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Abstract: Two kinds of graphene coatings are obtained by the graphene drop-coating drying method
(DCDM) and the coating graphene conductive adhesive (CGCA). The effects of these two kinds of
graphene coatings on the friction, wear, and voltage signals of the electrical contact interface are
explored. The test results show that the presence of the graphene coating can effectively reduce the
friction coefficient and friction force, and the graphene coating prepared by the DCDM possesses
the best ability in reducing the friction coefficient. Although the presence of the graphene coating
will lead to the increase in interface contact voltage at the initial stage, the voltage signal gradually
becomes stable with the progress of friction and wear, suggesting that the graphene coating will not
affect the stability of sliding electrical contact. Wear analysis results show that the graphene coating
prepared by the DCDM has a good anti-wear effect, and the graphene particles in the abrasion area
play the role of solid lubrication. Finite element analysis results show that the graphene coating will
generate thermal expansion when electric current is applied, accordingly avoid the direct contact
between the metal substrate, and, thus, reduce the interface friction and alleviate the wear degree of
interface. However, the normal force fluctuation of the interface may increase.

Keywords: electrical contact; graphene; friction; wear; finite element analysis

1. Introduction

Sliding electronic connectors are often used in aviation, aerospace, and nuclear power
fields, and are the key electronic components for signal and current transmission [1-3]. The
examples of sliding electrical contacts include slip rings, electronic knobs, relays, catenaries,
and electromagnetic gun rails. Considering that the electrical contact interface is affected
by multiple coupling factors, such as force, electricity, and heat, the electrical contact
interface is not only restricted by mechanical factors, but also affected by the electric effect;
thus, the interfaces will suffer complex wear behavior [4,5]. To ensure the reliability and
stability of the electronic connectors, the electrical contact interface should possess excellent
anti-friction and wear properties, low electrical contact resistance, and good corrosion
resistance. However, the tribological performance of sliding electronic connectors is not
ideal at present, which greatly affects their reliability and service life [6].

Nowadays, researchers have conducted a large number of studies on detecting the
relationship between electrical contact failure and interface tribological characteristics [7-9].
It is generally accepted that friction and wear will cause the formation of a nonconductive
‘third body’ layer between the electrical contact interfaces, which gradually blocks the
transmission of current and signal between contact areas [7]. However, due to the large
randomness and uncertainty of the microscopic contact interface, no unified quantitative
conclusion has been drawn to explain the relationship between tribological characteristics
and electrical contact reliability. In addition, extensive efforts have been carried out to study
the relationship between sliding parameters and electrical contact tribological behavior, and
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the results show that the contact load, sliding velocity, and electric current will determine
the wear characteristics of the electrical contact interface [10-12]. Although many factors
will affect the tribological behaviors of the electrical contact interface, and the corresponding
effect mechanisms are complex and different, it has been confirmed that low and stable
contact resistance plays a significant role in maintaining the stable electrical conductivity of
electronic connectors, and interface wear is the main reason that will cause the failure of
electronic connectors. Therefore, it is of the utmost significance to find some potentially
effective approaches to improve the wear behavior and reduce the wear of the electrical
contact interface, which will be beneficial for the reliability and stability of electrical
contact systems.

During the last decade, graphene has attracted extensive attention due to its good
electrical conductivity, optical properties, mechanical properties, and thermal conductivity
properties. Moreover, graphene has been proved to exhibit excellent friction and wear
properties in atmosphere and vacuum [13-15]. Berman et al. [16,17] studied the tribological
properties of TiN/Au friction pairs under graphene lubrication in nitrogen and air, they
confirmed that the presence of graphene can effectively reduce the friction coefficient of
the interface, and the contact resistance value remained low and stable. Therefore, it was
speculated that the introduction of graphene into the electrical contact interface was an
effective means to achieve durable and reliable sliding electrical contact. However, the
preparation of graphene electrical contact materials has a high complexity and process
uncertainty, which leads to a high randomness of the electrical contact results [18,19].
Therefore, it is necessary to seek a simple method for the formation of the graphene
coating and explore its friction, wear, and voltage behavior. The relevant results can
provide a theoretical basis for obtaining a good electrical contact interface by using the
graphene coating.

In this study, a series of ball-on-flat contact tribological tests are carried out on a
self- designed sliding electrical contact test setup. Two kinds of graphene coatings are
constructed on flat specimens by using two simple and different methods, and the effects of
these two kinds of graphene coatings on the friction, wear, and voltage signals are explored.
Moreover, the test process is simulated by combining the electric-thermal-mechanical
multi-field coupling algorithm in ABAQUS, and the influence of the graphene coating on
the tribological behavior of the electrical contact interface is discussed.

2. Tests Details
2.1. Preparation of Test Materials

Brass material (H65) is a common electrical contact material with good mechani-
cal strength, corrosion resistance, electrical conductivity, and thermoelectric properties.
Therefore, the flat specimens in this study are selected as brass plates with dimensions
of 25 mm x 25 mm X 4 mm, which are grounded and polished to a surface roughness
of R; =~ 0.04 um. An H65 solid brass ball with a diameter of 4 mm is used as the ball
specimen. In order to compare the tribological properties of the two graphene coatings in
the electrical contact condition, the preparation processes of the two coatings are introduced
as illustrated in Figure 1. The first method is the drop-coating drying method (DCDM),
i.e., a monolayer graphene oxide dispersible solution (purchased by Nanjing Xianfeng
Nanomaterials Technology Co., LTD., with a concentration of 0.5 mg/L) is dropped on
the surface of the flat specimens by using an eyedropper to make it evenly spread. Subse-
quently, the specimens are heated continuously in a high-temperature chamber at 200 °C
for 24 h to achieve REDOX reaction. It should be noted that the mechanism of REDOX
reaction is that the oxygen-containing functional groups, such as -O, -OH, and carboxyl
groups in graphene oxide (GO), are unstable during heating and will gradually lose due
to bond breaking. Finally, the remaining graphene forms a multi-layer graphene film on
the surface.



Lubricants 2022, 10, 305

30f16

—

™ —

LL/ Dry for 24 hours
f L

U
{l
Dropstof coating

Drip-coated dried
graphene coating

9

Dry for 24 hours

» =

Figure 1. Preparation process of graphene coating by DCDM (a) and CGCA (b).

The second method is called the coating graphene conductive adhesive (CGCA), i.e.,
the commercial graphene conductive adhesive (purchased by Suzhou Tanfeng Graphene
Technology Co., Ltd., Suzhou, China) is sprayed on the surface of the flat specimen with
a spray gun, and then the coated surface is air-dried for 24 h. The conductive adhesive
surface is directly used in the following sliding electrical contact test. It should be noted
that the interface bonding forces of the two coatings are not consistent; thus, the tribological
behaviors of the two coatings are necessarily different. The purpose of this study is not to
compare the tribological properties of the two coatings in the electric contact state, but to
provide a simple and effective surface treatment method for the electric contact system, to
improve the reliability of the electric contact system.

Figure 2 shows the surface characteristics of the three surfaces before tests. It is
observed that the graphene coating surface prepared by the DCDM presents a thin layer
of black graphene with a loose distribution, and the graphene thin layer is not uniform
with some granular appearance on the surface, as shown in Figure 2b. This is a common
phenomenon caused by the appearance of an uneven coating due to the ‘coffee ring” effect,
and a similar coating has also been reported many times in relevant tribological studies [18].
In contrast, the graphene coating surface treated by the CGCA exhibits a relatively uniform
gray graphene thin layer, and the coating fits tightly to the metallic matrix without obvious
pores, as shown in Figure 2c.

To further confirm the thickness of both graphene coatings, the samples of the two
coatings are sliced in this study, and the thickness of the coatings is measured by using
a white-light interferometer. The results are shown in Figure 3. It can be seen that the
graphene coating obtained by the DCDM has a low thickness of about 1 micron. In contrast,
the coating obtained by the CGCA method has a higher thickness of about 20 microns.

2.2. Test Setup

The sliding electrical contact tests are carried out on a self —designed tribological
test device, which is mainly composed of an electrical contact system, a dynamic system,
a friction pair system, and a fixture system. The device can realize the reciprocating
sliding between the ball and the flat specimens. The test device is shown in Figure 4. The
flat specimen is fixed on the lower table of the reciprocating sliding device, and the ball
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specimen is fixed on the bottom of the ball fixture. At the beginning of the test, the ball
fixture drives the ball specimen to move down slowly, so that the ball specimen is in contact
with the flat specimen under the constant normal load. Subsequently, the driving device
drives the flat specimen to complete the reciprocating sliding. DC power equipment is
used to apply constant electric current to the friction pair, and the ‘four-wire method’ is
used to continuously measure the variation in contact voltage and resistance signal during
the sliding process. A thermocouple is installed near the contact interface, which is used to
measure the variation in interface temperature. The equipment realizes the synchronous
acquisition and analysis of contact force, voltage signal, and temperature signal in the
sliding process.

Figure 2. Optical images of bare brass surface (a), graphene coating surface prepared by DCDM,
(b) and graphene coating surface prepared by CGCA (c) before tests.

Before starting the test, the ball and flat specimens are degreased and cleaned using
alcohol and distilled water in an ultrasonic cleaner, and the specimens are mounted on
the setup after drying. The test conditions and parameters are as follows: the normal
load is Fp, =2 N (=0.15 GPa), the reciprocating displacement amplitude is D = 3 mm, the
reciprocating period is T= 3 s, the DC current is I = 200 mA, and the testing time is 600 s.
The characteristics of friction, wear, and electrical contact signals during the friction process
are collected for the following comparative analysis. The experimental environment is
controlled in the dry under atmosphere (temperature of 24-27 °C, relative humidity of RH
60 £ 10%). Considering the randomness of tribological tests, each test is repeated at least
three times to ensure the reliability of the results.
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Figure 3. White-light image and two—dimensional profile of graphene coating surface prepared by
DCDM (a,b) and graphene coating surface prepared by CGCA (c,d).
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Figure 4. The schematic diagram of the test setup.
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3. Test Results and Discussion
3.1. Analysis of Friction Coefficient

Figure 5 shows the variation in friction coefficient of the three surfaces during the tests.
It can be seen that the friction coefficient of the bare brass surface is relatively low at the
initial stage (less than 0.2). With the removal of surface pollutants and the natural oxide
layer, the friction coefficient increases rapidly and reaches about 0.7 after 50 s. With the
further progress in the test process, the friction coefficient fluctuates significantly due to
the wear, adhesion, and ploughing occurring between the contact interface, and gradually
exhibits a slight upward trend in the following sliding process, reaching about 0.9 at the end
of the test. For the graphene coating surface prepared by the DCDM, the friction coefficient
remains at a low level and exhibits a slight decreasing trend during the whole sliding
process. At the end of the test, the friction coefficient remains at about 0.2, and no visible
fluctuation can be observed from the curve of the friction coefficient signal. The reason for
this phenomenon Is attributed to the remarkable self-lubricating effect of graphene, which
reduces the interface adhesion effect during friction [16,20]. In contrast, for the graphene
coating surface prepared by the CGCA, the friction coefficient reaches about 0.6 at the end
of the test, and the signal fluctuates significantly during the sliding process. The reason for
this phenomenon is presumed to be the wear and consumption of the conductive adhesive,
which results in the weakening of its lubrication effect. In conclusion, the introduction
of the graphene coating in the electric contact friction system can effectively reduce the
friction coefficient; moreover, the graphene coating prepared by the DCDM shows the best
potential in reducing the friction coefficient.
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Figure 5. The friction coefficient of the three different surfaces.

3.2. Contact Force Analysis

Figure 6 shows the contact force variation of the three surfaces during the test process.
For the smooth brass surface and CGCA surface, no significant difference for the normal
force signal at the interface can be observed during the steady stage, as shown in Figure 6a.
In contrast, for the graphene coating surface prepared by the DCDM, the normal load
signal generates a slight fluctuation due to the high elastic modulus of graphene, but still
remains around 2 N.
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Figure 6. The normal load (a) and friction force (b) of the three different surfaces in the steady stage.

Figure 6b shows the friction force signal of the three kinds of surfaces. It is observed
that the direction of friction force varies with each cycle of reciprocating sliding. In addition,
the friction force of the DCDM surface is found to be lowest, while the friction force of
the bare brass surface is highest. The above characteristics are consistent with the results
of the friction coefficient signal, which further proves that the graphene coating is able to
reduce the interfacial friction, and the DCDM surface has the best potential in reducing the
friction force.

3.3. Analysis of Contact Voltage

Figure 7 analyzes the contact voltages of the three surfaces under a constant current
of 200 mA. It is found that for the bare brass surface, the contact voltage remains at 0.1 V
during the whole friction process, suggesting that the contact surface maintains a good
electrical contact situation. This phenomenon indicates that although the interface may
be worn during the friction process, the ‘third bod” layer formed from the interface will
not cause the disconnection of the contact interface. For the graphene surface prepared
by the DCDM, the interface contact voltage increases significantly to 0.45 V in the initial
stage, which is caused by the larger contact resistance of the graphene coating. With the
consumption of the graphene coating, more and more metal substrates come into contact
with each other; thus, the contact voltage gradually decreases and eventually becomes
very close to that of the bare brass surface. In contrast, for the CGCA surface, the contact
voltage at the interface also increases significantly in the initial stage, which is very similar
to that of the DCDM surface. However, the voltage drops rapidly and approaches 0.1 V in
a short period. It is speculated that the coating prepared by the CGCA is destroyed rapidly,
resulting the direct contact between the brass (spherical specimen) and brass (flat specimen)
interface. In conclusion, although the introduction of the graphene coating to the electrical
contact system will lead to the increase in interface contact voltage in the initial stage, the
contact voltage decreases rapidly after the coating is worn and gradually becomes stable.
Therefore, the existence of the graphene coating will not have any negative effect on the
stability of sliding electrical contact.

3.4. Wear Morphology Analysis

The wear morphologies of three different surfaces are analyzed by using optical
microscope after tests, as illustrated in Figure 8. It is observed that the bare brass surface
suffers serious wear, and visible furrows appear on the wear area. Moreover, material
transfer and debris accumulation appear on the wear area as well. This phenomenon
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indicates that the wear mechanism of the bare brass surface is the combination of abrasive
wear and adhesion wear in the sliding electrical contact. With the aggravation of wear
and adhesion, the contact area gradually increases and accordingly enhances the adhesion
force of the interface. Therefore, both the friction coefficient and tangential force increase
significantly, as shown in Figures 5 and 6. In contrast, for the surface prepared by the
DCDM, the wear degree of the interface is significantly reduced, and no visible furrows
can be seen from the wear track. Moreover, a large number of black graphene particles are
scattered in the wear area, as shown in Figure 8b, realizing the effect of solid lubrication to
a certain extent and reducing the wear of the interface, which consequently reduces the
friction coefficient and friction force. Nevertheless, when the surface is prepared by the
CGCA, the coating surface will be destroyed in a short period, which causes the coating
material to be distributed on both sides of the wear track, and facilities the direct contact
between the ball and flat specimens; thus, severe ploughs and material transfer caused by
abrasive and adhesion are shown on the wear track, as can be seen in Figure 8c. In addition,
it is observed that a large amount of debris is accumulated on the surface of the wear track,
and the overall wear condition is similar to that of the bare brass surface. Therefore, for
the CGCA surface, although the friction coefficient is reduced to a certain degree, it still
fluctuates and rises significantly in the later stage of the test, as shown in Figure 5.
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Figure 7. The voltage signals of the three different surfaces.

In order to further reveal the wear behaviors of different electrical contact interfaces,
scanning electron microscopy (SEM) is used to observe the surface wear morphologies,
and the results are shown in Figure 9. Deep scratches and furrows appear on the bare
brass surface along the relative sliding direction, suggesting that there is obvious plowing
behavior at the contact interface. In addition, wear plateaus formed by adhesion can be
observed on the wear track as well, which further verifies that the wear mechanism of
bare brass surface is the combination of abrasive wear and adhesive wear. While for the
surface prepared by the DCDM, the wear degree of the interface is significantly reduced, no
visible furrows formed by abrasive wear are shown on the wear track, and some graphene
particles are scattered in the wear area, which further verifies the continuous lubrication
effect of the graphene coating in the sliding electrical contact process. In contrast, the CGCA
surface exhibits serious abrasive wear and adhesive wear, which is very similar to that of
the bare brass surface. In addition, it can be seen that the graphene conductive paint is
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‘squeezed’ and ‘repelled’ on both sides of the wear track; thus, the lubricating function of
graphene is gradually lost as a consequence of the aggravated wear degree. The above
analysis results are very consistent with the optical microscopy results shown in Figure 8.

100 pm 100 pm

— —

Figure 8. The optical images of the bare brass surface (a), graphene coating surface prepared by
DCDM (b), and graphene coating surface prepared by CGCA (c) after tests.

The elemental analysis is performed to detect the element distribution of the wear
surface, as shown in Figure 10. For the wear scar of the graphene coating prepared by the
DCDM, it is seen that there is a certain amount of C in the interface, which further indicates
that the graphene coating remains in the wear area and provides continuous lubrication
during the friction process. In contrast, for the graphene coating prepared by the CGCA
method, it can be seen that the C content of the wear interface of the coating basically
disappears, which indicates that the graphene coating is basically consumed and cannot
provide continuous lubrication during the friction process. Notably, graphene prevents the
metal surface from tribo-oxidation, thus ensuring the passivation concept [21,22].
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Figure 9. SEM images of the bare brass surface (a), graphene coating surface prepared by DCDM (b),
and graphene coating surface prepared by CGCA (c) after tests.
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Figure 10. Element distribution in the wear scar of the DCDM graphene coating (a) and CGCA
graphene coating (b).

The white-light interferometer is used to further test the wear morphologies of the two
graphene coatings, and the results are shown in Figure 11. For the coating surface prepared
by the DCDM, the wear is very slight, and no visible wear furrows can be observed in the
wear track; only a certain amount of wear debris is accumulated at the end of the wear track.
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In contrast, the wear morphology of the coating surface obtained by the CGCA shows
visible ploughing, and the graphene coating is stacked on both sides of the wear track
and forms a certain ‘raised band’. The reason for this phenomenon is that the graphene
coating prepared by the DCDM presents a loose granular shape, the wear particles fall off
in the wear track, and they provide the lubrication effect, which causes the reduction in
friction and wear, while for the coated surface prepared by the CGCA, the surface coating
is relatively compacted and uniform, suggesting that the connection between the coating
and substrate is relatively close. Therefore, the coating is damaged by wear during friction
process, and the wear debris is composed of graphene particles and the wear material
of metal subtract. As the debris is gradually repelled to the sides of the wear track, the
lubrication effect of graphene greatly reduces and disappears.
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Figure 11. White-light interferogram of graphene coating surface prepared by DCDM (a) and
CGCA (b) after tests.

4. Numerical Analysis and Discussion
4.1. Finite Element Model and Electric-Thermal-Mechanical Sequential Coupling Analysis

In this section, finite element analysis is performed to discuss the effect of the graphene
coating in reducing friction and wear. It should be noted that the numerical simulation is
only used to qualitatively explain the mechanism of the graphene coating in improving
the friction and wear behavior of electrical contact, rather than to compare and analyze the
tribological behavior of the two above-mentioned graphene coatings.

The simplified model of the friction system is established through measuring the
dimensions of relevant components, as shown in Figure 12a. The model mainly consists of
the fixture system, ball specimen, and flat specimen. The material parameters of brass (H65)
are assigned to each component, as shown in Table 1. The model is meshed by C3D8 and
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C3D4 elements, and the contact mode is set as surface-to-surface (Standard). According to
the mesh size of the contact pair, the top surface of the flat specimen is set as the master
surface, and the bottom surface of the flat specimen is set as the slave surface. In order to
reflect the interface characteristics of the surface coating, the graphene/graphite layer is set
to 20 um in thickness, and the corresponding material parameters are assigned, as shown
in Table 1.

(b)

Normal load

Holder bar

Ball holder

Flat specimen

Figure 12. Finite element model of the test setup (a) and the corresponding boundary condition (b).

Table 1. Material parameters of brass and graphene in finite element model [23,24].

Parameters — —
Material Name Brass Graphene layer
Elasticity modulus /MPa 112,000 1,100,000
Poisson’s ratio 0.3 0.4
Thermal conductivity W/(mm°C) 0.16 53
Thermal expansivity /°C~! 1.776 x 107> 1x107°
Electrical conduction 23,200 100,000

The boundary conditions of the model are defined according to the real test conditions,
as shown in Figure 12b. The degrees of freedom (DOFs) of the top surface of the holder
bar are constrained in both the X and Z directions, and a constant normal load (2 N) is
applied to the top surface of the hold bar along the Y direction. The DOFs of the bottom
surface of the flat specimen are constrained in both the Y and Z directions, and the velocity
boundary condition is imposed along the X direction, so that the flat specimen can achieve
reciprocating sliding in this direction. A constant current of 0.2 A is applied into the contact
system to simulate the electrical contact condition. The ambient temperature is set to 25 °C.

In this study, the electric-thermal-mechanical sequential coupling algorithm in ABAQUS
is used to simulate the tribological behavior during sliding electrical contact, and the
calculation process is shown in Figure 13. First, a constant current of 0.2 A is applied to
the friction pair in static contact by the electro-thermal coupling algorithm, to simulate the
temperature variation of the friction system and the thermal deformation of each element
under the action of constant current. On this basis, the results file obtained by the electric-
thermal coupling algorithm is set as the initial state of the friction system, which is used
in the subsequent thermomechanical coupling calculation, and the tribological behaviors
of the friction system are simulated during the sliding process. The friction model is the
Coulomb friction model, and the contact formulation is the penalty contact method.
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Figure 13. Flowchart of electric-thermal-mechanical sequential coupling calculation.

4.2. Electric—Thermal-Mechanical Coupling Analysis
4.2.1. Contact Displacement Analysis

The contact displacements of the friction system in the condition of sliding electrical
contact are extracted, as shown in Figure 14. It can be seen that for the bare brass surface, the
displacement of the flat specimen decreases by about —2 x 107> mm due to the combined
effect of electric current and load, resulting in the ‘embedding’ phenomenon between the
ball specimen and the flat specimen. In the actual friction process, this phenomenon will
evolve into material transfer between rubbing materials and generate possible abrasive
wear and other phenomena. In contrast, when the surface of the flat specimen is coated
with the 20 um graphene layer, due to the good electrical conductivity, heat conduction
characteristics, and large elastic modulus, the graphene layer exhibits a certain thermal
expansion, and the height of expansion is about 3 x 10~ mm. Therefore, the graphene layer
is in good contact with the rubbing ball specimen, which avoids the direct contact between
the substrates. As the coated surface is gradually worn away, the graphene particles
fall back into the wear area and provide a continuous lubrication effect, as illustrated in
Figure 15, which helps to reduce the friction coefficient and alleviate the wear degree of the
interface, and consequently improves the stability of sliding electrical contact.

() (b)
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Figure 14. Normal displacement of bare brass surface (a) and graphene coating surface (b).



Lubricants 2022, 10, 305

14 of 16

Normal load

\ 4

Ball specimen

Flat specimen

Normal load Normal load

4

Ball specimen

Gra hene layer

‘.'Current

Flat specimen Flat specimen

Static state

Current-carrying state worn state
Figure 15. Graphene layer behavior at different states.

4.2.2. Contact Stress Analysis

The shear stress of the friction system under sliding electrical contact is extracted, and
the results are shown in Figure 16. It is found that the maximum shear stress on the bare
brass surface is 15.9 MPa. In contrast, the shear stress of the surface with the graphene
coating decreases visibly, and the maximum stress is only 7.517 MPa. The simulation
results can validate the friction force analysis results shown in Figure 6, which verifies
that the graphene-coated surface can significantly reduce the friction. Furthermore, the
normal contact stresses of the friction systems are analyzed, as shown in Figure 17. It can
be seen that the maximum normal stress of the bare brass surface is 19.88 MPa. Due to the
large elastic modulus of the graphene layer and its expansion deformation in the normal
direction, the normal contact stress of the surface with the graphene coating increases and
the maximum stress is 37.59 MPa. The simulation results explain the fluctuation in the
normal load shown in Figure 6, i.e., the fluctuation in normal load of the coating surface
is larger than that of the bare brass surface. Combining the displacement analysis results
shown in Figure 14, it is verified that the unique deformation of the coating causes the
increase in the fluctuation of the normal force, while significantly reducing the friction
force. In conclusion, the graphene coating has the effect of improving interface friction and
wear by its unique deformation characteristics in the electrical contact state.
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Figure 16. Shear force of bare brass surface (a) and graphene coating surface (b).
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Figure 17. Contact pressure of bare brass surface (a) and graphene coating surface (b).

5. Conclusions

In this work, two kinds of graphene coatings are constructed on the brass surface
by using two simple methods: the drop-coating drying method (DCDM) and coating
graphene conductive adhesive (CGCA). A series of sliding electrical contact tests is carried
out to detect the tribological performances of these two surfaces. Combined with the finite
element analysis method, some conclusions are obtained as follows:

(1) The graphene coating can effectively reduce the friction coefficient and the friction
force. In this work, the graphene coating prepared by the DCDM shows the best potential
in reducing the friction coefficient and friction force.

(2) Although the presence of the graphene coating will lead to the increase in interface
contact voltage at the initial stage, the voltage signal gradually becomes stable with the
progress of friction and wear; thus, the graphene coating will not affect the stability of
sliding electrical contact.

(3) For the DCDM surface, no visible furrows appear on the wear track, and the
graphene particles can provide a solid lubrication effect and consequently reduce the
interface wear. Meanwhile, for the CGCA surface, the graphene coating is worn and
consumed in a short period of time; thus, the coating interface shows serious wear, and the
overall wear performance is similar to that of the bare brass surface.

(4) Finite element analysis results show that the graphene coating has a certain thermal
expansion when the electric current is applied, which avoids the direct contact between the
metal substrates. Combined with the lubrication effect of graphene itself, the friction of
the interface is reduced, and the wear degree of the interface is alleviated. However, the
normal force fluctuation of the interface may increase. The results of numerical analysis
reflect the experimental phenomenon well.
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