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Molecular dynamics simulation has been applied to study the mechanisms through which graphene protects Cu
from arc erosion in Cu-W arcing contacts. The impact of arc erosion has been simplified as positive ion bom-
bardments on a cathode surface. Sulphur ions were used as incident ions while the number of ions, incident
energy, and incident area varied during the simulations. Cu covered by a graphene layer had fewer vacancies and
sputtered atoms than in the pure Cu system. Results show that the graphene layer can dissipate the energy
transferred from incident ions by a shock wave, and also prevent recoiled Cu atoms from penetrating the gra-

phene layer resulting in better arc erosion performances than in the pure Cu system. For both models, the
sputtering yield gradually decreases and maintains a very low value as the number of incident ions increases.
Similar to the experimental results, the residual erosion crater on the Cu surface covered by graphene was
shallower than that without a graphene layer.

1. Introduction

In industrial plasma systems, such as high voltage gas blast circuit
breakers (HVCB) [1,2] and arc plasma generators [3,4], one or more
electric arcs (plasma sustained by an electric current) burn between two
solid conductors. These conductors are named electrodes or electrical
contacts. One of them acts as a cathode and the other one as an anode.
The arc can attain a temperature as high as 20,000 K due to strong
Ohmic heating (10" W/m®). Interaction between the arc and the elec-
trical contacts can be in the form of collisions (such as ion bombardment
onto the cathode surface) or energy transfer (such as radiation), leading
to consumption of the solid contact material. Arc contact erosion is a
major concern in the design of circuit breakers as it is one of the key
factors that determine the service life of such devices designed to
interrupt high fault currents up to 60 kA [5,6].

Copper-tungsten metal matrix composites (Cu-W MMCs) are the
most widely used electrical contact materials in HVCBs. Cu-W MMCs
consist of a W matrix with Cu being melted into the W skeleton, taking
advantage of the excellent electrical and thermal conductivity properties
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of Cu, as well as the good mechanical properties and outstanding arc
resistance performance of W [7-14]. With continuous switching cycles,
Cu on the surface will be lost due to arc erosion, resulting in damages to
the structure of the arcing contacts. The degradation of arcing contacts
not only reduces its lifetime but also reduces the reliability of the circuit
breaker. Therefore, the development of novel contact materials with
improved erosion-resisting performance remains a strong need in the
switchgear industry.

In general, adding reinforcements is an approach to altering the
properties of MMCs. Graphene is a two-dimensional (2D) sheet con-
sisting of covalently bonded sp®hybridised carbon atoms with excep-
tional electrical, mechanical and thermal properties [15-18]. Graphene
is considered an attractive reinforcement to enhance the mechanical
properties (such as hardness and strength) of MMCs, including Gr-Cu
[19-25], Gr-Cu-W [26], Gr-Fe [27], and Gr-Al [28-30]. Recent studies
have shown that graphene can improve the arc erosion resistance of
MMCs. Dong et al. [31,32] fabricated the Gr-W70Cu30 MMCs (i.e. 70%
of W and 30% of Cu in mass percentage composites doped with 0.5 wt%
graphene). The results of vacuum electrical breakdown tests under 10

Received 5 April 2022; Received in revised form 19 May 2022; Accepted 22 May 2022

Available online 11 June 2022

0927-0256,/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


www.sciencedirect.com/science/journal/09270256
https://www.elsevier.com/locate/commatsci
https://doi.org/10.1016/j.commatsci.2022.111549
https://doi.org/10.1016/j.commatsci.2022.111549
https://doi.org/10.1016/j.commatsci.2022.111549
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2022.111549&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Xu et al.

kV showed that the addition of graphene can increase the breakdown
strength by ~45.5%, while resulting in a drastic decrease in the weight
loss. Due to the reduction in the sputter of molten Cu, cathode craters in
Gr-W70Cu30 MMCs were smaller in diameter and shallower than
W70Cu30 MMCs. It has been proposed that the low work function and
the high melting point of graphene could be the reason for the
improvement in arc erosion resistance.

The location of arc generation is related to the work function of
contact materials in such a way that the arc tends to be formed at the
phase with the lowest work function [9,13,31]. Hence, the arc prefers to
occur on the Cu rich zones in Cu-W MMCs as the work function of Cu
((DCu(l 11) = 4.95 eV [33]) is lower than that of W (‘DW(I 10) = 5.26 eV
[34]), resulting in the melting, evaporation and sputtering of a large
amount of Cu. However, the work function of graphene (®graphene =
4.48 eV [35]) is lower than that of Cu. Therefore, in graphene reinforced
Cu-W MMCs, the arc tends to be formed on graphene instead of the Cu
region. Besides, graphene has a much higher melting point than Cu
(Graphene: T, =~ 4900 K [36], Cu: Ty, = 1358 K [37]), and hence it can
absorb more arc energy than Cu before the meltdown process [31]. As a
result, the addition of graphene decreases the impact of the arc on Cu
regions, resulting in a decrease in the Cu mass loss.

It is noted that the above explanation is based on the properties of
materials, such as work function and melting point. So far, the role of
graphene in MMCs during arc erosion has not been investigated from a
molecular or atomic level by experiments or simulations. Therefore, in
the present work, molecular dynamics (MD) simulation is employed to
investigate the mechanism by which graphene protects Cu from arc
erosion. The pure Cu and Gr-Cu systems were selected as simulation
objects as the loss of Cu is the leading cause of electrical contacts failure
in Cu-W MMCs. The effects of ion bombardment on Cu and Gr-Cu sys-
tems were investigated in relation to the following parameters: incident
ion kinetic energy, number of incident ions, and size of bombardment
area.

2. Simplifications and definition of the problem
2.1. Simplifications of the impacts of arc erosion on cathode materials

Arc erosion of electrical contact is a complex phenomenon. In a
breaking operation, when the arcing contacts begin to separate, a con-
ducting bridge made of molten metal is first formed between the sur-
faces of the two contacts due to the concentrated heat produced by the
current which passes through the electrically connected points. The
bridge becomes unstable and eventually ruptures as the contacts
continue to move apart, which leads to the release of metal vapour into
the contact gap space. As the contact moves, an arc with a cathode re-
gion supplying electrons to carry the current between the contacts is
formed [38]. The metal ions move toward the cathode surface under the
applied electric field and collide with the cathode. As the contact gap
increases and the percentage of metal vapour in the arc declines, the
ambient gas will enter the arc. Thus, the nature of the arc converts to a
gaseous arc. The ambient gas becomes the dominant ionised plasma in
the arc [38,39]. The gas ions gain energy when they pass through the
space charge sheath [40] near the cathode surface and then bombard the
cathode surface, resulting in the mass loss of the cathode materials. As
the gaseous arc continues, a cathode crater is formed. It is noted that
when approaching the cathode surface, the ions are neutralised by the
electrons emitted from the cathode surface, but the process is commonly
known as ion bombardment in the switching arc community. Hence, the
term “ion bombardment” is retained in the paper to provide a bridge
between the present work and the arcing process in circuit breakers.
However, one should know that it is the atoms that are bombarded onto
the cathode surface, not the ions.

Due to the complexity of arc contact erosion and a lack of essential
knowledge at the microscopic level, most of the existing models avail-
able for composite materials are either empirical (for high current) [41]
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or based on consideration of energy balance [42,43]. The present work
is not intended for a comprehensive model for the whole erosion pro-
cess, nor does it consider all practical conditions encountered in circuit
breaker operations. Instead, we focus on an important aspect of the
particle interaction between the arc and the contact surface, i.e. the
bombardment of positive ions on the cathode surface. These energetic
ions collide with the cathode surface and provide a dominant majority of
the energy flux [44], resulting in the erosion process. It is expected that
knowledge on the interaction of positive ions with the cathode will form
one of the supporting pillars to develop a science-based comprehensive
model to predict the arc erosion process of electrical contacts. Although
simplifications are made, the conditions used in the present work are
representative or meaningful with respect to problems in practical
applications.

2.2. Incident energy of ions in a circuit breaker arc

The present simulation work focuses on SF; filled circuit breakers
due to their predominance in HVCB. Out of different ions (metal,
sulphur, positive fluorine) involved in the bombardment process, the
sulphur ion was selected as the incident ion to study the protective
mechanisms of graphene. The kinetic energy range of sulphur ions was
estimated using literature on ion incident energy which is a combination
of thermal energy from the arc, kinetic energy from the voltage drop at
the cathode region and recombination energy. The average thermal
energy (Eg) of the ions in the arc ranges from around 0.85 eV for low-
current arcs to around 2.5 eV for high-current arcs due to the high
temperature of arc column [39]. Furthermore, ions will be accelerated
by a voltage drop (V.) (usually between 10 and 20 V) at the cathode
region, gaining kinetic energy (Ey), given by:

Ey =ZeV, (2-1)

where Z is the number of charges of the ion. Z could be 1 or 2 for sulphur
ions because both S* and S** exist in the arc plasma [45,46]. e is the
elementary charge (~ 1.602 x 1071°C). Therefore, Ey ranges from 10 eV
to 40 eV.

Finally, ions will recombine with emitted electrons before arriving at
the cathode surface, during which the ions obtain ionisation energy Ej,
given by

E; =2V, (2-2)

where Z is the number of charges of the ion and V; is ionisation potential,
which is 10.99 eV for sulphur atom [47]. Hence, E; ranges from around
11 eV to 22 eV.

Therefore, the total energy of an incident ion E;yq = Es, + Ev + Ej is
approximately between 22 eV and 65 eV. Considering the energy fluc-
tuations of the ions in the arc, such as impacted by collisions with other
ions or neutral atoms, the energy of some ions will be less than this
range, and the energy of some ions will be beyond this range. Therefore,
the incident ion energy values of 20 eV, 50 eV and 100 eV were selected
for the simulations.

3. Simulation methodology

Molecular dynamics simulations were performed using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [48].
The adaptive intermolecular reactive empirical bond order (AIREBO)
potential [49] was used to describe the interactions between C atoms in
graphene. The interaction between Cu atoms was described by the
embedded atom method (EAM) potential, splined to the Ziegler Bier-
sacke Littmark (ZBL) repulsive potential [50], which has been used for
the radiation simulation of the Cu-graphene system [51]. The van der
Waals force between Cu and C atom pair was described by the 12-6
Lennard-Jones (L-J) potential, given by Eq. (3-1), where E is the total
energy between a pair of Cu atom and C atom; r is the distance between
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Cu atom and C atom; r, is the cutoff distance; ¢ is the well depth and & is
an equilibrium distance. In the present work, ¢ = 0.019996 eV, § =
3.225 A [20,51,52] and r, = 5 &. The interactions between the incident S
atom with C, Cu, and other S atoms were calculated with the ZBL
repulsive potential [53].

s 0] re

The schematic diagrams of the pure Cu model and the Cu model
covered with a single layer of Gr used for ion bombardment simulations
are shown in Fig. 1. The crystallographic orientations of Cu are x
[-110],y[-1-12],and z [111]. The fixed boundary condition is used
along the z direction, while the periodical boundary condition is applied
in the x and y directions. Furthermore, the location of the two bottom
layers in Cu the substrate is fixed.

The energy of the models was first minimised and then the models
were fully relaxed at 300 K prior to the bombardment simulation. Under
typical operating conditions, the temperature of the arc contacts would
reach the boiling point of contact materials. However, the initial tem-
perature of the model was set at 300 K to avoid the evaporation of Cu
atoms due to the initial high temperature and to study the impact of only
the ion bombardment process. During ions bombardment, three atom
layers at all four vertical faces were forced to maintain 300 K through
the Berendsen temperature control method to prevent the waves caused
by the bombardment from returning through the periodic boundary. As
described in Section 2, ions are neutralised before bombarding the
cathode surface, so the charges of ions were not considered, and neutral
sulphur atoms instead of sulphur ions were used for bombardment in the
simulation. However, we refer to the incident particle as an “ion”, as ion
bombardment is a common term in the switching arc research
community.

The simulations were divided into single ion bombardment and
multiple ions bombardment. The purpose of single ion bombardment is
to observe the behaviour of the graphene layer, while multiple ions
bombardment aims to simulate arc erosion. In single ion bombardment,
the incident ion was placed at the centre above 5 nm from the model
surface, and incident energy ranging from 20 eV to 1000 eV was selected
to observe the behaviour of the graphene layer at high incident energy
values. Each simulation was repeated 20 times to identify the statistical
deviations in the result.

In multiple ions bombardment simulation, the model surface was
continuously bombarded with ions appearing from random sites within
a circular region above 5 nm from the model surface. Two different
exposure areas with a diameter of 2 nm and 4 nm were simulated to
study the influence of the size of the arc root. The number of incident
ions (incident dose) was varied from 10 to 300, and the time interval
between atoms was set as 0.1 ps. The energy of each ion was set to 20 eV,
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50 eV or 100 eV in different simulations. An NVE ensemble was used
during the bombardment process, with a variable timestep depending on
the incident energy. After the bombardment of 300 ions, the simulation
was continued for 20 ps to facilitate the natural energy transfer process
before cooling down to 300 K within 100 ps and finally conducted a
further relaxation for 50 ps at 300 K to stabilise the system. The peak
number of vacancy defects, the total number of sputtered Cu atoms and
the residual surface morphology at the end of the simulation were used
to indicate the damages to Cu during the ion bombardment process.

4. Results and discussion
4.1. Single ion bombardment simulations

This section presents the results of the single sulphur ion bombard-
ment simulation conducted on pure Cu and Gr-Cu systems. Through
analysing the number of vacancies and sputtering yield of Cu atoms, it
explores the mechanisms through which graphene protects Cu from arc
erosion.

4.1.1. Peak number of vacancies

During the bombardment process, collisions transfer energy from the
incident ion to the target atoms. The atoms gaining energy will move
from lattice sites and collide with other atoms, resulting in vacancies and
interstitial lattice defects, which affect the mechanical, electrical and
thermal properties of crystal materials. Hence, the number of vacancies
or interstitials is often used to quantitatively evaluate the impact of
bombardment or radiation on crystalline materials [51,54]. Fig. 2 shows
the average peak vacancy number in the bulk Cu region obtained from
20 independent simulations plotted against the respective incident en-
ergy values. The peak number of vacancies of the pure Cu system is
higher than that of the Gr-Cu system. Moreover, the difference in peak
vacancy number between pure Cu and Gr-Cu increases with incident
energies.

For the Gr-Cu system, the ion impact results in an elastic bulging of
the graphene and underlying Cu. The graphene layer absorbs some of
the collision energy and dissipates it in the form of a shock wave that
propagates along the graphene layer. This reduces the energy trans-
mitted to the underlying Cu by collision, which results in a less number
of vacancies being formed in the bulk Cu region compared to the number
of vacancies in the pure Cu system.

4.1.2. Sputtering yield

Sputtering yield Y, defined as the average number of atoms removed
per incident ion, is used to quantify the sputtering process. The theo-
retical value of the sputtering yield can be calculated using Eq. (4-1)
[55].

b

/

2nm/4nm

Fig. 1. The schematic diagram of the models: (a) graphene-Cu model; (b) pure Cu model.
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where M; and M, are the mass of the incident ion (S) and target atom
(Cu), respectively; Ej, is the incident energy; o is a correction factor
depending on the My/Mj. For S and Cu, a is 0.4 [56]. Uy denotes the
surface bonding energy, and it is 4.38 eV [57] for Cu.

The sputtering yield values calculated from Eq. (4-1) and the simu-
lations are presented in Fig. 3. It can be seen that the simulation results
of the pure Cu system are comparable to the calculated values, which
validates the simulation strategy. The average sputtering yield of Cu at
100 eV was 0.05, and it continued to increase with the increase in
incident energy. Conversely, for the Gr-Cu system, a sulphur ion with
energy up to 1000 eV failed to sputter any Cu atoms for collisions.
Simulation indicated that an ion requires at least 100 eV to penetrate the
graphene layer to bombard the underlying Cu bulk. To further study the
energy threshold (Ep for a single sulphur ion to penetrate the graphene

=e-Cu MD Simulation
8 I =Gr-CuMD Simulation .
7 | *Cu Theoretical

1d
N

ing yei

Sputter
w

2. 2. 2. . 2.

0 100 200 300 400 500 600 700 800 900 1000
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Fig. 3. Sputtering yield of Cu for pure Cu and Gr-Cu systems for single ion
bombardment. The inset shows a zoomed in version for the incident energy
between 0 and 100 eV.
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layer, additional simulations were conducted with an incident energy
value ranging between 80 eV and 100 eV with increments of 5 eV. Based
on 20 repetitive simulations at each energy level, E; was found to be
~85 eV. (In the case of 85 eV, none of the atoms penetrated graphene,
while for the case of 90 eV, 4 out of 20 simulations indicated a pene-
tration.) Even though sulphur penetrates graphene at incident energy
values above the threshold, most of the collision energy is still effec-
tively dissipated by the graphene. Therefore, the Cu atoms beneath the
collision site that recoil from deformation as a result of the collision do
not have sufficient energy to penetrate the graphene layer. Furthermore,
the vacancy (damaged area) in graphene caused by an incident ion is too
small for the recoiled Cu atoms to escape. Hence, graphene can effec-
tively protect Cu from sputtering caused by single ion bombardment
even at an incident energy of 1000 eV.

4.2. Multiple ions bombardment simulation

Continuous ion bombardment of the model surface with multiple
sulphur ions was simulated to study the arc erosion effect. The study was
conducted with an incident area diameter of 2 nm, and the incident dose
was varied from 10 to 300. The mechanism of arc erosion and the pro-
tective effect of graphene on Cu were explored by analysing the number
of vacancies, the number of sputtered Cu atoms, features of the erosion
crater and other surface morphologies.

4.2.1. Peak number of vacancies

Fig. 4 shows the peak number of vacancies in the Cu region for both
pure Cu and Gr-Cu systems bombarded by sulphur ions with different
incident doses. Under the same bombardment conditions, the number of
vacancies in the Cu region of Gr-Cu is always lower than that in pure Cu,
indicating graphene’s ability to reduce the damage to bulk Cu during the
ion bombardment. The protective properties of a graphene layer are
observed to be highly pronounced, with the Gr-Cu system when bom-
barded at an ion energy of 50 eV outperforming a pure Cu system
bombarded at 20 eV. In pure Cu systems, the number of vacancies first
increases significantly as the number of incident ions increases before
plateauing at about 250 incident ions.

In the Gr-Cu system, when the incident energy was 20 eV, even 300
sulphur ions could not create any vacancy in the Cu region of the Gr-Cu
system. This was due to the inability of sulphur ions to penetrate through
the graphene layer and bombard the Cu bulk. In addition, the energy
transferred to graphene through the bombardment was not enough to
create a vacancy in Cu bulk through the collision between the graphene
layer and the top layers of Cu atoms. During the bombardment with an
incident energy of 50 eV, it required more than 50 incident ions to break

-8-Cu-20eV
E —8—-Cu-50eV
=&-Cu-100eV

-#-Gr-Cu-20eV
-Gr-Cu-50eV
~4—Gr-Cu-100eV

10,000

1,000

100

10

Peak number of vacancies

1 - = = = =

150 200 250
Number of incident ions

Fig. 4. Peak number of vacancies in the Cu region for pure Cu and Gr-Cu for ion
bombardment with multiple ions.
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the C—C bond and penetrate through the graphene layer. The structure
of graphene after bombarding by 50 incident ions is shown in Fig. 5(a).
As the number of incident ions increases to around 100, some of the
C—C bonds in graphene become unstable and form vacancies in gra-
phene, as shown in Fig. 5(b). With a further increase in the number of
incident ions, adjacent vacancies are combined together to form larger
“nanopores” in the graphene layer, surrounded by chains of the
remaining neighbouring carbon atoms. As the number of incident ions
increases, the size of these nanopores increases, as shown in Fig. 5(c) and
(d) due to ion collisions occurring in close proximity to each other on the
graphene layer. These nanopores in the graphene layer expose the un-
derlying Cu bulk, and the Cu is then bombarded by the subsequent
incident ions resulting in a significant increase in the peak number of
vacancy defects, as shown in Fig. 4. Bombardment at higher energy
levels such as the 100 eV will easily break C—C bonds, and hence the
nanopores will be formed earlier and ultimately grow to a larger lateral
size. Therefore at 100 eV incident energy level, the number of vacancies
in Cu bulk shows rapid growth. At high incident dose values, the peak
number of vacancies in the Cu bulk of the Gr-Cu system is similar to that
in the pure Cu.

4.2.2. Number of sputtered Cu atoms

The number of sputtered Cu atoms from pure Cu and Gr-Cu systems
at 50 eV and 100 eV are shown in Fig. 6. Results for 20 eV are not shown
as the energy was not enough to cause sputtered Cu atoms.

It can be seen that the number of sputtered Cu atoms in the pure Cu
system increases rapidly with the number of incident ions during the
first 50 incident ion bombardment and later tends to level-off at the high
number of incident ions. The sputtering yield can be described by the
slope of a curve in Fig. 6, which means that the sputtering yield de-
creases with increased incident ions. A similar phenomenon was
observed when Ru single crystal was bombarded with Ar™ ions [58]. The
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Fig. 6. Number of sputtered Cu atoms during the ion bombardment with
multiple ions.

sputtering yield of Ru atoms in the experiment decreased with the in-
crease in incident dose and reached a steady state at high incident dose
values. Moreover, the experimental data revealed that the sputtering
yield of the intact surface was twice that of the damaged surface, indi-
cating that the sputtering yield is related to the surface structure. It
seems that the surface vacancies created by the initially bombarded
atoms later hinder the atom sputtering process. This agrees with MD
simulation results [59], which demonstrated that changes in the surface
structure on the atomic scale cause a decrease in the sputtering yield.
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Fig. 5. Structure of graphene when bombarded with different doses of sulphur ions with 50 eV incident energy. Black circle shows the window of ion bombardment.

Cu bulk and sulphur ions are not shown.
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In the present work, when the initial incident ions impact the Cu
surface, the Cu atoms rapidly gain energy and collide with surrounding
atoms to generate secondary recoils. Some recoiled atoms can overcome
the surface binding energy to become sputtered atoms. In general, sec-
ondary recoils contribute to most sputtered atoms [60]. The surface is
continuously damaged during the process resulting in an erosion crater.
Fig. 7 shows the development of the erosion crater during the
bombardment.

Fig. 7(a) shows that a shallow crater is formed after the first 50 ions
bombardment. Small crater depths occurred with low incident dose
values further support the sputtering process resulting in the initial rapid
increase in the number of sputtered atoms. With the increase in the
incident dose, a deeper erosion crater is formed as shown in Fig. 7(b).
However, as the crater gets deeper, sputtering of atoms from the deep
positions becomes difficult due to the lack of energy in the bombarded
atoms to overcome the binding energy of their current position. Also,
most of the sputtered atoms will frequently collide with the molten walls
of the crater and recombine. It is noted that during the bombardment
process, the point defects in the Cu constantly recombine to recover the
initial structure. As shown in Fig. 7(d)-(f), the erosion crate depth no
longer changes significantly as the recovery rate is balanced with the
damages caused by ion bombardment. This explains the plateauing
behaviour noted with the peak number of vacancies shown in Fig. 4.

The ion bombardment process also impacts the temperature of the
model. Fig. 8 shows the temperature distribution of atoms at the surface
of the pure Cu system after the ion bombardment with an ion dose of 100
ions at an incident energy of 100 eV. It can be seen that the temperature
of many Cu atoms in the crater has reached the boiling point of Cu.
Therefore, evaporation will play a major role in the subsequent sput-
tering process of Cu atoms.

The multiple ion bombardment process in the Gr-Cu system was
explained in Fig. 5, when analysing the peak vacancy numbers in the Gr-
Cu system. Simulation with 50 eV incident energy indicated that an ion
dose of 100 ions cannot cause apparent damage to the graphene struc-
ture. The energy of the incident ions is partially transferred to the
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Cu-100eV@100 ions

Temp (K)
3000.

300

Fig. 8. Surface temperature distribution in the pure Cu after the ion
bombardment with an ion dose of 100 ions at an incident energy level of 100
eV. Colour represents the temperature. When the temperature exceeds 3000 K,
the colour is the same as 3000 K. The black circle shows the window of the
bombardment. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

graphene layer and dissipated mainly in the form of a shock wave. Only
a small portion of the energy is transferred to the Cu bulk. When the ion
dose is 200, some carbon atoms in graphene are sputtered by the first set
of bombarded ions resulting in nanopores within the graphene layer.
This allows some of the subsequent incident ions to bombard the
exposed Cu surface. Nonetheless, it is still difficult for Cu atoms to leave
from nanopores due to the low probability of direct bombardment and
small nanopore size.

When the incident energy is 100 eV, the graphene structure is
destroyed earlier to form nanopores. Most of the C—C bonds in the

(a) 100eV@50 ions

(b) 100eV@100 ions

(c) 100eV@150 ions

Position.X

g e Rl

(d) 100eV@200 ions (e) 100eV@250 ions

(f) 100eV@300 ions

Fig. 7. Cross section of pure Cu after bombardment process with different ion doses at an incident energy of 100 €V. a; is from the side view, and the rest are from the
view of the x-axis. Colour represents the position of an atom along the x-axis. Atoms floating above the model surface are not displayed. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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incident area are broken by the first 50 atoms, and the size of the
nanopore becomes similar to the incident area. Hence, the following
incident ions are directly bombarded onto the Cu bulk resulting in an
increase in the number of sputtered Cu atoms. Similar to the pure Cu
system, the sputtering yield decreases with the increase in the depth of
the erosion crater. In addition, a large number of recoiled Cu atoms
collide with graphene, resulting in a temperature rise and bulging of
graphene. However, the excellent mechanical strength and the high
melting point of graphene prevent the recoiled Cu atoms from pene-
trating the graphene layer. Hence, the sputtered Cu atoms have to pass
through the nanopore, which significantly limits the sputtering yield.
Therefore, the number of sputtered Cu atoms in the Gr-Cu system is
much lower than that of pure Cu.

4.2.3. Morphologies of erosion craters

Surface morphology, which can be evaluated from various imaging
technologies, is typically used to study the impact of arc erosion on the
contact surface [31,61]. A similar evaluation was conducted with both
pure Cu and Gr-Cu systems by comparing the sizes of the erosion craters
and the surface morphologies. Fig. 9(a)-(d) shows the snapshots of
models at the end of the multiple ion bombardment process with an ion
dose of 300 ions at different incident energy values, and Fig. 9(e)—(h)
shows the cross section of the respective erosion craters. It can be seen
that the model surfaces have bulged due to the ion bombardment.
Compared with the pure Cu system, the height of the bulge is lower in
the Gr-Cu system as graphene restricts the upward movement of the Cu
atoms. When the incident ion energy is 50 eV, almost no erosion crater is
formed in the Gr-Cu system, while there was a crater formed with a
depth of around 41.6 A in the pure Cu system. At high incident energy of
100 eV, a noticeable erosion crater is created in the Gr-Cu system, but
the depth is much smaller than that in the Cu system. It indicates that the
presence of graphene can effectively reduce the damages to Cu, espe-
cially when the incident energy is below the threshold energy of pene-
trating a graphene layer E; (~85 eV).

At the end of the bombardment process, the simulation model
gradually recovers, decreasing the temperature and the number of va-
cancies in the system. Furthermore, the volume of the erosion crater
decreases as the model surface gradually returns to its initial flat state.
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The morphologies of the model surfaces when the systems were cooled
to 300 K are shown in Fig. 10. It can be seen that the residual erosion
craters after the cooling process are shallower than those obtained right
after the bombardment process, as in Fig. 9. When the incident energy is
set at 50 eV, there is almost no residual pit formed on the Cu surface in
the Gr-Cu system while a considerably large residual pit was available in
the pure Cu system. This is consistent with the experimental results by
Dong et al.[31] in which arcing resulted in the surface of graphene-
enhanced Cu-W MMCs to be more even than that of traditional Cu-W
MMCs. When the incident energy is increased to 100 eV, the graphene
coating makes Cu atoms spread on the surface, resulting in a smoother
but larger residual erosion crater on the Cu surface in the Gr-Cu system
than that of the pure Cu surface. However, a bubble is formed in the pure
Cu system since some sulphur ions remain inside during cooling, as
shown in the illustration of Fig. 10(c). As the crater formed during the
bombardment process is narrow and deep, the top half of the crater is
closed first during the recovery phase. Therefore, some sulphur ions are
trapped in the Cu, forming a bubble, which will affect the properties of
the materials.

4.3. Influence of the size of the incident area

The effect of arc root size was studied through multiple ion
bombardment simulations conducted with incident region diameter
values of 2 nm and 4 nm. Fig. 11 shows the number of sputtered Cu
atoms in pure Cu and Gr-Cu systems obtained during the simulations
conducted with an ion dose of 300 ions at 50 eV and 100 eV incident
energy levels. Incident energy of 20 eV was not considered as earlier
simulations indicated that 20 eV is not sufficient enough to sputter
atoms in both the pure Cu system and the Gr-Cu system.

Simulations with both 50 eV and 100 eV incident energy values show
that an increase in the incident area diameter from 2 nm to 4 nm results
in a significant increase in the number of sputtered Cu atoms. Even
though an increase in the incident area diameter results in a reduction in
the energy per unit area, the erosion crater becomes shallower with a
larger diameter, as shown in Fig. 12, which facilitates the sputtering
process. Based on the calculation in Section 2, it was noted that the
energy of most ions in the circuit breaker arc is about 50 eV. According

(a) Cu@50eV-2nm

(b) Cu@100eV-2nm

(¢) Gr-Cu@50eV-2nm

(d) Gr-Cu@100eV-2nm

(e) Cu@50eV-2nm (f) Cu@100eV-2nm

(g) Gr-Cu@50eV-2nm

(h) Gr-Cu@100eV-2nm

Position.X

-S00m

Fig. 9. Erosion crater morphologies of the pure Cu and Gr-Cu systems after the bombardment process with an ion dose of 300 ions with an incident area diameter of
2 nm. In (a)-(d), the red represents Cu atoms, and the blue represents C atoms. (e)-(h) are the cross sections of pure Cu and Gr-Cu systems. The graphene layer is not
displayed in (g) and (h). The colour represents the positions of atoms along x-axis, referring to Fig. 7(a;). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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(a) Cu@S0eV-2nm

(¢) Cu@100eV-2nm
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(b) Gr-Cu@5S0eV-2nm

(d) Gr-Cu@100eV-2nm

Position.Z

87.

Fig. 10. Surface morphology of pure Cu and Gr-Cu systems cooled down to 300 K after the ion bombardment process with 300 ion dose and an incident area
diameter of 2 nm. Graphene layer is not displayed in (b) and (d). Colour represents the position of atoms along the z-axis. Width of the residual erosion crater is
marked in white and the depth is marked in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 11. Impact of the incident area diameter on the number of sputtered
Cu atoms.

to the simulation results at 50 eV, doubling the size of the incident area
diameter will result in a nearly six times increase in the number of
sputtering atoms. Therefore, the size of the arc root could be one of the
main effects of the mass loss of the contact materials.

Results in Section 4.2 showed that when the incident area diameter is
2 nm, nearly 200 ions with 50 eV incident energy can break C—C bonds
to form nanopores in graphene. However, when the incident area in-
creases, there is a reduction in the energy applied per unit area on the
graphene, which hinders the creation of nanopores in graphene and
prevents the sputtering of Cu atoms as in Fig. 11. However, when the
incident energy is 100 eV, a single sulphur ion can break the C—C bond.
Hence, as the incident area increases, incident ions easily remove the C
atoms in the incident area resulting in a larger area of Cu being exposed
to the ion bombardment. As a result, the interception effect of graphene

on Cu atoms decreases, resulting in more sputtered Cu atoms.

Fig. 13 shows the surface morphology of models with an incident
area diameter of 4 nm when the system is cooled to 300 K. The residual
erosion crater in the pure Cu system with an incident area diameter of 4
nm is larger and deeper than that obtained for a 2 nm incident area
diameter which is shown in Fig. 10. When the diameter of the incident
area is 4 nm, the crater generated during the bombardment is wider and
larger in volume than the crater generated with an incident area
diameter of 2 nm (compare the cross sections of erosion craters in Figs. 9
and 12). Hence, the recovery process for ion bombardment with a 4 nm
incident area diameter is slower compared to that of 2 nm diameter,
causing the former to have a deeper residual pit.

In the Gr-Cu system, there is no crater on the Cu surface when the
incident energy is below 50 eV, which is due to the protection of gra-
phene. With the increase of the incident energy to 100 eV, the residual
erosion crater in the Gr-Cu system with an incident area diameter of 4
nm becomes larger and deeper than that obtained for the incident area
diameter of 2 nm. However, it is shallower and has less bulging of Cu
than that in the pure Cu system. Therefore, graphene covered on Cu
surface can effectively reduce the damages caused by ions
bombardment.

5. Conclusion

The impact of graphene reinforcement on Cu-W MMCs arc erosion
resistance was studied through molecular dynamics simulation. Due to
the complexity of arc generation and arc erosion process, only the
impact of ion bombardment was studied as one of the key erosion pro-
cesses. Two models built with pure Cu and Cu covered with a graphene
layer were bombarded by sulphur ions with different incident energy
values, ion dose values and incident area diameter values. Arc erosion
resistance was evaluated through multiple parameters, including the
sputtering yield, maximum number of vacancies and surface
morphology.

Under the same ion bombardment conditions, Cu with the graphene
layer had fewer vacancies and sputtered atoms than those in the pure Cu
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(a) Cu@50eV-4nm

(b) Cu@100eV-4nm

(¢) Gr-Cu@50eV-4nm (d) Gr-Cu@100eV-4nm

(e) Cu@50eV-4nm

929 A

AN 065 S,

Position. X

-50 l

Fig. 12. Erosion crater morphologies of the pure Cu and Gr-Cu systems after the bombardment process with an ion dose of 300 ions with an incident area diameter of
4 nm. In (a)-(d), the red represents Cu atoms, and the blue represents C atoms. (e)-(h) are the cross sections of pure Cu and Gr-Cu systems. The graphene layer is not
displayed in (g) and (h). The colour represents the positions of atoms along x-axis, referring to Fig. 7(a;). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

(a) Cu@S0eV-4nm

Mt

(b) Gr-Cu@50eV-4nm

(d) Gr-Cu@100eV-4nm

Position.Z

87.

Fig. 13. Surface morphology of pure Cu and Gr-Cu systems cooled down to 300 K after the ion bombardment process with 300 ion dose and an incident area
diameter of 4 nm. Graphene layer is not displayed in (b) and (d). Colour represents the positions of atoms along the z-axis. Width of the residual erosion crater is
marked in white and the depth in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

system. The difference was significantly high when the incident energy
of sulphur ions was less than the energy threshold for a sulphur ion to
penetrate the graphene layer (~85 eV). In general, the sputtering yield
in both models gradually decreased with the increase in ion dose and
maintained at a very low value thereafter. This is due to the difficulty in
removing Cu atoms from deep positions of the crater as the atoms

splashed from the bottom of the well tend to attach to the wall of the
molten erosion crater.

The reduction in the number of sputtered atoms and the number of
vacancies in the Cu-Gr model can be explained through two phenomena.
The first is the ability of graphene to dissipate some of the energy
transferred from incident ions as a shock wave, resulting in a reduction
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in the energy acting on Cu. The second is the excellent mechanical
properties and the high melting point of graphene, which prevents the
penetration of recoiled Cu atoms through the graphene layer. Hence the
sputtered Cu atoms have to pass through the nanopores in the graphene,
which are caused by incident ions. In addition to the reduction in the
number of sputtered atoms, these phenomena also result in less bulging
in the Cu surface and shallower erosion craters in the Gr-Cu system than
in the pure Cu system.

The number of sputtered Cu atoms in the pure Cu system increased
drastically with the increase in the diameter of the incident area, which
is due to the increase in the surface area exposed to the bombardment.
This results in craters that are wider in diameter but shallower compared
to those occurred from smaller incident area diameters. Furthermore,
these craters have a slower recovery process than the narrow and deeper
craters, resulting in deeper residual pits after the cooling process. The
impact of the incident area diameter was negligible on the Gr-Cu system
when the incident energy was less than the energy threshold of pene-
trating the graphene layer. However, at high energy levels, the graphene
layer exposed to the incident area is completely destroyed, exposing Cu
in that area to the ion bombardment process resulting in a large number
of sputtered Cu atoms and vacancies.

Overall the simulation results demonstrated the sputtering of mate-
rials and the formation of erosion craters during arc erosion from an
atomic level. Moreover, by comparing the damages to pure Cu and
graphene-covered Cu, this work explained how the addition of graphene
reduces the mass loss of Cu and the size of residual erosion craters.
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