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Materials can suffer mechanical fatigue when subjected to cyclic loading at stress levels much lower than the ultimate tensile
strength, and understanding this behaviour is critical to evaluating long-term dynamic reliability. The fatigue life and damage
mechanisms of two-dimensional (2D) materials, of interest for mechanical and electronic applications, are currently unknown.
Here, we present a fatigue study of freestanding 2D materials, specifically graphene and graphene oxide (GO). Using atomic
force microscopy, monolayer and few-layer graphene were found to exhibit a fatigue life of more than 10° cycles at a mean
stress of 71GPa and a stress range of 5.6 GPa, higher than any material reported so far. Fatigue failure in monolayer graphene
is global and catastrophic without progressive damage, while molecular dynamics simulations reveal this is preceded by stress-
mediated bond reconfigurations near defective sites. Conversely, functional groups in GO impart a local and progressive fatigue
damage mechanism. This study not only provides fundamental insights into the fatigue enhancement behaviour of graphene-
embedded nanocomposites, but also serves as a starting point for the dynamic reliability evaluation of other 2D materials.

atigue failure of materials has long been a major concern, and a Photodiode Laser

research on fatigue can be traced back to the early nineteenth

century'. Because fatigue can occur at stress levels much lower 3:52';;;? “ -
than the static fracture strength?, investigating fatigue behaviour

and the underlying damage mechanisms is critical for the applica-
tion of an emerging material in order to evaluate its long-term reli-
ability. Two-dimensional (2D) materials have been widely applied to
mechanical and electronic applications, where they are commonly
subjected to cyclic stress’*. However, at the limit of these atomically
thin materials, it is not clear if they exhibit the fatigue phenomenon.
If they do, then the following open questions arise: what are the
fatigue lifetimes and what are the underlying damage mechanisms?
Despite a lack of knowledge about the intrinsic fatigue behaviour of
2D materials such as graphene, macroscopic studies have already
demonstrated that adding even a small amount (<1wt%) of gra-
phene can improve the fatigue life of polymer-based composites by
~1-2 orders of magnitude’".

Atomic force microscopy-based fatigue testing

A modified atomic force microscopy (AFM) technique, which enables
application of a combination of both static and cyclic mechanical
loading to a suspended 2D film, was developed to study the fatigue
properties of graphene. The approach for applying static loading is
similar to that used in traditional AFM deflection tests for measuring
the static mechanical properties (for example, Young’s modulus and
intrinsic strength) of suspended graphene'>"*. As illustrated in Fig. 1a
(see also Supplementary Fig. 1), a certain predefined static force is first
applied and maintained at the centre of the film, and then the AFM
cantilever is oscillated by a shake piezo around the static deflection at
a prescribed frequency and amplitude. Analogous to the direct/alter-
nating current of electricity, the static and cyclic forces are termed d.c.
(F,) and a.c. (F, ) forces. By changing the driving frequency (f,) and
driving amplitude (A,), the responsive tip deflection amplitude (A,)
is tuned. In the experiment, F,. and A, were varied in a controlled
manner to allow fatigue testing at different mean stress levels and
stress amplitudes (Supplementary Fig. 2). The onset of fatigue failure
was determined by the abrupt change in the cantilever tip amplitude
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Fig. 1| Fatigue testing of 2D materials. a, Schematic of the fatigue testing
set-up. b, Experimental data showing evolution of the amplitude and d.c.
force signals. Abrupt jumps of the amplitude and d.c. deflection signals
indicate the onset of fatigue failure in the film after ~106 million cycles.
Insets: AFM topographic images before and after fatigue failure. Sample
diameter, 2.5um.
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Fig. 2 | Fatigue of graphene. a, Fy. /Frracture-N curve of graphene (2.5um diameter, 5nm tip amplitude), showing a longer lifetime at lower mean stress.

b, Probability of survival for graphene under static and cyclic loading. ¢,d, Normalized fracture force (¢) and elastic modulus (d) of monolayer and bilayer
graphene after fatigue loading at 50% of its static fracture force and 5nm amplitude for various cycles. The properties are normalized by the average
properties of the pristine samples without fatigue loading. e, Cyclic loading of graphene (1.5 um diameter) at different amplitudes under fixed d.c. force
(Fac/Firacture 0.36), showing a longer lifetime at lower amplitude. f, Long-term static dwelling of graphene, showing fracture at close to its static fracture
strength. No fracture was observed below Fyc /Fiacture = 0.76 within the equivalent time of reaching more than one billion (up to four billion) cycles of loading.

and static deflection signals. Figure 1b shows one representative set
of experimental fatigue results on a bilayer graphene sample under
static loading of 50% of its fracture force, coupled with cyclic loading
of 5nm amplitude. An abrupt jump of the amplitude and d.c. deflec-
tion signals indicates the onset of fatigue failure in the film after ~106
million cycles, which was also confirmed by post-fatigue AFM topo-
graphic imaging.

Fatigue behaviour was characterized for three groups of sam-
ples (Supplementary Figs. 3 and 4): mechanically exfoliated gra-
phene (<5 layers, including monolayer), GO (<5 layers, including
monolayer) and thick multilayer GO (approximately tens of lay-
ers). Single-crystal diamond AFM probes were used to mitigate
wear of the probe during fatigue testing. Fatigue characteriza-
tion of graphene (75 samples), GO (12 samples) and thick multi-
layer GO (19 samples) was conducted at varying F,. levels with a
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constant tip oscillation frequency of 100kHz. The effect of ampli-
tude was also investigated through experiments with varying
deflection amplitude (A,). Given that the utility of direct stress mea-
surements is controversial for multilayer films, especially for GO
because of its elastoplastic nature and local thickness heterogene-
ity'*'%, the F,_ values reported here were normalized by the average
quasi-static fracture force (Fgacture) for each sample group to allow
a relative comparison of the fatigue life for samples with varying
thicknesses. Representative quasi-static force—deflection curves for
graphene and GO are shown in Supplementary Fig. 5. Following
an approach analogous to the stress (S)-cycle (N) curves used for
the analysis of conventional macroscopic fatigue experiments, a
normalized Fyc/Facture—N plot (hereafter referred to as F-N plots
for brevity) for graphene is provided in Fig. 2a. Data at the 10°
cycle represent multiple measurements of the static fracture force
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normalized by the average fracture force. The AFM instrument was
operated in an acoustic enclosure to reduce ambient vibrations. The
relative humidity in the enclosure was kept in the small range of
28-32% to minimize potential property changes due to ambient
humidity fluctuations.

Fatigue behaviour of graphene

The F-N curve for graphene (Fig. 2a) revealed a significant increase
in fatigue life from 10° to more than 10° cycles when F, was reduced
from ~80% of Fpacture t0 ~50% of Facrure- Open symbols indicate
cases where no failure had occurred by the end of testing. For gra-
phene with 2.5 um diameter, this represents a mean stress of 71 GPa
and a stress range of 5.6 GPa at 50% of the static fracture force and
5nm tip amplitude based on nonlinear finite element analysis (FEA;
Supplementary Fig. 6). No other materials have been reported with
more than 10° cycles of fatigue life at such high mean stresses and
stress amplitudes. Such stress levels are at least an order of mag-
nitude higher than those in most macroscopic fatigue tests on
high-strength steels and aerospace aluminium alloys'®"”. Previous
studies’*-*' on nanowires showed fewer than 10° cycles of fatigue
life at ~0.5GPa stress amplitude (Ni nanowires) or more than 10°
cycles but at orders of magnitude lower mean stress and stress
amplitude primarily achieved through resonance oscillation (ZnO
nanowires). The fatigue life of ultrathin (submicrometre) metallic
films (for example, Cu or Au)**~** revealed a strong dependence on
thickness and grain size, but all exhibited lower fatigue resistance
than graphene. Other nanoscale fatigue measurements, including
AFM-based cyclic bending on Si and SiO, nanobeams®*, revealed
lifetimes of a few thousand to approximately one million cycles at
mean stresses and stress amplitudes of a few GPa. Other carbon
polymorphs, such as graphite and bulk chemical-vapour-deposited
(CVD) diamond, have also been demonstrated to survive more than
10° and 107 cycles, respectively, but at stress levels of less than 1 GPa
(refs. 27%). Interestingly, single-crystalline diamond nanoneedles
revealed ultra-large elastic deformation and tensile strength due to a
paucity of defects®, which poses the question of whether defect-free
diamond could also possess similar ultrahigh fatigue life at large
stress levels, like graphene.

The fatigue data are scattered at high stress levels, primarily
due to the stochastic nature of brittle failure in graphene. To better
understand this stochastic behaviour, we conducted a Weibull statis-
tical analysis on the survival probability of graphene under fatigue
loading for different cycles, and compared this with the quasi-static
failure case. A two-parameter Weibull distribution is widely used
to describe the failure or survival of materials under different load-
ing conditions, both statically and cyclically'>**~*>.The probability of
survival at a given force F, normalized by the average quasi-static
breaking force Fpracture, is given by

F FIHCUIC "
S:exp{7<7/ ;t ) }

where m is the Weibull modulus, which determines the breadth of
the probability distribution, and 4 is a nominal ratio associated with
the distribution. A larger m generally indicates that the failure is
less sensitive to the presence of defects, or that there is a small range
of defects. The graphene samples in this work were mechanically
exfoliated and are known to have low defect density. In Fig. 2b, the
Weibull modulus of the static loading case is 13.9, which is close
to the value obtained in ref. '* (m~16), confirming the high qual-
ity of the graphene. In comparison, the values ot Weibull modulus
for graphene to survive 10° and 107 cycles are 4.3 and 6.4, respec-
tively. The lower Weibull moduli for the fatigue cases suggest that
the structure is more sensitive to defects under cyclic loading than
under quasi-static loading. The sensitivity to defects is higher if gra-
phene needs to survive more (10°) rather than fewer (107) cycles.
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Fig. 3 | Fatigue of GO. a, Fyc/Fracture-N curves showing at least one order
of magnitude difference in fatigue life between few-layer GO and thick GO
due to the presence of critical defects. b, AFM topographic images of GO,
defective GO and thick GO. Scale bar, Tum.

The horizontal scale bars for the fatigue data points represent
the +0.05 range considered for the probability calculation.

The quasi-static mechanical properties of graphene were rechar-
acterized after surviving cyclic loading for different numbers of
cycles, as shown in Fig. 2c,d. For both monolayer and bilayer gra-
phene, the results reveal that, after more than one billion cycles of
loading at ~50% of fracture force and 5nm amplitude, there is no
degradation in their quasi-static strength and elastic modulus. The
larger scatter in the elastic modulus for bilayer graphene is caused by
cyclic loading-induced wrinkling and local delamination, while no
morphological change was observed for monolayer graphene (both
are shown in Supplementary Fig. 7). All the graphene data show
that monolayer graphene either fails catastrophically or remains
unchanged after cyclic loading, which does not lead to obvious pro-
gressive damage/plasticity. Despite the fact that the graphene-gra-
phene interface dissipates energy, bilayer and few-layer graphene
still demonstrate more than one billion cycles of fatigue life at large
stress levels.

The fatigue life of graphene was observed to be strongly
dependent on the stress amplitude. The results in Fig. 2e show
that the graphene films cyclically loaded with 7nm tip amplitude
(Ao =22.4 GPa) exhibited two orders of magnitude shorter lifetime
than those loaded with a 5nm amplitude (Ac=16.1 GPa) under a
fixed d.c. force (Fac/Facture = 0.36, Gppepn="53.3 GPa). A tip oscil-
lation amplitude of 3.5nm (Ac=11.0GPa) consistently allowed
more than one billion cycles of fatigue life. The FEA results demon-
strate that the friction and local sliding at the graphene-diamond
tip interface have a limited effect (<6%) on the stress range of gra-
phene during cyclic loading, and the effect is consistent for different
amplitudes (Supplementary Fig. 8). To further understand the cyclic
loading effect, a comparison was also made with long-term static
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Graphene

Static failure

Fatigue failure

Thick GO

Fig. 4 | Fatigue fracture morphology. a, AFM topographic images of fracture surfaces of graphene, GO and thick GO under static and fatigue loading to
failure. b,c, TEM images of the local fatigue fractured zone for monolayer GO. Insets: selected area electron diffraction pattern showing one set of six
diffraction spots (b) and a false-colour image of the fracture surface (¢). Scale bars, Tum (a), 500 nm (b) and 100 nm (c).

dwelling of graphene, in which only thermal fluctuations contribute
to a near zero (<15pm) tip amplitude. As revealed in Fig. 2f,
graphene can also exhibit fracture under long-term static dwell-
ing; however, in such instances, fracture only ever occurred for
cases close to the static fracture force. Within the equivalent
time of reaching more than one billion cycles, no static fracture
was observed for force ratios below ~0.76, while the cyclic load-
ing resulted in fracture at force ratios as low as ~0.4 (Fig. 2a,e).
Previous studies™° on the kinetics of fracture of solids suggested
that the nature of bond breaking is caused by thermal fluctuations,
and applying a tensile stress could excite the bond and reduce the
activation barrier for fracture. Such long-term static loading on
atomically thin graphene in our study directly revealed that ther-
mal fluctuations can indeed cause covalent bond fracture with
the aid of applied stress below the quasi-static fracture strength
(Fig. 2f). Furthermore, the comparison of the lifetimes for cyclic
and equivalent long-term static loading suggests that mechanical
oscillation can further reduce the activation barrier for chemical
bond breaking, which increases the probability of fracture, thus
reducing the lifetime. However, further study is still required to
gain a deeper insight into the kinetics of dynamically induced
chemical bond fracture for such nanoscale materials.
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Fatigue behaviour of functionalized graphene
In the case of GO, Fig. 3a also shows increasing fatigue life with
reduced static loading force for both few-layer and thicker films,
but the increase is less dramatic than for graphene. The few-layer
GO samples exhibited more than 10° cycles of fatigue life at a force
ratio below ~60%, which is at least one order of magnitude longer
lifetime than for thick GO samples. This significant discrepancy in
fatigue life between few-layer and thick GO can be attributed to a
higher probability of the presence of critical defects in the thicker
GO films. Abundant wrinkles, folds and partial layer intercalation
were observed in thick GO samples (Fig. 3b and Supplementary
Fig. 4d) and lead to a local thickness variation. Such local thick-
ness heterogeneity results in stress concentration near the inner
edges'®, thus contributing to local crack initiation and propagation.
To confirm whether the presence of critical defects is a determinant
of the shorter fatigue life of thick multilayer GO films, fatigue test-
ing was also conducted on few-layer GO that had pre-existing major
defects, for example, on samples with natural pre-cracks (Fig. 3b).
The fatigue life of such defective few-layer GO was measured to fall
back into the regime populated by thick multilayer GO films.

The fracture morphologies of graphene and GO under static
and fatigue loading were observed to differ significantly (Fig. 4a).
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to the progressive damage during dynamic loading because of the
existence of multiple layers and potentially a higher number of criti-
zone of monolayer GO was also examined by transmission electron

ical behaviour'. Interestingly, thick multilayer GO demonstrated microscopy (TEM), as shown in Fig. 4b,c. The localized fracture
containing functional groups”. When pre-existing critical defects

cal defects (Supplementary Fig. 4d). In addition, the fatigue damage
zone can be explained by the crack-arresting mechanism of oxygen-

® Oxygen ® Hydrogen

® Carbon
loading. Inset: enlarged image of the stress profile near fracture onset. ¢, Morphology of graphene at three different cycles labelled in b, showing bond

reconfiguration at the defective site followed by catastrophic failure. d,e, GO MD model with a single vacancy defect and the stress profile during fatigue

loading. f, Progressive damage morphology of GO at the different fatigue cycles labelled in e. Major defects are shown in green, with darker green

Fig. 5 | MD fatigue simulations of graphene and GO. a, Graphene MD model with a single vacancy defect. b, Graphene stress profile during fatigue
identifying defects generated in later cycles.

Graphene was found to fail globally and catastrophically under both
static and fatigue loading scenarios. In contrast, monolayer and few-

layer GO films without critical defects exhibited localized failure for
NATURE MATERIALS | VOL 19 | APRIL 2020 | 405-411 | www.nature.com/naturematerials

both loading conditions, consistent with their elastoplastic mechan-
local failure under quasi-static loading, but consistently exhibited a
more global fractured zone under fatigue, which can be attributed
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(for example, cracks) were present in few-layer GO films, their
fatigue failure probably initiated at the defective sites and thus they
exhibited a larger damage zone (Supplementary Fig. 9).

Atomistic insights on fatigue mechanisms

Molecular dynamics (MD) simulations were conducted to further
understand the atomistic mechanisms underpinning fatigue fail-
ure. The interatomic interactions were captured using the ReaxFF
potential”’-*’, as this reactive bond order potential can properly
capture bond breaking. Equibiaxial cyclic straining of graphene
and GO was performed to mimic experimental loading conditions.
The samples were first stretched by a mean tensile strain followed
by cyclic straining, which kept the material in tension globally dur-
ing the fatigue process. Considering sample imperfections as pres-
ent in experiments, a single vacancy defect was introduced into
both the graphene and GO (Fig. 5a,d). Abrupt and catastrophic
fatigue failure of graphene was observed at stress levels close to its
static fracture stress (Og,cure)> Similar to previous observations®.
It was also shown that cyclic loading results in a shorter lifetime
than static dwelling, and higher amplitude gives rise to earlier frac-
ture than lower amplitude (Supplementary Fig. 10c), which agrees
with the experimental observations (Fig. 2e,f). A typical example,
shown in Fig. 5b for graphene, demonstrates that no progres-
sive stress loss occurred until fatigue failure onset at ~200 cycles,
after which the stress dropped abruptly. One major reason for the
much shorter fatigue life in MD than experiments is the signifi-
cant discrepancy in stress amplitude, on which the lifetime strongly
depends (Fig. 2e). Furthermore, it was consistently observed that
the failure of monolayer graphene was preceded by bond recon-
figuration at the vacancy defect. The bond reconfiguration refers
to the breaking of an existing bond and bond reconstruction with
other atoms due to atom migration, as shown in Fig. 5¢ (see also
Supplementary Videos 1 and 2). The bond reconfiguration near
the defect is attributed to the inhomogeneous charge distribution
and higher potential energy of atoms with unsaturated bonds, as
shown in Supplementary Fig. 11. Such bond reconfiguration was
observed to be a discrete event occurring immediately prior to
catastrophic failure. Such non-progressive damage agrees well with
the experimental results (Fig. 2c,d). At the macroscale, fatigue is
traditionally regarded to occur due to progressive damage/plastic-
ity'. However, no clear signs of progressive plasticity were observed
experimentally or in atomistic simulations of monolayer graphene
under cyclic loading. As a comparison, quasi-static failure of the
same graphene samples (under strain rates of 10%, 10° and 10'°s™)
occurred by pure bond stretching without any discernible bond
reconfiguration (Supplementary Fig. 12).

In contrast, fatigue loading of GO resulted in a continuous
stress reduction with increasing number of cycles (Fig. 5e and
Supplementary Fig. 13) due to local and progressive damage (Fig.
5f and Supplementary Fig. 14). Small damage zones were found to
grow and coalesce progressively into larger defects (colour-coded
in Fig. 5f with darker green to identify defects generated in later
cycles) but without catastrophic failure, unlike graphene. It is
known that the epoxide functional groups endow GO with plastic-
ity due to the epoxide-to-ether transformation under mechanical
loading'. Applying a large static mean stress to GO initiated such
a transformation and generated multiple ether groups (C-O-C) at
different sites in the basal plane. It is also observed that GO fatigue
damage primarily occurs at the ether groups by C-O bond breaking
during cyclic straining (Supplementary Fig. 15). After fatigue dam-
age initiation, the existence of functional groups adds resilience to
fatigue crack propagation. Compared with pristine graphene, GO
is more prone to initiate cracks due to the weaker intrinsic strength
and defective nature induced by functionalization®*'; however, it
is harder for the cracks to propagate during cyclic loading due to
the relatively higher fracture toughness”. Conversely, graphene
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requires a larger number of cycles and longer time to activate bond
breaking and to initiate bond reconfiguration; however, once the
bond reconfiguration occurs, the resistance to propagation is lower
and immediate fracture ensues. Despite stemming from different
atomistic mechanisms, both graphene and functionalized graphene
exhibit ultrahigh fatigue resistance. The global and abrupt fracture
of graphene and the local and progressive damage of GO agree well
with the observed experimental fracture morphology in Fig. 4a.
It is noted that a complete fatigue fracture analysis of GO was not
achieved due to limitations in computational power.

Outlook

This study demonstrates that the fatigue phenomenon, in which
cyclic loading lowers the stress required to cause material failure,
also applies to atomically thin materials. However, in contrast to
macroscopic fatigue phenomena, the non-progressive nature of gra-
phene fatigue indicates the inapplicability of conventional fatigue
mechanisms. The billion-cycle lifetime of graphene demonstrates
the ultrahigh dynamic reliability of graphitic 2D materials and offers
fundamental insights into the widely observed fatigue enhancement
in graphene-based nanocomposites. The mechanistic difference
between graphene and GO fatigue demonstrates functionalization
as a potential route for tuning fatigue behaviour. This fatigue testing
method can also be applied to other 2D materials that are widely
used in various flexible electronics applications.
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Methods

Materials. Graphene films were mechanically exfoliated from graphite (flaggy
flakes from NGS Naturgraphit) on perforated silicon substrates with a 285nm
oxide layer following the protocol in ref. **. Perforated holes (2.5um and 1.5um
diameter and 600 nm depth) were fabricated by electron-beam lithography
followed by reactive ion etching. GO was synthesized using the improved
Hummers method*. Previous X-ray photoelectron spectroscopy (XPS) analysis
of GO samples'® revealed ~70% oxidation with epoxide-rich functional groups,
which is in good agreement with the literature for similar synthesis methods'*.
GO films were prepared by liquid-assisted chemical exfoliation'* and dropcast on
holey Si;N, TEM grids to allow mechanical testing as well as TEM characterization.
The number of graphene layers was determined by optical microscopy and AFM.
The structure and thickness characterization of GO was conducted by scanning
electron microscopy (SEM), TEM bright-field imaging and selected area electron
diffraction analysis.

Experimental fatigue testing. Fatigue experiments were conducted with an
Asylum MFP-3D AFM using a customized scheme as depicted in Supplementary
Fig. la. Through actuation of a Z scanner, the centre of the film was loaded to a
predefined setpoint, which corresponds to the static deflection of the cantilever
(d.c. force, F,.). Thereafter, the shake piezo connected to the cantilever was
oscillated at a predefined drive frequency and drive amplitude (a.c. force, F,.).
During the static loading and oscillating process, the scan area was set to be
zero, thus fixing the loading point at the centre of the film. The deflection and
oscillation of the cantilever were captured by monitoring the position of the
reflected laser beam on a four-quadrant photodiode. The photodiode measured
the raw electrical signal change AV (in V) during oscillation, and the static
deflection and oscillation amplitudes of the cantilever (in nm) were obtained
by multiplying AV by the calibrated deflection and amplitude sensitivities,
respectively (in nm V-?). The deflection sensitivity was calibrated by deflecting
the cantilever against a hard Si substrate in contact mode, and the slope of the
Z (vertical) sensor displacement-voltage curve is the deflection sensitivity.

The amplitude sensitivity was calibrated by measuring a force curve on the

Si substrate in tapping (a.c.) mode, and the slope of the Z (vertical) sensor
displacement-amplitude voltage curve is the amplitude sensitivity. The AFM
used a lock-in amplifier to extract the cantilever amplitude and phase signal

at the driving frequency. Based on the frequency analysis (see Supplementary
Information), we believe that the AFM tip and sample are always in contact
during the cyclic loading process. The cantilever oscillation amplitude can then
be translated to the cyclic force range (AF) applied to the film, AF=kX24,,
where k is the spring constant of the cantilever and A, is the tip oscillation
amplitude. Single-crystal diamond tips (K-TEK Nanotechnology, D160 and
D300 tips) were used for both static and fatigue loading. Supplementary Fig. 1b,c
presents SEM images of a used diamond tip, showing the ~20 nm of tip radius.
The force ratio Fgc/Ffracture Was obtained by measuring F,. and Fy, . of samples
in the same flake using the same diamond tip. The average fracture force, Fiycture
, was obtained by averaging at least three samples for every flake. Furthermore,
to avoid any possible tip variation on the measurement of Fy./ Fracture, static
deflection measurements and fatigue measurements were conducted in an
alternating sequence, rather than finishing all the static measurements and then
conducting all the fatigue experiments.

The fatigue tests were conducted after one day of stabilization of the system to
minimize drift. In our experiment, the drift was minimal after this stabilization
period. Supplementary Fig. 1d,e presents AFM images of a graphene sample before
and after 4.26 h of fatigue loading following our protocol. It shows that the drift was
~15nm, which is less than the tip radius. The corresponding average drift rate was
~0.059 nmmin~'. The drift was quantified by comparing the positions of the holes
in the images. The suspended graphene region was first determined by finding
the threshold level of 1 nm below the substrate surface in the AFM topography
image. The centroid of the two holes was then located. Overlaying the two images
allowed us to measure the distance between the two centroids, which is a measure
of the drift. In addition to our stabilization protocol, another characteristic of the
experiments that ensured minimal drift was the high level of d.c. loading on the tip
in contact with the graphene membrane, which significantly constrained the lateral
drift of the contact point.

Stress estimation of monolayer graphene. A density functional theory (DFT)-
based nonlinear FEA was conducted to more accurately predict the stress in
graphene. Uniaxial stress-strain curves along the zigzag and armchair directions,
as well as the equibiaxial stress—strain curve, were obtained using DFT calculations
and then served as inputs to ABAQUS. DFT calculations were performed

using the QUANTUM-ESPRESSO* code with the Perdew-Burke-Ernzerhof
generalized gradient approximation (PBE-GGA) exchange-correlation functional®®,
a uniform 13 X 13 x 3 Monkhorst-Pack k-point mesh* and Vanderbilt ultrasoft
pseudopotential. The atomic positions and lattice constants of graphene were
calculated using a kinetic energy cutoff of 60 for wavefunctions and 480 Ry

for charge density, respectively. The convergence thresholds on self-consistent
field (SCF) procedures and on total energy for ionic minimization between two
consecutive SCF steps were 1.0 X 10~°Ry and 1.0 X 10~ Ry, respectively.

The graphene structure, which contained four C atoms, was initially relaxed until
the magnitude of the residual Hellmann-Feynman force on each atom was less
than 0.001 Ry/Bohr. To simulate uniaxial tensile deformation while considering
Poisson’s effect, the cell dimensions in the transverse directions were allowed to
relax with a variable cell relaxation. A vacuum spacing of 20 A was used in the
out-of-plane direction to avoid inter-layer interactions. The true (Cauchy) stress
(o) for prescribed levels of strain was obtained for each optimized structure from
the pressure tensor. A thickness of 3.4 A was assumed to calculate stress. The lattice
parameters for the graphene unit cell (Supplementary Fig. 6a) were estimated as
2.46 A and 4.27 A, respectively.

Finite element simulation of graphene deflection was conducted using
ABAQUS. The graphene sheet was modelled with four-node quadrilateral
membrane elements (M3D4) considering the fifth-order strain energy density
potential in a hyperelastic model. The indenter was modelled as a rigid body. An
experimentally determined pre-stress of 0.3 N m~' was applied radially on the
graphene sheet. Indentation was conducted by displacing the indenter towards
the centre of the membrane. The Newton-Raphson nonlinear algorithm with
automatic time increment was employed to solve the problem.

MD model set-up. MD simulations were conducted using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)* and the
interatomic interactions were computed using the ReaxFF potential*’, which
has been used to successfully predict the mechanical properties of graphene and
GO***, Based on XPS characterization, the GO monolayers were kept 70%
functionalized with an epoxide-to-hydroxyl ratio of ~4:1'*'*. The functionalized
carbon atoms were chosen randomly, and identical weightages were assigned

to locations on both sides of the carbon planes. For both graphene and GO,

the simulation cells were kept as 7.5nm X 7.5nm in the in-plane directions and
11.7 nm in the out-of-plane direction. Geometric relaxation was achieved in

an NPT (N, number of atoms; P, pressure; T, temperature) ensemble, in which
the number of atoms, pressure and temperature were kept constant. All the
structures were initially assigned a Gaussian velocity distribution and were
thermally equilibrated at 300 K in an NPT ensemble. The simulation time

step was 0.25fs for GO and 1 fs for graphene, consistent with previous MD
simulations”. Thereafter, a single C atom was removed from the centre of the
structures, which were subsequently equilibrated at 300K (Fig. 5a,d). The GO
and graphene samples contained a total of 3,451 and 2,231 atoms, respectively.
For the thermal relaxation of the samples, a periodic boundary condition was
applied along the orthogonal directions.

MD simulations for quasi-static tensile tests. Equibiaxial strain-controlled tensile
loading was imposed by dilating the simulation box along both armchair and
zigzag directions. The atomic stresses of individual atoms in the GO and graphene
samples were estimated using the virial theorem after every 2.5fs for GO and 10fs
for graphene. To obtain 3D stress values, the thicknesses of the GO and graphene
samples were assumed to be 6.24 and 3.4 A, respectively. Material failure was
identified by a sudden drop in tensile stress and the fracture strength (o) was the
maximum stress measured in the stress—strain curve. The Open Visualization Tool
(Ovito) was used to visualize and capture atomic configurations™.

MD simulations for fatigue tests. To mimic the experimental loading
conditions, after equilibrating the structures at 300K, an equibiaxial tensile mean
strain was applied on the GO and graphene samples at a strain rate of 10%s~".

The mean strain was imposed at different percentages of the quasi-static fracture
strain, specifically 17, 34, 51, 68, 76 and 85% for GO and 22, 30, 44 and 55% for
graphene. Once biaxially stretched, fatigue loading was imposed by sinusoidally
stretching and compressing the simulation box along the in-plane directions

using the expression
¢ = lo + ast T

where J, is the length in any of the in-plane directions at any time ¢ during the
fatigue, [, is the length immediately after applying the static mean strain, a is

the amplitude, ¢ is the time and T'is the period of fatigue loading. The length

of the simulation box was controlled in the out-of-plane direction to maintain
zero pressure. The frequency of the fatigue loading was set to 10 GHz. Due to
restrictions arising from computational requirements, the frequency used in MD
simulations was much larger than those in the experiments. The magnitudes of
fatigue amplitude a were chosen to be 0.2, 1 and 2 A for GO and 0.1, 0.2, 0.3, 0.4,
0.5, 0.6 and 0.8 A for graphene oscillating at 10 GHz. For graphene oscillating at
100 GHz, the magnitude of a was chosen to be 0.6 and 0.8 A. For all these cyclic
loading simulations, the strain rates were between 1.6 X 10%s~' and 5.0 x 10°s~".
For long-term static dwelling simulations (a=0), the samples were equibiaxially
loaded under quasi-static conditions at a strain rate of 10®s™" until the stresses
reached the fatigue fracture stress values of the samples (that is, the maximum
stress withstood by each sample under cyclic loading). Thereafter, they were held
at those stress levels using an isothermal NVT (V, volume) ensemble for periods
longer than the cyclic loading time.
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