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Abstract

Tribological behavior of graphene layers has been a focus of intensive research interest since its crys-
tal lattice structure can be exploited to achieve incommensurate contact, leading to nearly zero friction,
namely structural superlubricity. However, wrinkling undulations are omnipresent on graphene and
difficult to be completely eliminated, which inevitably resists superlubricity in reality. Here, we explore
how the presence of surface wrinkles affects nanotribological behavior of graphene sliding systems. Us-
ing a dimensionless parameter based on the topographic geometry, we propose a set of quantitative
criteria permitting incommensurate-induced low friction even superlubricity to retain, despite the pres-
ence of surface wrinkles. Failing the criteria, achievement of superlubricity on wrinkled surface becomes
implausible with unfavourable anisotropy and considerable friction. Besides, we examine the influence
of diverse spatial topographic patterns such as stripe, checkerboard and herringbone on tribological
behavior, and reveal that surface wrinkles can precisely tune the oscillating undulation of friction re-
sponse. The proposed criteria may serve as an indicative reference that allows predicting the state of
friction on practical, wrinkled graphene, and eventually assist the design of nanotribological systems
with tunable friction.
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1 Introduction

Graphene layers, as exceptional solid lubricant to achieve friction and wear reduction in modern
miniaturized electromechanical applications, are gaining increasing attention and widely investigated in
nanotribology as a promising candidate to form sliding junctions, notably in the context of structural
superlubricity (Hod et al., 2018). The concept “superlubricity”, first mentioned three decades ago
(Hirano et al., 1991), refers to a regime of quasi frictionless sliding (in practice, friction coefficient
< 1073 according to Martin et al. (1993) exclusively based on the maintenance of incommensurate
contact of crystalline surfaces during relative motion. The mechanism behind it relies on the lattice
mismatch of the contacting crystal lattices, which creates incommensurate positioning of potential
energy of surface atoms, leading to the suppression of friction forces. Such regulation that friction
reduces with increasing mismatch angle from 0° to 30° is also recognized as “anisotropy friction” (Hirano
and Shinjo, 1993). Since the pioneering experimental work of Dienwiebel et al. (2004), Socoliuc et al.

(2004) and Liu et al. (2012), in which nano- and micro-scale superlubricity was successively confirmed,
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substantial effort has been undertaken to expand superlubricity to a greater scale with significance for
macroscopic applications. In this regard, several inherent issues of structural superlubricity have to be
addressed. We note in particular its high level of friction anisotropy (Wang et al., 2019), for which a
few heterojunction based solutions have been proposed (Leven et al., 2012; Mandelli et al., 2017; Wang
et al., 2014). The best understood strategies, however, still rely on homogeneous graphene systems due
to their wide accessibility in fabrication and laboratory manipulation. Furthermore, recent theoretical
(Wang et al., 2019a,b) and experimental (Zhang et al., 2019) works addressed the problem of friction
anisotropy of graphene sliding systems (Bonelli et al., 2009; de Wijn et al., 2010; Filippov et al., 2008),
which makes graphene a promising candidate for achieving superlubricity in a larger scale.

To fulfill the potential of graphene sliding systems for macroscale superlubricity, one has to gain
a thorough understanding of their frictional behaviors under realistic conditions. Graphene, like many
other 2D materials, is inherently unstable in its free configuration, and tends to form out-of-plane
deformations (Meyer et al., 2007) such as wrinkles (Deng and Berry, 2016). This intrinsic property can
be observed both on graphene obtained from exfoliation process (Choi et al., 2011), and from those
formed by chemical vapor deposition (CVD) (Obraztsov et al., 2007; Paronyan et al., 2011). Wrinkles
naturally formed on graphene tend to remain (Cho et al., 2013), some may even move on the graphene
surface under particular thermal conditions (Guo and Guo, 2013), and become difficult to be eliminated
in large scale. However, knowledge on the implications of wrinkles on the friction of graphene is limited
to the qualitative level (Almeida et al., 2016; Choi et al., 2011; Li et al., 2014; Smolyanitsky, 2015).
It is therefore important to gain a quantitative understanding for achieving realistic superlubricity
using graphene systems. From this perspective, we conduct our investigation by considering the sliding
of a graphene flake on the top of a wrinkled graphene substrate. The graphene slider is of varying
dimensions, and the substrate exhibits a variety of wrinkling topography. The friction simulation is
performed by considering evolving crystal lattice mismatches, which allows us to explore the effect of
wrinkles on the friction anisotropy, especially the incommensurate-induced superlubricity. Moreover,
we examine geometric characteristics of the wrinkle such as wavelength, amplitude and topographic
patterns. Our results can help predict nanotribological behaviors of wrinkled graphene, and assist the

scaling up effort of superlubricity with the perspective to achieve realistic applications.

2 Model

On the bilayer graphene sliding system. We investigate interlayer frictions by considering the slid-
ing motion of a hexagonal monolayer graphene flake on top of a rectangular graphene ribbon substrate
with varying wave undulations (see Fig. 1). We apply constant force Fy (nN/atom) to each atom of
the graphene slider along the negative out-of-plane z direction, which corresponds to the normal load
in the friction process. Then, inspired by Zhang et al. (2015) and Wang et al. (2019a), we implement
sliding motion of the flake by connecting its centroid to a virtual atom with a linear spring of stiffness
kiink- While the virtual atom is pulled to advance at constant velocity v,,n along the x direction, the
connecting spring drives the flake to follow up. The pulling velocity induced lateral driving force Fytot
from the spring is equally distributed to each atom of the flake, given by
Fotot  Klink (Zpunn — e — lo)

F atom — - ) 1
pat Natom Natom ( )

where Nutom is the number of atoms in the flake, 1 and z. represent the position of virtual atom
and the centroid of flake, respectively. The unstretched length of the spring is set as [p = 30 A in
simulations. In order to focus on the reactions due to frictions alone, we constrain displacements of

the flake atoms in the y direction, normal to the sliding motion. We prevent in this way the rotational



and lateral deviations of the flake. We do not constrain the flake atoms in the z direction so as to
allow free out-of-plane deformation when it slides on the substrate under the effect of its uneven energy
surface. Moreover, we prescribe substrates of varying geometric configuration, while for each given
setup, we consider it to be rigid and fully constrain its degrees of freedom to make sure the system
behaves precisely in response to the desired wrinkling topography.

L,
(a) (b)

Vpull
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Figure 1: Schematic of computational model. (a) A hexagonal graphene flake is placed on a rectangle
graphene substrate and tracked to move along the x-axis direction. (b) The flake size is characterized
by the distance between two opposite vertices L,. The flake is tracked by a spring with the stiffness
kiink = 36.3 N/m. (c) The normal force Fy is applied to each flake atom sliding on a wavy graphene
layer with amplitude H and wavelength A. (d) The mismatch angle 1) between the flake and substrate.

On the graphene substrate. We prescribe different wrinkling patterns to the substrate graphene so
that it presents diverse wavy fluctuations. Notably, the zigzag direction of the substrate graphene is
aligned along = axial. With wavelength A and amplitude h (see Fig. 1(c)), the sinusoidal undulating
surface can be built by z = hsin (2rz/)). Other topographic patterns including checkerboard (z =
hcos(2mz/\) cos(2my/A)) and herringbone (z = h/v/2-[cos(2rz/A) +sin(27x /) cos(2my/))]) are taken
into account as well.

On the graphene slider. The slider flake is composed of a regular hexagonal graphene monolayer. We
use L, to denote its characteristic size which refers to the distance between two opposite vertices of the
hexagon (see Fig. 1(b)). We choose hexagonal graphene flakes since their boundaries do not present
free atoms or chemical bonds compared with the rectangular counterparts. Furthermore, benefiting
from its 60° rotational symmetry, hexagon is intrinsically consistent with the symmetry of the graphene
lattice, whereas in contrast, rectangular graphene has to be twisted for 180° to coincide with its initial
configuration.

On the design of simulation cases. To investigate the influence on friction anisotropy due to
flake-substrate lattice mismatch, we prescribe for each wrinkled substrate setup, a range of simulations
with varying mismatch angles ¢ from 0° to 30° at an interval of 5°. Here ¢ = 0° indicates that
the relative position between the flake and substrate in & — y plane corresponds to AB stacking for
commensurate state. The flake with a mismatch angle 1) is then generated from such AB stacking by
rotating the flake around z axis with centroid as the center. The range of 1 covers both commensurate
and incommensurate contacts, allowing us to examine precisely the effect on the regime of superlubricity.
Simulation specifications. Intralayer C-C interactions are modelled using AIREBO force field (Stuart
et al., 2000). Non-bonded interlayer interactions are modelled by standard Lennard-Jones (LJ) 12-6



potential (Lennard-Jones, 1931): V37 (r) = 4e[(a/r)"* = (0/r)°], evaluated on each pair of atoms
governed by van der Waals interaction, where r is the distance between the two atoms, € the energy
well depth, and o the equilibrium distance. We choose LJ potential for both its capacity of representing
the friction anisotropy (Pan et al., 2019), and its higher computational efficiency given the extensive
amount of cases needed for this study. Here we take the following parameter setup: ¢ = 2.968 meV,
o = 3.407 A, and cutoff length Leygor = 10 A, so as to limit LJ atom pair calculations to short
range interactions. The simulations were carried out using LAMMPS (Plimpton, 1995), under constant
temperature T = 1 K maintained via Nosé-Hoover thermostat. Here we took the low simulating
temperature to exclude the effect of atomic thermal fluctuation, and obtain a stable relation between
friction and substrate undulation. Prior to applying pulling actions to the graphene flake, the system
left to relax with the normal pressure Fy = 0.2 nN/atom activated, for equilibrium at constant NVE
(number, volume and energy) during 20 ps. Then, sliding motion is introduced by prescribing constant
velocity vpyn = 10 m/s to the virtual pulling atom and the spring constant kji,x = 36.3 N/m. Effects
of spring constant on friction response are quantitatively examined in Supplementary Material and a
moderate parameter is accounted to prevent the stick-slip behavior induced by substrate undulation.
Due to timescale limitations of molecular dynamics, the implemented sliding velocity is significantly
faster than experimental conditions (Wang et al., 2019), but it still remains admissible for the system
to capture stick-slip behavior (Liu, 2014; Ouyang et al., 2018). We have examined in Supplementary
Material the velocity varying from 5 m/s to 15 m/s, which demonstrates that the friction response
remains unchanged.

Friction force extraction. Since instantaneous friction force is not constant, a rational value is
necessary to indicate the friction profile throughout the substrate. We first define the friction F,(U,)
as a function of the sliding displacement Uy, and the friction F, (nN/atom) in each frame is calculated
by averaging the total friction over the atom number of the flake. In MD simulation, the total friction
is calculated by extracting and summing up the force between all the atoms in the substrate and flake.
Notably, we define the F,(U,) > 0 when the flake receives a resistant force along negative x direction
from the substrate. To evaluate the friction during the whole sliding process, the considered average
friction Fy is obtained by averaging the energy dissipation AW over the sliding period Az (van Wijk
et al., 2013), which indicates the work of the resistant force (£, (U;) > 0). Hence, the average force can

be expressed as
= =
Az A 2Ax

Since the friction force is periodic during the sliding process, we take Ax as an integer multiple of the

du,. 2)

friction period (integer number of waves) when calculating F.

3 Results and discussion

3.1 Anisotropic friction on wrinkled graphene

We first present our investigation procedure with a typical group of flake-substrate systems. Here,
the wrinkles are formed by sinusoidal undulations of amplitudes h = 0 A, 04 A, 08 A and 1.2 A,
and fixed wavelength A\ = 31.7 A. The characteristic length of flake is L, = 41.8 A. To examine the
anisotropic friction, we perform simulations with evolving mismatch angles ¢ from 0° to 60° at an
interval of 5°. In total, a set of 52 simulations of distinct substrate wrinkles and lattice mismatch
are carried out. We confront results from each wrinkled topography to the case with plane substrate
(h=0 A). Their comparison let appear the effect on anisotropic friction exclusively caused by substrate

undulations. Figure 2 demonstrates the evolving friction behavior as a result of the wrinkled substrate,
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where contact incommensuration occurs in the range of lattice mismatch ¢ € [10°, 50°] and thus
superlubric sliding is achieved on plane surface (blue curve in Fig. 2). Note that each solution point in
Fig. 2 is calculated using Eq. (2) based on instantaneous friction forces computed during the sliding
process. We observe degraded lubricating effect (red, azure and purple curves) caused by the substrate
undulation, which increases with the wrinkling amplitude. This let us estimate a tolerance threshold
based on h for the given wrinkling wavelength A = 31.7 A, which allows the system to approximate

superlubricity despite the substrate roughness.
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Figure 2: Friction force v.s. mismatch angle for both flat and wrinkled substrates. Wrinkles follow
sinusoidal undulations of wavelength A = 31.7 A and amplitudes h = 0.4 A (red), 0.8 A (azure) and
1.2 A (purple). The characteristic length of the slider flake L, = 41.8 A. Tt can be observed significant

lubricating effect in the wrinkled cases due to mismatch angle, whereas it appears degraded trend with

the rise of wrinkling amplitude, compared with flat superlubric sliding.

Interestingly, we reveal weaker frictional resistance in wrinkled cases compared with their plane
counterpart in the regions near ¢ = 0° and ¥ = 60° which refer to commensurate friction. We find that
surface wrinkles reduce commensurate friction in these regions. This phenomenon can be explained by
the localized and reduced contact area due to wrinkled contact interface. However, this phenomenon is
temporary and vanishes as soon as contact incommensuration is confirmed.

We next show examples of the instantaneous friction forces obtained respectively from a plane and
a wrinkled graphene of wavelength A = 31.7 A. Details of the oscillating friction force is plotted in Fig.
3. On the left column, friction forces are periodic with the wavelength ~ 2.46 A corresponding to the
graphene lattice constant along x direction (zigzag, 1.42 x /3 A). On the right column, friction forces
can be viewed as the combination of a short-wavelength fluctuation plus a long-wavelength fluctuation.
The former one is composed of short waves of the same wavelength (~ 2.46 A) as those on the left
column, which originates from the high frequency, cross-lattice (stick-slip) movement of the graphene
lattice during the sliding process. The latter, is composed of long waves produced when the graphene

flake slides on the substrate undulations.

3.2 Size effect

Wavelength and amplitude. We explore the size effect of varying geometry attributes of wrinkles
such as wave density (wavelength) and height (amplitude) on the anisotropic friction behavior. Figure
4 illustrates 189 simulation cases based on 9 different wavelengths A = 9.7 A, 21.8 A, 26.8 A, 29.3 A,
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Figure 3: Oscillating, instantaneous friction forces of the flakes on plane (a-d) and wrinkled substrate
(e-h) with different lattice mismatch angles ¥ = 0°, 5°, 10° and 30°.



31.7 A, 342 A, 36.7 A, 41.6 A, and 61.4 A. For each wavelength, we consider 4 different amplitudes
h =0 A (blue), 0.4 A (red), 0.8 A (azure) and 1.2 A (purple). On each of the 36 substrate setups,
we examine the friction anisotropy by considering 7 mismatch angles ranging from 0° to 30°. Friction
behaviors on mismatch angles from 30° to 60° are identical to those computed in the range [0°, 30°]
due to symmetry of the hexagonal flake. Here, we apply the same graphene flake to the cases, and will

examine the dependence on flake size in the next section.
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Figure 4: Friction v.s. mismatch angle: results based on 9 wavelengths A = 9.7 A, 21.8 A, 26.8 A, 29.3
A, 317 A, 342 A, 367 A, 41.6 A, and 61.4 A; and for each wavelength, 4 amplitudes h = 0 A (blue),
0.4 A (red), 0.8 A (azure), and 1.2 A (purple). The flake size L, = 41.8 A. The dash lines in (e) and

(f) indicate the threshold of superlubricity.

We find that despite the interface wrinkles, frictional resistance can still be reduced significantly
through contact incommensuration as long as wrinkles remain moderate, as we notice in the case with
A = 31.7 A wavelength, structural superlubricity (Fy < 2.0 x 10~* nN/atom) holds in the presence of
wrinkling amplitude 0.4 A. This observation qualitatively confirms our conjecture on the existence of a
tolerance threshold allowing for structural superlubricity on winkled contact interfaces. Moreover, this
tolerance threshold can be precisely determined by further refining the design of our simulation cases.
And for this purpose, we must also take into account size effect, which might arise from the interplay
between the flake and wrinkle’s comparative dimensions. We therefore dedicate the next section to
determine the tolerance threshold for structural superlubricity, based on the topographic attributes of
sliding system.

Tolerance for superlubricity on wrinkled surface with size effect. To examine whether the
previous observation presents dependence on the flake size with respect to the wrinkle dimension, we

further performed additional two groups of simulations, each resuming the previous scenario but using



(a)q5210° (€)q510° (e) 3102

7N ] ]
% 1 % 1 %2
~~ ~~ ~~
) 0o 10 20 30 ) 0o ! i\10 20 30 = 00 %10 20 30
o) Coi 90O LY ()
W_HM L L L |I H z élo
0 <———05 L 1.0 1.5 0 2 10.4
superlubricity 0.69" 1.14 143 2.132.31
(b) ¢#10° E (d) #1072
~ ~ 2\
g 4 % 15 b —=— Plane c
= = 1\‘**\-\.\___ ——h=0.4 A
%2‘ % e h=0.8 A
05 2
Na% = ——h=1.2 A
LT:\Oo\‘?‘o 20 30 &) % 0 20 30
Y (°) Y (°)
1 A a X wavelet 1 A a mini-friction wave
I A a mediumwave I A alongwave ---- - threshold

Figure 5: Phase diagram of nanotribology characterized by the dimensionless parameter A for different
flakes and wrinkled substrates. Five phases with different tribology behavior are observed. The rect-
angle, triangle, semicircle, and star markers represent the flakes in size of L, = 27.1 A 418 A, 51.7 A,
and 100.8 A, respectively. The markers belonging to different intervals are distinguished by different
colors. The parameters in five representative friction states are (a) A = 474.7 A, (b) A = 31.7 A, (c)

A=41.6 A, (d) A\=31.7 A, (e) A =11.7 A, respectively.



a distinctive flake size. We then considered 3 flake lengths: L, = 27.1 A, 41.8 A and 51.7 A, with
L, being the characteristic length of the flake. This strategy significantly multiplies the number of
simulations, as shown in Fig. 5, but provides us a quantitative insight into the size effect between the
flake and the wrinkles. In this regard, we introduce a dimensionless wavelength A, defined as the ratio
between the flake length L, and the substrate wavelength A:

L,
=. (3)

For all the cases with distinctive setup of wavelength and the flake size (A, L,), we investigate 3 values

A:

of undulation amplitude » = 0.4 A, 0.8 A and 1.2 A. Analogous to the dimensionless parameter A,
we introduce a dimensionless wave amplitude parameter H, which refers to the proportion of wave
amplitude h compared to the wavelength A:

H=3. (4)

Depending on the dimensionless parameter A, all the tribological cases can be sorted and classified
in two categories. Here, we need to emphasize that the conclusions have been drawn based on our
test cases whose undulation amplitude h does not exceed 1.2 A, which means the upper limit of H ~
0.12 (A = 9.7 A,h = 1.2 A) according to the tested cases. The following observations will hold with

certainty within this range.

o Significant effect of friction reduction with A € [1.14,1.43]. All the cases within this region
present significantly friction reduction with increasing mismatch angle, especially in [5°, 30°] with
incommensurate friction arisen. The superlubric friction can be well preserved in the presence
of wrinkling amplitude 0.4 A. Interestingly, when 1) = 0° (commensurate contact),the commen-
surate friction force decreases with the rise of wrinkling amplitude. Such phenomenon can be
explained by the undulation breaks up the close packing (commensurate contact) of graphene
interlayers, thus reduced frictional resistance. For the entire range of mismatch angles and
wave amplitudes, friction is weaker than commensurate friction on plane substrate (1.2 x 1073
nN/atom). Therefore, wrinkles with A € [1.14,1.43] has moderate to negligible deteriorating ef-
fect on superlubric friction. Simulations on different normal force Fiv show insignificant change
of the friction behavior (see Supplementary Material). We have explored the effect of substrate
deformations on the friction behavior (see Supplementary Material) and revealed that the sub-
strate elasticity does not qualitatively alter the findings of the present work under moderate
normal load. Hod et al. (2018) indicates that edge and pinning effects are important factors
for nano tribological behavior with changed flake size. The present work mainly compares the
friction behavior with the consistent tribosystem setup, handles the flake and substrate with the
same dimension and morphological defaults. Therefore, such edge and pinning effects are not

distinct by comparing with the undulation effect.

e No effect of friction reduction with A € (0,1.14] U [1.43, 00]. In these intervals, mismatch
angles no longer lead to reduced friction force and structural superlubricity is not expected to
occur. Note that the limit case of A — 0 refers to the flat state and thus superlubricity is

achievable with lattice mismatch.
Some remarks can be drawn based on above observations:

e Convergence of friction forces with A € (0,0.69]. Friction anisotropy disappears in this
region, and friction forces converge to fixed values that exclusively depend on the wave amplitude
(see Fig. 7), yet not on the wavelength. When A — 0, wavelength tends to infinite, which

factually refers to an unwrinkled, flat surface configuration.



e Degraded and irregular friction anisotropy with A € [0.69,1.14] U [1.43,00). It refers
to regions where friction anisotropy that normally offers reduced friction with angle mismatch
disappears. These regions include the very short wavelength region (“wavelet” region in Fig. 5
with large A — o0), for which friction tends to increase monotonically with the angle mismatch
without superlubricity, and “short” and “medium wave” region in Fig. 5 which lead to the
cancellation of friction anisotropy. However, since the level of friction remains considerable,
the perspective of superlubricity is ruled out. According to our simulations, a threshold limit is

believed to exist between [2.13, 2.31], where such irregular friction anisotropy becomes significant.

Figure 6: Instantaneous friction forces and corresponding configurations of the graphene flake over
wrinkled substrate: (a)-(d) ¢ = 30°, (e) 1 = 0° and (f) ¢ = 30°. In simulations, we set L, = 41.8 A
and h = 0.8 A.
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We further plot the configuration of the flake and the instantaneous friction forces in Fig. 6, by
taking five representative substrates with dimensionless wavelength of different criteria intervals into
account. In the long wave interval, the size of the graphene flake is mostly less than half a wavelength.
The atoms on the flake at Al position in Fig. 6(a) are all on the verge of climbing uphill the substrate
winkles, with the flake centerline coinciding with the zero point of the wrinkle. At this point, substrate
wrinkles uniformly exert resistance forces on the slider atoms. The friction force is observed to reach its
maximum. On the contrary, at A3 position in Fig. 6(a), the flake atoms are uniformly moving downhill.
Forces they receive from the substrate push them forward, creating the maximum friction force in the
negative direction. In comparison, at A2 and A4 position, the centerline of the flake coincides with
the peak and valley of the substrate, and the number of atoms moving uphill and downhill the winkles
are found to be equal. This fact cancels the total force that the slider atoms receive, and thus creates
instantaneously a state of zero friction.

In the medium wave intervals, the substrate undulation that the flake can cover is between half
a wave and one wave. When the center line of the flake coincides with the zero-undulation position,
the friction reaches its maximum value (B1 position in Fig. 6(b)). The smaller the wavelength, the
more atoms located on the downhill. Therefore, the friction force decreases as the wavelength shortens.
In the mini-friction wave interval (the dimensionless wavelength A € [1.14, 1.43]), the flake begins
to cover a complete wavelength of the substrate winkles, and the canceling effect due to flake atoms
simultaneously moving uphill and downhill becomes more obvious. Notably, the instantaneous friction
is no longer a sinusoidal wave (Fig. 6(c)), and the position of the least friction appears at position
C1 where the flake centerline is found at the zero point of the downhill section. When the wavelength
reduces to short wave region, the topographic gradient of the substrate increases, leading to larger
friction. The canceling effect due to overlaid atoms moving simultaneously uphill and downhill cannot
compensate such increases. Hence, the instantaneous friction presents a sinusoidal wave with relative
high amplitude (Fig. 6(d)).

In the wavelet interval, the wrinkling wavelength of the substrate approximates to the length of
several lattices. For the commensurate stacking in Fig. 6(e), the total friction force results from the
sum of two components. The first component originates from commensurate friction due to cross-lattice
movement between the sliding layers. The second one is the result of the substrate undulation. Superpo-
sition of the two factors creates a reducing effect, leading to the relatively weak friction observed in the
commensurate scenario (Fig. 6(e)). However, with the appearance of contact incommensuration, the
friction component due to cross-lattice interaction becomes too weak to offset the component resulting
from the substrate undulation. Consequently, the incommensurate friction becomes counter-intuitively

more important than the commensurate friction forces within this interval.
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Figure 7: Convergence of friction force for flakes with different sizes: (a) L, = 27.1 A, (b) L, = 41.8
A, (¢) L, = 51.7 A. The blue, red, azure and purple lines represent h = 0 A, 0.4 A, 0.8 A, and 1.2 A,

respectively.

11



3.3 Effect of surface topography

(e) (f) (9)

A

Figure 8: Schematic of topographic patterns: (a)-(c) Wrinkled stripes with different orientations 6 =
30°, 60° and 90°, (d) Checkerboard pattern, (e)-(f) Herringbone patterns with different orientations.

Oblique stripes. We now investigate anisotropic frictions on graphene systems with oblique wrinkles
whose orientation with respect to = axis forms an angle 6 (see in Fig. 8(a)). Similar to the previous
modelling protocol, we implement a series of wrinkled substrates with incrementing wrinkle orientation
angle 6 varying from 0° to 90°. Oscillating friction forces during the sliding process are reported in Fig.
9. It is noticed that the varying wrinkle orientation distinctly modifies the periodicity of friction forces.
This is because the effective wavelength is determined by projecting the wrinkling wavelength with
respect to x axis (A, in Fig. 8(b)), which geometrically evolves with the oblique angle §. Consequently,
when 0 = 90°, effective wavelength along x axis approximates to infinite (A, — 00), which resembles
the flat substrate and leads to the recurrence of incommensurate-induced superlubricity. As shown in
Fig. 10, all friction curves for § = 90° coincide with the flat substrate counterpart. We then examine
the effect of oblique wrinkling wavelength on tribological behavior in Fig. 10, which yields the following

conclusions regarding the wrinkle tolerance for superlubricity:

e The regime of regular friction anisotropy is preserved as long as the dimensionless wavelength
A€ [1.14,1.43].

e Friction reduction by angle mismatch becomes negligible when A € (0.69,1.14] U [1.43, 00).

The above verification confirms our previous findings in a more general framework based on oblique
wrinkles.
Checkerboard and herringbone topography. Under biaxial constraint, 2D topographic patterns

such as checkerboard and herringbone may emerge in graphene layers. We investigate anisotropic
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friction on graphene substrates with checkerboard and herringbone patterns (see Fig. 8(e)-(g)). For all
substrate setups, we fix dimensionless size A = 1.32 (A = 31.7 Aand L, =418 A), yet vary wrinkle
amplitudes h = 0 A, 0.4 A, 0.8 A, and 1.2 A. Since herringbone substrate exhibits directionality, two
undulation orientations of 0° and 90° are examined. The instantaneous friction forces during sliding are
plotted in Fig. 11. The checkerboard and 0° herringbone topographies indicate a waveform of sinusoidal
undulations and cross-lattice movement, yet the 90° herringbone one yields a period-doubling mode.
Such waveform is induced by the oblique wrinkles under zigzag direction along the sliding path. We
further compare the friction anisotropy in Fig. 12 where low friction with 90° herringbone wrinkles is
observed (see Fig. 12(c)). Such surface tribology is similar to the case of ~ 60° oblique wrinkles (see
Fig. 8(b)). Yet the wrinkles periodically zigzag along x direction, which leads to moderate increment of
the friction. Analogously, the 0° herringbone pattern can be assimilated to ~ 30° wrinkles with zigzag
along y direction. The 30° wrinkles suggest larger friction than that of 60° wrinkles (see Fig. 10(d)),
and the y direction zigzag makes the friction even larger. Consequently, the 0° herringbone yields
relative higher friction with degraded anisotropy. Comparing the three topographies, the highest level
of friction force lies in checkerboard substrate (see Fig. 12). Such highest resistance can be interpreted
by its undulating morphology which is characterized by isolated peak and valleys in both x and y

direction, resulting in the harshest roughness.

4 Concluding remarks

Through abundant simulations based on sliding graphene bilayers on wrinkled graphene systems, we
explored effects of surface topography on anisotropic friction. A set of wrinkle tolerance criteria is pro-
posed for predicting the state of friction anisotropy using a geometry-based dimensionless parameter A.
Notably, the criteria interval A € [1.14,1.43] allows preserving the regime of incommensurate-induced
low friction level and even superlubricity with moderate wrinkle amplitude. Beyond this interval, realiza-
tion of superlubricity becomes improbable due to increased friction force and irregular anisotropy. The
sub-interval A € [0.69,1.14] U [1.43, 00) breaks the mechanism of lattice mismatch induced anisotropic
friction and repress the regime of superlubricity. Specifically, A € [2.31,00) results in monotonic in-
crease of friction forces. Friction forces converge to fixed values that exclusively depend on the wave
amplitude regardless of the wavelength as A € (0,0.69], and the particular case of A — 0 covers the
friction on a plane surface. We investigated the influence of diverse topographies including oblique
stripes, checkerboard and herringbone patterns, which revealed larger friction compared with that of
sinusoidal undulations. The results can be viewed as a step forward towards quantitative understanding
of microscopic superlubricity on wrinkled graphene, and contribute to the scaling-up effort on advancing
superlubricity to realistic applications with practical roughness topographies.
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Here we provide more details on the selection of interlayer potential, pulling spring stiff-
ness kink and sliding velocity vy, and discussions on effect of normal load Fy and substrate

elasticity on friction behavior.

I. THE CHOICE OF POTENTIAL MODEL FOR INTERLAYER INTERACTIONS

To choose the potential model for graphene interlayer behaviors, both Lennard-Jones (L.J)
and Kolmogorov-Crespi (KC) potentials [1] had been examined prior to our investigations.
Tests had been performed on a set of benchmarks whose results are reported in Fig. SI1.
In these cases, we compared friction anisotropy with varying wavelengths and amplitudes,
using both LJ and KC potentials. We tested the KC potential based on models with 3
wavelengths A = 21.8 A (A = 1.92), 34.2 A (A = 1.22), and 61.4 A (A = 0.68), then for
each wavelength, 4 amplitudes h =0 A, 0.4 A, 0.8 A, and 1.2 A. In these cases, we observed
similar relationship between friction and wavelength as those obtained with LJ potential,
with an obvious reduction of friction with A = 34.2 A (see Figs. 4(b)(f)(i) in the main text).
The low friction wavelength is retained for KC potential as well. An obvious increment
in friction is also observed with lattice mismatch 1 € [5°,30°] and A\ = 21.8 and 61.4 A.
Notably, the KC potential describes an extremely strong friction with 0° lattice mismatch

(commensurate cases) as reported in [2].
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FIG. S1. Friction anisotropy studied with Kolmogorov-Crespi (KC) potential for interlayer inter-
actions: friction v.s. mismatch angle. (a) A =1.92, (b) A = 1.22, (¢) A = 0.68. Four amplitudes
h =0 A (blue), 0.4 A (red), 0.8 A (azure) and 1.2 A (purple) are taken into account. The flake

size L, = 41.8 A.

According to [3], the original KC potential presents imperfection in correctly assessing
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interactions in AA and AB stacking states. For the reasons stated above, we preferred
LJ potential for both its capacity of representing the intended phenomenon, i.e., friction
anisotropy, and its higher computational efficiency given the extensive amount of cases

needed for this study.

II. EFFECT OF PULLING SPRING CONSTANT Kjn AND STICK-SLIP BE-
HAVIOR ON FRICTION BEHAVIOR

We have performed further simulations to examine the effect of spring constant of the
pulling spring connected between the nanoflake’s centroid and the prescribed movement on
friction behavior. We reveal that the stick-slip behavior exists on two levels, i.e., wrinkle
level and lattice level.

A weak spring constant leads to a wrinkle-level stick-slip behavior. We examined the
spring constant kj, = 3.63 N/m which is one order of magnitude smaller than the present
stiffness (36.3 N/m). We took three representative wavelength A = 21.8 A, 31.7 A, and
61.4 A from the critical dimensionless intervals in phase diagram with A = 0.8 A and
L, = 41.8 A. The instantaneous friction forces and displacements of flake centroid are
plotted in Fig. S2. Omne can constantly observe stick-slip movement with weaker spring
stiffness ke = 3.63 N/m for all the wavelengths and mismatch angles (see Fig. S2(a)-
(f)), especially for A = 21.8 A and 61.4 A because of relatively larger friction forces. The
wavelength A = 31.7 A belongs to the criteria interval [1.14, 1.43] in which low friction is
preserved. In Fig. S2(g)-(i), the displacements of the flake as a function of simulation time
are plotted. The zigzag curves (purple and blue) suggest that the flakes with weaker pulling
spring first move with a relatively slow speed and suddenly speed up to jump over an energy
barrier, while the flakes with Ay = 36.3 N/m (red and azure dash lines) move at a uniform
speed without stick-slip behavior. The periodicity of the zigzag curves is consistent with the
substrate wavelength. When A = 31.7 A, the stick-slip response becomes insignificant due
to low friction force.

Such wrinkle level stick-slip can be explained by the classical Prandt-Tomlinson (PT)
model [4], also applied in [5]. The sliding continuity depends on the dimensionless parameter:

42U,
n= ma

(S1)
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where U, is the wave potential amplitude and A\ denotes substrate wavelength. Small value
of n indicates a continuous friction, while large value of 7 leads to stick-slip sliding. One can

see that weaker spring stiffness yields larger n and thus leads to stick-slip behavior.
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FIG. S2. Effect of pulling spring stiffness ki, on friction response. (a)-(f) Instantaneous friction
forces for different setups of spring stiffness, wavelength, and mismatch angle (commensurate (a)-
(c¢) ¢ = 0° and incommensurate (d)-(f) ¢ = 30°), amplitude h = 0.8 A. (g)-(i) Motion of the flake

centroid v.s. simulation time.

A typical lattice-level stick-slip behavior with commensurate friction is shown in Fig. 3(a)
and (e) in the main text. The incommensurate friction does not demonstrate such stick-slip
phenomenon, with a combination of cross-lattice movement and thermal fluctuation instead.
According to the widely used Frenkel-Kontorova (FK) model [6], a bilayer tribological system
is modelled by a chain of elastically linked atoms submitted to a periodic potential due to
the substrate atoms. The sliding movement of the atom chain (representing the slider) on
the substrate can be either continuous or stick-slip, depending on a dimensionless parameter:

NE = ﬂ, (S2)
K chain@?
where U, is the substrate potential amplitude, a denotes lattice constant, and Kpain is

the stiffness of the inter atoms. For large Af'X, the friction is dissipative with stick-slip
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MK yields continuous sliding. In the cases of commensurate stacking,

behavior, while small
larger U, with high friction force induces a stick-slip sliding, while the incommensurate
stacking with smaller U, (low friction force) yields continuous sliding. Notably, the effective
spring constant within the FK framework corresponds to the tensional elastic stiffness of
graphene C-C chain, whose value is kepain = 26.6 eV/A2 ~ 426.1 N/m [7]. The pulling
spring constant kjnx = 36.3 N/m in the present work, experimentally chosen as the lateral
stiffness of the FFM (Friction Force Microscope) tip in reality, is much smaller than the

value of graphene C-C chain. Such spring stiffness should not surpass the in-plane stiffness

of graphene (340 ~ 426.1 N/m)[8].

In general, a weak pulling spring leads to a slick-slip behavior, while its influence on
the friction remains quantitatively limited. Furthermore, low friction is preserved with the

wavelength in the criteria interval [1.14, 1.43].

III. EFFECT OF NORMAL FORCE Fy AND SLIDING VELOCITY vpu1 ON
FRICTION

The normal load Fiy and sliding velocity v, used in the present work are chosen from the
literature, the values of which have been widely used in nanotribology simulations [9, 10].
In [9], normal loads for modelling interlayer interactions are usually set in the interval
Fy €0, 0.6] nN/atom. When Fy > 0.6 nN, a sudden increase in friction may arise from
high dissipative stick-slip regime, which is unexpected in superlubricity [11]. We have further
tested complementary settings with the normal load set to Fy = 0.1 nN/atom, 0.2nN/atom
and 0.3 nN/atom, and we report the results in Fig. S3. Simulations on different Fy shows
no qualitative modification of the friction behavior, observation confirmed by 3 dimensionless

wavelengths (1.92, 1.22 and 0.68). Quantitatively, smaller Fly leads to smaller friction.

Concerning the sliding velocity prescribed to the nanoflake vy, we recognize that the
velocity range of 4.84 ~ 100 m/s is widely considered in the literature [11-13]. We have
further tested other pulling velocities and the results are shown in Fig. S4. In simulations,
both commensurate (¢» = 0°) and incommensurate (1) = 30°) stacking are considered. One

can see that all the friction forces are consistent.
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IV. EFFECT OF SUBSTRATE ELASTICITY ON FRICTION BEHAVIOR

In the present model the flake atoms are free in x and z direction (force load is prescribed
in x direction instead of displacement load), and we constrain the displacement of the atoms

in y direction. Such constraints are imposed to exclude the translational movement along



y direction and rotation along z axis, allowing the in-plane (z direction) and out-of-plane
(z axis) elasticity while maintaining the stacking and mismatch configuration. In this way,
elasticity of the nanoflake is taken into account.

During the sliding process, the substrate may also deform due to the important normal
load. In this regard, we further performed verification simulations which also account for
the substrate elasticity. Here, to model the substrate deformation, each substrate atom is
connected to its initial position via a spring along the z direction. The stiffness kg, =
2.7 N/m which is equivalent to the theoretical spring stiffness between two graphene layers,
calculated with the well-known theory of Hamaker summation. Thus, every substrate atom is
free to move elastically along z under the effect of the foundation spring. Then, the centroid
atom of the substrate is fixed along x and y directions. Periodic conditions are prescribed
on the substrate boundary edges. Other model parameters and boundary conditions are
identical to the model without the foundation spring. We considered a nanoflake of size
L, = 41.8 A and selected 3 representative substrate configurations with wavelength A = 21.8
A, 342 A and 614 A (or A =1.92,1.22 and 0.68, in terms of the dimensionless wavelength).

(a) 3 A=1.92 (b) 3 A=1.22 (©) 3 A=0.68
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FIG. S5. Effect of the substrate elasticity on friction anisotropy: friction forces v.s. mismatch
angle. (a) A =1.92, (b) A =1.22, (c) A = 0.68. Four amplitudes h = 0 A (blue), 0.4 A (red), 0.8
A (azure) and 1.2 A (purple) are considered. The flake size L, = 41.8 A.

Results are reported in Fig. S5. One can observe significantly reduced friction with
A = 34.2 A which is consistent with Fig. 4 in the main text. The deformable substrate with
A =21.8 A and 61.4 A showed no friction reduction with weak anisotropy, which matches
the result of Fig. 4 in the main text, although admittedly, existing literature did reveal
influence on the friction behavior by substrate stiffness [14]. In this regard, further effort is

required to better comprehend tribological effects of substrate elasticity.
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We admit that very large normal load may lead to substrate deformations, but in the

present investigation, the normal load remains moderate. The assumption of rigid sub-

strate is thus rational and the neglection of the substrate deformation does not change the

conclusion of the present work.
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