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Microscale superlubricity of graphite under various twist angles
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The relative rotation and translation of graphene and graphite layers lead to remarkable physical and
mechanical phenomena. One such phenomenon for graphite corresponds to the ultralow static and dynamic
friction between incommensurate graphene layers, referred to as superlubricity. Even though many studies have
been dedicated to this promising phenomenon in recent years, an experimental characterization and a quantitative
determination of the effect of relative twist angles on microscale superlubricity are still lacking. The present paper
investigates the superlubric properties of microscale graphite under different twist angels by shearing graphite
with respect to a substrate. Experimentally, it is surprisingly found that the superlubricity of microscale graphite
is almost invariant within a wide range of bicrystal twist angles (6◦ � θ � 59◦). This result is confirmed by
carrying out molecular dynamics simulations. Further, the influences of twist angles and normal load on the
incommensurate-to-commensurate transition are revealed. The estimated critical transition angle is less than
0.1 °. These results allow a better understanding of mesoscopic scale superlubricity and extend its application
field.
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I. INTRODUCTION

In recent years, intensive efforts have been dedicated to-
wards the research of friction at atomic scale, mainly owing
to the development of miniaturized mechanical components
reaching their limits when surface-to-volume ratios become
so high that friction, wear, and adhesion drastically reduce the
reliability and lifetime of devices [1–3]. Hirano and coworkers
introduced the term “superlubricity” in the field of nanotri-
bology for the ultralow frictional state of transitional motion
and theoretically clarified the atomistic origin of the frictional
force intrinsically generated by the molecular interactions
between the constituent atoms of surfaces [4–6]. The practical
importance of ultralow friction and its relevance to basic
scientific questions have motivated studies towards under-
standing the underlying conditions. Recently, one of the most
studied questions in the field of nanotribology has concerned
how the frictional force experienced at an atomically flat in-
commensurate contact interface of microscale and nanoscale
changes with various crystal structures, contact areas, and
sliding velocities under different measurement environments
[7–17].

Up to now, a continuously growing number of experi-
mental and theoretical results have been reported about high
sliding velocity, large contact area, and the high normal
load superlubric state [18–22]. However, ultralow friction is
strongly dependent on relative twist angles: a large friction
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peak appears every 60 ° due to the commensurate contact. On
the other side, due to thermal effects, incommensurate contact
transits spontaneously to the commensurate state [23] in order
to minimize the potential energy [24,25]. Despite a very large
literature on superlubricity, a quantitative understanding and
an experimental characterization of the effect of relative twist
angles on microscale superlubricity are still lacking. Here,
we report direct and accurate experimental measurements of
the effect of twist angles on superlubric properties of mi-
crometer atomic flat graphite by exploiting the self-retraction
phenomenon in graphite, where a graphite mesa, after being
sheared from its initio position, retracts spontaneously back
to its original position [26].

Microscale graphite mesas with self-retraction phenomena
are single-crystalline materials possessing atomically flat and
clean interfaces [25]. In this paper, dynamic friction forces
(Ff ) of micrometer-size graphite mesas under various twist
angles are first measured in an elaborately built system. The
contact area in this system is more than seven orders of
magnitude larger than previous scanning probe-based studies
of superlubricity in graphite [27]. We found that superlubric-
ity of microscale graphite is nearly invariant with respect
to a wide range of bicrystal twist angles (6◦ � θ � 59◦).
Together with molecular dynamics (MD) simulations, our
results reveal the influences of twist angles and the normal
load on the incommensurate-to-commensurate transition. It
is found that the influence of twist angles on Ff is effec-
tive only within a limited twist angle less than 0.1 ° and
that in a large range of angles friction stays almost un-
changed. Large normal load can induce lateral deformation
and thus cause the local incommensurate-to-commensurate
transition.
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II. METHODS

A. Sample preparation

The highly oriented pyrolytic graphite (HOPG) is a lamella
material with a brick-wall-like polycrystal structure [25,28]
in which the in-plane dimensions of grains are of wideness
of about a few to tens of micrometers (parallel to the basal
plane) while being three orders of magnitude larger than
the perpendicular direction (in the [0001] direction) [28,29].
These grains share the same [0001] direction but are ran-
domly oriented with respect to that direction. This implies
that the (0001) interfaces (grain boundaries) are planar and
pure twist. In our experimental measurements, graphite mesas
are prepared using the same technique as that reported in
Ref. [26] with edge width of 3 μm and with height of 1 μm
on the surface of a large HOPG purchased from Veeco (ZYB
grade). Considering the dimensions of the grains, mesas with
the height of 1 μm can often come across at least one grain
boundary parallel to the sample surface that runs across the
entire mesa [28]. Figure 1(a) illustrates the grain boundary
between the upper graphite flake (GF2 gray) and the lower
graphite flake (GF1 blue). Due to the arbitrary rotation of
GF2 relative to GF1 about a common [0001] axis, the twist
grain boundaries (interfaces between GF2 and GF1) are in
incommensurate contact and GF2 can slide superlubrically
over GF1.

B. Experimental setup and force calibration

All friction force measurements of incommensurate
graphite were conducted with a home-built system.
Figure 1(c) schematically illustrates the experimental setup. A
microforce sensor (FT-S100 from FemtoTools, Switzerland)
with a force resolution of 5 nN and a bandwidth of up to
8 kHz is fixed to a nanomanipulator (MM3A from Kleindiek,
Germany); velocity was controlled by placing the test samples
on a rigid plate affixed to a XYZ stage (XP-611 from XMT).
The friction force measurements were made by keeping the

FIG. 1. Experimental setup for F measurement. (a, b) The
graphite sample is illustrated as a stack of two thin single-crystalline
rectangular graphite flakes, GF1 (blue) and GF2 (gray), with parallel
basal planes but with arbitrary twist angles with respect to the
common [0001] axis. (b) Schematic illustration of the experimental
setup to shear the sample using an XYZ stage. The sample is fixed to
a rigid substrate and Ff is measured through shearing GF1 relative to
GF2 in the superlubric state.

upper flake GF2 stationary with the force sensor tip pushing
on the side edge of the upper flake GF2 (the tip and sample are
simply pushed into contact) and the lower flake GF1 moved
forward and backward along with the XYZ stage at a constant
velocity, v = 40 nm/s. All the measurements were performed
under an optical microscope (Carl Zeiss Axio Scope A1).

The force sensor can only measure the force along its axial
direction but we focus on the force along the basal plane of
mesas, F = FScosα, where FS is the force sensed by the force
sensor and α is the angle between the axis of the force sensor
and the basal plane of HOPG. In a practical experiment, to
obtain more accurate values of F of incommensurate graphite,
the microforce sensor needs to be calibrated in situ. We
carried out this calibration by using a diamagnetic levitation
spring system [25,30]. The sensor was recalibrated in each
measurement to ensure accuracy in the new round of loading.

III. RESULTS AND DISCUSSION

A. Experimental results

To investigate the frictional characteristics of incommensu-
rate graphite mesa under various twist angels, we focus on the
graphite that can self-retract [26] and which has shown high-
speed superlubricity at microscale [18,28]. In the practical
measurements, we first tested several graphite mesas by a
tungsten tip to verify that the self-retracting phenomenon can
happen. If the mesas can self-retract, the force and shear
displacement of the bottom flake (GF1) are measured during
both loading and unloading processes. Figure 2(a) shows a
typical force-displacement curve for loading and unloading
under ambient conditions (temperature 24 ± 2 °C, relative
humidity 11% ± 2%) for a square mesa of width B = 3 μm
and height H = 1 μm.

During the loading process, the tip of a force sensor
slowly contacts with the side of GF2 where force depends
linearly on displacement due to elastic deformation of the
microforce sensor. After the applied force exceeds the sum
of the retraction and edge force, GF2 starts to move relative
to GF1 at a constant velocity (v) and a sudden drop of the
force is observed because of the break of edge bonds and
adsorptions. After loading a displacement d of about a few
hundred nanometers, we unloaded the graphite mesa with the
same magnitude of velocity (−v) to its initial position. Then,
we can obtain the friction force Ff = ∫ d

0 (FL − FUL )dx/2d ,
where FL and FUL represent the measured lateral force during
the loading and unloading. After GF2 starts to move relative
to GF1, both the loading force and unloading force are nearly
independent of the displacement [see the region between two
vertical dashed lines in Fig. 2(a)], so that we can simply get
the friction force by Ff = (FL − FUL )/2.

As discussed in previous works on nanoscale graphite
[27,31,32], Ff is a function of relative twist angle θ (like grain
boundaries in most crystalline materials). Unfortunately, this
dependence has not been experimentally determined so far.
The next step in determining this twist angle dependence of
superlubricity consists in the measurement of the frictional
force in terms of θ . This was done based on the lock-in
effect [28] referring to the disappearance of self-retraction at
a particular twist angle of GF2 relative to GF1 [28]. This can
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FIG. 2. Results of friction force under various twist angles. (a) Typical force-displacement curves with various temperatures in ambient
condition (temperature 24 ± 2 °C, relative humidity 11% ± 2%). The blue lines represent the loading process, and the black lines represent
the unloading process. (b) Friction force vs twist angle over the range 6◦ � θ � 59◦, obtained from 12 samples of the same width B = 3 μm
and height H = 1 μm. The error bars stand for the standard deviation of five independent measurements.

be understood as follows: if two crystals have an arbitrary
rotation with respect to one another such that they are in
incommensurate contact, the sliding friction is very small
[4,6,33]. However, when two graphite flakes are in commen-
surate contact (perfect ABAB stacking, θ = 0), the barrier to
sliding is the theoretical shear strength of the material which
is at least three orders of magnitude larger than that for in-
commensurate contact [28]. By measuring the angle required
to rotate GF2 so as to satisfy such a none-retraction condition,
we determine the initial rotation of GF2 relative to GF1, i.e.,
the angle θ . The inset of Fig. 2(b) shows the scanning electron
microscopy (SEM) (Quanta FEG 450) image of a flake rotated
so as to be aligned along the none-retraction direction and
illustrates twist angle measurement.

To investigate the effect of θ on Ff , several experiments
were made on different twist angles (temperature 20 ± 2 °C,
relative humidity 10% ± 2%). After finishing force measure-
ment, a tungsten tip was used to rotate the sample to obtain
none-retraction direction and the above-mentioned method
was employed to measure θ . In this manner, and via the
precise measurement of the twist angle θ using an SEM,
the average dynamic friction of microscale incommensurate
graphite is surprisingly found to be nearly independent of
twist angle θ . These results [Fig. 2(b)], obtained from 12
samples of the same width B = 3 μm and height H = 1 μm,
hold for the angle range 6◦ � θ � 59◦. By averaging these
data, we obtained an ultralow dynamic friction force per unit
area Ff = 0.008 ± 0.002 MPa under atmospheric conditions.

A similar phenomenon was also observed at nanoscale
[34]. Previous results obtained by using an atomic force
microscopy tip to trigger the motion of a nanoscale graphene
layer show that graphene flakes are stable only in commen-
surate contact related to the substrate graphene layer. Once
switched to an incommensurate state, the flakes exhibit facile
sliding until another commensurate state is reached. The facile
sliding is strongly dependent on relative twist angles: a large
friction state appears every 60 ° due to the commensurate
contact. However, due to the limit of experimental methods,
the size of the sample is restricted to nanoscale and it is
difficult to directly measure the friction force at different
twist angles. In this paper, we investigate the friction force of

microscale graphite under different twist angles by shearing
graphite with respect to the substrate.

B. Validations via MD simulations

While several experimental measurements and theoretical
predictions were reported for interlayer friction of graphite,
little information is available on the twist angle effect and de-
pendence [24,27,31,35,36]. Verhoeven et al. [31] theoretically
predicted that the full width at half maximum (FWHM) �θ of
the friction peak at nanoscale is simply related to the graphite
flake diameter D expressed in lattice spacing by tan(�θ ) =
α/D where the FWHM can be fully recovered with α = 1
[37]. Using this simple formula, the estimated value of �θ

FIG. 3. Atomic model used in the MD simulations. (a) Structure
of the hexagonal graphene flake on the two graphene layers in
commensurate contact, θ = 0◦, and (b) incommensurate contact,
θ = 15◦. (c) The side view of the three-dimensional MD model with
a single layer graphene substrate and a hexagonal graphene flake
pulled by a spring with a constant velocity.
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FIG. 4. The effective interaction PES (in eV/atom) between the top graphene flake and the graphene substrate which is given relative to
the global energy minimum of the top graphene flake calculated using the Lennard-Jones potential as a function of the position coordinates
of the center of mass of the flake, x and y (being the axes chosen along the zigzag and armchair directions, respectively) and in terms of the
relative orientation θ (in degrees) under FN = 0.2 nN/atom. (a) D = 10 Å, θ = 0◦. (b) D = 10 Å, θ = 6◦. (c) D = 50 Å, θ = 0◦. (d) D = 50 Å,
θ = 6◦. Red lines correspond to the trajectory of the top graphene flake during sliding.

for microscale superlubricity is less than 0.01 ° and this value
is consistent with the results presented in Fig. 2(b).

To validate the experimental results and quantitatively
understand both the size effect and normal loads on the
incommensurate-to-commensurate transition, we turn to the-
oretical analysis. In this paper, friction experiments with
graphene surfaces are modeled using a MD methodology.
Figure 3 illustrates the friction force measuring system used
for MD simulations. The MD simulation system consists of
single layer fixed square graphene substrate and a layer of
hexagonal graphene flake with arbitrary twist angles. The
lower layer of graphene is treated as a rigid layer to model the
substrate. Figures 3(a) and 3(b) show the atomic model with
respective twist angles θ = 0◦ (commensurate contact) and
15 ° (incommensurate contact). The twist angle θ is measured
relative to the commensurate orientation of the flake so that
θ = 0◦ and 60 ° are attributed to the commensurate contacting
states. All other twist angles correspond to the incommensu-
rate ones. Two linear springs with the spring constant kx =
ky = 5.75 N/m [see Fig. 3(c)] stand for the force sensor that
are linked to the top layer of the graphene flake, which consists
of atoms moving together, and the atoms of the flake can
adjust their relative positions due to deformation [38,39].
Another side of the springs is pulled along the x direction
with a constant velocity vx = 5 m/s. The sliding velocities are

several orders of magnitude faster than those found in actual
experiments due to the limitation of MD timescales.

The in-plane bond interactions between carbon atoms are
modeled with reactive empirical bond order (REBO) poten-
tial [40], while the interlayer van der Waals interactions are
modeled with standard Lennard-Jones 12-6 potential [40]
V LJ

i j (ri j ) = 4εi j[(
σi j

ri j
)
12 − ( σi j

ri j
)
6
] where εi j is the bond energy

between the carbon atom of the type i and the one of the
type j, σi j is the characteristic length parameter, and ri j is the
distance between the two carbon atoms. A cutoff length of 10
Å is used to speed up computations because of the short-range
properties of the Lennard-Jones potential. Periodic boundary
conditions are imposed to the single layer substrate in both the
armchair and zigzag conditions.

Before pulling the top graphene flake, we fist rigidly
rotated the top graphene flake to a fixed angle [see Fig. 3(b)].
The distance between the graphene layers was initially set to
0.34 nm and the time step was set to 1 fs for all simulations. To
obtain more accurate configuration of the graphene system,
the double layer graphene system was first relaxed and
equilibrated at constant number, volume, and energy (NVE)
ensemble for 80 ps restricting only in-plane rotation of the
top graphene flake, and then we applied a normal load FN to
the top graphene flake and equilibrated at the NVE ensemble
for 50 ps again. The sign of the normal load is positive when
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FIG. 5. Size dependence of superlubricity. (a) Normalized friction force as a function of twist angle under normal load FN = 0 nN/atom.
(b) Normalized friction force under normal load FN = 0.2 nN/atom. (c) Normalized friction force under normal load FN = 0.5 nN/atom.
(d) The calculated FWHM in different normal loads as a function of flake diameters and the theoretical values predicted by Refs. [24,31].

it is compressive. All the simulations were performed at a
constant temperature T = 300 K with the temperature being
controlled by the Langevin thermostats and all the atoms are
subjected to the thermostat. The software used for simulation
is LAMMPS [38].

To calculate the twist angle dependences of the
incommensurate-to-commensurate transition and analyze
the possible mechanisms of transition of a graphene flake
on graphene layered substrate, it is essential to know the
effective interaction potential-energy surface (PES) [41]
dependence on twist angles. The interlayer interaction
energy (in eV/atom) between the top graphene flake and
the graphene substrate is calculated using the Lennard-Jones
potential as a function of the position coordinates, x and y,
of the center mass of the hexagonal flake (x and y axes are
chosen along the zigzag and armchair directions, respectively)
and the relative twist angle θ . The calculated potential energy
per atom given relative to the global energy minimum of
the top graphene flake is shown in Fig. 4 where A and B
points represent the PES minima and maxima, respectively.
It is clearly indicated from Fig. 4 that PES fluctuations
for the twist angle θ = 0◦ are much larger than for other
orientations, for which the lattices of flake and substrate
form a commensurate contact. However, for the same twist
angle, the PES fluctuations per atom become smoother with
the increase of sample size, which indicates that the critical

twist angles needed to realize superlubricity decrease with
the increase of sample size. We also drew the trajectory of
the top graphene flake in red lines during the sliding where
large size sample with commensurate contact shows typical
stick-slip curves exhibiting high-energy dissipation [see in
Fig. 4(c)]. According to the PES, friction forces can be
calculated as

−→
Fi = −∇iU = −(�i ∂

∂xi
+�j ∂

∂yi
+ k̃ ∂

∂zi
)U . See

Supplemental Material for more information about normal
load effects on the effective interaction potential-energy
surface [42].

To demonstrate the size-dependent transition, we per-
formed several MD simulations with graphene flake diameter
D = 7, 10, 25, 50, and 75 Å at the temperature T = 300 K
by taking the various normal load and twist angles between
the graphene flake and substrate. In order to compare fric-
tion properties for different size flakes, the friction forces
are normalized with respect to the maximal values for each
flake. Figures 5(a)–5(c) display the normalized friction force
computed as a function of the twist angle under various
normal loads. MD results clearly show that the FWHM of
friction peaks decreases with the increase of flake diame-
ter under different normal loads and its theoretical values
are recovered by various α predicted by Verhoeven et al.
[31], as can be seen in Fig. 5(d). The results presented here
are in agreement with the reported nanoscale experimental
data [27,31,32] and previous quasistatic calculations [24,31].
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FIG. 6. Normal load dependence of superlubricity. (a) The typical friction force curves experienced by the top graphene flake, showing
smooth slide with D = 10 Å, θ = 0◦, FN = 0 nN/atom and stick-slip with D = 10 Å, θ = 0◦, FN = 0.5 nN/atom, respectively. (b) The
normalized friction force as a function of the twist angle under different normal loads with D = 10 Å where the shadow area indicates the
calculated FWHM.

According to our results, we can estimate that the critical
angle of the incommensurate-to-commensurate transition for
microscale samples is less than 0.1 °, which is consistent
with our experimental measurements. The thermal fluctua-
tions have an impact on the friction results of small size
samples [43,44], especially on the symmetry of the friction
force peak. See Supplemental Material for more results at T =
10 K [42].

Normal load induces in-plane deformation and thus causes
local incommensurate-to-commensurate transition. To inves-
tigate the behavior of the transition with normal load, we
performed MD simulations at the temperature T = 300 K by
fixing the graphene flake diameter D = 10 Å and by vary-
ing normal load to FN = 0, 0.2, and 0.5 nN/atom. Figure
6(a) shows the typical friction force curves experienced by
the graphene flake under different normal loads. The in-
crease of normal load leads to the transition from smooth
sliding to stick-slip sliding caused by elastic instability.
Figure 6(b) shows the results of different normal loads’
effects on FWHM and demonstrates three distinct features:
(i) commensurate contact can be maintained even at large
twist angles by increasing normal load; (ii) for small nor-
mal load, commensurate contact transits to incommensu-
rate contact continuously, while for large normal load com-
mensurate contact first transits to local incommensurate
contact and then whole incommensurate contact with the
increase of twist angle; (iii) increasing the normal load
could reduce the thermal fluctuations and also improve the
symmetry of typical friction force. These phenomena are
caused by in-plane deformation induced by normal load. See
Supplemental Material for more discussions about the in-
plane deformation [42].

IV. CONCLUSION

In recent years, the most studied question in the field
of superlubricity concerns how the frictional force changes
with various crystal structures [45,46], sliding directions [36],
and contact size [17]. One of the main factors limiting the
real application of superlubricity is its strong dependence
on relative twist angles: a large friction peak appears every
60 ° due to commensurate contact. Despite a recent abun-
dant literature on superlubricity, the effect of relative twist
angles on microscale superlubricity has been far from being
experimentally characterized and quantitatively determined.
In this paper, we have experimentally measured and numer-
ically simulated the dynamic friction force of incommensu-
rate graphite with various twist angles in ambient laboratory
conditions. The experiments and MD simulations carried out
have shown that the superlubricity of microscale graphite is
nearly invariant when the bicrystal twist angle θ is such that
6◦ � θ � 59◦. In addition, the influences of the twist angle
and the normal load on the incommensurate-to-commensurate
transition have been revealed. In particular, the critical angle
for the failure of microscale superlubricity is estimated as less
than 0.1 °. These results extend the current understanding of
superlubricity and are believed to have wide applications, in
particular, in microscale devices.
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