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Edge effects have significant implications in friction at the nanoscale. Despite recent progress, a detailed
understanding of the relationship between nanoscale friction and contact edges is still sorely lacking.
Here, using molecular dynamics simulations, we investigate the intrinsic effect of the edge size on the
nanoscale friction between graphene layers in the incommensurate case based on the model of
graphene flakes on a supported graphene substrate. An original rectangular graphene sheet is cut and
divided into two independent parts, namely, the inside and outside zones, according to a certain path
with a hexagonal boundary. The friction of the inside and the outside flakes placed on a substrate is
calculated. The results interestingly reveal that the sum of the friction forces on the inside and outside of
flakes, termed the "equivalent friction force”, is substantially greater than that of the original rectangular
graphene sheet because the additional edge friction of the former two systems is more than that of the
latter system. More importantly, the equivalent friction force is linearly proportional to the edge size due
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1. Introduction

The classical Amontons-Coulomb law of friction has shown
that the friction between two solid surfaces is linearly propor-
tional to the applied load and independent of the nominal
contact area.! However, the friction behavior at the nanoscale
may be quite different from that at the macroscale, indicating
the more complicated nature of friction.>> New nanoscale
friction phenomena, such as the unique sheet thickness
dependence,®® negative friction coefficient'® and commen-
surability effect,””® are reported. Recent studies have also
revealed that nanoscale friction is sensitive to contact edges,
especially in the incommensurate contact case.””?* A funda-
mental understanding of the relationship between friction and
contact edges is very important for various technological
applications, including nanoelectromechanical
(NEMS).

Two-dimensional materials, such as graphene, exhibit high
edge-to-surface ratios, so contact edge effects are generally not
negligible and must be included in the description of fric-
tion.'”?%***¢ Contact edges provide an additional edge-related
potential barrier, which leads to substantial friction energy
dissipation between two contacting surfaces, indicating signif-
icant edge effects on nanoscale friction.”® Therefore, it is
essential to reveal the friction-contact area relationship and
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dependence of friction on the contact edge size of incommensurate graphene layers.

how it relates to edge effects for the design of nanometer devices
with optimal mechanical performances.

As an intrinsic “defect”, contact edges are especially influ-
ential on the interlayer friction behavior of layered materials
and are also dependent on the interlayer commensurability,
contact size and shape of sheets.'*'**>?” In the incommensurate
case, friction primarily originates from the atoms of the contact
edge region, while the inside atoms contribute less to friction
dissipation.'”?***%¢ Recent studies have shown that friction is
weakly dependent on the contact area in the incommensurate
contact (i.e., lattice mismatch) because friction is dominated
primarily by the contact edge.”*"**** For example, molecular
dynamics simulations of incommensurate double-walled
carbon nanotube oscillators showed that friction is indepen-
dent of the tube length (i.e., area).” In contrast, for the
commensurate case, the enhancement of the friction force is
attributed to the larger contact size because each of the inter-
facial atoms dissipates significant friction energy, and thus, the
friction force increases approximately linearly with the number
of contacting atoms."'* In addition, the related study indi-
cated that commensurability has only a small effect on friction
energy dissipation, while the primary source of friction comes
from the ends of the nanotubes.'® Despite the great progress
made in recent years, many key issues regarding the influence
of edge effects on friction behaviors are still unclear. For
example, whether and how the intrinsic friction depends on the
edge size has not been determined, which is important to
obtain an in-depth understanding of the contact area-related
nanoscale friction behavior.>® There are still significant
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challenges and opportunities in this important field, and
further research is needed to establish a possible correlation
between friction and contact edge size.

In this work, we used molecular dynamics simulations based
on a novel computational model of graphene flakes on a sup-
ported graphene substrate to investigate the intrinsic depen-
dence of friction on the contact edge length. An original
rectangular graphene sheet was cut along a certain hexagonal
route and was divided into two parts, hexagonal inside and
outside zones, and then, the inside and outside flakes were
placed onto a supported graphene substrate surface. Two
independent computational systems were constructed. The
friction forces of the inside and the outside flakes and the
friction of the equivalent flake (i.e., the sum of the inside and
the outside flake friction) were calculated. The results inter-
estingly reveal that the equivalent flake friction increased line-
arly with increasing the edge length of the cutting hexagon,
indicating that the contact edge plays a significant role in fric-
tion. Our results provide a fundamental understanding of edge-
related nanoscale friction.

2. Simulation methods

A novel calculational model was constructed as shown in Fig. 1.
A defect-free rectangular graphene sheet with a certain size was
cut along the boundary of a hexagon as illustrated in Fig. 1(a)
and divided into two independent parts: hexagonal inside
(Fig. 1(b)) and outside (with a hexagonal hole) zones (Fig. 1(c)).
The original rectangular graphene sheet has a lateral dimension
of 17.16 nm x 16.73 nm and includes 11 360C atoms. In the
calculations, we chose the original rectangular graphene sheet
without a hexagonal hole as the reference sheet. Based on the
reference sheet, the inside and the outside areas were cropped
with different hexagonal edges, and they were placed on the
surface of the substrate. Therefore, two independent computa-
tional systems were constructed as shown in Fig. 1(d) and (e),
and the relationship between the friction and the hexagonal
edge size was investigated. The substrate was composed of
double-layered graphene sheets (the bottom layer was fixed),
and the front and the rear ends of the substrate layers along the
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x-axis were all oriented in the armchair direction. Each layer
contained 36 080C atoms and had a lateral dimension of
17.22 nm x 30.12 nm, which is large enough to ensure the
reliability of the results. The flake was in incommensurate
contact with the substrate, i.e., the edge of the flake along the x-
axis was oriented in the zigzag direction.

In the simulation, the centers of masses of substrate layers
along the in-plane direction were fixed to prevent lateral sliding
of the substrate. In addition, rotation of the flake around the
normal (y-axis) direction and translation along the x-axis
direction were restricted. A non-periodic boundary condition
was used in the y-direction, and the periodic boundary condi-
tions were applied in the x- and z-directions. Because the
outside flake had the same width as the substrate, its two sides
parallel to the z-axis direction could be perfectly connected by
the periodic boundary. The graphene flakes had only a hexag-
onal edge, and the front and rear edges were oriented with
respect to the motion direction. We modeled the load as
a constant normal force f;, on each of the flake atoms, and the
total load Nf,, on the flake is given by the sum of the loads on all
atoms. Under the load, the flake was displaced toward the
substrate, and the distance between the flake and the substrate
layers was reduced. In all calculations, a constant speed of v =
30 m s~ ' was applied to the center of mass of the graphene
flake, and then, the flake slid across the substrate surface along
the z-axis positive direction. The lateral force (ie., instanta-
neous friction) on the flake along the sliding direction was
recorded for each time step. The mean friction force was ob-
tained by averaging the value of the lateral force.

The multibody AIREBO potential was used to demonstrate
the intralayer covalent C-C bond interaction in graphene,* and
the interlayer interaction between the graphene sheets was
described by the Lennard-Jones 12-6 potential, in which the
potential well depth ¢ = 2.968 meV, and the equilibrium

distance ¢ = 3.407 A.*> The simulation was performed with the
NVT ensemble by using a Nosé-Hoover thermostat to keep the
simulation system at a room temperature of 300 K, and the time
step was set to 1 fs. All the calculations were implemented in the
molecular dynamics code LAMMPS.*

Fig.1 Computational model. An original rectangular graphene sheet was cut along the boundary of a hexagon (a) and divided into the inside (b)
and the outside zones (c). The inside and the outside flakes were placed on a double-layer graphene substrate to construct calculational models

(d) and (e), respectively.
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3. Results and discussion

We first investigated the dependence of friction on the size of
the cutting hexagon boundary. The friction of the inside and the
outside flakes (Fig. 2(a)) on the double-layered graphene
substrate were calculated, respectively. Unless otherwise speci-
fied, the friction behavior at certain loads of 0.5 and 0.8 nN per
atom were considered, and these load values were in agreement
with the load applied in previous experimental and computa-
tional studies.?******* Fig. 2(c) and (d) show that the friction
force of the inside flake increased linearly with the increasing
diameter of the hexagon d, whereas that of the outside flake was
almost constant. Obviously, the number of atoms (or flake area)
and edge size of the inside flake all increased with the diameter
of the hexagon (Fig. 2(b)). Note that the nanoscale friction
behavior for incommensurate graphene layers was dominated
by edge atoms, thus increasing the friction as the hexagonal
diameter (ie., edge length) increased.* In contrast, for the
outside flake, the edge size also increased linearly with the
increasing diameter of the hexagonal hole, whereas the number
of atoms decreased significantly with the increasing diameter
(Fig. 2(b)) so that the friction force remained a constant.

We defined the sum of the areas of the inside and the outside
flakes, termed “equivalent flake”, to analyze the intrinsic
dependence of the friction of the equivalent flake (i.e., the sum
of friction in the inside and the outside flakes) on the diameter
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of the hexagon. Interestingly, as the diameter of the hexagon
increased, the friction force of the equivalent flake increased
linearly (as shown by the “Out.+ In.” dots in Fig. 2(c) and (d)).
Note that the equivalent flake area remained constant, which is
the exact same size as the original rectangular graphene sheet;
however the edge length of the former was 6d larger than that of
the latter. Therefore, additional friction energy dissipated on
edge atoms, which led to an equivalent flake with more friction.
We calculated the friction of the original rectangular graphene
sheet (as shown by the five-pointed stars in Fig. 2(c) and (d)).
The results show that the friction force of the original rectan-
gular graphene sheet was substantially smaller than that of the
equivalent fake.

To better understand the dependence of friction on edge
length, we considered the variation in friction with various
numbers of flake atoms. The results show that the friction force
of the inside flake increased significantly with increasing its
number of atoms (Fig. 3(a)), whereas the friction force of the
outside flake was almost constant (Fig. 3(b)). Comparing the
inside flake and the outside flake shows that their friction
mechanisms were slightly different. The edge length of the
inside flake increased as its number of atoms increased,
increasing the friction force on the corresponding edge portion.
Although the friction force on each of the inner region atoms
was much smaller than that of the edge region atoms for the
incommensurate case,*»>**%3¢ the friction of the interior portion
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(a) Inside and outside flakes with a diameter of cutting hexagon d. (b) The number of flake atoms is a quadratic function of the hexagon

diameter. (c) and (d) Friction versus the diameter of the hexagon at certain loads of 0.5 and 0.8 nN per atom.
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Fig. 3 Friction versus the number of flake atoms at the loads of 0.5 (a) and 0.8 nN per atom (b). Friction per atom of the inside and the outside

flakes at the loads of 0.5 (c) and 0.8 nN per atom (d).

dissipated moderately, which is likely due to the number of
inner atoms increasing rapidly. This suggests that the friction
force for the ensemble of the inside flake atoms will increase
with increasing its number of atoms (Fig. 3(a)).

For the outside flake, the number of edge atoms also
increased with increasing the diameter of the hexagonal hole,
increasing the friction force on the edge portion. However, the
number of flake inner atoms was reduced, and hence, the fric-
tion force of the inner portion atoms deceased. In addition,
although the friction dissipated on each of the inner atoms was
significantly less than that dissipated on each of the edge
atoms,****?%3 the more significant reduction rate of the
number of inner portion atoms had considerable frictional
variation. Therefore, when the number of the outside flake
atoms decreased, the friction force on the edge portion
increased, while the inner portion exhibited a corresponding
reduction in the friction. Ultimately, the friction force value for
the ensemble of the outside flake was likely a constant
(Fig. 3(b)).

Furthermore, we considered the average friction force on
each atom of the flake, namely, the friction per atom. For the
inside flake, apparent friction weakening could be observed,
and then, friction dropped rapidly to a relatively steady state
(Fig. 3(c)). Actually, the smaller flakes with higher edge-to-
surface ratios, for example, flakes comprising 24, 54, 96 and
150 atoms whose proportions of edge atoms amount to 3/4, 5/9,
11/24, and 9/25, respectively (see inset of Fig. 3(c)), would lead to

© 2021 The Author(s). Published by the Royal Society of Chemistry

the friction dissipation of the edge atoms, which plays a domi-
nant role in determining the friction.>***?%%” Integration of the
friction forces on the inner and the edge regions shows that the
friction per atom of the small flake was higher than that of the
large flake. As the edge-to-surface ratio decreased with the flake
size, edge effects gradually weakened,* and thereby, the friction
force on each atom of the flake was gradually reduced because
the number of flake atoms always increased. For the outside
flake, the friction per atom gradually increased as the number
of flake atoms decreased or as the diameter of the hexagon hole
increased (Fig. 3(d)). The main reason is that the proportion of
flake edge atoms increased almost linearly except for the small
flakes (inset of Fig. 3(d)), while the number of flake atoms
decreased. Therefore, the friction per atom increased as the
number of the outside flake atoms decreased.

We can see also from Fig. 3(c) and (d) that the friction per
atom of the inside (outside) flake was always higher than that of
the original rectangular sheet (as shown by the dashed lines in
Fig. 3(c) and (d)). The friction per atom on the original rectan-
gular flake was 0.0025 and 0.0042 pN per atom (green and red
dashed lines, respectively) when the load was 0.5 and 0.8 nN per
atom, respectively. We see clearly that the friction per atom of
the small flakes (i.e., the inside flake with small diameters and
the outside flake with large hole diameters) was significantly
larger than that of the original rectangular sheet. However, the
friction per atom of the larger flakes (i.e., the inside flake with

RSC Adv, 2021, 11, 328-334 | 331
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large diameters and the outside flake with small hole diame-
ters) was comparable to that of the original rectangular sheet.

The distribution of the lateral force acting on the different
flake atoms is shown in Fig. 4(a). We believe that the opposite
sides of the atoms of the flake are subjected to opposite inter-
actions. Fig. 4(b) shows a snapshot of the lateral force distri-
bution of the flake moving on the substrate. It is clearly shown
that a significant resistant force was applied on the front edge,
while a driving force was exerted on the rear edge of the flake.
The hexagonal diameter of the flake is likely to be reduced by
the in-plane squeezing force,”'**® indicating the stronger fric-
tion interaction of the edge atoms. However, the inner region of
the flake will withstand weak interactions from the surrounding
substrate atoms. Fig. 4(c) shows a snapshot of the interlayer
potential energy between both the flake and the substrate. The
results show that the edge atoms had a greater potential energy
than the inner region atoms, which also plays a crucial role in
determining the friction of the flake edge atoms.

Next, we investigated the dependence of the friction force on
the normal load for the inside and the outside flakes with
certain hexagonal diameters. Fig. 5 shows that the friction force
gradually increased with the increasing load, and this trend is
in agreement with the previous reports.*****3* The friction
force of the equivalent flake at each load was higher than that of
the original rectangular graphene sheet at the same load in the
simulations. Moreover, the equivalent flake with a smaller
diameter (d = 5.08 nm) showed a relatively lower frictional value
than that of a larger diameter case (d = 10.62 nm). This result
further confirms the influence of the cutting boundary on the
friction behavior, which indicates that the larger the edge size
is, the greater the friction.

We showed that the friction behavior of the graphene flakes
was in commensurate contact with the double-layered graphene
substrate, where the flake and the substrate layers with edges
along the x-direction were all oriented in the zigzag direction. As
indicated in Fig. 6(a) and (b), the friction force of the inside
flake increased linearly with the diameter of the hexagon, which
is consistent with the previous studies, i.e., the friction force is
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Fig. 5 Friction force versus the normal load at a certain diameter of
the cutting hexagon.

proportional to the flake size.***** However, the friction of the
outside flake exhibited a non-monotonic edge size dependence.
The non-monotonic friction force of the outside flake depen-
dence on the edge size originates from two factors: the friction
for the commensurate contact layers is positively related to the
contact area so that the friction force decreased with the
decreasing contact area,”””® and the nanoscale friction force
increased caused by enhancing edge effect.”***** We noted that
the number of outside flake atoms is always larger than that of
the inside flake atoms, the friction force of the former is always
higher than that of the latter. In addition, the friction of the
equivalent flake is more affected by the outside flake than the
inside flake. Therefore, the equivalent flake reveals the non-
monotonic area dependence of the friction.

We obtained the friction per atom of the inside and the
outside flakes, as shown in Fig. 6(c) and (d). We can see that the
friction per atom for the small-sized inside flake changed
significantly, which is likely due to its unstable interaction with
the substrate layer, which dissipated much more energy;
however, the friction per atom of the larger sized flake changed
smoothly (Fig. 6(c)). The outside flake contains a larger number
of atoms, causing the interlayer interaction to be in a relatively

(C) Interlayer potentional
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stable state, and therefore, the change trend of the friction per
atom is not obvious (Fig. 6(d)).

4. Conclusions

In this study, we investigated the interlayer friction of cut gra-
phene flakes placed on a double-layered graphene substrate and
reported a direct correlation between the nanoscale friction and
the contact edge length. The results interestingly show that for
the incommensurate case, the friction force of the equivalent
graphene flake is always greater than that of the original rect-
angular graphene sheet. Importantly, as the cutting boundary
size increases, the friction of the equivalent flake gradually
increases linearly. However, for the commensurate case, the
friction force of the equivalent flake is a nonmonotonic func-
tion of the edge length. In addition, we focus mainly on the
fundamental issues of the effect of edge size based a typical
hexagonal geometry, which could be the first step to further
understanding of the effect of complex edge configurations. The
present findings reflect an interesting phenomenon of nano-
scale friction, and the friction law will provide theoretical
guidance for the design of nanodevices.
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