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ABSTRACT

In this study, epoxy/graphite composites were fabricated based on
different weight fractions (0, 3, 6, and 9 wt.%) of graphite powder for
bearing applications. The mechanical and tribological properties were
assessed. Adhesive wear tests covered the severe regions, where the
interface temperature (IFT) exceeded the heat distortion temperature
(HDT) of the epoxy. Graphite additions improved elastic modulus and
hardness but decreased fracture strain and toughness of the composites.
The tribological behaviors in the mild wear region were improved as the
graphite content increased. In the mild wear region, the increase in
graphite additions showed a good improvement by reducing the specific
wear rate (SWR) and coefficient of friction (COF). In the severe wear
region, the neat epoxy and higher graphite concentrations exhibited a
dramatic increase in SWR, whereas the lowest addition of 3 wt.% exhibited
good wear performance. For epoxy, the reason was that IFT exceeded its
HDT, while the aggregation of graphite particles was the main reason in
the case of higher graphite concentrations. SEM examinations showed
severe wear signs—high ploughing and fracture—when IFT exceeded the
HDT. However, by reducing the IFT, graphite additions did not show such
severe wear features due to the accelerated heat dissipation.

© 2024 Published by Faculty of Engineering

1. INTRODUCTION

tribological applications, polymer composites
exhibited high performance in such applications

Polymeric composites are increasingly being
used to replace traditional materials in a variety
of engineering, automotive, aviation, and
industrial applications. This might be traced
mostly to their unique properties, which include,
but are not limited to, a high strength-weight
ratio, corrosion resistance, being inexpensive,
and being easy to fabricate [1]. With regards to

[1-3]. Therefore, there is an increasing trend to
replace tribo-components that are based on
metals, such as bushings, bearings, and gears,
with polymer-based materials. Several polymers
are utilized in tribological applications, including
epoxy, polyether ether ketone (PEEK), and
polytetrafluoroethylene (PTFE) [4]. However, in
their pristine forms, polymers are not often used
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in applications for tribology enhancement since
the great majority of pure polymers possess an
elevated coefficient of friction and limited wear
resistance [2]. To address this issue, polymers are
commonly modified to fulfil the specific demands
of tribological applications. This is normally
achieved by techniques like coatings, fiber
reinforcement, and the inclusion of fillers [1, 2].

Solid-lubricant fillers are widely used to reduce
the coefficient of friction (COF) of polymers
owing to their easy-to-fragment structure, which
forms an interfacial boundary lubrication layer.
They are mainly classified into two groups: (1)
organic lubricants, such as PTFE and
Polychlorotrifluoroethylene (PCTFE); and (2)
inorganic lubricants, which include graphene,
graphite, tungsten disulfide (WSz), and
molybdenum disulfide (MoSz) [5]. Numerous
investigations have been conducted to examine
their effects on the COF and specific wear rate
(SWR) of various kinds of polymers, such as
WS, /PEEK [6], graphite/ABS [7], and graphite/
phthalazinone ether sulfone ketone (PPESK) [8].
These studies showed a positive impact of such
fillers on enhancing the tribological properties of
polymers, resulting in a noticeable reduction in
both the SWR and COF. However, in wear
processes, the thermal energy generated at the
interface, where rubbing occurs, has a substantial
influence on the wear characteristics of the
polymers. The generated frictional heat expedites
the wear rate when the interface temperature

(IFT)  exceeds the  specific polymer’s
temperatures, such as heat distortion
temperature (HDT) and glass transition

temperature (Tg) [9-11]. Due to this factor, the
performance of most solid lubricants is restricted
to polymer-specific temperatures. The thermal
conductivity (TC) of polymers is critical for the
wear resistance. The high TC results in superior
service performance [1,12].

The TC of polymers with low specific
temperatures needs to be modified, which
prolongs the working temperature ranges. In
other words, the reduction in COF can be easily
achieved by various kinds of solid lubricants.
However, the lubrication efficiency is restricted
to working temperatures below the range of the
specific polymer's temperatures, i.e., HDT and
T,y. For example, Ye et al. [13] studied the effect
of MoS; addition on the fretting wear of novolac
epoxy. The findings indicated that both the wear

rate and COF were significantly reduced. To
prevent MoS2 oxidation, which could reduce its
lubricating efficacy, monitor the IFT by reducing
sliding distance and/or load. Similar results
were reported for PTFE [14] and WS, [6]
lubricants. The limited working temperature
range is mostly due to reduced TC in most solid
lubricant-modified polymers. For instance, the
TC of PTFE is 0.2-0.3 W/(m.K) [15], in the range
of epoxy’s value, 0.2 W/(m-K) [16]. As a result,
such solid-lubricant fillers do not affect polymer
TC. Hence, their usage is limited under the
thermo-mechanical stresses of wear processes.
Polymers with low TC can be modified by using
fillers with higher TC.

Attempts are sometimes made to enhance the TC
of polymers through various treatments or
coatings for specific applications in which the
thermal properties have pivotal effects. It is
expected that the heightened TC of a selected
filler will enhance the wear characteristics of
polymers by improving the heat dissipation
process from the contacting surfaces. The
effectiveness of such an impact will be seen more
in the severe regions than in the mild regions of
the wear process. It should be thoroughly
studied. Within this context, carbon-based
lubricants, which include graphene and graphite,
are quite suitable for tribological applications
due to their capability to improve not only the
self-lubricating properties but also the TC of
polymers. For instance, the TC of graphite is in
the 200 -2000 W/(m-K) range [17], atleast 1,000
times that of epoxy. Relevant studies showed the
high capability of graphite fillers to improve the
TC of polymers [17] and potentially improve
their specific temperatures, such as T, [18].

In the literature, some research has been
published on the lubricating efficiency of
graphite/polymer systems [7, 8]. Experiments
on the lubrication efficiency of such fillers
mainly covered the mild wear regions;
however, the severe wear regions in which the
IFT  reaches the polymers'  specific
temperatures, i.e.,, HDT, are rarely reported so
far. Many open questions surrounding the wear
mechanism of such fillers at the critical IFT and
their tribological behaviors must be answered.
The impact of filler concentration on the SWR
and COF, the influence of fillers on heat
dissipation, and the wear mechanism are still
open questions. It is worthwhile to investigate
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the tribological properties of epoxy/graphite
composites. In this study, epoxy/graphite
composites are developed utilizing variant
weight fractions of graphite fillers (0, 3, 6, and
9 wt.%). The mechanical characteristics and
tribological behaviors of the produced
composites have also been investigated.

2. MATERIALS AND METHODS
2.1 Materials

In this study, epoxy resin R246TX (opaque
liquid, specific gravity of 1.10 g/ml at 25 °C, and
viscosity of 900-1100 mPas at 25 °C) and H160
hardener (clear pale brown liquid, specific
gravity of 30.0 g/ml at 25 °C, viscosity of 0.95
mPas at 25 °C, and pot life of 120 min for 100g
at 25 °C) were used as a base-matrix composite,
which was purchased from ATL Composites Pty
Ltd., Australia. The resin-to-hardener mixing
ratio is 4:1. The HDT of the pure epoxy is 65 °C
after post-curing at 100 °C for 4 h, as given in
the technical data sheet provided by the
supplier. Graphite powder, provided by Sigma-
Aldrich Pty Ltd., Australia, with an average
particle size of less than 20 pum, was used as a
solid lubricant filler.

2.2 Sample preparation

Figure 1 illustrates a comprehensive
representation of the sample preparation
methodology. For the pure epoxy, the hardener
was gradually added to the epoxy resin. For
epoxy-graphite composites, a specific weight
fraction of 0, 3, 6, and 9 wt.% of graphite powder
was incrementally added to the epoxy resin. The
graphite masses were precisely weighed using a
high-accuracy balance of 1x10-5 g. After that, the
mixture was continuously stirred for 2 minutes
at 250 rpm using an electrical mixer. The stirring
speed was chosen to be low to avoid excessive
heat. The mixtures were degassed in a vacuum-
sealed oven chamber at -70 kPa and 50°C for 30
min to eliminate air bubbles. The mixture was
promptly poured into the designated steel
molds. The steel molds were prefabricated from
AISI D2 steel with specified cavities to produce
the tensile and wear samples. For tensile testing,
the dog-bone samples were manufactured in
conformity with ASTM D638-99 [19]. The
thickness of the samples is 8 mm, and the total

length is 190 mm. The gauge length located on
the narrow section is 80 mm. The overall width
is 20 mm, while the width of the narrow section
is 10 mm. Regarding the wear test samples, the
mold has a cavity with a length, width, and
height of 58x20x25 mm, respectively, designed
to fit the block-on-ring (BOR) tribometer in
accordance with the ASTM G77-98 standard
[20]. The mixtures were self-cured by
maintaining them inside the molds at 25 °C for
24 h and then post-cured at 100 °C for 4 h.
Following the full curing process, epoxy and its
composites were subjected to mechanical and
tribological  testing. The epoxy/graphite
composites, with varying concentrations of
graphite, are denoted by "epoxy-Gr-x" where x is
the weight fraction of graphite.

2.3 Mechanical and adhesive wear testing

The mechanical properties of epoxy and its
composites were evaluated through hardness
and tensile tests. Tensile testing was performed
using the MTS 810 TestStar with a load capacity
of 10 KN in compliance with ASTM D638-99 [19].
The head speed during the tensile test was
constant at 1 mm/min for all examined samples.
For each composite, three samples were tested,
obtaining the average values. The Shore D
hardness of the composites was measured
according to ASTM D2240 [21]. From each
sample, three readings were obtained to get the
average readings. The tribological behaviours of
the neat epoxy and epoxy/graphite composites
were conducted using a BOR tribometer in
conformity with the ASTM G77-98 standard [20].
The selection of wear test settings was
determined based on the compatibility of the
block materials, i.e., epoxy and its composites,
with the intended applications [11,22,23]. Since
there are many applications where steel parts
slide against polymer composites, it is necessary
to explore the wear mechanism between the hard
steel and the soft epoxy composite materials. In
this study, the SWR and COF of the tested samples
were obtained under variant wear conditions due
to the variation of the applied load.

The wear experiments were conducted under
dry contact conditions at ambient temperature,
with relative humidity ranging from 40% to
50%. The velocity of sliding was consistently
held at 1 m/s, while the magnitude of the
applied forces was 15, 30, 50, and 70 N.
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Fig. 1. Schematic representation of the sample preparation process for epoxy composites.

The pressure-velocity (PV) product values of
these parameters exhibited fluctuations
ranging from 0.35 to 0.60 MPa.m/s. This range
falls within the allowable range for bearing
applications [11,22,23]. It is noteworthy to
note that the contact pressure (P) was
determined in the steady-state region using
finite element modelling.

The sliding distance of the wear tests was 12
km, allowing the wear to transfer from the
running-in stage into the steady-state stage.
The setup of the BOR tribometer is depicted in
Fig. 2. The fixed wear samples, blocks, were slid
against a rotating stainless steel counterface
(AISI 304, hardness = 1,250 HB, average
roughness of Ra = 0.2 pm, and diameter = 228
mm). The tangential friction force was
recorded by the friction load cell, which was
affixed to the load lever. This data was collected
using a data acquisition system.

Before starting each wear test, the targeted
surfaces of the wear samples and stainless-
steel ring were polished, ensuring a surface
roughness of 2 Ra = 0.2 um. A mobile surface-
roughness tester, MarSurf M 400, was used to
measure the Ra values of the steel ring and the
worn surfaces. To remove suspended particles,
the worn surfaces were cleaned using acetone-
soaked soft tissue paper. The specimens were
air-dried before weighing to evaluate the

weight loss via a mass scale with a precision of
1 x 105 g. After measuring the mass loss, the
worn volume was calculated based on the mass
loss and the corresponding density of each
composite. SWR values in (mm3/N.mm) were
basically calculated based on the following
relationship:

SWR = AV/ (L X Fy)

where AV is the volume loss during the test
duration, Fy is the load, and L is the total sliding
distance. To ensure data repeatability and
reproducibility, a minimum of three repetitions
were conducted for each experiment. The IFT
was measured using a thermal imaging camera,
the Testo 876.
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Fig. 2. Illustration of the setup of wear tests.

—
—
e %)

Computer display Data acquisition



K.Y. Eayal Awwad, Tribology in Industry, DOI: 10.24874/ti.1552.09.23.01

2.4 Scanning electron microscopy (SEM)
analysis

To deeply understand the influence of graphite on
the mechanical characteristics, wear, and frictional
behaviours of epoxy. SEM device type JEOL JCM-
6000 BENCHTOP was utilized to analysis surfaces
of tensile and wear samples. To increase the
examined surfaces’ conductivities, a JEOL Smart
Coater-ion Sputtering Device was used, which
coated these surfaces with a thin gold layer. It is
worthwhile to mention here that the morphology
of the wear samples for all tested materials in this
study was spotted in the normal zone of the BOR
wear profile, as defined by the recent study
conducted by K. Y. Eayal Awwad et al. [24].

3. RESULTS AND DISCUSSION
3.1 Mechanical properties of the composites

The addition of graphite additives significantly
altered the mechanical properties of epoxy and
caused morphological changes. The effect of
graphite concentrations on the modulus of
elasticity (E) and the fracture strength of epoxy is
illustrated in Fig. 3.

@Fracture strength (MPa) #Modulus of elasticity (GPa)
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Fig. 3. The effect of varying concentrations of graphite on
fracture strength and modulus of elasticity of epoxy.

The mechanical properties of the neat epoxy are
consistent with previous research [11,16]:
fracture strength ranges from 58 to 94 MPa,
whereas the modulus of elasticity ranges from 0.6
to 2.7 GPa. The modulus of elasticity displayed a
positive proportional relationship with graphite
concentration, yielding a maximum value of 1.4 +
0.02 GPa for the epoxy-Gr-9 composite,
corresponding to a 15% increase as compared to
that of neat epoxy. In contrast, the graphite
additions negatively influenced the fracture

strength, while the neat epoxy exhibited a
maximum value of 56.62 + 7.52 MPa. Compared to
neat epoxy, the 9 wt% graphite inclusions
reduced the fracture strength by 41%. Similarly,
fracture strain and fracture toughness exhibit the
same trend of fracture strength, as seen in Fig. 4
(aand b). However, the shore D hardness of epoxy
(see Fig. 4 (c)) improved marginally with
increasing graphite concentration. For instance,
adding 9 wt.% of graphite somewhat enhanced
the hardness value by 10% when compared to
neat epoxy.
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Fig. 4. The influence of varying graphite amounts on the
mechanical characteristics of epoxy: (a) Fracture strain,
(b) fracture toughness, and (c) shore D hardness.
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Comparable findings were documented in
different kinds of polymers, such as
epoxy/graphene nanoplatelets [11] and
phthalonitrile/silicon carbide [25].
Improvements in modulus of elasticity and
hardness could be attributed mostly to the
brittle nature of graphite, which has a stiffness
value of around 600 GPa [26]. Because the
used graphite is unfunctionalized, the epoxy
structure, including its crosslinked density,
does not change. [27]. Similar findings were
reported for other polymers, such as ultra-high
molecular weight polyethylene (UHMWPE)
[28] and PEEK [27].

Figure 5. presents the SEM micrographs of the
fractured surfaces of the tensile samples, which
support a further explanation of the fracture
mechanism of the epoxy and epoxy/graphite
composites. The stretched river-like pattern on
the neat epoxy indicates stretching marks, as
shown in Fig. 5(a). The fractured surface of the
neat epoxy samples exhibited signs of cleavage
failure and stretching. These features are typical
for the neat epoxy, as indicated by its notably high
values of fracture strain and fracture toughness,
as shown in Fig. 4 (a and b). Increasing graphite
concentration reduces the deformation of the
epoxy matrix in their vicinity; hence, increasing
the concentration is expected to result in
progressively brittle behaviour, as indicated by
the squamous-like pattern, as shown in Figs. 5 (c
and b). The presence of a higher concentration of
graphite resulted in enhanced visibility of the
squamous-like morphology.

The primary factor contributing to a decrease in
fracture strength is the phenomenon of particle
aggregation and  agglomeration.  These
phenomena significantly reduce the interaction
between the particles of the filler and the
polymer matrix, thereby functioning as a stress
concentrator inside the matrix. It is worth
mentioning that m—m interactions and Van der
Waals forces between graphite layers primarily
cause particle aggregation, making the polymer
dispersion inside the matrices difficult [29,30].
Furthermore, the exothermic heat of the reaction
assists in the agglomeration of graphite particles
by decreasing the viscosity of the epoxy matrix.
Furthermore, the appearance of embrittlement
phases, which are indicated by a squamous-like
pattern (see Fig. 5 (c and d)), decreases the
fracture strength of polymers [31].
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Fig. 5. SEM images of the fractured surfaces of the
tensile samples: (a) neat epoxy, (b) epoxy-Gr-3, (c)
epoxy-Gr-6, and (d) epoxy-Gr-9.
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Brittleness restricts the chain mobility of the
molecular motion, resulting in a reduction in
fracture strain and fracture toughness [32]. A
similar observation was reported by Atif et al.
[33], which stated that a filler concentration of
more than 1 wt.% mostly reduces the fracture
strength, fracture strain, and fracture toughness
of epoxy composites. It is noteworthy that the
filler's nature plays a crucial role in the
mechanical properties of polymers. Some fillers
can enhance fracture strain and toughness. For
instance, Yu et al. [34] studied the effect of nano-
rubber particles on the fracture toughness of
epoxy. It was noticed that the increase in the
nano-rubber particles significantly improved the
fracture toughness of the epoxy matrix. This was
mostly because the rubber particles can absorb
elastic energy during the shear stresses
accompanied by drawing and tearing, which
contrasted with the low absorption capabilities of
graphite fillers. It is worth noting that all
composites did not show signs of manufacturing
defects such as bubbles and voids. This is mostly
due to the efficiency of mixing and degassing
during the samples' preparation process.

3.2 Tribological properties of the composites

The wear tests were conducted under dry-
adhesive conditions, employing various loads of
10, 30, 50, and 70 N over a sliding distance of 12
km. Fig. 6 illustrates the impact of these loads on
the SWR of epoxy composites. The lowest value of
SWR was observed when a load of 30 N was
applied to both composites and neat epoxy. This
value was even lower than the SWR observed, with
the lowest applied load being 10 N. This can be
attributed to the suitable generated heat under
this load, which helps to initiate a thin viscoelastic
layer. This layer serves a pivotal function in
mitigating crack propagation when subjected to
fatigue stresses [11,35]. Nevertheless, when
exceeding 30 N, the accompanying thermo-
mechanical stresses increase, resulting in a
transition from a mild to a severe wear region, as
indicated by high SWR values in the cases of 50 N
and 70 N. Similar trends were exhibited by
epoxy/graphene  nanoplatelets [11] and
polyester/graphite-cotton [36].

The graphite additions exhibited a beneficial
effect on epoxy's wear resistance. This is
observable in the case of low applied loads, as in

the cases of 10 N and 30 N. The improvement is
due to the inherent self-lubrication capability of
graphite, which manifests in the creation of a
stable transfer film, resulting in a significant
decrease in the SWR values. For instance, in the
case of 30 N, the 9 wt.% of graphite reduced the
SWR value by 47% as compared to the SWR of
neat epoxy. At the lower range of applied load, it
is clearly observed that there is no considerable
reduction in SWR by increasing the graphite
content above 3 wt.%. The addition of 9 wt.%
graphite exhibited only a slight reduction of 7%
in SWR as compared to the epoxy-Gr-3
composite. At high applied loads, i.e., 50 N and 70
N, SWR increased for both neat epoxy and its
composites. Surprisingly, by increasing the
applied load, the higher content of graphite
exhibited higher values of SWR. The SWR trend,
at high applied loads, of neat epoxy is similar to
the trends of epoxy-Gr-6 and epoxy-Gr-9
composites; however, the reasons may be
completely different. To gain a Dbetter
understanding of these behaviours, it is
imperative to consider the mechanical properties
and specific epoxy’s temperatures, as the wear
process involves a combination of thermo-
mechanical stresses.
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Fig. 6. The influence of applied loads on the specific

wear rate (SWR) of epoxy and epoxy-Gr composites.

SWR versus the sliding distance of 12 km under
all different loads is shown in Figs. 7 and 8. It was
evident that there was an observable match
between the 10 N and 30 N cases for epoxy and
its composites, as shown in Fig. 7. SWR started
with high values and subsequently decreased as
the sliding distance increased. This behaviour is
due mainly to the BOR tribometer's
configuration, in which the contact area is
minimum, and the contact pressure is maximum
at the starting point, resulting in a high rate of
material removal, i.e., a high SWR.
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This stage is known as the running-in stage
[9,11]. Following that, an increase in the sliding
distance increased the contact area between the
rubbing surfaces, which lowered the contact
pressure and, therefore, reached the steady-state
stage, i.e., the steady-state value of SWR [11].
Regarding the impact of variant concentrations of
graphite on the SWR of epoxy, there is an
observable reduction in the SWR with the
increase of the graphite additions under the low
applied loads of 10 and 30 N, as discussed earlier
(see Fig. 6 (a and b)).
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Fig. 7. The variation of specific wear rate (SWR) over the
sliding distance for epoxy and its composites at mild
loads of (a) 10 N and (b) 30 N. The standard deviation
values for all readings ranged between (0.06 to 0.28).

In the case of the high applied loads of 50 N and
70 N, the effect of the running-in stage for
approximately the first 4 km of sliding distance
can also be noted, as shown in Fig. 8.
Nevertheless, these high applied loads exhibited
different trends as compared to the steady-state
stage in the cases of 10 N and 30 N of applied
loads. Regarding the neat epoxy, the increase in
SWR values, shown in Fig. 8, was mainly due to
the fact that IFT has exceeded the epoxy’s HDT,
which is 65 °C. Accordingly, the molecule bonding
of epoxy resin will be broken, reducing load-
bearing capacity under thermo-mechanical

stresses [11,37,38]. On the other hand, all epoxy-
Gr composites did not reach the HDT under all
applied loads. This is mainly attributed to the
capability of graphite to enhance the TC and the
specification’s temperature of epoxy, as reported
by relevant studies [26,39].

2.40
ONeat epoxy A Epoxy-Gr-3
é 2.20 < Epoxy-Gr-6 O Epoxy-Gr-9
g o
Z e a
o 2.00 A A
g
g g o 0 g8 o
; 1.80 4 o o o o o
w
4 A
1.60 o fat & A A
[m]
1.40 T T T T T T
0 2 4 6 8 10 12 14
Sliding distance (km)
(@
2.80
ONeat epoxy A Epoxy-Gr-3
© Epoxy-Gr-6 O Epoxy-Gr-9 o)
= 2.60
E 0
=z <
= 240 -
g
3 o &
‘L 2.20 4
c : o o o
£ 2001 o O s
g2 & A A Q A
g o
1.80 T T T T T T
0 2 4 6 8 10 12 14
Sliding distance (km)
(b)

Fig. 8. The variation of specific wear rate (SWR) over the
sliding distance for epoxy and its composites at higher
loads of (a) 50 N and (b) 70 N. The standard deviation
values for all readings ranged between (0.11to 0.27).

The improvement in the TC leads to an increase
in the dissipation heat rate from the rubbing
surfaces. At high loads of 50 N and 70 N, the low
content of graphite, i.e., 3 wt.%, exhibited lower
values of SWR compared to the high graphite
content of 6 and 9 wt.% (see Fig. 8). The reason
behind that could be summarized as follows: (1)
The increase in graphite content is generally
accompanied by a significant reduction in
toughness (see Fig. 4(b)), which causes the epoxy
to become more brittle and more prone to fatigue
fracture, especially when subjected to high
applied loads [11,40]. (2) The increase in
graphite concentrations increases the
agglomeration and aggregation of graphite
particles, thus diminishing the thermal and
mechanical characteristics of epoxy.
Consequently, the tribological properties of
polymers are adversely affected [35,39].
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The friction behaviours of epoxy and its
composites are presented in Figs. 9-11. The
influence of variant concentrations of graphite on
the COF of epoxy under mild applied loads is
shown in Fig. 9. It can be seen in Fig. 9 (a and b)
that when low applied loads of 10 N and 30 N are
utilized, the COF curves exhibit a relatively
smoother behaviour within the stable range
values for the neat epoxy. This contrasts with the
COF curves obtained under high applied loads of
50 N and 70 N, as depicted in Fig. 10 (a and b).
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Fig. 9. Coefficient of friction (COF) over the sliding
distance of epoxy and epoxy-Gr composites at mild
applied loads of (a) 10N and (b) 30N.

HDT serves as the primary and crucial factor
influencing the behaviours observed under
these high loads. The COF curves for neat epoxy
demonstrated an abrupt rise after 6 km and 4
km under loads of 50 N and 70 N, respectively.
The common factor behind the sudden change in
COF in both cases is that the IFT exceeded the
HDT of epoxy at 65 °C. Even though HDT is
below T; once the IFT exceeds HDT, the
molecular bonding of the matrix resin may
become weak and thus easy to break
[11,37,38,41], particularly when subjected to
the high mechanical stresses associated with the
wear process. This is also the primary reason for

the drastic increase in the SWR, as discussed
previously. A relevant study by Tahir et al. [42]
investigated the influence of working
temperature on the tribological behaviours of
carbon fibre epoxy composite. It was noticed
thatincreasing the working temperature rapidly
increased the COF due to the development of
frictional heat, which can weaken the epoxy
matrix's bonding. Analogous findings have been
revealed on glass fibre epoxy composites by
Arikh and Gohil [41]. Liu et al. [38] conducted a
study to explore the HDT effect on the wear
resistance of phenolic/nylon-graphene
composites. The findings showed that there is a
positive correlation between the HDT and the
level of wear resistance that can be achieved.

In all cases, it is evident that the inclusion of
graphite powder has a beneficial effect on
reducing the COF of epoxy, as shown in Figs. 9
and 10. For instance, the minimum reduction
achieved of 26% was recorded in the case of 3
wt.% of graphite addition, epoxy-Gr-3, under
an applied load of 10 N. The reason for this is
primarily due to the self-lubricating properties
of the lubricant. During the sliding process, the
graphite particles detach and are then trapped
on the worn surface of the worn sample,
creating a stable transfer film. This layer acts as
a lubrication film between the rubbing
surfaces, resulting in a significant reduction in
COF values. This behaviour is linked to the
lamellar structure of graphite, in which the
layers are assembled within a hexagonal-unit
cell. The interlayer bonds are predominantly
governed by Van der Waals forces and are
fragmented when subjected to shear stresses
during the sliding process [5]. All epoxy-Gr
composites exhibited signs of stable transfer
film under all loads. Similar observations were
reported on various polymers, such as
graphite/ABS [7] and graphite/PPESK [8].

The stick-slip phenomenon was observed in the
case of neat epoxy, especially at the higher
applied loads, as indicated by the observable
fluctuation in COF, as shown in Fig. 10 (a and b).
This is mainly attributed to the low self-
lubricating properties of neat epoxy [43]. In
contrast, the COF fluctuation in the case of epoxy-
Gr composites was very minor during the wear
process. The reason for that is that adding
graphite significantly improved the self-
lubricating properties of epoxy [43].
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Fig. 10. Coefficient of friction (COF) over the sliding
distance of epoxy and epoxy-Gr composites at higher
applied loads of (a) 50N and (b) 70N.

The impact of the different applied loads on the
COF of epoxy and epoxy-Gr composites is
depicted in Fig. 11. When the load increased,
the COF decreased. The frictional force at the
interface intensifies because of the increased
applied load. Accordingly, the viscoelastic film
and the transfer film will be created in the case
of neat epoxy and epoxy-Gr composites,
respectively. The creation of these films is
further influenced by the IFT and, thus, the
applied load. Analogous behaviours in other
polymer composites have been found, such as
polyester [36] and PPESK [8].

In contrast to metallic materials, the wear
behaviour of polymers is notably affected by
the generated heat due to the rubbing process.
The main cause of this sensitivity is the
relatively poor thermal conductivities, which
are very low as compared to metals. The low TC
of polymers imposes restrictions on their
allowable operating  temperatures in
tribological applications, in which temperature
is a crucial factor [1,38]. This obstacle was one
of the main motivations of the current study,
wherein the used solid-lubricant material has a
high potential to enhance the TC of polymers.
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Fig. 11. The influence of loads on the average
coefficient of friction of epoxy and epoxy-Gr
composites.

Fig. 12 exhibits the effect of graphite additions
on the IFT at high applied loads: 50 N (Fig.
12(a)) and 70 N (Fig. 12(b)). It is worth
mentioning  here that the interface
temperatures in cases of low applied loads
were below the HDT of epoxy.
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Fig. 12. Interface temperature (IFT) vs. the sliding
distance for epoxy and epoxy-Gr composites, under
higher applied loads; (a) 50 N and (b) 70 N.
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The increase in sliding distance raises the IFT.
The highest recorded IFT attained by the neat
epoxy was 76.5 °C at 70 N. It can be noticed that
the IFT exceeded the HDT, 65 °C, after 8 km in the
case of 50 N and after 4 km in the case of 70 N. As
discussed above, it was noticed that when the IFT
exceeds the HDT, both COF and SWR dramatically
increase, exceeding the HDT and leading to weak
bonds [38,41]. As a result, there will be a
reduction in the elastic modulus of epoxy, which
will lead to a reduction in its load-bearing
capacity. The load effect on the IFT of epoxy and
epoxy-Gr composites after 12 km is depicted in
Fig. 13. The lower IFT when compared to the neat
epoxy is proof that the addition of graphite
increased the efficiency of the heat dissipation
process. This resulted from the beneficial
influence of graphite on the TC of epoxy.

A relevant study by Wang et al. [39] was
conducted to investigate graphite's effect on
epoxy's TC. For instance, adding 4.5 wt% of
expended graphite significantly enhanced the TC
of epoxy by about 440% compared to the neat
epoxy. Herein, the reduction achieved on IFT was
low compared with the expected improvement in
the TC of epoxy. The maximum reduction in IFT
of about 24% is attained for the epoxy-Gr-9
composite in the case of 70 N of applied load. One
probable explanation is that heat dissipation
depends on the area of contact, which is tiny in
the case of a BOR configuration. Another factor
could be attributed to the agglomeration of
graphite particles, which reduces the thermal
properties of the epoxy matrix [26,39].
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Fig. 13. Interface temperature (IFT) vs. the applied
load for epoxy and epoxy-Gr composites.

Fig. 14 displays various thermal images of the
epoxy and its composites under the applied load of
70 N. The morphology of the worn surfaces of
epoxy and its composites was examined using SEM.
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Fig. 14. Thermal images for epoxy and its composites
during the wear process before almost completing the
full sliding distance of 12 km under applied loads of 70 N.
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The load effect on the morphology of the neat
epoxy is presented in Fig. 15. At the low applied
load of 10 N (see Fig. 15(a)), the worn surface
was exposed to abrasive wear dominated by
signs of the cold raptures, which were in the
form of crazes. The reasons behind this
morphology could be mainly attributed to the
lower interface temperature under low applied
loads. Moreover, the brittle nature of the epoxy
matrix promotes such features under shear
stresses during the rubbing process. In
contrast, the SEM micrograph of the neat epoxy
in the case of 30 N (Fig. 15(b)) exhibited
stretched signs with smooth deformation. This
is in good agreement with the SWR values,
which were lower than the values of 10 N; see
Fig. 6. The wear mechanism may start with the
abrasive wear mode due to the low IFT. As the
IFT increases during the wear process, the
wear mechanism converts to the adhesive wear
mechanism, which can explain the morphology
of smooth deformation.

The higher applied loads of 50 N and 70 N
produced a smashed morphology with severe
wear features manifested by signs of high
ploughing and fractures, as shown in Fig. 15 (c
and d). The wear mechanism of the neat epoxy
under high applied loads starts with abrasive
wear mode and eventually turns to adhesive
wear mode due to the increase in the IFT. The
wear mechanism was accompanied by stick-
slip phenomena at the beginning of the process
due to the low self-lubricating properties of
neat epoxy [43]. This phenomenon was also
observed during the wear process due to the
increase in IFT, as indicated by the sharp
fluctuation of COF, as shown in Fig. 10 (a and
b). This explains the high SWR values obtained
under these loads. Severe wear signs resulted
from the high thermal and mechanical stresses
that were exerted on the worn surfaces. The
main key factor is the IFT; practically, when it
exceeds the HDT of epoxy, it results in
weakened bonds in the epoxy matrix [38,41].
This emphasized the importance of heat
dissipation to avoid such severe wear
mechanisms. Eventually, these morphologies
comply with SWR, COF, and surface roughness
findings. Similar findings were reported on,
carbon/epoxy composites [42], and
epoxy/graphene composites [11].
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Fig. 15. SEM images of the worn surfaces of neat epoxy
under variant loads. The arrows on the bottom-right
corner indicate the sliding direction of the ring.
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The higher applied loads of 50 N and 70 N
produced a smashed morphology with severe
wear features manifested by signs of high
ploughing and fractures, as shown in Fig. 15 (c
and d). The wear mechanism of the neat epoxy
under high applied loads starts with abrasive
wear mode and eventually turns to adhesive
wear mode due to the increase in the IFT.

The wear mechanism was accompanied by stick-
slip phenomena at the beginning of the process
due to the low self-lubricating properties of neat
epoxy [43]. This phenomenon was also observed
during the wear process due to the increase in
IFT, as indicated by the sharp fluctuation of COF,
as shown in Fig. 10 (a and b). This explains the
high SWR values obtained under these loads.
Severe wear signs resulted from the high thermal
and mechanical stresses that were exerted on the
worn surfaces. The main key factor is the IFT;
practically, when it exceeds the HDT of epoxy, it
results in weakened bonds in the epoxy matrix
[38,41]. This emphasized the importance of heat
dissipation to avoid such severe wear
mechanisms. Eventually, these morphologies
comply with SWR, COF, and surface roughness
findings. Similar findings were reported on
carbon/epoxy composites [42], and
epoxy/graphene composites [11].

The main purpose of the inclusion of graphite
filler as a solid-lubricant material is to reduce
the COF and SWR. Fig. 16 shows the SEM images
of epoxy and epoxy-Gr composites at a load of
30 N after 12 km. Compared to epoxy, it can be
clearly noticed the presence of a transfer film in
the case of epoxy-Gr composites, as shown in
Fig. 16(b, c, and d). The creation of the stable-
transfer film justifies the substantial reduction
in the values of COF attained through the
inclusion of graphite. In addition, the transfer
film functions as a protective film that covers
the worn surface, resulting in a reduction in the
rate of wear [8,11].

It can be noticed that the increase in graphite
concentration results in a relatively thicker layer.
However, it is important to note that the increase
in graphite concentration is accompanied by the
existence of wear debris, as shown in Fig. 16(d).
This is mainly due to the agglomeration and
aggregation phenomena of graphite particles
inside the epoxy matrix, which increase as the
graphite concentration increases.

Smooth deformation

SEI

=

' } Transfer film

(d) Epoxy-Gr-9

Fig. 16. SEM images of the worn surfaces of epoxy-Gr
composites at 30 N of applied load. The arrows on the
bottom-right corner indicate the sliding direction of
the ring.
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The wear debris may act as abrasive particles at the
beginning of the wear process, resulting in the
three-body wear mechanism. However, during the
wear process, the IFT increase leads to the wear
debris' softening, creating a large and thick transfer
film, as shown in Fig. 16 [d]. Therefore, adhesive
wear is considered the predominant wear
mechanism. However, the essential problem here is
that the wear debris formation rate increases as the
applied load increases. This could result in low
transfer film stability and then accelerate the SWR
values, as depicted in Fig. 8 [aand b]. As a result, the
higher loads promoted the rate of material loss as
wear debris, resulting in high SWR values. Similar
observations were reported on other additives
such as graphene oxide/epoxy composites [29],
and graphene nanoplatelets/epoxy [11].

Surface roughness analysis is utilised to identify the
impact of graphite addition and the applied loads
on the roughness of the worn surfaces. Fig. 17(a)
shows the effect of the applied loads on the
roughness of the neat epoxy. It presents the Ra
values obtained before and after the wear test. It is
important to acknowledge that the surface
roughness of the wear samples was prepared
before the wear test to be less than 0.2 um, as
mentioned in Section 2.3. However, the applied
load significantly impacted the surface roughness,
especially at higher applied loads, where the
roughness dramatically increased. For instance, the
roughness dramatically increased by about 650%
in the case of 70N. Although similar findings were
spotted in all epoxy-Gr composites (not shown
here), the reason behind each case was different.
For neat epoxy, the reason is attributed to the high
interface temperature that exceeded the HDT of
epoxy in both cases of 50 N and 70 N.

Regarding epoxy-Gr composites, the reason
could be attributed to the rapid rate of
removing materials, producing massive wear
debris, especially with a high concentration of
graphite, as shown in Fig. 16(d). However, the
presence of graphite exhibited a significant
reduction in the roughness of the worn surface
at lower concentrations of graphite. i.e., epoxy-
Gr-3 composite, as shown in Fig. 17(b).
Furthermore, at low applied loads (not shown
here), all epoxy-Gr composites exhibited much
less roughness change as compared to epoxy.
This phenomenon can be attributed to the
creation of transfer film, which covers the worn
surface, reducing the surface roughness.
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Fig. 17. Average surface roughness, Ra, before and
after the wear test; (a) neat epoxy under all the applied
loads and (b) epoxy-Gr composites under 50 N.
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4. CONCLUSIONS

Epoxy composites were fabricated by including
different weight percentages of graphite. The
mechanical characteristics have been
determined, and the wear and friction behaviours
of the composites were investigated in a dry-
wear  environment. The loads  were
predetermined to encompass both the mild and
severe regions, aiming to investigate the wear
mechanisms that occur when IFT surpasses the
HDT of epoxy. The investigation has yielded the
following conclusions:

1. Graphite additions positively impacted both
the elastic modulus and the hardness of epoxy.
The increase in graphite concentration led to
an increase in these properties.

2. On the other hand, graphite additions
negatively impacted the fracture strength,
fracture strain, and fracture toughness of
epoxy. The higher the concentration in the
graphite, the more reduction was observed.
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3. In the mild wear region (10 to 30 N), the
increase in graphite concentration significantly
reduced the SWR of epoxy, where the maximum
reduction was attained for epoxy-Gr-9
composite by 47% compared to neat epoxy. In
contrast, in the severe wear region, the lowest
graphite addition of 3 wt.% exhibited the lowest
SWR value, as the higher concentrations of
graphite additions showed a negative impact.

4. The graphite additions reduced the COF of
epoxy due to its solid-lubrication properties.
The maximum reduction is attained for epoxy-
Gr-6 by about 41% as compared to the neat
epoxy. Regarding the effect of applied loads,
the increase in applied loads led to a decrease
in the COF values for epoxy and its composites.

5. IFT is a significant factor in the wear process of
epoxy. When it exceeds epoxy's HDT, SWR and
COF dramatically increase. Herein, graphite
additions de-accelerated the increase in IFT due
to their ability to increase the TC of epoxy, thus
enhancing the heat dissipation process.

Ultimately, this study suggests that the lower
additions of graphite are more favourable to
avoiding a negative alteration in the mechanical
properties of epoxy, for instance, fracture strength
and toughness. Regarding the tribological
behaviour of epoxy, graphite as a solid lubricant
additive exhibited a double-sided effect by reducing
the COF and enhancing the heat dissipation process.
[tis highly recommended to use polymers that have
a high HDT for such applications.
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