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Previous Atomic Force Microscopy (AFM) experiments found single layers of defect-free graphene to rupture at unexpectedly
high loads in the micronewton range. Using Molecular Dynamics simulations, we modeled an AFM spherical tip pressing on a
circular graphene sheet and studied the stress distribution during the indentation process until rupture. We found the graphene
rupture force to have no dependency on the sheet size and a very weak dependency on the indenter velocity, allowing a direct
comparison to experiment. The deformation showed a non-linear elastic behavior, with a two-dimensional elastic modulus in
good agreement to previous experimental and computational studies. In line with theoretical predictions for linearly elastic
sheets, rupture forces of non-linearly elastic graphene are proportional to the tip radius. However, as a deviation from the theory,
the atomic stress concentrates under the indenter tip more strongly than predicted and causes a high probability of bond breaking
only in this area. In turn, stress levels decrease rapidly towards the edge of the sheet, most of which thus only serves the role
of mechanical support for the region under the indenter. As a consequence, the high ratio between graphene sheet and sphere
radii, hitherto supposed to be necessary for reliable deformation and rupture studies, could be reduced to a factor of only 5-10
without affecting the outcome. Our study suggests time-resolved analysis of forces at atomic level as a valuable tool to predict

and interpret the nano-scale response of stressed materials beyond graphene.

1 Introduction

High mechanical resistance is one of the many intriguing
properties of graphene. Recently, Lee et al.! found graphene
to be able to withstand forces up to 2890 nN upon out-
of-plane deformation. They used an Atomic Force Micro-
scope (AFM) indenter with a circular tip to obtain load-
indentation curves and determine the rupture force for defect-
free graphene sheets. Remarkably, due to the extraordinary
strength of graphene, they had to resort to diamond tips.
They observed a non-linear elastic behavior of the graphene
sheet and derived elastic moduli, most importantly a two-
dimensional elastic modulus E2P of 342 (£30) N m!. The
question then arises as to how the single layer of carbon atoms
can withstand the enormous out-of-plane forces probed exper-
imentally.

AFM experiments > have been used in several studies to
develop or parametrize theoretical models using Finite Ele-
ments (FE)? or Molecular Dynamics (MD)* methods. How-
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ever, while the experiments were performed with a discrete
size AFM indenter tip, these models assumed a point* or
cylindrical>® load, or a vertical load on nanoribbons’, and
therefore could not take into account the influence of the
spherical indenter on the circular plate. Furthermore, they
studied only the deformation of the graphene sheet and did
not consider the behavior at rupture. Recently, studies in-
vestigated graphene indentation and partly also rupture under
spherical load in MD simulations 8.9 and were able to recover
graphene’s non-linear elasticity. Other theoretical studies in
turn have focused on the mechanical rupture of graphene due
to in-plane deformations %11, However, we are not aware of
a study that comprehensively explores graphene indentation
and rupture at experimental scales, taking into account the in-
fluence of graphene and indenter sizes and indentation veloci-
ties. More importantly, the stress distribution within graphene
underlying mechanical deformation of this sort has remained
elusive. Yet, this internal stress distribution provides the link
between the non-linear elastic deformation of graphene under
the indenter and the breaking of individual bonds.

The present work attempts to fill in this void by providing an
atomic-detail view of time-resolved stresses during graphene
deformation and rupture. We perform MD simulations closely
mimicking the experiment, allowing us to directly compare
the results. The indenter is modeled as a sphere built from
discrete atoms; we use a first principles based Morse poten-
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tial as presented in Part 1'2 and, for a small set of simula-
tions, the AIREBO potential 13 to allow C-C bond breaking in
graphene. All molecular systems are simulated at 300 K, un-
like most other studies, which only slightly displaced C atoms
from their equilibrium positions to add kinetic energy '14-16
We first validate our model by comparing the rupture forces
for a range of indenter velocities, graphene sheet radii, and in-
denter radii to the experimental values. For further validation,
we compute a two-dimensional elastic modulus from force-
indentation profiles obtained from MD simulations, in satis-
fying agreement with experiments . We then study the stress
variation in the graphene sheet during the indentation process
and before rupture by means of the Time-Resolved Force Dis-
tribution Analysis!” and virial atomic stress calculations. We
find a stress concentration at the tip center significantly larger
than theoretically predicted, and the probability of bond break-
ing, and thus of material rupture, to exponentially depend on
the tensile force in individual bonds.

2 Methods

We employed MD simulations to study the deformation
of finite graphene sheets of circular shape under spherical
AFM indenters in vacuum, during which we recorded load-
displacement profiles. The calculations were performed with
GROMACS '8 4.5.3 using the truncated Morse potential !> and
LAMMPS !° version 17Feb2012 using the AIREBO poten-
tial 3. We noticed that the energy conservation was not main-
tained when the GROMACS calculations were performed in
single precision for the larger graphene sheets. Switching to
double precision restored the energy conservation, but made
the calculations slower. For consistency, we ran all GRO-
MACS calculations in double precision, including those for
smaller molecular systems.

The AFM indenter was simulated as a hollow sphere gen-
erated from Argon atoms held together by pairwise harmonic
potentials. The sphere was constructed from planar circular
slices of different diameters, spaced 0.14 nm between them.
Each slice is formed by atoms placed at 0.14 nm from each
other; only the distance between the first and last atom in the
order of placement in one circle is different, to account for
the different circle diameters. We found that a single-walled
sphere is not able to sustain in some cases the mechanical
stress to which it is exposed, leading to deformation and in-
accurate load-displacement profiles. Therefore, the spheres
used in all simulations were double-walled, the inner wall be-
ing generated as another sphere with the radius reduced by
0.14 nm. Pairwise harmonic potentials held together any two
Ar atoms located within a distance of 0.25 nm from each
other. This distance is smaller than double the initial dis-
tance between Ar atoms, such that harmonic potentials only
exist between an atom and its direct neighbors from the same

wall or from a different wall. The harmonic potentials have
an equilibrium distance of 0.14 nm and a force constant of
7-10% kJ mol”! nm™. The force constant was chosen about
one order of magnitude larger than any similar value in the
OPLS-AA force field2, and a further increase resulted in in-
stabilities of the MD simulations.

Each planar graphene sheet was generated such that the dis-
tance between bonded atoms was equal to the C-C equilib-
rium bond length (0.14 nm). The carbon atoms located at the
edge approximated a circle, and were saturated with hydrogen
atoms. The graphene sheet and the indenter sphere interacted
only through a Lennard-Jones potential. A weak attractive ef-
fect of the Lennard-Jones potential was observed at small dis-
tances between the sheet and sphere (more details in the ESI).

The largest sheet simulated for this work, with a radius of
100 nm, contained over 1.2 million carbon atoms. Model-
ing the largest sphere, with a radius of 27.5 nm as in experi-
ments !, required almost 1 million Ar atoms. Obtaining results
for these large systems in reasonable amounts of time was only
possible due to the computational simplicity of the truncated
Morse potential, due to our approach of using harmonic poten-
tials only between neighboring atoms of the sphere, and due
to the high efficiency of the GROMACS code. Still, mem-
ory requirements made impossible the simulation of graphene
sheets of experimental size (500 nm radius), containing over
30 million atoms.

An energy minimization using the conjugate gradient
method was carried out on each molecular system until the
maximum atomic force was below 10 kJ mol! nm™'. A 1 ns
equilibrium MD simulation was then performed starting with
random atom velocities generated from a Boltzmann distri-
bution corresponding to a temperature of 300 K; the temper-
ature was maintained at 300 K by separate coupling of the
graphene sheet and sphere to velocity rescaling thermostats 2!
with time constants of 100 fs and 20 fs, respectively. The in-
tegration time step was 1 fs for GROMACS calculations and
0.5 fs for LAMMPS calculations; the lower value of 0.5 fs is
commonly used with the AIREBO potential and increasing it
to 1 fs led to instabilities in the MD simulations. No charges
were assigned to the atoms. Lennard-Jones interactions were
calculated up to a cutoff of 1 nm. For the AIREBO poten-
tial, the torsion term was enabled and the Lennard-Jones scale
factor was set to 3, leading to a cutoff of 1.02 nm. During
the equilibrium MD simulations, ripples formed throughout
each graphene sheet due to the thermal motions of the atoms,
of amplitude and wave lengths which were in agreement with
experiments !2; the relevance of these ripples during the initial
contact of sphere and sheet is detailed in the ESI'. From each
resulting equilibrium trajectory, we picked the latest frame for
which the average position of the C atoms in the Z direction
lay within 0.05 nm from the original plane of the graphene
sheet, and used it as starting structure for the indentation MD

2| Journal Name, 2010, [vol],1-9

This journal is © The Royal Society of Chemistry [year]

Page 2 of 9



Page 3 of 9

Physical Chemistry Chemical Physics

simulations. To prevent significant deformations of a graphene
sheet during these equilibrium simulations due to the ripples,
the C atoms at the edge of the sheet were only allowed to move
in the XY plane, while the rest of the sheet was allowed to
move freely in all three directions.

The equilibrium simulations were followed by constant
velocity indentation simulations, with various velocities, as
indicated elsewhere in the text, and a force constant of
10000 kJ mol' nm?2. For an indentation velocity of
0.01 nm ps™!, we also performed simulations with a force con-
stant of one order of magnitude smaller and one order of mag-
nitude larger, without observing any significant differences.

During the indentation simulations, C atoms at the edge of
the sheet were fixed. This is similar to the experimental setup
where it is assumed that the graphene sheet does not slip on
top of the rigid support. The sphere was placed above the
graphene sheet and the indentation force acted on the center of
mass of the sphere, moving it initially towards the sheet and
then pressing it onto the sheet. The initial distance between the
center of the sphere and the sheet was chosen such that at least
1 ns would pass before the lower side of the sphere touched
the graphene sheet. In the AFM experiments, the spherical
tip is fixed on the cantilever and pushed vertically into the
suspended graphene sheet. To prevent lateral and rotational
motion of the sphere in our MD simulations during the out-
of-plane indentation along Z, three atoms of the sphere — one
located at the top of the sphere and one on each side — were
restricted to only move in Z direction. Restricting all sphere
atoms to only move vertically would interfere with the tem-
perature coupling, leading to large variations in temperature.

The indentation simulations using the truncated Morse po-
tential were carried out until the first C-C bond broke, which
we defined as the initial event of graphene rupture. For the
AIREBO potential, the rupture was defined by C atoms mov-
ing further than 0.2 nm apart, representing the transition dis-
tance between the reactive (REBO) and Lennard-Jones com-
ponents of the potential.

For each simulation, a finite graphene sheet was placed in
an empty simulation box using periodic boundary conditions
(PBC), leaving at least 10 nm between the graphene sheet and
the box boundaries in the XY plane. In the Z direction, the
PBC box was made sufficiently large to fit the initial distance
between the sphere and the graphene sheet as well as enough
space to allow deformation of the sheet; furthermore, the Z
dimension was at least twice as big as the sphere movement
in the Z direction. Using a periodic molecular system allowed
us to make use of the efficient parallelization scheme based on
domain decomposition available in GROMACS 4.0 and later
versions. The computation speed was not influenced by the
box size as the simulations were performed in vacuum. The
LAMMPS simulations did not use PBC, as it does not require
periodic boundaries for efficient parallelization.

In all cases, the sphere was allowed to reach the desired
constant velocity before touching the graphene sheet; larger
spheres contained more atoms and therefore required a higher
distance from the sheet in order to reach a constant veloc-
ity. Bringing the sphere to a constant velocity of 1 nm ps’!
could not be achieved within the maximum distance allowed
by the simulation PBC box, setting an upper limit on the in-
dentation velocity. The simulation with the lowest velocity
(0.00003 nm ps!) took around 21000 hours on modern CPU
cores.

We also performed reverse load simulations with a modified
version of GROMACS in which the pull code was changed to
allow specifying a constant acceleration. The sphere move-
ment had 3 phases: an initial phase in which it moved with
constant velocity; a second phase during which a negative ac-
celeration was set, allowing the sphere to slow down, to reach
a zero velocity and to start an accelerated movement in the op-
posite direction; and the final phase in which it again moved
with constant velocity.

The calculations of the per atom punctual stress and pair-
wise forces were performed with the Time-Resolved Force
Distribution Analysis (TRFDA) code!”. TRFDA allows effi-
cient monitoring and analysis of forces between pairs of atoms
in the molecular system over time. TRFDA defines the per
atom punctual stress on atom i as the sum of the scalar values
of pairwise forces between atom i and any atom j with which
it interacts. For comparison, circular and virial atomic stresses
were calculated (for more details see the ESIT).

3 Results

Analogous to the AFM indentation experiments of graphene,
we performed indentation simulations during which we
moved a spherical sphere mimicking the indenter tip at con-
stant velocity into a graphene sheet. We monitored the force
as a function of tip indentation until rupture, as shown in
Fig. la for a graphene sheet with a radius of 25 nm and a
tip radius of 5 nm. We recover the highly non-linear elas-
ticity of graphene observed experimentally, with pronounced
stiffening during deformation'. We obtained an average rup-
ture force of 280 (x10) nN from a series of 100 independent
indentation simulations with identical parameters but random
starting velocities (Fig. 1a insert). Rupture forces vary among
individual trajectories by roughly +10%, again in close agree-
ment with AFM experiments.

We found the indenter velocity of our MD simulations to
have only a minor effect on the rupture force. Fig. 1b shows
results obtained for a range of simulated velocities covering 4
orders of magnitude. Using a linear regression according to
the Bell model 2223 the rupture force estimated for the experi-
mental AFM indenter velocity (1.3-10" nm ps™') was less than
4% from the lowest rupture force obtained from MD simula-
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Fig. 1 Variability of rupture force (F) and the influence of sphere velocity (vs), sphere radius (ry) and graphene sheet radius (rg). a) Overlay
of non-linear force-indentation curves for a set of 100 independent simulations for ;=5 nm and r¢=25 nm (gray). One such curve,
corresponding to the median rupture force, is shown in black. Inset: histogram of rupture forces with an average of 280 nN. b) Influence of v,
on Fy over four orders of magnitude (squares) for 7;=2.5 nm and r,=12.5 nm, using the truncated Morse potential. Lowest Fy is 133 nN
corresponding to vs of 10* nm ps™!. For the experimental vy of 1.3e-9 nm ps™' (=1.3 um s™!), the Fy estimated from a linear regression
(dashed line) is 129 nN (triangle). c) Influence of r, on Fg using the truncated Morse potential (squares) and the AIREBO potential (triangles)
for rg=2.5 nm and v4=0.01 nm ps'l‘ Fr obtained with the AIREBO potential are 4.2 (+0.2) times larger than those obtained with the truncated
Morse potential. d) Influence of r, on Fg force using the truncated Morse potential for 7;=16.5 nm (squares) and r;=27.5 nm (circles), with
vs=0.01 nm ps™'. Dashed lines represent average Fy for each sphere radius: for r;=16.5 nm — 800 nN (experimental 1700 nN), for ,=27.5 nm
— 1280 nN (experimental 2890 nN). e) Influence of r; on Fy using the truncated Morse potential for 7,=25 nm (squares) and the AIREBO
potential for ry=12.5 nm radius (triangles), with v;=0.01 nm ps!. Fg obtained with the AIREBO potential are consistently around 4.2 times
larger than those obtained with the truncated Morse potential.

tions, well within the variability range obtained above. Fur- specifically, the graphene rupture forces obtained with the
thermore, a reverse load simulation with a sphere velocity of truncated Morse potential were consistently around 2.2 times
0.01 nm ps™! (Fig. S1 in the ESI') showed that the molecular smaller than the experimental values and around 4.2 times

system is close to equilibrium throughout the indentation pro- smaller than the ones obtained with the AIREBO potential

cess prior to rupture. We conclude that the force-indentation (Figs. 1c and 1e). Hence, in spite of ignoring multi-body inter-

data and rupture forces from our MD simulations can be di- actions, the truncated Morse potential predicts a graphene me-

rectly compared to the experimental ones, in spite of a differ- chanical resistance of the correct order of magnitude as suc-

ence of several orders of magnitude in indenter velocity. We cessfully as AIREBO, a more sophisticated and computation-

used a sphere velocity of 0.01 nm ps™! for all further simula- ally demanding potential. We note that the truncated Morse

tions. potential is a pairwise potential developed solely by fitting of
the potential energy to quantum mechanical calculations with-

Lee et al.! suggested that the rupture force does not de- out including any macroscopic material parameters.
pend on the graphene sheet radius. We confirmed this finding
for a wide range of graphene radii (12.5-100 nm) with both Lee et al.' suggested that the graphene rupture force de-

the truncated Morse and the AIREBO potentials (Fig. Ic). pends on the AFM indenter radius, with larger tips yielding
Thus, we could use for comparisons spheres with the same higher rupture forces. While the experimental data was re-
radii as the experimental AFM indenters (16.5 and 27.5 nm) stricted to only two AFM indenter radii, we could model a

but graphene sheets smaller than the experimental ones (20— much wider range, from 1.5 to 27.5 nm. For both the truncated
100 nm instead of 1-1.5 um, Fig. 1d). We find the Morse and Morse potential and the AIREBO potential, we observed a
AIREBO potentials to systematically underestimate or over- perfectly linear dependency of the rupture force on the sphere

estimate the experimental rupture force, respectively. More radius (Fig. le). This result is in excellent agreement with the
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theoretical predictions of Bathia and Nachbar?* of a spheri-
cal indenter pressing on a circular linearly-elastic plate. We
conclude that this linear relationship between indenter radius
and rupture force might also hold for the more general case of
materials with non-linear elasticity like graphene.

Analogous to the procedure by Lee et al.!, we next com-
puted the two-dimensional elastic modulus (E?P) of graphene
from the load-indentation data obtained from our MD simu-
lations. Comparing E?P directly to the experimental data and
other theoretical models of graphene®* is common practice
and avoids defining the thickness of the graphene sheet, which
is still controversial>®. Fig. 2 shows computed E*P values for
varying graphene sheet and tip sizes. Most of the values com-
ing from the simulations using the truncated Morse potential
lie within the EP range derived from experimental data, thus
validating once more our model. In contrast, the values com-
ing from simulations using the AIREBO potential were more
than 10% smaller than the lower limit of the experimental EP
range. We emphasize that the variability of EP both in the ex-
periments ! and in our simulations (with varying graphene and
tip size, Fig. 2) is relatively large, so that we refrain from com-
puting and comparing single values of the Young’s modulus.
Previous studies have attempted to directly match values be-
tween MD simulations and AFM experiments and to pinpoint
individual sources of errors, overlooking this large variabil-
ity %6823 even more so when diverging from experimental
conditions. For each sphere radius, E?P obtained with our po-
tential decreased with increasing graphene sheet radius; we
hypothesize that this is a result of a too low ratio between the
graphene sheet radius and the sphere radius, unlike in the ex-
periments. Indeed, the E?P values apparently converge as the
radius of the graphene sheet increases, with spheres of rela-
tively small radii showing a faster convergence with graphene
sheet size than the large spheres. Interestingly, towards small
graphene sheet sizes, the two potentials show opposite trends
for E?P, possibly because of the heterogeneity in bond orders
allowed by the AIREBO potential.

Having validated our computational model, we next aimed
at explaining the material failure and its dependence on sheet
and tip size by monitoring the internal stress distribution of
graphene under mechanical load. To this end, using Time-
Resolved Force Distribution Analysis!”, we calculated a per
atom punctual stress on each atom i, which is defined as the
sum of scalar forces between pairs of atoms i and j and there-
fore expressed in units of force. We also carried out similar
calculations for virial atomic stress® and a circular stress de-
fined as the sum of pairwise forces acting across circles con-
centric with the graphene sheet. Normalization of these three
alternative definitions of stress by the area of action of pair-
wise atomic forces, atomic volume or height of the single atom
thick layer, respectively, would yield true stresses, however
these quantities are ill-defined (more details on stress calcu-

Fig. 2 Two-dimensional elastic modulus (EZP) for various sphere
radii and graphene sheet radii, using the truncated Morse (squares)
and AIREBO (triangles) potentials. The horizontal gray area shows
the range of E*P values obtained from experiments by Lee ef al. !

lations can be found in the ESIT). The following findings on
stress distribution in indented graphene hold for any of the
three different stress definitions, and we focus below on the
results for the per atom punctual stress.

Fig. 3a shows a typical stress distribution in the graphene
sheet during the indentation process; a dynamical representa-
tion, with atoms colored by stress, can be seen in Movies M1
and M2 in the ESIT. At the start of the indentation process,
while the sphere is some distance away, spontaneous ripples,
which form throughout the graphene sheet due to thermal fluc-
tuations at room temperature 22728 give rise to a low level of
background stress. During the indentation process, the stress
increases significantly only in and around the area of graphene
in contact with the sphere, and remains at levels comparable
to the background stress towards the edge of the sheet, even
for small ratios between the graphene sheet and sphere radii.
The stress distributions during the indentation process for the
circular stress and virial atomic stress are very similar, as can
be seen in the ESI' (Fig. S2).

How does the stress distribution depend on the graphene
and sphere size, in comparison to the dependence of the
graphene rupture force on these geometrical parameters? In-
terestingly, the radial stress at a certain distance from the sheet
center, measured shortly before graphene rupture, does not de-
pend on the sheet radius, even for sheet sizes (down to 3 nm)
approaching the sphere size (2.5 nm, Fig. 3b). Similarly, the
contact area between the sphere and the sheet is independent
of the sheet size (Fig. S3 in the ESI'). We observe a highly
localized stress concentration under the sphere, with the stress
near the edge of the sheet already reaching background lev-
els for a ratio of sheet to sphere radius of 5-10 (Fig. 3c; Fig.
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Fig. 3 Stress variation during indentation and just before rupture, for a sphere velocity of 0.01 nm ps~!. The averaged radial stress was
obtained by averaging the per atom punctual stress over all atoms found at the same distance from the center of the graphene sheet. The
distance from the center was computed with a resolution of 0.1 nm. a) Variation of averaged radial stress as a function of distance from the
center of the graphene sheet and time for a sphere radius 7;=2.5 nm, a graphene sheet radius r,=12.5 nm. The left snapshot shows the
background stress before the indentation in a side view of the whole molecular system. The right snapshot shows the distribution of per atom
punctual stress, 1 ps before the rupture, in a detailed side view. b) Averaged radial stress less than 100 ps before rupture as a function of
distance from the center of the sheet for r;=2.5 nm and several r,. Dotted lines show the background stress. ¢) Averaged radial stress less than
100 ps before rupture for several r,/rg pairs: 12.5/2.5 (red), 12.5/5.0 (blue) and 25.0/5.0 (green), as a function of distance from the center
normalized by r,. The shaded area shows the standard deviation for one of the curves. Dashed lines show r, dotted lines show the radii of the

contact area between the sheet and the sphere.

S4 and S5 in the ESIT), while the theoretical model assumes
this ratio to be much larger1’24. Similarly, we obtain ratios
of 1.4-1.9 between the stress at the center of the sheet and
the stress at the edge of the contact area between sphere and
sheet (dotted lines in Fig. 3c), a range which is significantly
larger than 1.17 suggested in the analytical model®*. Taken
together, this suggests that a small area under and around the
sphere, determined only by the sphere radius, is sufficient to
bear the load, while the rest of the sheet only serves the role
of mechanical support for this central area. This finding offers
a straightforward explanation for the previous results from ex-
periments ! of graphene rupture force being independent from

the sheet radius. Unexpectedly, our simulations suggest that
both the stress distribution and the rupture force of the sheet
(Fig. 1c) remain consistent all the way down to sheet sizes
only marginally larger — by roughly 20% — than the indenter.
Thus, we propose that similar AFM experiments could be per-
formed with significantly larger indenters or smaller graphene
sheets than previously used, without affecting the outcome.
In particular, it might be considerably easier to obtain smaller
defect-free graphene sheets for such experiments.

In sharp contrast to the independence with regard to
graphene size, the stress distribution is strongly influenced by
the sphere radius (Fig. 3c). For a given graphene sheet, en-
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larging the sphere radius from 2.5 to 5 nm results in a cor-
respondingly wider stress distribution and contact area. As
a result, the center of the graphene sheet reaches the critical
radial stress of ~30 nN, at which we observe rupture, at an in-
dentation force of ~284 nN for a 5 nm sphere, as opposed to
~160 nN for a sphere of half the radius. Stress profiles along
normalized distances from the center, however, overlap for the
same ratio between the graphene sheet radius and the sphere
radius (Fig. 3c).

We established above that stress distributions in the whole
sheet and rupture forces are qualitatively linked, as they show
parallels in their dependency on sphere and sheet size (com-
pare Figs. 1d,e and Figs. 3b,c). We next quantitatively assess
this link by investigating how stress in a bond determines its
likelihood to break. Fig. 4a shows the breaking probability
of a bond as a function of its distance from the center of the
graphene sheet, obtained from 100 independent trajectories
initiated with different random velocities. Upon graphene in-
dentation by a sphere of 5 nm radius, the probability of a bond
to break vanishes quickly as the distance from the center in-
creases. The probabilities become lower than 1% at distances
beyond 1.2 nm, i.e. still well below the sphere radius, reflect-
ing the high concentration of stresses right under the AFM
indenter. In agreement, Lee et al. ! observed graphene rupture
to exclusively start at the indentation point. We note that our
model of the graphene sheet did not assume a particular bond
or bonds in certain regions of the sheet to break, in contrast
to previously investigated models based on quantum mechan-
ics or hybrid quantum mechanics/molecular mechanics %3,
Furthermore, we also tested how the local geometry of the
network of C-C bonds can influence the results. If an atom is
found at the center of the graphene sheet, the load transmitted
from the tip of the indenter can stretch the three C-C bonds
formed by this atom; if the center of the sheet is found in the
middle of an aromatic ring, the load can stretch the six C-C
bonds forming the ring. From a small set of simulations com-
paring these two cases, we obtained results indistinguishable
from each other. This is consistent with our previous finding
that the first bond which breaks is not always one formed by
the central atom. It also agrees very well with the experimen-
tal conditions! in which the location of the AFM indenter is
only precise to within 50 nm from the center of the graphene
sheet.

To correlate the likelihood of bond breaking with the ten-
sile stresses induced in bonds by the indentation process, we
performed an analysis of the individual C-C bond forces in the
graphene sheet. We note that stresses in bonds are equivalent
to C-C bond forces, as the sectional area of a bond is not well
defined, but can be assumed to be the same for all bonds in
the sheet as graphene is a homogeneous material. As shown
in Fig. 4b, the forces have a wide distribution but small aver-
age values for the outer regions of the sheet, suggesting a low

Fig. 4 Bond breaking probability from a series of 100 independent
simulations with a sphere radius of 5 nm, a graphene sheet radius of
25 nm and a sphere velocity of 0.01 nm ps~!. The distance was
calculated between the center of the sheet and the closest of the two
atoms forming the bond which breaks, with a resolution of 0.1 nm.
By convention, an attractive force is negative. a) Probability of bond
breaking as a function of distance from the center of the graphene
sheet. The number of broken bonds in each bin was normalized by
the total number of bonds in that bin. b) Distribution of C-C bond
forces as a function of distance from the center of the graphene
sheet. For each distance from the center, the distribution reflects
C-C bond forces from the last 100 ps before the first bond breaking.
c) Probability of bond breaking as a function of the bond force. The
averages and standard deviations are calculated over data from the
100 independent simulations; each data was the median of the forces
in bonds located at the same distance from the center of the sheet for
the last 100 ps before the first bond breaking. Error bars indicate the
standard deviation. The dashed line represents a Bell model fit with
AXpond = 0.034 nm and an average bond force at 100% probability
of -8.7 nN.

probability of bond breaking. In contrast, the distribution be-
comes narrower and the forces are significantly larger towards
the center of the sheet, most distinctly at distances smaller than
the sphere radius (5 nm) from the center. The higher probabil-
ity of larger forces implies a higher probability of reaching the
critical force for bond breaking. Indeed, Fig. 4c shows an ex-
ponential dependency of the probability of bond breaking on
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the average tensile force in the bond. Extrapolating to a prob-
ability of 100% results in a critical value of 8.7 nN, which is
slightly lower than the value of ~10.4 nN for C-C bond break-
ing defined in our force field, suggesting force fluctuations at
300 K (error bars in Fig. 4¢) to play a critical role in propagat-
ing a tensed bond to a broken state (see also Movie M3 in the
ESIP).

Considering graphene rupture as a two-state kinetic process,
driven by the extension of a single bond from the bonded to
the broken state, and regarding the bond length as reaction co-
ordinate, we fitted the Bell model?>23 to the data in Fig. 4c
(see the ESIT for details). We obtained a distance from the
reactant to the transition state AXpopg = 0.034 nm, which is
comparable to the difference between the average bond length
(0.142 nm) in equilibrium simulations and the critical bond
length (0.184 nm) defined for the truncated Morse potential 2.
From a similar Bell model fit to the rupture force dependency
on indenter velocity (Fig. 1b), and regarding the direction
of indentation as reaction coordinate, we obtained a distance
AXindent = 1.4-1073 nm, one order of magnitude smaller than
Axpond- This discrepancy originates in the different orienta-
tion of the reaction coordinate; C-C bonds under the indenter
tip are nearly perpendicular to the indentation direction, so the
projection of their lengthening up to their breaking point re-
sults in a AXjpdent ON the very small sub—Angstrém scale. Thus,
while the kinetics of individual bond breaking are determined
by the energy landscape of the single bonds, graphene sheet
rupture is dominated by a projection of that energy landscape
along the direction of the sheet indentation.

4 Discussion and conclusions

In MD simulations, we replicated as close as possible the ex-
periments of Lee ef al.! measuring load-indentation profiles
and determining the rupture forces for defect-free graphene
sheets. This approach allows us to make direct comparisons
of the results without relying on approximations, and to fur-
ther validate the truncated Morse potential used to model the
C-C bonds in graphene (see Part 1'%). While previous theoret-
ical work derived elastic parameters from deformation stud-
ies3*25 we here focus on the material rupture and internal
stress distribution as its molecular basis.

Although the truncated Morse potential is a simple pair-
wise potential, the deformation and rupture results obtained
with it are as close to the experimental ones as the results ob-
tained with the AIREBO potential or in some cases (E?P) even
closer. While the truncated Morse potential correctly predicts
the stiffness but underestimates the strength of graphene, the
AIREBO potential predicts a too low stiffness and at the same
time a too high strength. Given its better prediction of the
mechanical stiffness and due to its relative low computational
complexity when compared to AIREBO or other bond order

potentials (see Part I'?), the truncated Morse potential repre-
sents a good choice for further theoretical studies on graphene
mechanics, especially in multi-million atom systems.

Our results show that the rupture force depends on the in-
denter sphere radius and does not depend on the graphene
sheet radius, in agreement with experiments. Unlike Lee et
al.' who assumed a large ratio between the graphene sheet
and sphere radius, our results suggest that the rupture force
remains the same even for a ratio approaching one. Further-
more, our results show that the rupture force depends linearly
on the sphere radius, as previously only predicted by an ana-
lytical model for a purely elastic material.

Using TRFDA and atomic stress calculations, we were able
to study the variation of stress in the graphene sheet during the
indentation process until rupture. The stress distribution just
before rupture suggests that a small central area of the sheet
bears most of the load while the rest of the sheet only acts
as a mechanical support for it. The observed stress concen-
tration differs from finite element simulations ! and analytical
models of elastic materials?*. Generalizing the available an-
alytical theory to describe the deformation and stresses in a
planar material under a spherical indenter>* to non-linearly
elastic materials like graphene would be desirable to test our
predictions, and interpret previous and future indentation ex-
periments.

Stress calculations in MD simulations are not straightfor-
ward. Stress is typically defined in units of force over area, but
the area of action of an atomic pairwise force or the sectional
area of a single atom thick layer are not well defined. For
this reason, TRFDA 7 calculates a per atom punctual stress as
the sum of scalar pairwise forces acting on the atom and ig-
nores the area of action of a pairwise force. The virial atomic
stress >0 uses a different but equivalent expression of energy
over volume, in which the volume of an atom is also ill-defined
and thus ignored. For the case of a single atom thick layer, a
more realistic definition is the circular stress, calculated as the
total force acting across a circle of known length in the plane
of the layer, though this definition still ignores the thickness of
the layer. Graphene is a homogeneous material, and therefore
the area of action of the atomic pairwise forces, the volume
of an atom and the thickness of the sheet can be considered
constant and appear only as normalization factors in stress cal-
culations. Consequently, all three stress definitions should be
valid when applied to graphene, even though the absolute val-
ues of the stress are expressed in different units and cannot
be directly compared. Indeed, our results show an excellent
agreement between the stress distributions during indentation
until rupture for the three different definitions of stress.

Using our analysis of the tensile forces in strongly indented
graphene, we could show that thermal fluctuations in highly
tensed bonds under the indenter initiate the rupture of the ma-
terial. The probability of a bond to break decays rapidly to-
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wards the outer graphene regions and the decay is determined
by the sub-Angstrom lengthening of bonds to their critical
length. Our analysis can also predict the rupture under load of
other materials for which a (possibly truncated) Morse poten-
tial is an appropriate model of the interatomic bonds. Consid-
ering the same dissociation energy, a broader Morse potential
translates into a larger critical bond length but lower critical
force. Therefore, thermal fluctuations in the stretched ma-
terial generate a wider distribution of bond lengths and lead
to reaching the critical force earlier. This increases the area
around the center of the sheet where the bonds have a high
probability of breaking and thus the rupture initiation becomes
less localized under the AFM indenter. Conversely, a narrower
Morse potential leads to a tighter area around the center of the
sheet where the material rupture can start.

Overall, we find graphene rupture to be mostly described
by two geometrical coordinates. The macroscopic indenta-
tion and stretching of the sheet sets the graphene rupture force
sensitivity on the indenter size, while the microscopic bond
lengthening sets the locality of the rupture initiation events. It
remains to be investigated how defects present in the graphene
sheet change the behavior at these two different scales. Few,
small defects can potentially lead to a localized broadening
of the range of bond forces. If such defects are found in the
area of the sheet under the indenter, characterized by a narrow
range of high forces, they would increase the probability of
reaching the critical force and therefore of rupture. If the de-
fects are found in the outer regions of the sheet, their impact
on the already wide range of low bond forces would be min-
imal. However, numerous or large defects will significantly
disturb the network of C-C bonds, such that the stress distri-
bution and rupture probabilities can no longer be inferred from
the current results.
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