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Graphene is a one-atom thick two-dimensional material and has a huge potential as a solid lubricant for in-
dustrial application. Graphene is often synthesized by chemical vapor deposition (CVD) because of its simplicity
and scalability. However, CVD-grown graphene sheets have the multigrain structure, which may have detri-
mental effects on the superior properties of single-crystal graphene. In particular, the effects of this poly-
crystalline structure on graphene friction remain far from completely understood. In this study, we investigate
the friction between multigrain graphene layers using molecular dynamics (MD) simulations. The MD simula-
tions examine key factors such as grain size and orientation, and morphology of grain boundaries with several
different multigrain configurations. The simulation results reveal that multigrain graphene layers exhibit low,
but not completely negligible, friction. The observed frictional behaviors are analyzed in terms of the interac-
tions between grains and grain boundaries (GB). In most models, the contribution of the grain-to-grain inter-
action to the total friction force is negligible, but some grain pairs exhibit relatively large friction if they con-
figure the commensurate interface due to small mismatch in orientation. The interactions involving grain
boundaries often exhibit large friction with the largest at the direct GB-to-GB contacts. An analysis shows that
the increase in friction near the grain boundary region is directly related to the decrease in interlayer distance,
which is caused by the warping of layers in the vicinity of grain boundaries.

1. Introduction

Since it was stably isolated for the first time in 2004 [1], graphene
has attracted significant attention in many different fields because of its
unique electronic, electrical, mechanical, and thermal properties [2-5].
Apart from these extraordinary properties, graphene is also an excellent
solid lubricant which can be coated on various surfaces because of its
low surface energy as an atomically thin 2-dimensional material [6,7].
Moreover, graphene provides extreme resistance to wear in various test
environments while not posing any adverse effects [8], compared to
other solid lubricants. For example, MoS, may not last long when
oxygen or water molecules are present [9], and graphite and boric acids
do not function properly without humidity in the surrounding air
[10,11]. Graphene is also proved to be a competitive nanomaterial as
an additive in conventional lubricants, such as oils, solvents, and other
types of fluids. For example, ethanol-processed graphene layers reduce
friction and wear on sliding steel surfaces in air [12]. Some studies also
showed that, instead of reducing friction, graphene can increase friction
with some modifications such as fluorination [13] or hydrogenation
[14]. Therefore, a fundamental understanding of tribological properties
of graphene would be of significant importance to various industrial
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applications.

Several methods have been used to produce graphene, such as
mechanical exfoliation [1], epitaxial growth [15], and chemical vapor
deposition (CVD) [16]. Among these methods, CVD is most widely used
to synthesize high-quality, large-size monolayer graphene films because
of its simplicity, low cost, and scalability [17]. Single-atom thick gra-
phene sheets can be produced by CVD at scales of up to meters [18],
making their polycrystallinity almost unavoidable, i.e., one graphene
film consists of multiple grains of various orientations separated by
grain boundaries. Since atoms at grain boundaries are not in perfectly
symmetrical conditions and grains have different orientation angles, the
properties of polycrystalline graphene may significantly deviate from
those of single-crystal graphene. Thus, a number of research efforts
have been made to investigate the properties of polycrystalline gra-
phene in various aspects [19-28].

The frictional properties of graphene layers are also affected by the
multigrain structure. Some experimental studies on polycrystalline
graphene have considered the effects on friction of normal force
[13,29-32], number of layers [33,34], humidity [35,36], sliding velo-
city and wrinkling [37,38], and interface structure between different
types of scanning tips and graphene layers on different substrate

Received 5 February 2019; Received in revised form 1 April 2019; Accepted 15 April 2019

Available online 22 April 2019
0927-0256/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09270256
https://www.elsevier.com/locate/commatsci
https://doi.org/10.1016/j.commatsci.2019.04.024
https://doi.org/10.1016/j.commatsci.2019.04.024
mailto:li2h9@mail.uc.edu
mailto:kimwu@ucmail.uc.edu
https://doi.org/10.1016/j.commatsci.2019.04.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2019.04.024&domain=pdf

H. Li and W.K. Kim

materials [31,39-42]. Atomistic computer simulations have also been
used to study sliding between graphene layers allowing the direct ob-
servation of interacting atoms, for example, between an isolated gra-
phene flake and graphene substrates [32,43-46] or between infinite
graphene layers [47]. In particular, Liu et al. [32] showed the effect of
incommensurability on friction using tips coated with graphene flakes
of different orientation angles. Kavalur and Kim [47] systematically
analyzed the effect of grain orientation on friction considering a system
consisting of single-crystal graphene and multigrain graphene layers.
However, few studies have addressed the sliding friction between
polycrystalline graphene layers with arbitrary multigrain structures and
the effects of the polycrystalline structure on tribological properties of
graphene still remain far from completely understood.

In this research, we used the molecular dynamics methodology to
study the roles of multigrain structure in friction of graphene layers and
the mechanisms underlying the observations. Our friction models
consist of only multigrain layers so that sliding occurs between multi-
grain layers rather than between the multigrain and single-crystal
layers as in [47]. We also analyzed the respective roles of grain and
grain boundary in friction by examining key factors such as grain size
and orientation, and morphology of grain boundaries with several dif-
ferent multigrain configurations. Our simulation results and analyses
revealed main mechanisms causing increase in friction force. The ar-
ticle is structured as follows. In Section 2, we describe the simulation
model and structure of multigrain graphene layers used in this study.
Section 3 presents the simulation results for friction between multigrain
layers and discussion about the physical mechanisms governing the
observed frictional behaviors. Finally, Section 4 provides a summary.

2. Models and methods
2.1. Simulation model

Fig. 1 shows a schematic diagram of the simulation model consisting
of 4 multigrain graphene layers, labeled layer 1 to layer 4 from bottom
to top. Each layer has the dimensions of 200.756 A x 75.409 A in the x
and y directions. Since the domain size is smaller than real graphene
layers in use, periodic boundary conditions are applied in the x and y
directions to remove the edge effect, which may be exaggerated
otherwise. The bottom layer (layer 1) is fixed in space in order to
prevent the rigid body translational motion whereas the top layer (layer
4) moves as a single rigid body, i.e., there is no relative motion between
the atoms in layer 4. The two middle layers (layer 2 and layer 3) are
comprised of flexible atoms that can move freely in all the three di-
rections, but the atoms at the last row of these layers (red-colored atoms
in Fig. 1) are rigidly attached to layer 1 and layer 4, respectively, so that
sliding can occur only between layer 2 and layer 3. Layers 1 and 2 are
referred to as the bottom substrate and layers 3 and 4 as the top sub-
strate.

This simulation model mimics the AFM experiment so that the top
layer (layer 4) represents a graphene layer attached to an AFM tip
which is pulled by a cantilever. The deformation of the cantilever was

Layer 1
(fixed)
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modeled by two linear springs attached at the top layer, which act in-
dependently in the x and y directions, as shown in the figure. The spring
constants of k, = k, = 5.75N/m were adopted from the stiffness of an
AFM cantilever [48]. One end of each spring is attached to the center of
mass (COM) of the top layer while the other end is connected to two
sliders A and B, respectively. During the sliding simulation, slider A
moves in the positive x direction with a constant velocity of 1 m/s while
slider B remains fixed. The motion of slider A provides a lateral force for
the top substrate as the spring length increases and slider B prevents the
substantial floating of the top layer in the y direction. As in the AFM
experiment where the friction force is measured by the deformation of
the cantilever, the extension of the spring attached to slider A was used
to calculate the friction force in our simulations. Moreover, the direct
measurement of interface forces between layer 2 and later 3 was used in
the friction analysis. The total scanning distance is 200.756 A, which
corresponds to one full periodic length of the domain in the x direction.
Also, no normal force was externally applied in the z direction.

The interaction of carbon atoms within layers was modeled by the
Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) po-
tential [49] while the Lennard-Jones (L-J) potential was employed for
interlayer interactions. The L-J parameters were adopted from Ref.
[50]. The multigrain structure was created using the same method as
found in [20,47], which will also be explained in the next section.
Before sliding simulations begin, the annealing and equilibration pro-
cesses were applied to obtain stable and reliable grain boundary
structures as described in Ref. [47]. The simulations were conducted at
10K using Langevin thermostat for all free atoms (blue-colored atoms
in Fig. 1) [51,52]. This low temperature was chosen to minimize the
thermal effect on friction. The simulations were carried out using the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
program [53] and the post-processing visualizations were performed by
Open Visualization Tool (OVITO) [54].

2.2. Multigrain models

A multigrain graphene layer with approximately 6,000 atoms was
created using the method proposed in Ref. [20], which was also used in
our prior study [47]. In this method grains grow from several initial
seed atoms with randomly-chosen orientation angle until they meet
each other to form grain boundaries. The orientation angle was mea-
sured counterclockwise from the zigzag configuration of single-crystal
graphene, where the zigzag and armchair directions correspond to the x
and y directions, as illustrated in Fig. 2 (i.e. a positive value is assigned
for counterclockwise rotation and vice versa). There are two equivalent
zigzag configurations, both of which are illustrated in the figure. Since
atoms have three neighbors, three orientation angles are measured for
each atom, denoted by 6, 6,, 65 (See Fig. 2). Thus, we define the or-
ientation of an atom as the average of 6;, 6,, 6;, i.e., %(61 + 6, + 63).
Due to the periodicity in orientation angle, we presented the values in
the range of — 30° ~ +30°. Note that at the initial creation 6, = 6, = 6;
and the atoms in the same grain have an identical orientation angle.
However, after the annealing and equilibration processes, the atoms

ky Slider B
K¢ Slider A (v=1m/s)
Top
substrate
= Bottom

Fig. 1. A schematic diagram of the simulation model consisting of four multigrain graphene layers.
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Fig. 2. Definition of orientation angle. Atoms are rotated from the zigzag
configuration, represented by the dashed lines, where the zigzag and armchair
directions correspond to the x and y directions, respectively. Two equivalent
cases are illustrated.

near grain boundaries are deformed so that in general 6, # 6, # 65
and each grain has a non-uniform distribution in orientation angle.

An example configuration of multigrain graphene layer is shown in
Fig. 3. As seen in Fig. 3a, each layer has three distinctive regions. We
first define the “core” grain boundary region with those atoms which do
not form a hexagonal ring, colored red in Fig. 3. Fig. 3b also shows a
magnified view near the grain boundary. All the remaining atoms
would belong to the grain regions, but those atoms near the core GB
regions experience large deformation in terms of both the orientation
angle and the elevation (i.e., the z coordinate). In order to maintain the
grain region with only those atoms of uniform orientation and eleva-
tion, we define an “extended” GB region adjoining the core GB region
with the atoms under large deformation, indicated by blue atoms in
Fig. 3. Hereinafter, the grain boundary refers to the combined core and
extended GB regions unless mentioned otherwise and each grain does
not contain any atoms in the extended GB region. Thus, the variations
in orientation angle and elevation of atoms in the same grain remain
less than ~ 2° and ~ 0.5 A, respectively.

In this study we prepared four multigrain graphene friction models.
First, two distinct multigrain layers with five grains were created for the
top and bottom substrates, respectively, as shown in Fig. 4 and then
were combined into four friction models. Those five grains in the
multigrain layer are labeled t1-t5 for the top substrate and b1-b5 for
the bottom substrate, respectively. Note that the grains and core/ex-
tended grain boundaries are distinguished in the figures using different
colors. Fig. 4 also includes the orientation angle of the grains, which is
the averaged value of orientation angles of the individual atoms be-
longing to the same grain. As seen in Fig. 1, the top and bottom sub-
strates consist of two layers. The second layer in each substrate was
obtained by shifting the atom positions in each grain from the first layer
according to the A-B stacking and separated from the first layer by an
initial equilibrium distance of 3.35 A. The top and bottom substrates,
each of which has two layers, underwent separate equilibration and
annealing processes to obtain more stable grain boundary structures.
The two substrates were joined to form a sliding model at an average
equilibrium distance of 3.35A and then a subsequent equilibration

(a) Multigrain structure
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with the resultant sliding model was also performed. Detailed condi-
tions of the equilibration and annealing processes are described in Ref.
[47].

3. Results and discussion
3.1. Friction force

Fig. 5 shows the friction forces of the four multigrain models,
measured using the deformation of the spring as described in Section
2.1, together with the interface forces between layer 2 and layer 3. Note
that the interface force was measured with respect to the bottom sub-
strate in accordance with the sign convention of the friction force so
that the positive interface force means that the top substrate pulls the
bottom substrate in the positive x direction and vice versa. The main
graphs include the friction forces for the entire sliding distance of
200.756 A and the insets have the data for a shorter range of 25 A. Even
though the friction force curves in the main graphs appear very noisy
due to the long sliding distance, the insets reveal that there are
stick-slip motions during the sliding. Moreover, the two measurements
of friction force exhibit close agreement with each other, which justifies
using the spring force to represent the friction force in the AFM ex-
periment. This observation also indicates that the sliding velocity used
in this study (1 m/s) is low enough to maintain the quasi-static process.
As expected from the lack of the uniform periodicity spanning over the
entire sliding distance due to the multigrain structure, the stick-slip
behaviors displayed in the insets show irregular characteristics in terms
of both magnitude of peak force and length of stick events. Hereinafter,
the interface force is used to represent the friction force, denoted by f.

As a preliminary step to analyze the role in friction of multigrain
structure consisting of grains (GR) and grain boundaries (GB), we tear
down the total friction force into the four main contributions; (i) GR-T
to GR-B, (ii) GR-T to GB-B, (iii) GB-T to GR-B, and (iv) GB-T to GB-B,
where ‘T” and ‘B’ stand for the top and bottom substrates, respectively.
Thus, the following relation holds:

@

The results are shown in Fig. 6. First of all, unlike the total friction
force curves, the friction forces of these individual contributions exhibit
larger-scale fluctuations, i.e., the overall force curves go up and down
over larger sliding distances than the total friction force. Secondly,
overall in all models the behaviors of fgp 1/grp and fop 1/ are synced
with fop 1/6e.s and fop.1/cr.ps T€SPectively, while these two sets of curves
fluctuate in the opposite way, i.e., when one goes up the other moves
down and vice versa.

This interesting observation can be explained by examining the
force map of individual interactions as illustrated in Fig. 7 for model 4.
First, Fig. 7a shows the x directional forces of the atoms in the grains on
the bottom substrate (GR-B) at a sliding distance of 55 A which are
exerted by those atoms on the grain boundaries of the top substrate
(GB-T) with the indication of only positive (blue), negative (red), and
zero (green) values. As seen in the figure there are two distinct regions
with the positive and negative forces (blue and red) bordered by the

ﬁotal = fGR—T/GR—B + fGR—T/GB—B + fGB—T/GR—B + fGB—T/GB—B'

Fig. 3. Multigrain structure of a graphene
layer. Atoms that do not form a hexagonal
ring (colored red) comprise the core grain
boundary while atoms that form hexagonal
rings, but experience large deformation
(blue atoms) belong to the extended grain
boundary. All the other atoms (colored
gray) form the grain regions. (b) shows a
more detailed structure of the grain
boundary for the region included in the
square box in (a).

(b) Grain boundary
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(a) Model 1

(b) Model 2

(c) Model 3

(d) Model 4

Fig. 4. Atom arrangements of layer 3 (left) and layer 2 (right) of the four models used in sliding simulations. Each layer has 5 grains, denoted by t1-t5 for layer 3 (top
substrate) and b1-b5 for layer 2 (bottom substrate). Grains and core/extended grain boundaries are colored differently for better visualization. The rectangular box in
each figure represents the periodic domain and the numbers indicate the orientation angle of the corresponding grains (— 30° ~ +30°).

center-line of the grain boundary between t2 and t5 (See Fig. 4d). Thus,
the atoms on the bottom grain located to the right side of the center-line
feel the negative force and vice versa, due to the interaction with the
top GB. Moreover, those atoms outside of these GB influence regions
have zero forces as colored green. Now turning to the forces of the same
atoms on the bottom grains, but exerted by the top grain atoms (GR-T),
which are illustrated in Fig. 7b, it is seen that the signs of the forces in
the influence regions are flipped. That is simply because that the
bottom atoms in the (+) region of Fig. 7a now have interacting atoms
on the top grains to the more left side of the domain which attract them
in the negative x direction. The same explanation can also be applied to
those bottom atoms in the (—) region of Fig. 7a. Also, the atoms on the
bottom grains which do not have interacting atoms on the top GBs in
Fig. 7a now see atoms from the top grains, which is confirmed by the
non-green color of the atoms in Fig. 7b. However, these atoms are in
general in incommensurate configurations with the top grains, as will
be discussed in the next section, so that some atoms feel positive forces
while others have negative forces. The net effect is a total force close to
zero. Therefore, we have fup 1/6rps ~ —fop1/crp- In the similar way we
can also show that fi; 1/6e.5 ~ —fop.1/gp.- IN SOmMe situations, a majority
of atoms can be in the commensurate configuration resulting in the
relatively large total force and largest deviation from the synced be-
haviors.

The total friction force and the four major contributions discussed
above are averaged over the sliding distance and shown in Fig. 8a. The

26

two horizontal dashed lines in the figure indicate the minimum
(0.042nN) and maximum (0.41 nN) average friction forces of the
pristine-to-multigrain (p-m) graphene models studied in Ref. [47], i.e.,
one substrate has defect-free single-crystal graphene layers while the
other consists of multigrain layers. From our prior study [47] we
learned that the friction force of the p-m model is mainly determined by
the misorientation angle of grains relative to the pristine layer. That is,
the grains that configure the commensurate interfaces with negligible
misorientation have larger friction forces. Since the multigrain-to-
multigrain (m-m) models have lower probabilities to form commensu-
rate interfaces between grain pairs, we initially expected that the fric-
tion force of the m-m models will be smaller than that of the p-m model.
However, unlike our initial expectation, the average friction forces of
the multigrain-to-multigrain models (0.128 1N~ 0.163nN) are not
completely negligible or necessarily smaller than those of the p-m
models. Moreover, it was observed that, except for model 4, the GR-T to
GR-B interaction has the negligible contribution to the total friction
while the contributions from the interactions including GBs in either or
both substrates (i.e. GR-T to GB-B, GB-T to GR-B, GB-T to GB-B) are
more substantial. These GB contributions to the total friction force are
more than 90% in models 1, 2, 3 and more than 70% in model 4. In the
next section, we will discuss these observations further with more de-
tailed analysis.
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Fig. 5. The friction force calculated by the spring elongation and the interface force between layers 2 and 3 as a function of the sliding distance up to 200.756 A, which
is the periodic domain size in the x direction. The insets show the forces for the sliding distance between 0 A and 25 A for better visualization.

3.2. Grain-to-grain interactions substrate (See Fig. 4), there are 25 combinations for the interactions
between individual grains. Thus,
We first analyze the effects of the grain-to-grain interaction (GR-T to
GR-B) to the friction force. Since there are 5 grains in each substrate,
referred to as t1-t5 for the top substrate and b1-b5 for the bottom
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Fig. 6. Contributions to the total friction force of the interactions between grains (GR) and grain boundaries (GB) on the top (T) and bottom (B) substrates,
respectively.
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(a) GB-T to GR-B

(b) GR-T to GR-B

Fig. 7. The interface force map of the grains on the bottom substrate (GR-B) of model 4 at a sliding distance of 55 A due to the interactions with (a) the grain
boundaries (GB-T) and (b) the grains (GR-T) on the top substrate. The blue, red, and green colors indicate the positive, negative, and zero forces, respectively. The
solid curve represents the center-line of the grain boundary between t2 and t5 (See Fig. 4d) and the dashed curves indicate the influence range of the GB atoms for

both the positive and negative force sides.

Jorriors=fuor +favz + favs + favs + fiavs
vy + fove T fovs  fvs T fiavs
vt * Javz T+ fiss + fians T fizvs
Havr + fuvz T favs T fiavs T fiavs

+fisor + fisva + Jisos T Sisoa + Sisos: 2

Fig. 9 shows the average friction forces of these 25 combinations for
each multigrain model. Most pairs exhibit very low friction as expected
from Fig. 8, but there is a particular pair (t5b3) of model 4 with a
relatively large friction force. In order to see the effect of misorientation
angle between grains (i.e. the difference in orientation angle of two
interacting grains) on friction, we plotted the friction forces of all these
combinations as a function of misorientation angle in Fig. 10a. As seen
in the figure, the t5b3 pair of model 4 has a negligible misorientation
angle of — 0.099°, which creates the commensurate configuration be-
tween the two grains resulting in the large friction force. Fig. 10a also
shows other grain pairs with small misorientation angle, but having
lower friction. Since it is also well-known that the friction on atomic
scales depends on the actual contact area as well [55,56], the friction
force was plotted as a function of overlapping area in Fig. 10b, which
was computed by counting the number of atoms in each grain with non-
zero force and multiplying it by the area per atom. As seen in the figure,
there is little relation between friction force and area. Then, the friction
force was normalized by dividing it by the average overlapping area
between grains, i.e., we computed the shear strength. The results are
shown in Fig. 10c, where the top five grain pairs with the largest shear
strength all have small misorientation angles (those enclosed in the
dashed ellipse).

However, it is also observed that there are pairs with a very small
misorientation angle, but negligible shear strength (e.g. t1b1l of model
2). This behavior can be attributed to the interlocking effect of the
multigrain structure. Since each layer has 5 grains surrounded by the
grain boundary, a top grain with a very small orientation mismatch
relative to a bottom grain may not completely configure the commen-
surate interface. This explanation is supported by the trajectory of an
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(a) Model

atom in the top grain plotted against the atom positions in the bottom
grain in Fig. 11. In Fig. 11a which shows the t1b1l pair of model 2, the
top atom does not exactly follow the local energy minimum path of an
assumed commensurate interface, i.e., the path connecting the centers
of the honeycomb cells and the atoms located between them in a zigzag
fashion, which are indicated by the dashed lines in the figure. On the
contrary, the atom in the t5b3 pair of model 4 shown in Fig. 11b moves
from one minimum position to another. In short, the small mis-
orientation angle between grains is a necessary condition for large
friction, but not a sufficient condition in the multigrain layers.

3.3. Grain boundary effects

Now we turn to the grain boundary effects on friction. As seen in
Fig. 8 the contributions of these cases including GBs to the total friction
force are more significant than that of the grain-to-grain interactions.
Note that, as discussed in Section 3.2, the t5b3 grain pair of model 4 has
a large friction force due to the small misorientation angle so that the
contribution from the grain-to-grain interactions of model 4 is relatively
larger than the other models.

We consider the GB effects in terms of three categories; (i) GR-T to
GB-B, the interaction between the grains on the top substrate (t1 ~ t5)
and the grain boundaries on the bottom substrate, (ii) GB-T to GR-B, the
interaction between the grain boundaries on the top substrate and the
grains on the bottom substrate (b1~ b5), and (iii) GB-T to GB-B, the
interaction between the grain boundaries of the top and bottom sub-
strates. Thus, the following relations hold.

Jorrioes = Jasces * fces + fzops + fuces T fisicpne 3

4

The friction force results of these cases are shown in Fig. 12, where
the interactions with both the core GB and extended GB regions and
with only the core GB regions are included as open and filled circles and
squares, respectively. In many cases, there is no significant difference in

Jonriors = Jopam + fopame + foptms + fopams + foprsps-

0.07

IR

.2 t i
Sool E .
. L i

0.007 ! ! !

GRT/GRB GRT/GBB GBT/GRB GBT/GBB
(b) Contribution

Fig. 8. Average friction forces shown (a) for each model and (b) for each contribution. The two horizontal dashed lines in (a) show the minimum and maximum
friction forces of the pristine-to-multigrain models studied in Ref. [47] and the error bars in (b) indicate the standard errors.
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Fig. 9. Average friction force between a pair of grains in layer 2 and layer 3. t1-t5 denote the grains in layer 3 (the top substrate) and b1-b5 denote the grains in layer

2 (the bottom substrate).

friction force between the two definitions of GB, implying that the core
GBs have stronger interactions with grains than the extended GBs.
However, in models 3 and 4 there are cases where the effects from the
extended GBs are not trivial. We will revisit this issue later after dis-
cussing the GB-to-GB interaction. It is also apparent that the friction

Average Friction Force (nN)

force due to the direct GB-to-GB interaction is the largest in all the
models. For comparison, the figure also shows the friction forces of the
grain-to-grain interactions as vertical bars to the left and right of the GB
results. Each bar extends between the minimum and maximum forces
among all the grain pairs including a particular grain indicated by the
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Fig. 10. The friction force as functions of (a) misorientation angle and (b) overlapping area. The shear strength is also shown as a function of misorientation angle in
(c). The grain pairs inside the dashed ellipse in (c) are t1b1 (— 0.29°), t5b4 (— 2.96°) of model 1, t3b5 (0.090°) of model 2, t1b2 (0.11°) of model 3, and t5b3 (— 0.099°)
of model 4. The arrow indicates t1bl (0.0077°) of model 2.
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Fig. 11. The trajectory of an atom in the top substrate. The filled circles represent the mean positions of atoms in the bottom grain. The dashed lines show local

energy minimum paths when a commensurate interface is formed.

bar heading. In most cases each grain, whether on the top substrate or
on the bottom substrate, has larger friction forces due to the interaction
with GBs than the interactions with the other grains. Again, a notice-
able exception is model 4, where t5 and b3 have larger friction forces
due to the interaction with each other than the interaction with GBs.
Since the core GB regions consist of only non-hexagonal rings with
random orientation angles, as shown in Fig. 3b, misorientation cannot
explain this phenomenon unlike the grain-to-grain interactions. Thus,
other mechanisms should be found that are attributed to this increase in
friction of GB regions. Fig. 13 shows the side view of the multigrain
models with atoms in the core GB, extended GB, and grain regions
colored differently. As seen in the figures, the atoms in the grain
boundary regions are displaced vertically so that the interlayer distance
between the top and bottom substrates becomes smaller in the GB re-
gions than in the grain regions, which is most apparent in the core GB
regions (See the red atoms in Fig. 13). The direct relation between the
interlayer distance and friction force is seen in Fig. 14, which shows the
friction forces as functions of the reciprocal of the minimum atomic

distance for each pair (GR-GB or GB-GB) during sliding. The figure also
includes the results for grain-to-grain interactions. Except for t5b3 of
model 4, grain pairs have larger distances and therefore negligible
friction forces. For the pairs including GBs at least on one substrate,
there is an overall trend that the friction force increases with decreasing
interlayer distance. Because of the interlocking effect of the multigrain
structure, mentioned in Section 3.2, there are some pairs with negli-
gible friction even with smaller interlayer distance.

Next, we discuss more details of the GB-to-GB interaction, which
exhibits the largest friction force. According to our definition, the grain
boundary consists of the core GB and extended GB regions (See Fig. 3).
Thus,

fGB-T/GB-B= core GB-T/core GB-B + f(‘:ore GB-T/extended GB-B

()

+féxtended GB-T/core GB-B + jéxtended GB-T/extended GB-B*

Their individual effect on friction force is shown in Fig. 15a, where
each model exhibits very different trends. Model 1 and model 4 have
the largest friction force between the core GB regions on the top and
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Fig. 12. The average friction force of the multigrain
models. GR 1 to GR 5 refer to either t1-t5 for GR-T
to GB-B or b1-b5 for GB-T to GR-B. The open circles
and squares represent the interactions considering
both the core and extended GB atoms while the
filled circles and squares show the friction forces
only due to the core GB atoms. For comparison, the
friction forces of the grain-to-grain interactions are
also included to the left and right of the GB results
as vertical bars. Each bar shows the minimum and
maximum friction forces of the grain pairs including
a particular grain indicated by the bar heading. E.g.,
the bar graph with heading ‘t1’ extends between the
minimum and maximum forces among all the grain
pairs including t1 (t1b1, t1b2, t1b3, t1b4, t1b5).
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(b) Model 2

(d) Model 4

Fig. 13. The side view of multigrain layers 2 and 3. Red, blue, and gray atoms represent the core GB, extended GB and grain atoms, respectively.
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Fig. 14. The friction force as a function of the reciprocal of the minimum dis-
tance between atom pairs. Open objects are for each GB case in Fig. 12 and
closed objects represent the results for the grain pairs shown in Fig. 9. The data
point inside the dashed circle is for t5b3 of model 4.

bottom substrates while the friction force between the core GB and
extended GB regions are the largest in model 2 and model 3. As in
Fig. 14, we plotted the friction force of this case using the reciprocal of
the minimum distance, shown in Fig. 15b. Overall, the pairs with the
smaller interlayer distance have larger friction forces although each
model has the minimum distance at different pairs. For example, in
model 1 the core GBs has the minimum distance during the sliding
while model 2 has the minimum distance at the pair of core GB-T and
extended GB-B. The main difference of the direct GB-to-GB interaction
from all the other pairs is that in the GB-to-GB case there is no grain on
both substrates so that the contact happens between two vertically-
warped lines rather than the line-to-flat area contact as in the cases
including grains. These line-to-line contacts in the various GB-GB cases
create a very complex topology, resulting in the friction force trend
shown in Fig. 15a.

Finally, we discuss the respective effects of the core GB and ex-
tended GB to the total friction force by defining the core GB force and
extended GB force as

0.06 T T T
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(a) Model

f;ore GB =Jcore GB-T/GR-B + fGR—T/core GB-B + féore GB-T/core GB-B

+0.5 X (fcore GB-T/extended GB-B + fextended GB-T/core GB—B)’ (6)
fextended GB ~Jextended GB-T/GR-B + f GR-T/extended GB-B
+f:extended GB-T/extended GB-B
+0.5 X (i;:ore GB-T/extended GB-B + f:extended GB-T/core GB-B)‘ (7)

Note that to avoid duplication only the half of the interactions be-
tween the core GB and the extended GB was added to each force. The
results are shown in Fig. 16. In models 1 and 2 the core GB has
dominant effects on friction force while both the core and extended GB
regions play important roles in friction in models 3 and 4. As we dis-
cussed above, the main mechanism attributed to increase in friction
with GB regions is the change in topology near the GB regions which
decreases the interlayer distance. Moreover, the graph in Fig. 16 sug-
gests that not only the core GB, but also the extended GB regions should
be taken into account to explain the frictional behaviors of multigrain
graphene layers.

4. Conclusion

We studied the role of multigrain structure on friction of poly-
crystalline graphene using molecular dynamics simulations. The four
distinct multigrain sliding models were constructed by joining multi-
grain graphene layers, each of which contains five grains of random
orientation, separated by grain boundaries. The sliding simulation mi-
micked the AFM experiment so that the rigid top layer was pulled by a
slider moving at a constant velocity via a linear spring modeling the
elastic deformation of the AFM cantilever. The friction force was
measured by the spring extension and the interlayer interactions be-
tween graphene layers. Both exhibited close agreement with each other
and the latter was used to analyze the simulation results.

The friction force results exhibited irregular stick-slip behaviors due
to the lack of periodicity of the multigrain structure. Moreover, the
average friction force of these multigrain-to-multigrain models was not
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Fig. 15. The average friction force of the interaction between the core and extended GB regions. The average friction forces including the interactions between the
core and extended GB regions are shown in (a). These friction forces are also shown as a function of the reciprocal of the minimum distance between pairs in (b).
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Fig. 16. The contributions of the core GB and extended GB forces to the total
friction force.

completely negligible, but took values between the minimum and
maximum friction forces of the single-crystal-to-multigrain layers [47].
In order to analyze the individual effects of grains and grain boundaries
on friction, the total friction force was separated out into the four
contributions; (i) GR-T to GR-B, (ii) GR-T to GB-B, (iii) GB-T to GR-B,
and (iv) GB-T to GB-B. It was observed that the GR-T to GR-B interac-
tion had negligible contributions while the interactions including grain
boundaries on at least one substrate had more substantial effects on
friction. These GB contributions were responsible for more than 90% in
models 1, 2, 3 and for more than 70% in model 4 of the total friction
force.

The contribution of the grain-to-grain (GR-T to GR-B) interactions to
the total friction force was further discussed by considering individual
grain pairs formed with the respective grains of the top and bottom
substrates. While most of the grain pairs exhibited negligible friction,
some had relatively large friction forces because of the small mis-
orientation angle configuring the commensurate interface between
grains. In order to separate out the area effect, the shear strength de-
fined as the friction force per unit overlapping area was also computed
for all pairs. It was found that all the pairs experiencing large shear
strength had small orientation angles, but there also existed some pairs
even with small misorientation, but negligible friction due to the in-
terlocking effect of the multigrain structure preventing the commen-
surate interface.

The grain boundary effects on friction, which are the main causes of
the non-trivial friction force of the multigrain graphene layers, were
analyzed by considering three distinct contributions; GR-T to GB-B, GB-
T to GR-B, and GB-T to GB-B. In most cases the friction forces between
grains and grain boundaries (i.e. GR-T to GB-B or GB-T to GR-B) are
larger than the corresponding grain-to-grain interactions with a no-
ticeable exception of grains t5 and b3 in model 4 with the largest
friction force at the direct GB-to-GB contact. Also, it was observed that
the core GB atoms have dominant effects on friction force in the in-
teraction with grains, compared to the extended GB atoms. This in-
crease in friction can be attributed to the reduced interlayer distance in
the GB regions where atoms are displaced in the vertical direction. The
direct GB-to-GB interaction was further analyzed in terms of the in-
teractions between the core and extended GB regions. While the same
overall trend between the friction force and interlayer distance was
observed, there was no consistent observation in the combination that
has the largest friction force. For example, in model 1 the core GB-to-
core GB interaction exhibited the largest friction force while in model 2
it occurred between the core GB and extended GB regions. This beha-
vior was mainly due to the complex topology of the line-to-line contact
between the grain boundaries where atoms on both substrates are se-
verely displaced.
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