which
explains the different behaviour.

The most significant enhancement in flexural proper-
ties of the graphite/epoxy composite was achieved with
the addition of 0.1wt% graphite micro particles. This
composition increased the flexural strength of the neat
epoxy from 46.8 MPa to 80.08 MPa, corresponding to
a remarkable 71.1% increase. With a graphite content

Stress-Strain Curve
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Fig. 5 Visible air bubbles in the neat epoxy
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Air bubbles

Flexural Stress-Strain curve
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Fig. 6 Flexural stress-strain curve

of 1wt%, the increase in flexural strength compared to
neat epoxy was 59.79 MPa, representing a 27% increase.
Although this value was lower than that achieved with
0.1wt% and 0.5wt% graphite content, it still demonstrated
an improvement over the neat epoxy.

Figure 7 presents a comparison between the tensile
strength and flexural strength of the composites. It is
evident that the benefits of using graphite as a filler are
more pronounced in flexural loading compared to tensile
loading. This finding aligns with previous studies in the
literature that have investigated the incorporation of vari-
ous inorganic fillers in polymer matrix composites [25,
26]. The improved flexural strength can be attributed to
the ability of the graphite particles to effectively transfer
the applied load from the matrix, resulting in enhanced
resistance to bending forces. In contrast, tensile load-
ing primarily relies on the matrix material itself, and the

—¢—0.5% graphite 1% graphite

presence of graphite filler may not contribute signifi-
cantly to the overall tensile strength.

These findings highlight the importance of consider-
ing the specific loading conditions and the role of fillers
in composite materials. The selection of fillers should be
tailored to the desired mechanical performance in the
intended application, taking into account the specific
loading conditions and the interaction between the filler
and the matrix material.

Layered composites

The development of layered composites in this study
aimed to explore the potential for successfully bonding
different layers of epoxy and graphite/epoxy compos-
ites to create a new material with distinct internal and
external flexural properties. This investigation aimed
to achieve various benefits such as reducing the overall
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UTS and Flexural Strength against graphite content
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Fig. 7 Effect of graphite content on the tensile and flexural strength of the graphite epoxy composite

stiffness of the material by combining stiffer and weaker
materials, as well as reducing costs by combining cheaper
and more expensive materials.

Figure 8 illustrates the flexural strength of the graph-
ite/epoxy layered composites compared to the neat
epoxy. The results indicate that the layered composite
consisting of a layer of neat epoxy and 0.1wt% graphite/
epoxy composite exhibited the highest flexural strength,
with a 64.8% increase compared to the plain neat epoxy.
This improvement is comparable to the enhancement
observed in the homogeneously mixed graphite/epoxy
composite. On the other hand, the layered composite
with a combination of neat epoxy and 1wt% graphite/
epoxy had the lowest flexural strength among the lay-
ered specimens, with a value of 49.9 MPa. However, even
this specimen showed a 6.6% improvement over the neat
epoxy. The layered composite with a triple-layer structure
of neat epoxy, 0.1wt% graphite/epoxy, and 1wt% graphite/
epoxy exhibited a flexural strength of 61.28 MPa, indicat-
ing that flexural properties can be enhanced through the
layering of composites with different flexural characteris-
tics. The failure mode observed in the layered specimens
was delamination, characterized by interlayer debonding
and changes in the crack propagation direction between
the layers, as depicted in Fig. 9. This indicates that the
bonding between the layers needs further improvement
to enhance the overall strength and integrity of the lay-
ered composites.

These findings suggest that the layering approach holds
promise for improving the flexural properties of com-
posites by combining different materials with distinct
mechanical characteristics. However, further optimiza-
tion of the bonding between the layers is necessary to
enhance the overall performance and reliability of the
layered composites.

Hardness and impact strength

The hardness and impact strength of the graphite/epoxy
composites showed improvement with increasing graph-
ite content. This can be attributed to the higher density,
surface hardness, and mechanical strength of the graph-
ite particles compared to the neat epoxy. Table 3 provides
the hardness and impact strength of the composites.

In terms of hardness, the neat epoxy had a Shore D
hardness of 50 SHD. With the addition of 1wt% graph-
ite, the hardness value increased to 64 SHD, representing
a 28% increase. This increase in hardness can be attrib-
uted to the load transfer mechanism within the homo-
geneously dispersed composite, where the surface of the
graphite particles becomes load-bearing during compres-
sion testing (Shore D hardness testing).

Regarding impact strength, the incorporation of 1wt%
graphite resulted in a 29% increase in impact value com-
pared to the neat epoxy. The presence of graphite par-
ticles alters the crack propagation path during failure,
creating changes in direction that hinder fracture and
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>

Fig. 9 Failure mechanism of Neat+0.1%G layered specimen
in bending

increase the toughness of the material. Similar enhance-
ments in surface hardness and impact strength have been
reported in previous studies [27-29] involving the addi-
tion of high-density and high-strength inorganic particles
to composites.

Table 3 Hardness and impact results

Specimen Hardness (SHD) Impact
strength
J)

Neat 503 6.75

0.1% G 57.1 7.25

0.5% G 61.0 7.65

1% G 64.6 8.75

These results indicate that the inclusion of graphite
particles can effectively improve the hardness and impact
properties of the epoxy composite. The load transfer
mechanism and altered crack propagation behaviour
contribute to these enhancements.

Friction and sliding wear results

Friction

The friction coefficient of the neat epoxy and graphite/
epoxy composites was investigated under various oper-
ating conditions, including different sliding speeds (200
and 600 rpm), applied loads (10, 20, and 40 N), and a
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constant time of 300 s. The coefficient of friction was
determined by dividing the frictional force by the applied
load. It was observed that as the applied load increased,
the coefficient of friction also increased for all compos-
ites, including the neat epoxy. This is expected because
higher normal loads result in increased pressure on the
specimen and counterface, leading to higher frictional
forces in the system.

The specimens with 1wt% graphite content consist-
ently exhibited the lowest coefficient of friction among
all applied loads and sliding speeds. For example, when
tested at 10 N applied load and 200 rpm sliding speed, a
14% reduction in the coefficient of friction was observed
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compared to the neat epoxy (Fig. 10). Similarly, at 20 N
applied load and 600 rpm sliding speed (Fig. 11), a 12%
decrease in the friction coefficient was observed between
the neat epoxy and the specimen with 1wt% graphite
content. This reduction can be attributed to the ease with
which the graphite particles come off the composite and
form a lubricating film, as discussed earlier [22]. These
findings align with the results reported in previous stud-
ies [30, 31].

Similar trends were observed under all other opera-
tional conditions, as shown in Fig. 12. The reduction in
the coefficient of friction was most significant when the
applied load was changed. While the sliding speed had a

Friction coefficient against time
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Fig. 10 Friction coefficient for neat epoxy and graphite/epoxy composites at 10N applied load and 200rpm sliding speed
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COF at 1.9km sliding distance

Friction coefficient (1)

10N

BMNeat #0.1%G

20N
Applied load (N)

40N

w05%G 11%G

Fig. 12 Friction coefficient at 1.9km sliding distance for 10N, 20N and 40N applied load

relatively minor effect on the coefficient of friction of the
composites, a noticeable effect was observed with higher
applied loads. In fact, a 52% increase in the coefficient of
friction was noted when the applied load was changed
from 10 to 40 N. It is important to note that increasing
the graphite content would lead to lower friction coef-
ficients; however, this could compromise the stability of
the composite as the weak bonding between the matrix
and the filler may result in the composite becoming weak
and prone to crumbling [32].

Overall, the addition of graphite content in the epoxy
composite led to a reduction in the coefficient of friction,
particularly under higher applied loads. However, it is
crucial to strike a balance between achieving low friction

coeflicients and maintaining the stability and strength of
the composite.

Wear

Figure 13 presents the variation in wear rate for the neat
epoxy and graphite/epoxy composites under different
conditions. The experimental results indicate that the
wear rate decreases with an increase in graphite content.
Specifically, the specimen with 1wt% graphite exhibited
a wear rate reduction of over 75% compared to the neat
epoxy. This reduction was also observed at higher slid-
ing speeds of 600 rpm, where the wear rate was reduced
by 73%. These findings can be attributed to the solid
lubrication abilities of graphite particles, which help to

Specific wear rate

Ws(mm?3/N.m)

0.6km

—@— Neat Epoxy  ==#==0.1% graphite

1.9km

0.5% graphite 1% graphite

Fig. 13 Specific wear rate against sliding distance with respect to graphite content at 40N applied load and 600rpm sliding speed
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minimize wear [33]. An interesting trend observed in
this study is the reduction of wear rate with an increase
in sliding speed. This phenomenon can be explained by
the faster formation of a sliding film on the specimen and
counterface, which subsequently reduces the disintegra-
tion of the composite. The generated film stabilizes the
stick-slip process, creating a low adhesion region where
wear rates are lower. However, this trend may contra-
dict the conclusions drawn in some previous studies [34,
35]. Nevertheless, a study conducted by Tripathy et al.
[36] reported that wear rate initially increases with an
increase in sliding velocity, but there is a sharp decrease
within a velocity range of 3-4 m/s, followed by an expo-
nential increase up to 7 m/s. It could be argued that the
reduction in wear rate with an increase in sliding speed
observed in this research falls within the range of the ini-
tial decrease observed in the aforementioned study, mak-
ing it an acceptable trend.

Figure 14 specifically depicts the specific wear rate of
the graphite/epoxy composite for a 10 N applied load at
various sliding distances. Figure 15 provides a compari-
son of the worn surfaces of the specimens tested dur-
ing friction, aiming to determine the wear mechanism
and surface morphology. It is evident that the worn sur-
face of the neat epoxy composite appears much coarser,
exhibiting deep scratches. This can be attributed to the
high frictional force and the brittle nature of the epoxy
material. In contrast, the composite with 1wt% graph-
ite particles exhibits a smoother surface, although some
visible scratches are present. These smooth scratches
result from the initial friction and surface break-off of
the composite before a lubrication film is generated. This
lubrication film subsequently forms a low-friction layer,
reducing the generation of debris. These findings align
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with previous studies on the tribological properties of
polymer composites [37].

The worn surface of the specimen with a higher quan-
tity of graphite filler can be described as having a better
quality surface [38], as there is no evidence of extreme
debonding or high porosity. The presence of microcracks
indicates good resistance to shear stresses exhibited by
the graphite particles. Similar observations have been
reported in studies involving carbon fiber and epoxy pol-
ymer composites, where less damage was observed com-
pared to glass fibre epoxy composites [39]. In summary,
it can be concluded that graphite demonstrates excellent
properties in reducing both friction and wear rates in
polymer composites.

Conclusion

Based on the investigation of the mechanical and tribo-
logical properties of graphite filler epoxy matrix compos-
ites, the following conclusions can be drawn:

1. Successful incorporation of graphite: Graphite can be
effectively incorporated into the epoxy resin to pro-
duce a particulate filler epoxy composite. It is impor-
tant to ensure homogenous mixing of the graphite
particles to prevent agglomeration, especially at
higher percentages.

2. Influence on mechanical properties: The addition of
graphite particles significantly affects the mechani-
cal properties of the composite. Tensile strength
decreases with an increase in graphite content, with
a 1wt% addition resulting in a 56% reduction in ten-
sile strength. Flexural strength, on the other hand,
is improved with the addition of graphite particles,
although not in a linear manner. The composite with

Specific wear rate for 10N applied load

Specific wear rate (mm3/N.m)
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Fig. 14 Specific wear rate of graphite/epoxy composite for 10N applied load at different sliding distances
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Fig. 15 Wear surface of (A) neat epoxy before test (B) after test (C) 1% graphite/epoxy composite before test (D) after test all at 10X magnification

0.1wt% graphite exhibits the highest flexural strength.
Hardness and impact values also show improvement
with higher graphite content.

3. Influence on wear and friction properties: The pres-
ence of graphite particles influences the wear and
friction properties of the composite. The specific
wear rate decreases with an increase in graphite
content, primarily due to the solid lubrication capa-
bilities of graphite. The friction coefficient is affected
by both the graphite content and the applied load.
Higher applied loads result in higher friction coeffi-
cients, while higher graphite content leads to lower
friction coefficients. Microscopic analysis of the wear
track reveals that the worn surface of the composite
with 1wt% graphite content appears smoother. This
is attributed to the development of a lubrication film
during friction, which reduces the surface roughness
of the system.

Overall, the incorporation of graphite particles in the
epoxy matrix composite demonstrates improvements
in various mechanical and tribological properties, high-
lighting the potential of graphite as a beneficial filler
material in composite fabrication.
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