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Mechanisms of frictional energy dissipation at graphene grain boundaries
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In light of the race towards macroscale superlubricity of graphitic contacts, the effect of grain boundaries on
their frictional properties becomes of central importance. Here, we elucidate the unique frictional mechanisms
characterizing topological defects along typical graphene grain boundaries that can vary from being nearly flat
to highly corrugated, depending on the boundary misfit angle. We find that frictional energy dissipation over
grain boundaries can originate from variations of compressibility along the surface, heat produced during defect
(un)buckling events, and elastic energy storage in irreversible buckling processes. These may lead to atypical
nonmonotonic dependence of the average friction on the normal load. The knowledge gained in the present
study is an important step towards the understanding of frictional effects of extended grain boundaries.
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I. INTRODUCTION

Structural superlubricity, the intriguing behavior of ul-
tralow friction at incommensurate solid/solid crystalline
interfaces, has emerged as a promising way toward efficient
reduction of energy dissipation and wear at various length
scales [1]. This phenomenon has been experimentally demon-
strated in various contacts of pristine single-crystal layered
materials, including nano- and microscale graphitic structures
[2,3], graphene/h-BN heterojunctions [4–7], homogenous
MoS2 interfaces [8–10], graphene/MoS2 heterojunctions
[11], as well as other crystalline interfaces [12]. The common
feature characterizing contacts of layered materials is their
anisotropic structure consisting of covalently bonded layers
coupled to each other via weaker dispersive interactions. A
necessary condition to obtain such structural superlubricity
is incommensurability between the rigid crystalline networks
of the contacting surfaces. For homogeneous layered material
junctions this can be fulfilled when the contacting surfaces
are laterally rotated with respect to each other, thus avoiding
frictional lock-in at the commensurate aligned configuration
[1,2]. The latter state is eliminated in heterojunctions that
possess mismatching lattice periodicity, providing superlu-
bric behavior that is robust against interface reorientations
[4–6].

The demonstration of superlubric behavior at the nano-
and micro-scales has triggered scientific and engineering
efforts aiming to extend its scope towards the macroscale
[13–15]. Within the realm of layered materials interfaces,
further scaling-up of structural superlubricity towards the
macroscopic world is, nevertheless, challenged by the poly-
crystalline nature of layered materials at larger scales.
At increasing contact dimensions, the contacting surfaces
often exhibit a mosaic of randomly oriented grains that are
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separated by grain boundaries (GBs) in the form of chains
of dislocations [16]. The randomness of the grain orienta-
tions has the potential to eliminate frictional lock-in due to
reduced interfacial commensurability thus promoting super-
lubric behavior [17,18]. However, the GBs typically induce
large out-of-plane surface deformations [19–21] that may de-
grade or even completely eliminate superlubricity, as well as
impact wear resistance [22]. Moreover, if the polycrystalline
surface grain density is relatively uniform, the overall GB
length will scale with surface area and hence their frictional
effects are expected to scale with surface area as well, thus
eliminating the sublinear scaling of superlubricity with con-
tact surface area [23]. Therefore, understanding the effect of
GBs on the frictional behavior of layered-material contacts
is imperative for achieving superlubricity at large-scale inter-
faces. Prior to studying the complex frictional behavior of the
entire mosaic structure [24,25], it is instructive to focus first
on the effects of individual topological defects that constitute
a single GB. This allows us to elucidate the mechanisms of
energy dissipation induced by such topological barriers and
identify the corresponding characteristic frictional signatures.

To this end, we adopt a model system of polycrystalline
graphene [20,21,26–29] with a single GB that consists of a
chain of pentagon-heptagon pair dislocations [see Fig. 1(a)].
To study the localized effect of one or a few adjacent GB
dislocations we consider a small pristine trilayer graphene
(TLG) flake sliding over a limited section of the entire GB
[see Fig. 3(a)]. To allow for the application of an external
load, the entire system is placed on a pristine Bernal (AB)-
stacked bilayer graphene (BLG) substrate, whose lower layer
is kept rigid. We first study the structural properties of GBs
for various relative orientations of the contacting grains using
a dedicated classical force field [30–34]. Then, we perform
fully atomistic molecular dynamics simulations to study the
frictional properties of the flake when sliding over individual
GB dislocations under various normal loads and identify the
mechanisms underlying their tribological behavior. Details
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FIG. 1. Structure and topography of graphene GBs. (a) Atomic structure of a graphene GB with a misfit angle θ = 9.7 °. The cyan and pink
spheres represent the pentagon-heptagon dislocation atoms and hexagonal carbon atoms, respectively. (b)–(d) Perspective and cross-sectional
views of graphene GBs on a BLG substrate with different misfit angles. (b) Corrugated GB with misfit angle θ = 9.7 ° (same GB as (a)).
(c) Corrugated GB and (d) flat GB with the same misfit angle θ = 30 °. The color of the spheres in the polycrystalline graphene layer in (b)–(d)
represents the atomic height with respect to the average height of the two grains, using the color scale in (b). The grey spheres represent the
carbon atoms of the pristine BLG substrate. The details for generating the configuration of graphene GB can be found in the Appendix.

regarding the structural relaxation and dynamic simulations
are given in the Appendix.

II. STRUCTURAL PROPERTIES OF GRAPHENE GRAIN
BOUNDARIES

Graphene GBs typically consist of an array of pentagon-
heptagon pair dislocations [see Fig. 1(a)], whose exact
configuration is dictated by the relative orientation of the
contacting grains (see Supplemental Material (SM) [35] Sec. 1
and Refs. [19,28,29] for further details). These topological
defects lead to high local stress fields that can be relieved
via out-of-plane surface deformation (see Fig. 1(b), SM [35]
Sec. 2, and Ref. [30]). Since the substrate limits the possibility
of downward protrusion, the local stresses developing at the
GB are relieved via upward out-of-plane deformation. Such
deformations have been experimentally characterized with
both scanning tunneling microscopy (STM) and atomic force
microscopy (AFM) [20,21]. Notably, the measured corruga-
tion obtained by STM (∼8–15 Å) is considerably larger than
that measured by AFM (∼3 Å). Hence, to better understand
the relation between the orientation of the contacting grains
and the structure of the GB, we studied a set of systems each
consisting of two grains at different relative orientations. One
of the grains (marked as “Grain 1”) is kept at AB stacking
with the underlying pristine BLG substrate, whose armchair
direction is placed along x axis. The orientation of the other
grain (Grain 2) is varied in a counterclockwise direction with
respect to the x axis to generate GBs of misfit angle, θ ,
varying from 0 ° to 60 ° [see, e.g., Fig. 1(a)]. We note that due
to the sixfold symmetry of the underlying pristine graphene

layer, this misfit angle range is complete. Following structural
relaxation, two types of GBs are obtained: (i) Corrugated GBs
that exhibit a series of upward protruded bumps along the
GB, as shown in Figs. 1(b)–1(c). (ii) Flat GBs obtained for
misfit angles in the range 21.8◦ < θ < 38.2◦ [see Fig. 1(d)] in
agreement with experimental observations [21]. Specifically,
we obtain such flat GBs for the angles θ = 21.8◦, 25.7 °,
27.8 °, and 30 ° and their symmetric reflections around the 30 °
line. When analyzing the dependence of the topography and
energetics of the GBs on the misfit angle, we find it necessary
to further divide these GB types into two subgroups each
(marked as Corrugated-I, Corrugated-II, Flat-I, and Flat-II).
The different misfit angle dependence of each GB subgroup
stems from the specific configuration of the corresponding GB
lattice dislocations (see SM [35] Sec. 3 and Refs. [19,21] for
further details).

In the range 0◦ < θ < 21.8◦ only Corrugated-I GBs ap-
pear. For small misfit angles, a bump height of ∼2.2 Å is
obtained [see Fig. 2(a)] in good agreement with the experi-
mental AFM observations [20,21]. When increasing the misfit
angle in the range 0◦ < θ < 12.5◦, we observe a rapid in-
crease in the dislocation density [Fig. 2(b)] in accordance with
theoretical predictions [19,36]. This induces stress cancella-
tion between neighboring dislocations leading to a substantial
decrease of the maximum bump height (from 2.2 Å to about
1.4 Å) with misfit angle up to θ = 12.5◦ [see Fig. 2(a)]. The
combined effect of this structural behavior results in a rapid
increase in the GB energy [see Fig. 2(c)] relative to the energy
of the corresponding separated grains (see SM [35] Sec. 4
and Refs. [19,28] for further details on the GB energy cal-
culation). In the subrange of 12.5◦ < θ < 21.8◦ the density of
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FIG. 2. Structure and energetics of graphene GBs. (a) Maximum bump height; (b) Graphene GB bump density; and (c) GB energy plotted
as a function of misfit angle θ . Based on the corrugation and the types of dislocations, the GBs are categorized in four groups: Corrugated-I
(black squares), Corrugated-II (blue up triangles), Flat-I (red circles), and Flat-II (green down triangles). See SM [35] Secs. 1 and 3 for further
details regarding the various GB types. The black solid lines in (b) indicate the theoretical prediction [19,36]. The black dashed lines in all
panels are plotted to guide the eye. For flat GBs, the bump density is presented as zero and the maximum out-of-plane corrugation is shown in
(a). Details regarding the estimation of the error bars can be found in the Appendix. Error bars smaller than the symbol size are not shown.

the Corrugated-I GB bumps generally reduces and their max-
imum height shows merely weak θ dependence resulting in
a mild reduction of the overall GB energy. Within this range,
the dislocations tend to share a C-C bond, a hexagon carbon
ring, or a pair of mutual edge atoms, which significantly
reduces the local stress field and annihilates bumps. Finally,
the 21.8◦ < θ < 30◦ GBs form quasi- or fully continuous dis-
location chains (see SM [35] Sec. 3 and Refs [19,21]) of either
Corrugated-I, Corrugated-II, or flat types. The Corrugated-II
GBs show weak bump density and height dependence on the
misfit angle as compared to the Corrugated-I subgroup that
exhibits further density and height reduction [Figs. 2(a) and
2(b)]. Notably, the maximum out-of-plane corrugation of the
flat GBs of both types is below 0.2 Å, which is significantly
lower than that of the corrugated counterparts and is found
to be independent of the misfit angle. At this misfit angle
range, the difference in geometric structure of the various GBs
leads to energetic splitting, where the Corrugated-I and Flat-I
subgroups show reduction of GB energy with increased misfit
angle, whereas the Corrugated-II and Flat-II subgroups show
larger GB energy and weak θ dependence [see Fig. 2(c)].
We note that the GB energies for the Corrugated-I and Flat-
I GBs are comparable. This is because following structural
relaxation, the GB energy is mainly determined by the dislo-
cation types and densities. Since the Corrugated-I and Flat-I
GBs share same type and similar dislocation density, their
GB energies are comparable. A similar picture arises for the
Corrugated-II and Flat-II GBs (see SM [35] Sec. 5 for further
details).

III. FRICTIONAL PROPERTIES OF GRAPHENE GRAIN
BOUNDARIES

From the above analysis, we can expect that the frictional
properties of interfaces consisting of polycrystalline graphene
surfaces will depend on the relative orientation of the various
grains. To gain microscopic understanding of the tribological
effect of GBs, we considered three typical GBs of misfit
angles 4.7 °, 13.9 ° and 27.8 ° that represent the low bump

density/high corrugation case, where the flake slides over a
single bump; high bump density/low corrugation case, where
the flake slides over two bumps; and flat GB topologies,
respectively. Panels (a) and (b) of Fig. 3 show the setup for
the friction simulations with the θ = 4.7◦ GB, where the TLG
flake slides atop a bicrystalline graphene surface with a single
GB supported by the pristine BLG substrate, whose lower
layer is fixed. The slider is pulled from its optimal configu-
ration by moving its top rigid layer with a constant velocity
of 5 m/s across the GB (see the Appendix for further details).
The frictional stress acting on the slider when crossing the GB
is calculated as the average lateral force in the region near the
GB divided by the flake’s surface area. To avoid intractable
computational burden, all simulations presented below are
performed using a damped dynamics algorithm, i.e., Langevin
dynamics at zero temperature [37]. Exemplary simulations
performed at room temperature provide similar results (see
SM [35] Sec. 7).

To estimate the friction coefficient associated with crossing
the GB, we calculate the dependence of the frictional stress on
the normal load applied to the upper rigid layer of the slider.
Figure 3(c) presents the frictional stress obtained for the three
GBs considered at the forward sliding direction (from Grain
1 to Grain 2, as noted in Fig. 1) compared to the pristine
graphene surface results. All three representative GBs con-
sidered show an increase of the frictional stress with applied
normal load, which is considerably steeper than that of the
corresponding pristine surface. Notably, the two corrugated
GBs (θ = 4.7◦, 13.9 °) show a sharp jump in the frictional
stress at low normal loads, which is absent in the flat GB case
(27.8 °). At higher loads, the frictional stresses of the three
GBs behave qualitatively similar, showing a linear increase
with normal load.

The different behavior of the corrugated and flat GBs at
the low normal load regime results from bump buckling and
unbuckling processes that occur when sliding over corrugated
GBs. To demonstrate this, we consider the θ = 4.7◦ GB and
plot the corresponding lateral force traces [Fig. 4(a)] and
the variations of the bump height and its vertical velocity
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FIG. 3. Sliding simulation setup for a graphene flake over a graphene GB. (a) Schematic representation of the simulation setup for a TLG
flake sliding over a GB of misfit angle θ = 4.7 °. Polycrystalline substrate atoms are colored according to their vertical height. The grey and
white spheres in other layers represent carbon and hydrogen atoms, respectively. The white dashed line depicts the scan line and the arrow
shows the forward sliding direction. (b) Top: side view of the sliding system presented in panel (a); Bottom: the height profile along the white
dashed scan line shown in panel (a) in absence of the flake. The black dashed line in (b) indicates the average height of Grain 2. (c)–(e) show
the frictional stress as a function of normal load for the θ = 4.7 ° (black squares), 13.9 ° (red circles), and 27.8 ° (blue upper triangles) GBs in
the forward and backward sliding directions and their average, respectively. Results obtained for a pristine graphene surface are presented for
comparison by the magenta lower triangle symbols in panels (c) and (e). The dashed lines in (c)–(e) are plotted to guide the eye. More details
regarding the friction calculations and the effect of scan-line position can be found in the Appendix, Sec. 7 and SM [35] Sec. 6, respectively.
Movies of typical simulations are also provided in the SM [35].

[Fig. 4(b)] for three normal loads, corresponding to the differ-
ent regimes discussed above. Starting at steady state over the
left grain, the lateral force trace shows a resistive contribution
when encountering the GB at zero normal load (see SM [35]
Movie 1). This is associated with a mild (∼1 Å) depression of
the bump height. During the entire crossing process, the bump
remains depressed and the lateral force shows somewhat en-
hanced oscillations. When the slider approaches the edge of
the GB, the bump recovers resulting in an assistive lateral
force leading the flake towards a new steady-state sliding over
Grain 2. Importantly, in this case the shear induced bump
depression is nearly adiabatic as reflected by the minor varia-
tions obtained in the vertical velocity. This, in turn, results in
the low frictional stress obtained for the load free case. When
increasing the load to 0.8 GPa, the bump dynamics changes
dramatically (see SM [35] Movie 2). While the force trace ex-
hibits similar trends as those of the load-free case, pronounced
buckling occurs during the crossing process, where the bump
is suppressed below the surface while storing an elastic energy
of 0.8 eV (see SM [35] Sec. 8 and Refs. [38–41]). Notably,
while this buckling is associated with an energy barrier of
∼0.9 eV, the corresponding unbuckling process has a signif-
icantly lower barrier of ∼0.1 eV. This explains why many
of our dynamical simulations exhibit reversible buckling and

release of the stored elastic energy. During these buckling and
unbuckling processes sharp variations in the vertical velocity
(± ∼ 600 m/s) are observed, which translate into high energy
dissipation and hence enhanced friction (see SM [35] Secs. 9
and 10). Notably, the vertical buckling velocity is two orders
of magnitude larger than the sliding velocity (5 m/s) used in
our simulations. Therefore, our dynamical results are found to
be consistent with quasistatic simulations (see SM [35] Sec.
11), indicating that our findings are insensitive to the sliding
velocity in this range. At higher normal loads (7.6 GPa),
the magnitude of the vertical velocity bursts during buckling
and unbuckling considerably diminishes (lying in the range
of −60 to +30 m/s) and the contribution of the buckling
process to the friction reduces (see SM [35] Movie 3). Nev-
ertheless, the overall frictional stress continues to grow in the
high normal load regime, suggesting that another mechanism
contributes to the energy dissipation.

To elucidate this extra mechanism, we characterized the
potential energy difference when the flake resides over the two
grains (see SM [35] Sec. 13). To circumvent buckling effects
we considered only the flat GB case (θ = 27.8◦). In Fig. 5(a),
we plot the flake (black squares), interfacial (red circles),
and substrate (blue triangles) components of this potential
energy difference as a function of the normal load. It is clearly
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FIG. 4. Lateral force traces and bump dynamics of the θ = 4.7 ° GB in the forward sliding direction. (a) Lateral force traces as a function
of time at different normal loads. (b) The height (purple) and vertical velocity (red) of the bump as a function of time. Results for normal
loads of 0, 0.8, and 7.6 GPa are presented in the top, middle, and low panels, respectively. The highest atom of the bump peak at the initial
configuration is chosen for the calculations of the bump height and vertical velocity at all simulation times. Additional results for lateral force
traces and bump dynamics of the θ = 4.7 °, 13.9 °, 27.8 ° GBs and the pristine graphene substrate can be found in SM [35] Sec. 12. See SM
[35] Movies 1–3 for the corresponding simulations of the θ = 4.7 °.

evident that the main contribution to the pressure dependence
of the potential energy difference during the GB crossing
process originates from the substrate. Notably, with increasing
normal load the barrier for the GB crossing process grows
linearly. To further elucidate this effect, we plot in Fig. 5(b)
the profile of the potential energy component associated with
the substrate along the sliding path for various normal loads.
Similar results for the other components can be found in SM
[35] Sec. 13. We note that to reduce computational burden,
these results were obtained by recording the corresponding
potential energy contribution during a dynamical sliding sim-
ulation. We verified that this procedure faithfully represents
results obtained via quasistatic calculations (see SM [35]
Sec. 13). Notably, the pressure dependence of the substrate
potential when the flake is located over Grain 2 is much
more pronounced than for the case where the flake is located

over Grain 1. This can be attributed to the different stacking
modes of the two grains over the underlying pristine graphene
surface resulting in different compressibility behaviors. Here,
one needs to distinguish between the commensurability of the
lower flake layer and the two grains of the upper substrate
layer, and the commensurability of the two grains with the
underlying pristine substrate layers. In our θ = 27.8◦ GB
model system, for example, the flake is incommensurate with
both grains having average misfit angles of 43.6 ° and 15.8 °
with grains 1 and 2, respectively. Grain 1 is commensurate
(AB stacking) with the bilayer graphene substrate, whereas
Grain 2 is incommensurate with it. Under external normal
loads, the interlayer distance decreases, pushing the system
into the repulsive interlayer interactions regime. In the AB
stacking characterizing Grain 1, half of the atomic centers of
the grain overlap with the atoms of the underlying pristine

FIG. 5. Potential energy variations along the sliding path. (a) The flake (black squares), interfacial (red circles), and substrate (blue
triangles) energy contributions to the potential energy difference when the flake is removed from Grain 1 and placed on Grain 2. (b) The
potential energy profiles of the substrate for θ = 27.8 ° as a function of the displacement of the center of mass of the top layer of the sliding
flake at different normal loads. For comparison purposes, the substrate potential energy under each normal load when the flake is positioned
deep inside Grain 1 is set to zero.
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FIG. 6. Buckling energy dissipation for (a) forward sliding, (b) backward sliding, and (c) their average for the θ = 4.7 ° (black squares)
and θ = 13.9 ° (red circles) GBs as a function of normal load. For normal loads below the buckling load, the energy loss associated with bump
deformation is negligible and hence set to zero.

substrate layer. This leads to higher repulsive interactions and
thus lower compressibility. Since Grain 2 is incommensurate
with the middle substrate layer it experiences lower overlap
between atomic positions and hence lower overall repulsive
interactions and higher compressibility. A simple picture that
rationalizes the potential response presented in Fig. 5(b) can
be obtained by assuming harmonic behavior of the substrate
response to the external load. In this simplified picture, Grain
1 has a higher spring constant than of Grain 2 (K1 > K2).
When the same load F , is applied to the two grains, their
corresponding displacements are �X1 = F/K1 and �X2 =
F/K2, respectively. Plugging this into the expressions for
the harmonic potential energy we get: U1 = 1

2 K1( F
K1

)2 = 1
2

F 2

K1

and similarly U2 = 1
2 K2( F

K2
)2 = 1

2
F 2

K2
. Therefore, we see that

the potential energy is inversely proportional to the effective
spring constant, and hence the potential energy response of
Grain 1 to the external load is smaller than that of Grain 2.
Consequently, with increasing pressure, the potential barrier
needed to be crossed by the flake, when moving from Grain 1
to Grain 2, increases. This, in turn, leads to a linear increase
in the friction force with the normal load resulting in a differ-
ential friction coefficient of 0.001 [calculated as the derivative
of the θ = 27.8◦ (blue triangles) curve in Fig. 3(c)].

Importantly, this mechanism implies that when sliding over
the GB in the opposite direction (from Grain 2 to Grain 1) the
flake should experience an assistive force, whose magnitude
increases with the normal load. A similar picture arises also
for the corrugated GB systems discussed above, where bump
buckling and grain compressibility effects are convolved.
Therefore, in order to isolate the effect of the GB on the
frictional properties of the system and to take into account
that dynamic buckling can depend on the sliding direction we
averaged the frictional stress obtained for the forward [see
Fig. 3(c)] and backward [Fig. 3(d)] crossing process elimi-
nating the grain compressibility contribution. This procedure
corresponds well with typical friction experiments that mea-
sure multiple frictional loops [6,42,43]. Figure 3(e) presents
the corresponding averaged frictional stresses as a function
of normal load for the three GBs considered compared to
a pristine substrate. The average friction experienced by the
flake when crossing the flat GB is similar to that experienced

when sliding over pristine graphene. The two corrugated GB
systems show a completely different behavior from that of the
flat GB case. At the low normal load regime, the GB bumps
are merely slightly deformed under the slider in a reversible
manner resulting in very low energy dissipation. As the nor-
mal load increases, the average frictional stress rises sharply
due to the shear induced buckling discussed above. The corre-
sponding dissipated energy [see Fig. 6] has two contributions:
(i) heat produced due to strong kinetic energy variations asso-
ciated with the buckling process; and (ii) elastic energy stored
in the buckled state. In case of unbuckling, the latter contribu-
tion can be partially recovered to produce an assistive force.
Quantitatively, the former can be estimated from the kinetic
energy pulses as shown in Fig. S11(a) of SM [35] Sec. 10,
and the latter can be calculated from the potential energy pro-
files obtained by the nudged elastic band (NEB) calculations
illustrated in SM [35] Sec. 8 (see also Refs. [38–41]). Above
an external normal load of ∼2 GPa, the average frictional
stress (after eliminating the potential gradient effect discussed
above) gradually reduces with the external load approaching
the frictional stress calculated over pristine graphene [see
Fig. 3(e)]. This results from the fact that the vertical velocity
bursts during the bump buckling and unbuckling process are
suppressed by the external load and that buckling is found to
be consistently reversible at this pressure regime. Overall, this
behavior leads to the occurrence of negative average differen-
tial friction coefficients of the entire frictional loop [37].

We note that the average frictional dissipation associated
with the crossing of the GB region results mainly from buck-
ling/unbuckling processes, which primarily occur when the
flake approaches or leaves the GB region, i.e., the stages,
where the flake only partially covers the bump. In a certain
range of normal loads, buckling/unbuckling of dislocations
may also occur when the flake fully covers the bump. How-
ever, the magnitude of the energy dissipation during such
buckling events is much smaller than in the former case.
Hence, in the presence of buckling/unbuckling processes, the
stages where the flake approaches or leaves the bump re-
gion contribute the most to the average frictional dissipation,
whereas in the absence of buckling/unbuckling processes,
the average friction is small throughout the dynamics [see
Fig. 3(e)].
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The frictional mechanisms described above significantly
differ from topographic mechanisms previously discussed in
the literature. The latter associate friction and assistive forces
with physical atomic-scale steps encountered by the slider
along the surface [44–46]. On the contrary, our findings sug-
gest that, over corrugated GBs, friction may also originate
from other sources including: (i) variations of compressibility
along the surface, where different grains can store a different
amount of elastic energy under the same normal load; (ii)
heat produced during GB buckling and unbuckling events;
and (iii) elastic energy storage in irreversible buckling pro-
cesses. These unique mechanisms may lead to nonmonotonic
dependence of the average friction on the normal load and
the occurrence of negative average differential friction coeffi-
cients.
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APPENDIX: METHODS

1. Polycrystalline graphene model construction

The structures of polycrystalline graphene are generated by
using a Voronoi tessellation method developed by Shekhawat
[28,47], which creates physically realistic and low energy
graphene GBs compared to the annealing method. Grain 1
is positioned such that its zigzag edge resides along the GB
axis corresponding to an unrolled (0,1) nanotube of chiral
angle θ1 = 30◦ [see Fig. 1(a)]. Grain 2, is aligned such that its
lattices corresponds to an unrolled (n1, n2) nanotube, where
its chiral angle θ2 = arctan[(2n1 + n2)/

√
3n2] is varied to

generate GBs of misfit angles (θ = θ2 − θ1) in the range of
0◦ − 60◦. The repeating unit cell along the GB axis has trans-

lation vectors of l1 = √
3a and l2 = a

√
3(n2

1 + n2
2 + n1n2), for

Grain 1 and Grain 2 respectively, where a = 1.42039 Å is the
equilibrium carbon-carbon bond length. The corresponding
lattice vector of the supercell along this direction is chosen
to reduce the strain magnitude |l1q − l2 p|/|l1q + l2 p| below
10−3, where p and q are the number of Grain 1 and Grain
2 duplicates in this direction within the supercell, respec-
tively. To generate different GB configurations with the same
misfit angle θ , the grain dimension perpendicular to the GB

is appropriately adjusted. Following the Voronoi tessellation
procedure and energy minimization of the interface, both flat
and corrugated GB configurations are obtained.

2. Grain boundary roughness calculations

To evaluate the roughness of the various GBs considered,
the polycrystalline graphene surface was placed atop a pris-
tine BLG substrate, which was taken to be periodic in both
lateral directions with a supercell size of 6−20 nm along the
GB axis and 10−20 nm in the perpendicular direction. The
zigzag edge of the substrate was placed along the GB axis.
The polycrystalline graphene layer was taken to be periodic
along the GB direction, whereas open boundary conditions
were applied to this layer in the perpendicular direction to
allow for lateral deformation. To that end, the length of the
polycrystalline graphene in the direction perpendicular to
the GB axis was taken to be ∼1.7 nm shorter than the size
of the box. The bottom layer of the BLG substrate was fixed
rigidly during the calculation.

The geometry of the two top substrate layers was first
optimized using the FIRE algorithm [48] with a force con-
vergence criterion of 10−3 eV/Å, followed by an annealing
procedure, where the temperature was increased to 1000 K
within 50 ps, maintained constant for 200 ps, and then cooled
down to 0 K within 50 ps. Finally, the resulting structures were
equilibrated for another 50 ps at 0 K. Here, the temperature of
the system was controlled using Langevin dynamics with a
damping coefficient of 1 ps−1 applied to the middle substrate
layer. To avoid getting stuck in local minima configurations,
if a depressed bump geometry appeared after the above-
mentioned procedure, another annealing round was performed
until all the bumps protruded upwards. For the analysis of the
bump density appearing in Fig. 2(b), an out-of-plane corruga-
tion threshold of 0.5 Å was used to define the bump regions.
The corresponding error bars in Fig. 2 were evaluated by
calculating at least three different structures for each misfit
angle.

3. Sliding simulations

For sliding simulations performed at zero temperature,
the polycrystalline graphene substrate was generated and an-
nealed in the same way as that in the roughness calculations.
A TLG flake of lateral dimension 3.4 × 3.2 nm2, with edge
carbon atoms saturated by hydrogen atoms, was then placed
atop Grain 1. To avoid a commensurate geometry, the orien-
tation of the TLG flake was chosen to be rotated by 43.6°
with respect to Grain 1 [exemplary geometry (xyz) files of
the model systems are provided in the SM [35]]. A normal
load was applied by imposing a constant force to each car-
bon atom in the top layer of the flake (which is kept rigid,
flat, and parallel to the fixed lower substrate layer throughout
the simulations) in the direction perpendicular to the surface.
The magnitude of the normal force was varied in the range
0 − 0.2 nN/atom, corresponding to pressures of 0–7.6 GPa,
which are typical for tribological experiments and simulations
[5,37,49,50].

The geometry of the entire system (apart from the fixed
bottom substrate layer and the rigid top flake layer) was
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further optimized using the FIRE algorithm [48] with a force
convergence criterion of 10−3 eV/Å. Following the energy
minimization, the flake was pulled by moving its top layer
at a constant velocity of 5 m/s for 2.5 ns for GB misfit angles
of θ = 4.7◦ and θ = 13.9◦, and 2.8 ns for θ = 27.8◦. Damped
dynamics was applied to the atoms of the middle substrate
layer and to the atoms of the middle flake layer with damping
coefficients of 1 ps−1 acting in all directions of motion of
each damped atom. In the sliding flake, damping was applied
to atomic velocities relative to the center of mass motion.
Furthermore, to reduce the effect of vertical oscillations of the
entire flake an external damping force with 1 ps−1 damping
coefficient was also added to each atom of the top layer of the
flake along the vertical direction, as suggested in Ref. [51].
We verified that the results are insensitive to this choice of
damping coefficient (see SM [35] Sec. 14). The friction force
was then evaluated as minus the total instantaneous force
exerted on the top layer of the flake.

To reduce computational burden the θ = 4.7◦ GB model
was trimmed in the lateral directions and the dynamical simu-
lations were performed with open boundary conditions. For θ

= 13.9 ° and θ = 27.8 ° GBs, the polycrystalline graphene was
kept periodic along the GB axis and open in the perpendicular
(flake sliding) lateral direction.

For finite temperature simulations, the system was first
equilibrated at 300 K using Langevin dynamics, then the flake
was pulled along the same scan line as for the zero tempera-
ture simulations. Thermal averaging at each normal load value
was done by performing three independent simulations with
different initial conditions, generated consecutively during the
equilibration simulations with 200 ps intervals.

We note that, apart from their effect on the frictional en-
ergy dissipation, grain boundary crossing may also induce
wear [22]. In our simulations we use the reactive empirical
bond order (REBO) intralayer potential that does allow for
bond-breaking and formation within each layer. However,
our interlayer potential does not allow for covalent bonding
between the layers. Therefore, we are unable to simulate
damage in the form of interlayer covalent bonding and are
limited to intralayer defect formation. Having said that, we
did not observe any irreversible damage or bond breaking
of either the substrate or the slider up to a normal load of
7.8 GPa. We note that the fact that covalent bonds do not
break within the layers, indicates that the chances of covalent
interlayer bonding formation are very small, thus validating
our simulation tools. It should be further noted that damage
was observed under higher normal loads (12 GPa) in ex-
periments involving graphene/Pt contacts [50]. Furthermore,
recent simulations with sharp amorphous carbon tip models
demonstrated wear at GBs under external loads exceeding
10 GPa [22].

4. Quasistatic simulations

Validation static and quasistatic simulations were per-
formed to ensure that the energy profile estimations performed
via dynamical simulations faithfully represent the quasistatic
results (see SM [35] Sec. 13). The static calculations were
performed by placing the TLG flake at different positions
along the sliding path and relaxing the system under an ex-

ternal normal load while freezing the lateral motion of the top
TLG flake layer. The quasistatic calculations were performed
using the protocol proposed Bonelli et al. [52]. We adopted the
same system as that for the θ = 27.8 ° GB sliding simulations.
The flake was initially positioned over Grain 1 (away from
the GB region). At each step the top layer of the flake was
rigidly displaced by 0.2 Å along the scan line towards Grain
2. The system was then relaxed (apart from the fixed bottom
substrate layer and the rigid top flake layer) using the FIRE
algorithm [48] with a force criterion of 2 × 10−3 eV/Å. Due
to extremely heavy computation cost, the quasistatic simula-
tions were performed only at a typical normal load of 3.8 GPa
scanning over two chosen segments in the scan line, which
correspond to the regions of Grain 1 and the GB, respectively.
The comparison of the energy profiles obtained by the static,
quasistatic, and dynamical simulation shows negligible dif-
ferences thus justifying the use of dynamical simulations to
calculate the energy profile.

The same quasistatic simulation scheme, with a force cri-
terion of 10−3 eV/Å, was adopted to verify that the buckling
dynamics is independent of the sliding velocity in the velocity
range considered (see SM [35] Sec. 11).

5. Nudged elastic band calculations

To estimate the bump buckling energy barrier we per-
formed NEB [38–41] calculations (shown in SM [35] Sec.
8) between the unbuckled and buckled bump states extracted
from the sliding simulations. To this end, the flake was first
removed from the buckled and unbuckled snapshots and the
system was allowed to relax using the FIRE algorithm [48]
with a force criterion of 10−3 eV/Å. The resulting (local)
minimum energy structures served as the initial and final
structures for the NEB procedure and the buckling reaction
coordinate was defined as per Ref. [53]. For the θ = 13.9 °
GB case, since there are intermediate states along the reaction
path, the NEB calculations were performed in two steps, i.e.,
the reaction path between the first minimum and intermediate
minimum, and the reaction path between the intermediate
minimum and the final minimum.

6. Additional simulation details

All simulations were performed using the LAMMPS package
[54]. The intralayer and interlayer interactions were mod-
eled with the second-generation REBO potential [55] and
registry-dependent interlayer potential [31–34] with refined
parameters [30], respectively. For roughness and sliding sim-
ulations, the time step used was 1 fs.

7. Calculation of the friction force of GBs

The friction force is calculated by averaging the lateral
force experienced by the top rigid layer of the TLG flake in
a predefined region around the GB seam line. This region
is defined as the region where the force trace deviates from
its typical behavior deep inside the contacting grains. For
example, a lateral force trace for the θ = 4.7◦ GB under zero
normal load is shown in Fig. 7. The region between the dashed
lines is defined as the GB region of width ∼5.9 nm. The
same region is used for all the friction calculations under
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FIG. 7. GB region definition. An exemplary lateral force trace as a function of simulation time at zero normal load is presented for the
θ = 4.7 ° GB. The red dashed lines mark the defined boundaries of the GB region.

different normal loads for both sliding directions. We note that
the qualitative frictional behavior is not sensitive to the exact

choice of GB region. A similar procedure is used for all other
GBs considered in this study.
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