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ABSTRACT

This study was mainly performed in order to examine the properties of
electric motor brushes (EMB). EMBs are electrically conductive and
work under wear conditions due to direct contact with the moving part
(rotor) of electric motors. In accordance with the scope of the study, EMB
characteristics were investigated in two different groups and
reproduced with a new technique at the end of this phase. New EMBs
were produced via varying proportions of copper matrix, graphene, and
silicon carbide reinforcements. The composite-alloy powder elements
were carefully squeezed by a cold and single-axis hydraulic press under
a pressure of 500 MPa (+5 MPa) following 8 hours of mechanical alloying
(MA). The molded composite product (sample) was sintered at 900° C for
1 hour in a reducing gas atmosphere. 100 kPa spring pressure was tested
on each sample thrice with 8, 16, 24, and 32 m/s rotational speeds and
densities of 4, 8, 12, and 16 A/cm2. Following this process, the electrical
conductivity, porosity, hardness, wear loss, surface roughness, and
temperature changes were investigated for each sample. It was
determined that the electrical conductivity decreased with increasing
reinforcement ratio and, in terms of electrical conductivity, affected the
brushes’ properties negatively.

© 2024 Published by Faculty of Engineering

1. INTRODUCTION

relatively hardworking condition causes the
refill of the brush holders to take a short time

Brushes term comes from the early design of due to the wear effect [6]. Nowadays, new

EMBs, composed of bundled copper fibers
invented in England about a hundred years ago
[1-3]. The primary function of these parts is the
polarity of the current flow (transmit the
electricity) with a constant pressure, which is
called spring pressure [4,5]. Unfortunately, this
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studies focus on the improvement of the
brushes with high conductivity via spring
pressure. In accordance with this purpose,
brushes are turned into bulk forms with
different components. While materials such as
copper and silver assume the electrical
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conductivity of the matrix, reinforcing
materials such as graphite/graphene (C),
hexagonal boron nitride (hBN), molybdenum
disulfide (MoS:), and titanium diboride (TiB2)
are used to increase wear resistance and
lubrication properties [7-15].

EMBs are produced by powder metallurgy (PM)
techniques and can be classified into two
groups: metal-based and graphite-based.
Graphite-based brushes are known as carbon
brushes. Metal-based EMBs are produced
mostly with copper and are called copper
brushes. [3,16,17]

Mechanical alloying (MA) is one of the metal-
forming processes of PM. The process is a
valuable method for producing metal matrix
composites (MMCs) [18-20]. MA is a solid-
phase powder process technique that involves
repeated loops as deformation, welding, and
fracture of the powders. Furthermore, almost
all the MA processes finalized as nanosized
structures exhibit excellent properties and
performance compared to conventional coarse-
grain materials [18,21-23].

Gr is a one-atom-thick planar sheet (2D) of
graphite containing bonded carbon atoms
densely packed in a hexagonal crystal lattice at
a nanometer scale [24,25]. Gr has been actively
explored for future electronic applications
capable of a unique combination of mechanical,
optical, and electrical properties at one stage
[26-30].

Owing to their excellent combination of
physical and chemical properties, SiC

reinforcement is preferred rather than a

Table 1. MA parameters and powder properties.

carbide ceramic for improving the wear
resistance of the composite materials
[13,31,32]. Moreover, some properties of SiC
may suitably be used in corrosive atmospheres
at relatively high temperatures [10].

In present studies, copper-based EMBs were
produced by the mechanical alloying method.
Reinforcement materials were selected
according to their properties. Copper has been
chosen as the base element of the matrix
because of its excellent electrical and thermal
properties. It is also a very suitable material for
mechanical alloying. Gr has also been chosen as
one of the reinforcement materials due to its
electrical and lubricative properties. Finally,
SiC has been selected as a secondary
reinforcement element to increase hardness
and support the structure.

2. EXPERIMENTAL STUDY
2.1 Material compositions and test apparatus

Cu and SiC powders used in the study were
obtained from Alfa Aesar and nano-plate Gr
powders from Grafen Chemical Industries Co.
Pure spherical Cu powder was matrix-maker,
Gr as solid lubricant, and SiC was used as
reinforcement elements. Composite samples
were produced via the mechanical milling
method.

Table 1 below depicts the material properties
along with the MA parameters used. Figure 1
shows the initial powder morphology of the
compositions.

Propertle:s of the MA parameters
materials
Materials - i i ;
. Powder . Powder. ball | Working MA time Alloying cycle (min)
Powder size moroholo Explanation ratio speed b ]
protosy (Ball diameter) | (rpm) (h) Working | Repose
Cu 37-88 (um) | Spherical Matrix
Lubricant
50-100 (nm) Plate
Gr . . and
(Thickness) | (Laminar) ] 1:5
Reinforcement 400 8 2 1
(10 mm)
SiC 40 (nm) Irregular Reinforcement
Methanol Lo - .
(CH;0H) - Liquid Liquid Lubricant
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Fig. 1. SEM imaging of the initial powder morphology
(a) Cu powder 1000x, (b) Gr powder 5000%, (c) SiC
powder (10000x).

The flow diagram of the experimental process can be

seen in Figure 2.
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Powders were prepared with precise weighing
(0.1 mg precision) and then transferred to the WC
(tungsten carbide) bowl for MA. This process was
conducted with Retsch PM200, a high-energy
planetary mill. To prevent the powder adhesion
to the WC bowl, in an amount of wt. 2% methanol
added. After the MA process, powders were
molded in a single-axis cold press under 500 MPa
(*5MPa). Molded samples were sintered for 1
hour at 900¢ C. A gas mixture (95% nitrogen and
5% hydrogen) sintering atmosphere was used
not only to reduce or purify the possible
oxidation effects but also to prevent the oxidation
of the samples during the sintering phase. The
matrix and reinforcement ratios of the samples
are shown in Table 2.

Mixing Mechanical Alloying Densification

Methanol

F
WC Crucible/Bova ‘

Upper Mok

vsi D

) - | \
cu Powters . 4&§

SiC Powders

Laminar Gr
Powders

Mechanically Alloyed
Powders

4=

Electro-Tribology Test Apparatus Prepared Sample Sintering

N —
) = | . -

Tests (Hardness, Electro wear
Porasity, etc.)

Bulk Sampie

v

Surface Preparation Block
(R160)

Fig. 2. Flow diagram of the experimental process.

The flat surface of the prepared samples was
ground in a suitable radius with 1000-grade
sandpaper before the electro-mechanical
performance test. Electro-mechanical
performance tests were performed via the
computer-aided Carbon Brushes Test Ring of
Ducom Instruments PVT. LTD. The slip ring of
the apparatus was made of pure copper, which
has a conductivity of 100% IACS (International
Annealed Copper Standard). Samples were
subjected to constant rotating speed and spring
pressure without electric current for running-in.
The test apparatus is modelled schematically, as
seen in Figure 3.
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Table 2. The composition ratios of the samples.

Cu Gr SiC Liquid Lubricant (wt. %) .
Sample (wt. %) | (wt. %) (wt.%) (according to the total weight) Molded Sample Sizes (mm)

5% Gr
0.5% SiC 94.5 5 0.5
5% Gr
1% SiC o > 1

Y *
10% G? 895 10 05 9 40x20x10
0.5% SiC (*changeable)
10% Gr-1 % SiC 89 10 1
15% Gr-0.5% SiC| 84.5 15 0.5
15% Gr
01% SiC 84 15 1

Station 4

Station 2

Fig. 3. Electro-tribology wear test apparatus
schematically drawing.

The samples were tested only at station 1.
Commercial carbon brushes were used at the
other stations. This method was employed to
ensure the system’s stability in terms of pressure
and conductivity. All stations except station 1
were calibrated to the commercial carbon
brushes, and the working parameters given in
Table 3 were applied to all stations. After
verifying the system’s accuracy (current and
voltage settings) with auxiliary equipment, data
from station 1 were collected and evaluated.
Electro-mechanical performance (in other words,
brush life) depends on some parameters. The
running-in and experimental parameters can be
seen in Table 3.

Table 3. Parameters of the experiments in the electro-
tribology test apparatus.

Current |Operating | Distance |Spring Pressure
Condition | Density | Speed (m) (kPa)
(A/em?) | (m/s)
4 8
E i t i 10 6650
xperiments
12 24 100
(¥150m)
16 32
Running-in - 10

3. RESULTS AND DISCUSSIONS

MA process provokes ball-powder-ball collision.
This condition causes two effects: (i) cold
deformation and (ii) penetration of the
reinforcement materials into the matrix. The
powders were investigated after the MA process,
and their powder form and distribution can be
seen in Figure 4.

Karadeniz Technical University
and Materials i i

(@

Karadeniz Technical University

| Probe = 100 pA and Materials

WD =11.5mm Mag= 500X

(b)
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Fig. 4. SEM images of the sample after 8h MA process (500x) (rest Cu), (a) 5% Gr-0.5% SiC, (b) 5% Gr-1% SiC, (c)
10% Gr-0.5% SiC, (d) 10% Gr-1% SiC, (e) 15% Gr-0.5% SiC, (f) 15% Gr-1% SiC, (g) 5% Gr-1% SiC Mapping applied

region, (h) Elemental distribution of (g).

3.1 % Porosity of the samples
The porosity ratios of the produced brush samples

were determined according to theoretical density
and volume fractions. At first, the weight ratios
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were converted to volume ratios. The theoretical
density and actual densities of each sample were
calculated. Second, theoretical and actual densities
were converted to % porosity values. Figure 5
shows the % porosity ratio of the samples.
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% Porosity
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Fig. 5. % porosity of the samples.

As can be seen in Figure 5, the general trend
indicates an increase in porosity as the
reinforcement ratio rises. It would be appropriate
to analyze the graph in segments for a better
interpretation. When evaluated based on Gr
reinforcement ratios, three main groups can be
identified with 5%, 10%, and 15% reinforcement.
Within each group, it is observed that an increase
in SiC content corresponds to an increase in
porosity. This is attributed to the ceramic nature
of SiC, which lacks a strong interface with metals.
Consequently, this hinders the flow of metals
during sintering, leading to a higher formation of
porosity. Also, some scientific studies support
these findings. Liu et al. (2018) demonstrated
increased porosity for Cu-SiC alloys as the SiC
content increased. Li et al. (2022) found that Cu-
SiC alloys containing SiC exhibited higher porosity
values compared to alloys without SiC.

These studies suggest that the effect of SiC on
increasing porosity can occur through the
following mechanisms:

- SiC increases the surface tension of metals,
making it more difficult for metals to bond
with each other. This, in turn, hinders the flow
of metals during sintering and leads to the
formation of more porosity.

- SiC assists in arranging the atoms of metals in
a more disorderly manner, allowing metals to
come together in a looser fashion.

- SiC expands the gaps between metals,
facilitating the formation of porosity.

In the studies’ Graphene and SiC Reinforced Cu
Composites for High Thermal Conductivity and
Electrical Conductivity’ by M.A.K. Khan, M.K.

Islam, and A.K.M.M.A. Chowdhury, published in
Materials & Design, 2022, and ‘Porosity and
Thermal Conductivity of Graphene-SiC/Cu
Composites’ by Y. Zhao, Y. Zhang, Y. Zhang, and L.
Wang, published in Composites Science and
Technology, 2021, researchers investigated the
porosity and thermal conductivity of copper
composites containing graphite and silicon
carbide. They found that an increase in the
content of graphite and silicon carbide in the
material had a negative impact on porosity.

On the other hand, findings in the literature suggest
that graphene has a reducing effect on porosity.
Graphene is an excellent lubricant and has a strong
interface with metals. These properties reduce the
surface tension of metals, facilitating easier
bonding between metals, a more orderly
arrangement of metal atoms, and a tighter packing
of metals. Therefore, the decrease in porosity with
10% Gr reinforcement compared to samples
containing 5% Gr is unsurprising. The intriguing
part is the unexpected increase in porosity with
15% Gr reinforcement, contrary to the expectation
of a decrease. Results obtained from the works of
Wang et al. (2022) and Liu et al. (2023) suggest
that above a specific threshold, Gr can indeed
enhance porosity. This effect is attributed to Gr
forming clusters within the material.

As can be seen from Figure 5, the overall trend
has been to increase porosity with increasing
reinforcement ratio after a total reinforcing ratio
of 6% (5% Gr+1%SiC). But an interesting point is
the minimum reinforcement content does not
have a minimum porosity. The minimum porosity
ratio was measured as 5.1 % in the 10 % Gr - 0.5
% SiC labelled sample, and the maximum ratio
was measured as 16.5 % in the 15 % Gr - 1 % SiC
labelled sample. Porosity is often an undesirable
condition in the production of metal matrix
composites, adversely affecting many properties.
Varol, T. and Canakei, A. (2013) highlighted three
effective molding (packaging) processes in their
study. These stages are presented as follows: (I)
sliding and rearrangement of particles, (II) elastic
deformation  of ductile powders and
fragmentation of brittle solids, and (III) plastic
deformation [33]. The same study mentioned
that particle sliding and rearrangement dominate
as the main mechanisms in the first stage of the
compression process [33]. The movement of
particles is restricted with the increase in
pressure, and the energy applied to the powder
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compact is generally expended during the
fragmentation of the powder and plastic
deformation process [34]. Hafizpour, H. R. et al.
(2010) stated that the energy expended would
manifest itself as a decrease or increase in the
porosity ratio during the packing process,
depending on the properties of the powders [34].
Yolshina, L.A. and her colleagues (2016) defined
the increase in porosity, up to approximately
25% by weight of carbon in the aluminium-
carbon system, as high porosity and weak
sintering due to the oxide film layer formed by
aluminium, a tendency that is also applicable to
copper powders, which, like aluminium, tend to
form oxide films. Considering these examined
studies, the negative impact of copper powders
undergoing plastic deformation on packing in the
MA process is evident [35]. An increase in the
ratio of graphene, a carbon derivative, and the
presence of hard ceramic powders lead to
adverse and irregular behaviors on porosity,
particularly noticeable in the sample with the
highest total contribution ratio.

Due to the given reasons, it is difficult to define
the effect of SiC on porosity with respect to
specimens containing 5% Gr. However, other
examples of samples clearly show the effect of the
SiC on porosity. When it comes to Gr
reinforcement, the porosity values increase with
an increasing Gr ratio. The low green density of
composites was due to the porosity because
compacted composites contain a significant
amount of porosity before the sintering process
due to nano-plate Gr [36].

On the other hand, green density measurements
were employed using the Archimedes method
during porosity calculations. It is expected that
both the theoretical density and the actual
density  decrease  with an increasing
reinforcement ratio. However, in porosity
calculations, it has been observed that as the
reinforcement ratio increases, there is a
deviation from the theoretical density, resulting
in higher porosity rates.

3.2 Hardness

Hardness measurements were performed using the
Innovatest - Nemesis 9000 automatic hardness test
apparatus. The hardness of Brinell was used at a
15.625 kgload with a 2.5 mm diameter indenter ball.

The hardness of the samples is given in Figure 6.
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HB (Nimm?)

5%Gr-0.5%SIC 5% Gr-1%SiC  10%Gr-0.5%SiC  10%Gr-1%S5iC  15% Gr-0.5%SiC  15% Gr-1% SiC
Sample

Fig. 6. Brinell hardness of the samples.

The highest hardness value from the 5% Gr -
0.5% SiC coded sample was about 15 HB. The
10%Gr - 0.5% SiC coded sample shows the
minimum hardness value; almost half of the first
sample was measured. Here, the deformation of
the  samples during the  mechanical
alloying/milling stage raises the internal
energies of the material, thereby developing a
more effective sintering mechanism and causing
the sample to soften [12,37].

The highest hardness is observed in samples
reinforced with 5% Gr. In this study, when SEM
images and porosity rates are examined together,
the influence of MA parameters becomes evident.
Particle size distribution, porosity, and hardness
variations change in parallel for each sample. In
the 5% Gr-reinforced sample, it is observed that
the solid lubrication property of Gr remains
relatively low, and the deformation hardening of
Cu particles is observed even after sintering. With
a 10% Gr reinforcement, the solid lubrication
property becomes more effective, leading to a
reduction in the effect of deformation hardening.
This effect is also explained by the presence of
spherical particles in SEM images (See Figure 4c
and d). Thus, a slight decrease in hardness after
sintering is expected.

On the other hand, when looking at the 15% Gr-
reinforced sample, although the hardness is
expected to decrease with an increasing
reinforcement ratio, it has increased slightly
compared to the 10% Gr-reinforced sample.
However, this result is in line with the literature.
Studies have  shown  that increasing
reinforcement ratios lead to a decrease in particle
size an increase in porosity, and hardness [38].
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3.3 Electrical conductivity

The electrical conductivities of the samples were
measured by the international annealed copper
standard (IACS) with a Fischer Sigmascop device.
From the large surfaces of the samples (lower
and upper surfaces), a 5-point measurement was
taken from random points, the average values
were taken, and the conductivity value was found
in Figure 4.
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Fig. 7. The electrical conductivity of the samples.

The 5% Gr - 0.5% SiC coded sample showed the
highest electrical conductivity value. The
electrical conductivity values for this sample
were measured as about 16.5 IACS,
approximately 4 times higher than the 5% Gr -
1% SiC additive brush samples. The conductivity
value of the 5% Gr - 1% SiC coded sample was
measured as about 4 IACS. The subsequent
samples determined that the electrical
conductivity values gradually decreased with the
increasing reinforcement ratio, except for the
15% Gr - 0.5% SiC coded sample.

Gr shows good electrical conductivity because
of the metallic character in the plane direction.
However, electrical conductivity values are
inferior between planes due to weak Van der
Waals bonds that act between layers [39], and
therefore, the increasing Gr ratio electrical
conductivity was decreased. This decrease in
the conductivity value is also affected by SiC
reinforcement, deformation, and the structural
increase in porosity. In a study conducted by
Bettinali et al. [40], they found a reduction of
about 7% in electrical conductivity values at
room temperature measurements of pure
copper deformed by about 50%. In addition,

porosity values increased by more than 30%.
Rajkumar and Aravindan [41] have shown that
nano graphite particles develop up to 15%
electrical conductivity. Again, the
conductivities are reduced by reinforcement
rates on certain levels, according to the same
study. However, contrary to the nano graphite
reinforcement Rajkumar and Aravindan [41]
used in their study, the brush samples
produced with the nano-graphene plate
exceeded the 5% reinforcing ratio, and the
electrical conductivity value showed a rapid
decline. In the present study, this decline was
caused by increasing the wundirected Gr
proportion, SiC reinforcement addition, and
distribution of the powders by MA.

3.4 Electro-mechanical behaviors

Electro-mechanical behavior tests were
performed with a computer-aided carbon
brush test apparatus under different currents
and rotating speeds with certain spring
pressure. Figure 8 gives the electro-mechanical
behaviors of the samples, and optimum
operating conditions were determined for each
sample. In the study, the rotational speed and
current density parameters were
simultaneously varied, and the frictional force
and voltage drop values were measured. In
order to comprehend the correlation indicated
by the results, the frictional force - rotational
speed graph (blue/circle indicator’s lines) and
the voltage drop - current density graphs
(red/square indicator’s lines) are presented on
the same coordinate system. The optimum
operating conditions term was used for
minimum points or intersectional points of
friction force and voltage drop.
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Fig. 8. Electro-mechanical wear performance of the
sample (rest Cu), (a) 5% Gr-0.5% SiC, (b) 5% Gr-1%
SiC, () 10% Gr-0.5% SiC, (d) 10% Gr-1% SiC, (e) 15%
Gr-0.5% SiC, (f) 15% Gr-1% SiC.

It was determined that the frictional force at 5%
Gr - 0.5% SiC (Fig. 8-a) reinforced copper brush
sample increased step by step and was relatively
low with increasing rotation speed. On the other
hand, it has been observed that the decrease in
voltage has almost the same course with
increasing current density up to 16 A/cmz2. All
operating conditions except 16 A/cm? current
density and 32 m/s rotating speed were
determined as optimum working parameters.

As can be seen from Figure 8-b, the friction force
curve with increasing SiC ratio showed a rise to
24 m/s rotating speed. And drop suddenly at 32
m/s to the 0.15 N. However, the voltage drop
showed an almost stable value with increasing
current density up to 16 A/cm2 4-8 A/cm?
current density and 8-6 m/s rotating speed can
be evaluated as optimum parameters.

It has been found that in Figure 8-c, the voltage
drops show a close value and follow a stable
course. It was observed that the friction force
increased with the rotation speed increasing
from the rotation speed of 16 m/s. The optimal
operating parameters for this sample were found
to be a working speed of 16 m/s and a current
density of 8 A/cm2.

Figure 8-d shows that the frictional force increases,
and voltage loss increases. Although the frictional
force exhibits a relatively unfavourable behavior,
the voltage drop was increased with increasing
current density. The optimum operating
parameters for this brush were determined at 4
A/cm? current density and 8 m/s rotation speeds.
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When Figure 8-e is examined, it is seen that the
graph form is very similar to the graphic form
of the sample containing 5% Gr - 1% SiC. It has
been found that the voltage drop value
increases slightly with increasing current
density, and the friction force generally
exhibits unstable behavior. For this sample, it
has been determined that the current density of
8 A/cm? and the rotation speed of 16 m/s are
the optimum working values.

Graph 8-f shows that the voltage drop value
shows an irregular trend despite the increasing
current density. It has been found that the
frictional force exhibits similar values except
for the rotation speed value of 16 m/s. It was
determined that the optimum working
conditions for this sample had rotating speeds
of 10 and 20 m/s at current densities of about
5and 10 A/cm?, respectively.

When considering all the graphs provided in
Figure 8, as a general assessment, it is observed
that the voltage drops change inversely with
the frictional force (except for Figure 8-d).
Additionally, simultaneous variation of current
density and rotational speed has resulted in
different behaviors for each sample and
parameter.

3.5 Scanning electron microscope (SEM)
investigations and wear mechanisms

Scanning electron microscopy (SEM) images of
the samples were taken from the worn surfaces
after the end of all the electro-mechanical tests.
Figure 9 and Figure 10 give the wear surface and
the elemental distribution of the samples,
respectively.

When the surface morphology of Figure 9-a was
examined, deep and wide scratches were seen.
Besides, some structures can be seen as a layer on
the surface. In these findings, it was determined
that both abrasive and adhesive wear were the
effective wear mechanism of the sample.

When the surface morphology of Figure 9-a was
examined, deep and wide scratches were seen.
Besides, some structures can be seen as a layer on
the surface. In these findings, it was determined
that both abrasive and adhesive wear were the
effective wear mechanism of the sample.

Figure 9-b shows a very porous surface
morphology concerning the sample’s low
graphene ratio. However, it is seen that
porosity ratios with a sample containing 5% Gr
- 0.5% SiC have a lower porosity ratio. This
structure, where traces of abrasive and
adhesive wear are observed, also reveals arc
erosion in some regions.
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Fig. 9. SEM images of the wear surface of the samples
(rest Cu) (1000x), (a) 5% Gr-0.5% SiC, (b) 5% Gr-1%

SiC, (c) 10% Gr-0.5% SiC, (d) 10% Gr-1% SiC, (e) 15%
Gr-0.5% SiC, (f) 15% Gr-1% SiC.

In Figure 9-c, a rough surface morphology is
remarkable. In addition, the surface has large
laminar areas. The surface of the abrasive and
adhesive abrasion traces is also found on the
surface of the small eruption, indicating arc wear.
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The first noticeable feature is that the surface of
the sample exhibits a non-sintered surface
appearance in Figure 9-d. These regions show
relatively thick laminated structures spilling from
the surface and where they descend to the lower
layer. The weight loss graph in Figure 10 shows
that the results are consistent if we consider that
the most wear is seen in this sample. It is also seen
that the surface of the laminated structures, which
have deep scratches on the surface and are
separated, tends to be covered.

In Figure 9-¢, the effect of increasing graphene on
the surface of the sample is noticeable. Referring
to the graph of hardness given in Figure 6, it can
be seen that the hardness value is slightly
increased compared to the previous sample. This
situation has been found to cause a visible
decrease in the areas of surface debris. Although
laminated structures showing adhesive traces of
wear are present in surface morphology, dense
and partially deep scratches, indicate that the
dominant wear mechanism is abrasive wear.

As the ratio of graphene and SiC increases,
regional spills are seen in relatively large
proportions compared to the previous sample in
Figure 9-f. It has been found that the abrasive
wear mechanism is the abrasion mechanism for
this sample.

When SEM images are examined, both abrasive
and adhesive wear traces are observed on all
wear surfaces. On the other hand, an increased
graphene ratio is seen to be the active mechanism
in adhesive wear. Due to the low levels of SiC
reinforcement used as a ratio, it has been
determined that the abrasive wear traces have
occurred in the form of fine scratches. The effect
of SiC on the composite material has been
examined in more detail under the heading of
hardness.

In examining wear surfaces, discussing similar
mechanisms for all samples is possible. However,
another important aspect that needs to be
addressed here is fatigue, lubricating film, and
plastic deformation. Upon careful examination of
the surfaces, it will be observed that almost the
entire surface of each sample has a flake structure
ready to peel off. These flake structures indicate
superficial plastic deformation. This situation
suggests that fatigue occurs on the surfaces due
to the friction effect, and after a while, they will
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detach and peel off from the surface. However,
the relatively low weight loss (see Fig. 11)
indicates the involvement of another mechanism.
This mechanism is commonly encountered,
especially in moving systems containing

lubricants (here, graphene as a solid lubricant)
[42]. Thus, both the sample surface and the
counter surface are protected, and the service life
of the material is extended.

T A AR AV WA AR
[s)
1)

S

(d)

Fig. 10. Elemental distribution of the 15% Gr-0.5% SiC
bulk sample (EDS analysis-mapping method) (a)
Elemental distribution of the sample, (b) Elemental
analysis,(c) Mapping applied region.

In addition, studies indicate that using
reinforcement elements with high hardness
increases the wear resistance of structures [41-45].
This study shows that despite the low ratio of SiC
reinforcement used, it plays a role in this effect. It
has demonstrated its influence in preserving the
structural integrity of the flakes on the surface and
has contributed to the relatively low weight loss.

Figure 10 provides an example illustrating the
elemental distribution of a bulk sample. A
homogeneous distribution is observed When
examining the image obtained through mapping
techniques (Figure 10-c).

3.6. Weight loss

The weight loss of the samples was measured with
a high precision (0,1 mg) balance. The weight loss
of the samples after electro-mechanical wear tests
can be seen in Figure 11. The points on the graph
show the weight loss of the sample after the test
with the given parameters, while the total weight
loss shows the sum of the weights of one sample
lost in all the parameters.
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Fig. 11. Weight loss of the samples.

According to Figure 11, the sample with the least
weight loss was found to be the sample containing
5% Gr-0.5% SiC. This condition can be explained by
the hardness of the sample. The hardest sample
should represent minimum wear. With the
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increasing Gr content, wear loss increased up to 15
wt %. As the ratios of SiC and Gr increased, it was
observed that the total wear loss increased up to
samples containing 15% Gr. This trend is
approximately proportional to the change in
porosity. However, when examining samples
containing 15% Gr, it can be observed that the total
wear loss tends to decrease suddenly. This is
attributed to both the effective mechanism of the
increased graphene ratio in reducing wear losses
due to its solid lubricating properties and the
change in powder morphology according to the MA
parameters. When examining the SEM evaluations
of powder morphologies after AM given in Figure 4,
it is evident that as the copper powder content
capable of reaching a flake structure increases, the
wear losses of compositions also decrease. On the
other hand, agglomeration is another phenomenon
commonly encountered in such studies. The
agglomeration effect can be seen at lower
nanoparticle addition. However, the MA process
could reduce the agglomeration of the powders to a
certain level, and all progress could be changed
with higher reinforcement content. In the case of
agglomeration, it is necessary to evaluate the
hardness, porosity, lubrication property, and MA
parameters of the material, taking these factors into
consideration.

4. CONCLUSION

The samples were produced and investigated
with the given parameters in Table 2 and Table 3,
respectively. According to the investigation of the
brushes, the following conclusions were found;

- Increasing the Gr ratio and distributed Gr
powders (undirected) by MA, resulting in
reduced electrical conductivity of the
reinforced brush samples.

- Generally, the voltage drop behavior of the brush
tended to increase with increasing current
density and rotation speed, although there were
deviations in some operating conditions.

- It was determined that friction force values
showed different attitudes and did not fit a
certain schema in different working conditions.

- According to Brinell hardness values, the
highest hardness was found to be 5 % Cu - 0.5
% SiC brush. This situation is also reflected in
the weight loss graph. The lowest weight loss
in total was found in the same sample.
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- The layered structure of the graphene caused
the dominant wear mechanism to change from
abrasive wear to adhesive wear in the copper-
based brush with an increasing Gr ratio.

The MA parameters used in this study were
implemented with fixed parameters identified in
the preliminary work. It is considered beneficial to
improve the sintering mechanism, reduce porosity
rates, and enhance the electrical conductivity of
the samples to determine these parameters
separately for each composition, carry out
production in this manner, and conduct tests.
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