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The strength of mechanically-exfoliated
monolayer graphene deformed on a rigid
polymer substrate†
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Robert J. Young *a,e

The deformation and fracture behaviour of one-atom-thick mechanically exfoliated graphene has been

studied in detail. Monolayer graphene flakes with different lengths, widths and shapes were successfully

prepared by mechanical exfoliation and deposited onto poly(methyl methacrylate) (PMMA) beams. The

fracture behaviour of the monolayer graphene was followed by deforming the PMMA beams. Through

in situ Raman mapping at different strain levels, the distributions of strain over the graphene flakes were

determined from the shift of the graphene Raman 2D band. The failure mechanisms of the exfoliated gra-

phene were either by flake fracture or failure of the graphene/polymer interface. The fracture of the flakes

was observed from the formation of cracks identified from the appearance of lines of zero strain in the

strain contour maps. It was found that the strength of the monolayer graphene flakes decreased with

increasing flake width. The strength dropped to less than ∼10 GPa for large flakes, thought to be due to

the presence of defects. It is shown that a pair of topological defects in monolayer graphene will form a

pseudo crack and the effect of such defects upon the strength of monolayer graphene has been mod-

elled using molecular mechanical simulations.

1. Introduction

Since single-layer graphene was firstly isolated from highly-
oriented pyrolytic graphite in the University of Manchester in
2004, it has aroused worldwide attention in materials science
and condensed matter physics1 since it has many excellent
properties. It is the strongest material ever measured with very
high stiffness and strength.2 The thermal conductivity of gra-
phene can reach 5000 W m−1 K−1 (ref. 3) and it also has a
remarkable electrical conductivity of up to 6000 S cm−1.4 The
charge carriers move within monolayer graphene with little

scattering under ambient conditions.5 Also, its high surface
area can theoretically be up to 2630 m2 g−1 and it shows com-
plete gas impermeability.6 These properties have excited scien-
tists worldwide and created massive expectations for industry
to use graphene. Graphene has great potential to be applied to
fabricate polymer nanocomposites7 with good mechanical,8

thermal, electrical9 and gas barrier properties. The first gra-
phene-based commercial product was the tennis racquet made
using graphene nanoplatelets.10 In early 2017, the world’s first
graphene mechanical watch was launched with the weight of
only 40 g.11

Graphene is strong and flexible. Its outstanding mechanical
properties arise from its sp2-hybridised carbon bonds inside
the 2-D graphene honeycomb lattice. These valence bonds
inhibit changes in bond angle and length and give rise to very
high levels of stored energy during straining. Lee et al. first
measured the elastic properties and strength of free-standing
graphene by nanoindentation and found that the Young’s
modulus of graphene was about 1 TPa and the tensile strength
was about 130 GPa,2 although there are reports claiming that
this tensile strength value of graphene measured by nanoiden-
tation might be overestimated.12 For perfect, defect-free gra-
phene, a value of about 100 GPa can be assumed.13 The behav-
iour of graphene under extreme dynamic conditions has been
studied by Lee et al. using miniaturized ballistic tests and
they found that the specific penetration energy for multilayer
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graphene is 10 times higher than that for macroscopic steel
sheets and they also found the radial cracks approximately fol-
lowed the crystallographic directions after impact.14 These
interesting findings upon the crystallographic orientation of
cracks were also confirmed by Kim et al. using transmission
electron microscopy (TEM).15

There are many examples in the literature of optimistic
claims of the strength of graphene. The original report of Lee
et al.2 stated that their “experiments establish graphene as the
strongest material ever measured”. In their Nobel Prize lec-
tures Geim16 acknowledged that “graphene exhibits record
stiffness and mechanical strength” and Novoselov17 spoke of
“its unprecedented mechanical strength”. Paton et al.18 stated
that “graphene is the strongest material known to man with a
breaking strength of 130 GPa”. With time, however, the claims
have become more exaggerated and there are numerous
reports, particularly in the online media, of unsubstantiated
claims such as through the incorporation of graphene
“unbreakable rubber bands that are 200 times stronger than
steel are coming soon”.19

In reality, graphene is invariably produced with a number
of intrinsic and physically-introduced defects during prepa-
ration. Even mechanically-cleaved graphene prepared from a
graphite single crystal, contains many native defects.20 The
defects inside the flakes may dominate the fracture behaviour
and control the final fracture strength. In graphene there are
many different kinds of natural in-plane point defects and
edge line defects20 that might be capable of causing a dramatic
drop in the strength. Vlassiouk et al. recently found the contri-
bution of graphene to the strength of the resulting “model”
nanocomposites to be only about 10 GPa,21 much lower than
the reported value of 130 GPa.2

In the experiment of Lee et al.,2 mechanically-exfoliated
monolayer graphene was suspended over an array of circular
holes of between 1 μm and 1.5 μm in diameter.
Nanoindentation was carried out on a very small area of the
graphene film over the hole. During the nanoindentation, the
deformation was concentrated on a 300 nm2 region or 1.1 ×
104 atoms under the indenter. Within this small region, gra-
phene showed an unprecedented strength due to the low
possibility of it containing defects. When the size of graphene
becomes larger, however, the situation will be quite different
since as the size of the graphene flake increases, the prob-
ability of the material containing natural defects becomes
higher. In this work, the graphene monolayers that were uni-
formly deformed, had an area more than six orders of magni-
tude larger (>300 μm2) than the test area in the experiment of
Lee et al.,2 or more than two orders of magnitude higher com-
pared to the area of the holes where graphene was suspended
in ref. 2; the strength of the flakes that fractured during testing
was therefore expected to be lower than 130 GPa, as a result of
the presence of different types of intrinsic defects. Shekhawat
and Ritchie22 undertook simulation of the effect of line and
point defects upon the toughness and strength of nanocrystal-
line graphene, such as that produced by chemical vapor depo-
sition (CVD), and showed that their presence led to a signifi-

cant reduction in strength. Another origin of the differences
between the widely-accepted value of 130 GPa reported in the
work of Lee et al.2 and the present study, might be the fact that
the value of 130 GPa stems from biaxial loading converted to
axial values, while in the present study, strain was applied uni-
axially to the graphene monolayers. The application of biaxial
strain to atomically-thin membranes is important for a
number of advanced applications and this manifests once
again the importance of the work of Lee et al.;2 it will be
shown however, that the results reported here also have very
important implications on the use of graphene in applications
such as polymer nanocomposites.

It should be noted at this point that similar issues have
been reported more than a decade ago during the initial
attempts of research groups to measure the mechanical pro-
perties of carbon nanotubes (CNTs), which essentially are gra-
phene sheets, rolled into an edgeless cylinder. The specimen
size of CNTs, the lack of absolute control in the nanotube
structure, the limitations in the specimen preparation and the
use of indirect measurements, led to a wide variability in the
results of the tensile strength of CNTs. Even though the ideal
lattice strength of CNTs was suggested to be higher than 100
GPa from a number of theoretical works using quantum mech-
anics calculations,23–25 different experimental studies reported
discrepancies among them and the measured strength values
were usually lower than predicted. The differences among
several literature works on the tensile strength of CNTs can be
attributed to the presence of a number of different types of
defects along the CNTs and artifacts which can be introduced
during the preparation of the samples and the testing pro-
cedures. For example, in the early studies of Ruoff and co-
workers where multi-walled CNTs26 and single-walled CNT
ropes27 were attached onto the opposing tips of an atomic
force microscope cantilever and then were stress-loaded within
an scanning electron microscope, tensile strengths ranging
from 11 to 63 GPa were measured. Also, Demczyk et al.,28 uti-
lized a piezoelectric manipulation holder within a trans-
mission electron microscope and reported a very high fracture
strength of 150 GPa when a tensile force of 18 μN was applied,
probably as a result of MWCNTs breaking nearly at once.

In the application of graphene in nanocomposites,
mechanically-exfoliated rather than CVD graphene is normally
used and a large flake size is of vital importance to achieve
good mechanical reinforcement.29,30 It is thought that the
lateral dimensions of the flakes should be at least 3 μm to
achieve good stress transfer from the matrix to the reinforce-
ment.31 However, when the size of graphene flakes increases,
the probability of them containing defects that can cause easy
fracture during deformation also increases, which may com-
promise the mechanical properties of graphene nano-
composites. The aim of this present study is therefore to inves-
tigate the fundamental deformation of one-atom-thick mono-
layer graphene and to understand what level of strength might
be expected for flakes of graphene with dimensions large
enough to give significant levels of mechanical reinforcement
in composites.
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2. Materials and methods

The raw graphite single flakes used to prepare the mechani-
cally-cleaved monolayer graphene were purchased from NGS
Trading & Consulting GmbH, Germany. The thermal release
tape used to exfoliate graphite into graphene was supplied by
Nitto Denko Corporation, Japan. PMMA plates were purchased
from Panel Graphic Limited, UK and were subsequently cut
into small beams of 70 mm in length and 20 mm in width, fol-
lowed by polishing at the cut edges to minimize scratches and
defects. This procedure allows the PMMA beams to be
deformed to high strains (∼2%) without fracture.

2.1 Preparation of exfoliated monolayer graphene on PMMA

For the deformation and fracture studies, the monolayer gra-
phene flakes were prepared by mechanical cleavage of single
flake graphite. The graphite flake was initially placed in the
middle of the Nitto tape and repeatedly peeled with another
layer of tape. At the end of this procedure, the material that
remained on the tape was a mixture of multilayer graphene
flakes of different thicknesses and lateral dimensions. By
repeated peeling, the multilayer graphene was finally cleaved
into thin graphene sheets. The tape covered with graphene
flakes of various thicknesses, was subsequently pressed onto
the PMMA beam. As a result, graphene flakes with different
thickness and lateral dimensions were obtained on the PMMA
beam.1

A Nikon Eclipse LV100ND optical microscope with Nikon
cameras DS-Ri2 and DS-Qi2 was used to identify the mechani-
cally-cleaved monolayer graphene on the PMMA. A 50× and a
100× lens were used to capture high resolution images. Some
images were also obtained with a 100× lens in the special
colour palette mode in the Horiba Raman system, in which
the contrast of the nearly-transparent graphene flakes could be
greatly enhanced.

2.2 Raman spectroscopy

A Horiba LabRAM HR Evolution Raman spectroscope
equipped with blue Argon laser of 488 nm (Elaser = 2.53 eV) was
utilized to perform the mapping of the graphene monolayer
flakes, prepared by mechanical cleavage, on the PMMA beams
at different strain levels. Deformation of the monolayer gra-
phene was undertaken by in situ four-point bending of a
PMMA beam during which the graphene flake on the top
surface was elongated.31 The strain on the top surface of
PMMA was monitored by using a strain gauge. At each strain
level, Raman mapping was conducted to create the strain map
on the graphene flakes on the PMMA beam. The laser beam
was focused on the graphene flakes with 5% laser power
(about 1 mW) and a 100× objective lens that produces a laser
spot of about 1 µm in diameter. For the band shift rate
measurements, the exposure time was 20 s, 3 accumulations
were selected for each measurement, with a grating of 600 gr
mm−1. For the Raman mapping, the exposure time was 10 s, 2
accumulations were selected for each mapping point and the
grating used was 600 gr mm−1.

For the Raman band shift rate measurements, Raman 2D
band spectra were initially obtained from the middle of the
graphene flakes. Upon gradually increasing the strain, a
Raman spectrum was obtained at each strain level at the same
position. After the bending experiment, Raman 2D band posi-
tions were plotted as a function of the applied strain and the
graphene Raman 2D band shift rates were obtained.

For the whole flake mapping and line mapping procedures,
the strain was increased in steps to the strain level at which a
fracture on the graphene flake was detected or if no crack was
detected, to the maximum achievable strain (∼2%). The strain
steps were approximately 0.2% for the Raman mapping of the
whole flake and 0.1% for the line mapping.

2.3 Computational modelling

To show the effect of topological defects on the mechanical be-
havior of graphene, we simulated the tensile response of a gra-
phene flake with a dimension of around 12 × 24 nm2 with two
pairs of pentagon–heptagon defects embedded. Periodic
boundary conditions were applied along the direction of
tensile strain (y) and the transverse direction (x). The
unstrained sample was fully relaxed, including ionic positions
and lattice constants, by using the conjugate gradient algor-
ithm as implemented in the large-scale atomic/molecular mas-
sively parallel simulator (LAMMPS). The interaction between
carbon atoms was described by AIREBO typed empirical poten-
tial. After structural optimization, we changed the lattice con-
stant along the y direction to mimic the applied tensile load.
For each strained structure, we also fully relaxed the whole
system to make the residual force acting on each atom less
than 1.0 × 10−5 eV nm−1.

3. Results and discussion
3.1 Analysis of graphene deformation

In this study, we investigated the deformation of 10 individual
monolayer graphene flakes and a number of graphene micro-
ribbons, all with different characteristics. The Raman spec-
trum of monolayer graphene deposited on PMMA can be seen
in Fig. 1a. In the Raman spectrum for pure PMMA, the charac-
teristic PMMA Raman bands can be seen. The top Raman
spectrum, obtained from a monolayer graphene flake de-
posited on PMMA, shows the characteristic G band of gra-
phene at around 1585 cm−1 and its 2D band at around
2696 cm−1. It should be pointed out that the Raman bands of
the graphene are just from a one-atom-thick graphene flake de-
posited on a 2 mm thick PMMA substrate, indicating the
strong resonance Raman scattering from monolayer graphene.

Upon applying uniaxial tensile stress to monolayer gra-
phene flakes, phonon softening occurs with the 2D Raman
band undergoing a redshift.32 Fig. 1b shows an example of the
positions of the Raman 2D band before deformation and at
1.3% and 1.8% strain (a redshift of 110 cm−1). From Fig. 1b it
can also be seen that before deformation the 2D band can be
fitted with a single Lorentzian function. With increasing
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strain, however, the 2D band starts to split and a shoulder
appears at higher wavenumber. The reason for this splitting is
the distortion of graphene reciprocal lattice and reduced point-
group symmetry of the graphene lattice at high strain.33 In order
to fit the Raman 2D band successfully with a single Lorentzian
function at high strains, a high energy laser (488 nm) was used
to largely supress the inner Raman double resonance process.34

As a result, with increasing strain, the 2D band splitting initiated
only at a relatively high strain (∼1.3%) and the Raman 2D band
could still be fitted with a single Lorentzian function for strains
up to 1.8% (top spectrum in Fig. 1b).

A typical plot of the Raman 2D band position as a function
of strain is presented in Fig. 1c. Raman measurements were
taken from the middle of the flake and a linear shift of the
Raman 2D band up to 1.1% strain can be seen, indicating that
the interface was still intact after the application of strain at
such levels. The slope of the linear fit is −53.6 ± 2.5 cm−1/%,
consistent with the monolayer having a Young’s modulus of
the order of 1 TPa.35 The slope is slightly lower, however, than
the generally accepted Raman 2D band shift rate of around
−60 cm−1/% found for free-standing graphene on a substrate
under uniaxial tensile strain.31,36 After the evaluation of four
graphene monolayers, the average redshift of the 2D band was
of the order of 55 ± 3 cm−1/%. In the past, similar values of 2D
band shifts of −59 cm−1/% 37 and up to −64 cm−1/%,36 have
been reported in the literature. These small differences could
arise from the variations in strength of van der Waals force
between graphene flakes and substrates,37 an uneven stress
transfer arising from slippage, the relative movement of the
Dirac cones caused by strain,38 the relative crystal orientation
of the graphene lattice to the strain direction39 or finally small
variations in laser polarisation direction and laser excitation
energy.34 In order to make a comparison between the fracture
behaviour of different exfoliated monolayer graphene flakes,
the strain distribution within the graphene flakes needs to be
determined using the same Raman 2D band calibration value.
In this work, for consistency, the well-accepted ‘universal’ cali-
bration value of Raman 2D band of −60 cm−1/% for monolayer

graphene with Young’s modulus of 1050 GPa31 was used to
determine the strains within the monolayer graphene.

During the experimental procedure, strain was applied to
the specimens in steps of the order of 0.1–0.2% and strain
contour mapping through Raman spectroscopy at each strain
level enabled us to monitor the strain distribution in the
monolayer graphene flakes. In this way, the strength of the
flakes and the modes of failure during deformation could be
determined very accurately.

3.2 Deformation of large flakes

Fig. 2a shows an optical micrograph of Flake 1 which was
112 µm in length along the strain direction, 18 µm in width at
its centre and had an area of 1706 µm2. Strain contour
mapping was carried out at different strain levels on the flake
until a crack was detected. The strain contour map of Flake 1
acquired at 0% strain, before deformation, is presented in
Fig. 2b. It can be seen that the strain distribution over the
entire flake is approximately 0% strain. The strain contour
mapping at 0.7% strain (before fracture) is shown in Fig. 2c. In
this case, the strain in the middle part is distributed uni-
formly, with only a small area displaying a strain slightly
higher than the strain within the plateau. At the top and
bottom edges of the flake, the strain gradually built up over a
few microns from 0% to the 0.7% strain plateau along the
strain direction. This indicates that stress transfer takes place
at the top and bottom edges of the Flake 1 through a shear-lag
process,31 arising from the differences in strain between the
edges of the flake and the PMMA substrate. Moreover, it
should be pointed out that the tape exfoliation technique most
commonly induces rough edges that can affect the efficiency of
stress transfer in their vicinity. It should be also noted that the
spatial resolution of the Raman instrument near the edges is
in the order of 1 μm, as a result of the laser spot size (∼1.5 μm)
and overlapping measurements.

After increasing the strain from 0.7% to 0.9% (Fig. 2d) a 0%
strain region at around 55 µm in y axis can be seen passing
through the whole flake, separating the flake into two. This

Fig. 1 (a) Typical Raman spectra of pure PMMA (bottom) and monolayer graphene on PMMA (top). (b) Raman 2D band shift from 0% to 1.8% for a
monolayer graphene flake fitted with a single Lorentzian function (obtained using a 488 nm laser). (c) Typical shift of the Raman 2D band as a func-
tion of strain for a graphene monolayer on PMMA substrate.
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0% strain region is clearly a crack that formed after loading
the graphene monolayer to 0.9% strain, with the flake fractur-
ing at around 0.8% strain. As the Young’s modulus of mono-
layer graphene is 1050 GPa, the tensile strength of Flake 1 can
be calculated to be around 8.4 GPa. The strain contour plots in
each of the two parts consist of a relatively uniform strain
plateau in the middle and well distributed strain field lines at
the edges, along the strain direction. This once again indicates
that the strain gradually builds up from the top and bottom
edges to the middle plateau area (in both parts), consistent
with shear-lag theory.

Another large flake (Flake 2) of 84 µm in length and a width
of around 30 µm (Fig. 3a) was subjected to deformation and
strain contour mapping was undertaken via Raman spec-
troscopy. The strain contour plots in monolayer graphene
Flake 2 before deformation and after fracture at 1.02% strain,
are shown in Fig. 3b and c. A strain of up to 0.3% was present
in the graphene flake before deformation. It represents the
residual strain which was generated in this flake by pressing it
onto the PMMA beam during specimen preparation. The
strain was then gradually increased from 0.3% to 1.02% and
during this process two linear mappings were conducted at
different strain levels along the L1 and L2 lines shown in the
optical image of the monolayer (Fig. 3a). The strain distri-
butions along the L1 and L2 lines at different strain levels can
be seen in Fig. 3d and e.

From the contour plot in Fig. 3b at 0.3% strain, it can be
seen that the strain is relatively uniform in the middle part of

the flake. There are also some low strain areas at the top and
bottom areas near the edge that were confirmed by the
linear mapping process. During mapping along L1 after the
application of strain (Fig. 3d), there is always an approximately
triangular segment of strain distribution appearing at all
strain levels, in the y position from 0 to 10 µm, that is
similar to the strain distribution along a fibre with length
shorter than the critical length.34 This implies that this area
was fractured prior to deformation. Moreover, the wrinkles
that can be easily observed at the bottom of the flake in
Fig. 3a, do not transfer stress as effectively as the rest of
the flake and especially the middle part, as it can be realised
from the strain distribution plot (Fig. 3d) at y positions
between 70 and 84 μm. After gradually increasing the strain
from 0.3% to 0.78%, the strain gradually builds up from 0% at
10 µm to a plateau of 0.78% at 20 µm between 10 µm to
84 µm along the y axis. This indicates that stress is transferred
effectively between graphene and the PMMA substrate.31

However, at the bottom part of Flake 2, from 70 µm to 84 µm
along the y axis, the strain cannot build up at all strain levels;
instead a plateau can always be seen, with strain consistently
lower than the middle of the flake, which arises from the
irregular distribution of the wrinkles on the bottom area near
the edge of the graphene flake (Fig. 3a), that inhibit the build-
up of strain.

When mapping along L2 (Fig. 3e), from 0 µm to 10 µm in y,
at all strain levels, there is always a plateau of around 0%
strain, which is caused by the existence of the crack observed

Fig. 2 (a) The optical image of the Flake 1 with a scale bar of 10 µm. (b) Strain contour map of the flake before deformation (0% strain), (c) before
fracture at 0.7% strain and (d) after fracture at 0.9% strain (mapping step size: 1 μm).
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during the linear strain mapping along L1 and/or interface
failure in this area, where the stress cannot be effectively trans-
ferred. In both Fig. 3d and e, after increasing the strain from
0.78% to 1.02%, the plateau observed in the middle of the
flake, dropped to 0% strain at around 30 µm in y. Such a
process generated a triangular strain distribution from 10 µm
to approximately 30 µm in y position and a trapezoid strain
distribution (from 30 to 70 μm). This is similar to the strain
distribution along fibres in a composite with lengths shorter
and longer than the critical length, respectively. This indicates
that the monolayer graphene fragmented into two parts; one
with a length shorter than critical length and another with a
length longer than the critical length. Therefore, the critical
length for this flake is about 40 µm. This crack can be identi-
fied by the 0% strain line passing through the middle of the
flake in the strain contour map at 1.02% strain in Fig. 3c. The
existence of the crack at 1.02% strain was also confirmed by
optical microscopy (see Fig. S1 in the ESI†). This crack separ-
ates Flake 2 into two different parts. At 1.02% strain, it can be
observed that the strain field lines are well distributed on the
top edge of the bottom part along the strain directions, which
suggests that the strain builds up gradually from the edge to

the middle strain plateau in the bottom part, consistent with
the shear-lag theory.31 Flake 2 must have fractured at around
0.9% strain, which corresponds to about 9.5 GPa tensile
strength, since the Young’s modulus of monolayer graphene is
1050 GPa.

It is possible to determine the interfacial shear stress
between graphene and the PMMA substrate before and
after fracture. Ignoring the two ends with the pre-existing
crack and wrinkles, at 0.78% strain (before fracture) the
variation of the graphene strain along the L1 line
across the middle of the flake can be fitted using shear lag
theory:31

ef ¼ em 1�
cosh ns

x
l

� �
cosh

ns
2

� �
2
64

3
75 ð1Þ

where

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Gm

Eg

t
T

� �s
ð2Þ

Fig. 3 (a) Optical image of Flake 2 with two mapping lines L1 and L2 (linear mapping direction is from top to bottom – scale bar: 10 µm). (b) Strain
mapping of Flake 2 displaying up to 0.3% residual stress before bending. (c) Strain mapping of Flake 2 after fracture at 1.02% strain. (d) & (e) The
strain distributions along lines L1 and L2.
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and em is the strain in PMMA substrate, ef is the strain in the
graphene flake with position, x, Gm is the shear modulus of
matrix, Eg is the Young’s modulus of graphene, l is length of
graphene, t is thickness of graphene, T is total thickness of the
resin, s is the aspect ratio of graphene expressed by l/t. The
parameter n is related to the efficiency of interfacial stress
transfer. From Fig. 4a, it can be observed that the shear-lag
theory performs well in modelling the experimentally-deter-
mined variation of strain in Flake 2 at an overall strain of
0.78% and a value of ns = 9.3 gives the best theoretical fit with
the experimental data.

The shear stress at the interface can be calculated by
assuming that the shear stress is balanced by the variation of
strain in the graphene flake through the equation:31

def
dx

¼ � τi
Egt

ð3Þ

In this case, the shear stress distribution along this region
can be predicted theoretically by:31

τi ¼ nEgem
sinh ns

x
l

� �
cosh

ns
2

� � ð4Þ

The theoretical shear stress distribution along L1 line is dis-
played in Fig. 4b, in which the shear stress equals to 0 MPa in
the middle of the flake and reaches the maximum shear stress
of ±2.2 MPa in the two ends.

At 1.02% strain, fragmentation of the graphene took place;
this generated a triangular and a trapezoid strain distribution
in the strain distribution graph (Fig. 4c). The slopes of the
linear fitting on both sides of the triangular strain distribution
(from 10 to 30 μm) are slightly different. In contrast, in the tra-
pezoid-shaped strain distribution (y position: 30–70 μm), the
slopes are very similar. This is an indication that after fracture,
the top part of Flake 2 slipped due to imbalanced shear stres-
ses on both sides but the bottom part of Flake 2 did not slip
having balanced shear stresses on both sides. The calculated

interfacial shear stress after fracture is between 0.20 and 0.25
MPa, which is significantly lower than the maximum shear
stress at two ends (2.2 MPa before fracture) (Fig. 4b). This
leads us to the conclusion that the graphene fragmentation
process damaged the interfacial adhesion between graphene
and PMMA substrate.

3.3 Deformation of small flakes

Similar strain contour mapping experiments were also carried
out upon some smaller monolayer flakes (Flakes 3, 4) from 0%
strain up to the highest achievable strain, in around 0.2%
strain steps. The optical micrographs and contour mappings
of Flake 3, (45 µm in length along the straining direction and
∼12 µm wide in the middle region) and of Flake 4 (60 µm
length along the straining direction and ∼9 µm wide in the
middle region) are shown in Fig. 5. Here, only the initial
mapping at 0% strain and mapping at the highest achievable
strain are presented (Fig. 5b, c, e and f).

At 0% strain, for both flakes, the strain is uniformly distribu-
ted. Furthermore, at the highest strain (Fig. 5c and f), except for
the low strain areas at the top of the flakes, the strain field lines
are also uniformly distributed from 0% strain to the highest
strain plateau in the middle of the flake, along the strain direc-
tion. The low strain areas at the top of Flakes 3 and 4 can be
attributed to cracks formed near the top edges. In the bottom
tapering edges in both flakes, the strain did not gradually drop
to zero but fell abruptly at the flake end. This situation is there-
fore similar to a high modulus fibre with a pointed tip, in which
the strain drops to zero only very close to the end of the tip.31

To study the interfacial shear strength before the appli-
cation of the maximum strain, the strain distribution along
the L1 line at 1% strain for Flake 4 (Fig. 5f), was fitted using
eqn (1) and the product ns was calculated (ns = 6.8) (Fig. 5g).

Based on the ns value, the interfacial shear stress along the
L1 line was also calculated and is presented in Fig. 5h.
The maximum interfacial shear stress at the two ends is about
±2.1 MPa.

Fig. 4 (a) Shear-lag theoretical fit by eqn (1) at 0.78% strain along L1 line for Flake 2, (b) shear stress distribution predicted by eqn (4), (c) strain distri-
bution along L1 line at 1.02% strain, when the fracture of Flake 2 took place. The values of τi were determined using eqn (3).
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Furthermore, the strain distribution along line L1, at the
maximum achievable strain (1.36% strain) for Flake 4 can be
seen in Fig. 5i. Ignoring the top cracked part and the tapering
edge at the bottom, the strain distributions from the two ends
to the middle tip can be fitted linearly by eqn (3).31 A large
difference in the slopes can be seen on either side of the tri-
angular strain distributions at the middle of the flake, signify-
ing that the shear stress is not balanced and this caused

slippage at 1.36% strain. This slippage prevents the strain
from increasing further. Apart from that, Flake 4 is not long
enough to support a further increase in the strain along the
strain direction. The shear stresses calculated from the slopes
of the strain distribution graph are between 0.16 and
0.26 MPa. Based on this result, the maximum interfacial
shear stress (2 MPa) is much higher than that after slippage
(τi = 0.16–0.26 MPa) (Fig. 5g). This indicates that after slippage,

Fig. 5 (a) Optical image of Flake 3 with scale bar of 10 µm shown in the bottom right corner. (b) & (c) Strain contour maps at 0% strain before defor-
mation and at the highest achievable strain for Flake 3. (d) Optical image of Flake 4 with scale bar of 10 µm shown in the bottom right corner. (e) &
(f ) The strain contour map at 0% strain before deformation and at the highest achievable strain for Flake 4. (g) Fitting result by shear-lag eqn (1) at 1%
strain for Flake 4, (h) shear stress distribution along Flake 4, (i) strain distribution in Flake 4 along L1 line at 1.36% strain after linear fitting by eqn (3).
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the interface was damaged for Flake 4. At 1.16% strain and
1.36% strain, the strain contour mapping graphs for Flake
3 and 4 show no cracks in the middle part of the flakes. This
implies that the tensile failure strain of Flake 3 is higher than
1.16% strain and for Flake 4 is higher than 1.36% strain,
which correspond to strengths of >12 GPa and >14 GPa,
respectively.

3.4 Deformation of micro-ribbons

The deformation of three graphene micro-ribbons was also
studied by line mapping along their length. The optical
images of the three micro-ribbons (Flakes 5, 6 and 7) are dis-
played in Fig. 6a. The lengths and widths for Flakes 5, 6 and 7
were 87 μm, 77 μm and 60 μm and around ∼1.5 μm, ∼1.0 μm

Fig. 6 (a) Optical images of Flake 5, Flake 6 and Flake 7 (scale bar: 10 μm), (b), (c) and (d) strain distribution along Flake 5, Flake 6 and Flake 7,
respectively.
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and ∼0.8 μm respectively. In Fig. 6b, c and d, the strain distri-
bution plots confirm that the initial strain along the three flakes
is close to 0%. With increasing strain, it can be observed that for
all micro-ribbons the strain gradually builds up from 0% in both
ends and then reaches a plateau in the middle, indicating that
the shear-lag analysis can once again explain the interfacial
stress transfer between the thin graphene flakes and the PMMA
substrate. For Flake 5, the strain was successfully transferred
from the PMMA beam to the flake for applied strains up to
1.14%, while a further increase led to a reduction of the strain, as
it can be seen from the middle plateau area in Fig. 6b.

In order to estimate the interfacial shear stress between the
flake and PMMA before slippage, the strain distribution along
the Flake 5 at 0.92% strain was determined as shown in Fig. 7a
where the experimental data were fitted with eqn (1) by using
ns = 10.6. The interfacial shear stress distribution along Flake
5 was then calculated based on eqn (3) (Fig. 7b). The
maximum shear stress in the two ends is ±3.3 MPa, which is
significantly higher than the one calculated after slippage.
This again proves that after slippage, the interface between
Flake 5 and PMMA was damaged. The average maximum shear
stress before fracture or slippage of the flakes is around 2.5 ±
0.7 MPa, while after fracture or slippage the average shear
stress is around 0.21 ± 0.07 MPa.

By using the simple Kelly-Tyson model40 (eqn (3)) to fit the
strain distribution linearly from 0% strain at both ends to the
strain plateau at 1.14% strain (Fig. 7c), it can be seen that the
values of the slopes are quite different from each other and
they correspond to an interfacial shear stress of 0.33 MPa and
0.13 MPa for the top and bottom ends of the Flake 5. This
result indicates that the interfacial shear stress at the two ends
of Flake 5 was not balanced and this caused the slippage at
1.14% strain. Similar observations were noted for Flakes 6 and
7 at strains higher than 1.06% and 0.85% strain, respectively.
The reason for the slippage of these three flakes is that the
narrow flakes appear to be stronger than the wider ones, so in
our experimental set-up they always debond before fracture.

Therefore, on the basis that no fracture was observed for
strains up to 1.14%, 1.06% and 0.85% for the three flakes, the
calculated strengths for Flakes 5, 6 and 7 are all higher than
12 GPa, 11 GPa and 9 GPa, respectively.

3.5 Fracture from internal defects

The deformation and fracture behaviour of a further six
different-sized graphene monolayer flakes was also investi-
gated and the results for all 13 flakes are summarised in
Table 1. It is clear that, in general, narrow flakes are stronger
than the wide flakes. This could be due to the probability of
finding a defect in the narrow flakes being lower than in the
wide flakes. It is well established that the presence of defects
in a brittle material can give rise to failure at stress levels well
below the theoretical values of strength.41 The strength is
found to decrease as specimen size increases.42 For example,
∼10 μm diameter glass fibers are much stronger than macro-
scopic specimens of window glass.

The dependence of the strength of a body upon its size is
often analysed using the concept of the weakest link in a struc-
ture in the statistical analysis of failure, first proposed in the
1950s by Weibull.42 This is analogous to the breaking of a
chain in which failure occurs when the weakest link breaks.
When the broken halves are retested they will have a higher
strength than that of the original chain. This type of behaviour
can be demonstrated for the repeated fracture of glass fibres.42

The Weibull approach has led to the concept of the prob-
ability of failure of a specimen of a brittle material of volume V
subject to a stress σ being given by an expression of the
form:42

Ps σð Þ ¼ exp �V
σ � σu
σ0

� �m� �
ð5Þ

The parameter σu is the stress below which fracture is
assumed to have zero probability, σ0 is a normalising para-
meter of no physical significance and m is a number, usually

Fig. 7 (a) Fitting result by shear-lag eqn (3) at 0.92% strain along L1 line for Flake 5, (b) corresponding shear stress distribution predicted by eqn (4),
(c) strain distribution along L1 line at 1.14% (Flake 5 slipped) with linear fitting by eqn (3).
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termed the Weibull parameter that reflects the variability of
the strength. There is a less variable strength for higher values
of m and values of m in the range 5–20 are typical for
ceramics.42

This expression can now be used to predict the effect of
specimen size upon the strength of material. If we consider
two specimens of different volume V1 and V2, it follows that
the stresses associated with the same probability of survival,
σV1

and σV2
, are given by

V1σ
m
V1 ¼ V2σmV2 ð6Þ

In this analysis it has been assumed that there is no upper
limit of flaw size so that σu = 0.42 Hence the final expression is

σV1
σV2

¼ V2
V1

� �1=m

ð7Þ

which predicts that a larger specimen will have a lower
strength.

The monolayer graphene flakes investigated in the study are
all of the same thickness. Assuming the flakes that fracture are
of similar length and vary mainly in width, w, then for the
dependence of strength upon flake width eqn (7) becomes

σw1

σw2

¼ w2

w1

� �1=m

ð8Þ

Hence it is predicted that the strength of a flake should be
proportional to the reciprocal of its width to the power 1/m.

The strength values for the five flakes that fractured
(Table 1) are plotted as a function of the reciprocal of the flake
width in Fig. 8. The flake width (x-axis) for flakes that fractured
is the dimension of the flake in the direction perpendicular to
the strain axis at the location where the cracks were developed.
Although there are only a limited number of points and there
is scatter in the data, the slope of the plot is around 0.73 which
gives a Weibull parameter m of the order of 1.5. This relatively
small value indicates a high variability of strength with size
and implies that smaller flakes will be considerably stronger. It
is also interesting that the data extrapolate to a strength value

of 70 GPa for a flake 1 μm wide and to even higher values for
narrower flakes. Shekhawat and Ritchie22 report a higher
Weibull parameter (m) of ∼11 for polycrystalline graphene. This
difference originates from the fact that polycrystalline graphene
displays a reduced stress concentration build-up at a crack tip,
caused by the more effective distribution of stress at the grain
boundaries. Therefore, stress is less concentrated as a larger
area of graphene is undergoing deformation. Moreover,
Buehler et al. have43 shown that the grain boundaries of gra-
phene cause crack branches and thereby a crack propagates
through highly complex branches over the entire material,
which leads to greater energy dissipation.

A number of different internal crystallographic defects and
combinations of defects may be present in graphene mono-
layer flakes that can subsequently affect the mechanical pro-
perties of a flake.20 It is also possible to undertake analysis of
such defects upon the strength of a graphene monolayer using
a computational molecular mechanical modelling approach.

Even if the graphene sample is crack free, the mechanical
strength can still be reduced dramatically in the presence of
topological defects in the sample. To demonstrate this
phenomenon, the deformation of a graphene monolayer with
dimensions of ∼12 × 24 nm2 containing two pairs of pentago-
nal and heptagonal rings44 into the hexagonal network of gra-

Fig. 8 log–log plot of the strength as a function of the reciprocal of
flake width at the crack for the flakes that fractured.

Table 1 Characteristics of the flakes (*micro-ribbons) under study and their respective dimensions, strength, maximum interfacial shear stress and
failure modes under strain

Flake number Width (μm) Length (μm)
Maximum
strain (%)

Strength
(GPa)

Maximum interfacial
shear stress (MPa) Failure mode

1 20 112 0.9 8.4 — Fracture
2 27 84 1.02 9.5 2.2 Fracture
3 12 45 >1.16 >12 — Slippage
4 9 60 >1.36 >14 2.1 Slippage
5* ∼1.5 87 >1.14 >12 3.3 Slippage
6* ∼1.0 77 >1.06 >11 — Slippage
7* ∼0.8 60 >0.85 >9 — Slippage
8 50 20 0.31 3.3 — Fracture
9 15 20 >1.05 >11 — Slippage
10 25 35 0.34 3.6 — Fracture
11 10 50 >2.04 >21 — Slippage
12 35 140 0.75 7.9 — Fracture
13 17 150 1.84 >19 — Slippage
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phene (Fig. 9a) was investigated. It should be pointed out that
this specific type of structural defect was selected as an
example and we expect the presence of different types of
defects that are either native (i.e. naturally occurring imperfec-
tions and growth-induced defects) or introduced deliberately,
to have a very similar effect on the ultimate strength of gra-
phene monolayers prepared by mechanical exfoliation. The
presence of these defects causes considerable disruption to
the monolayer and as has been pointed out in the literature,
this leads to the reduction of the strength of the
monolayer.45–47 It can be seen from the cross-section of the
monolayer that the presence of the defects leads to bulges in
the graphene lattice. Moreover, the selection of a large Burgers
vector dislocation pair that is spaced apart (Fig. 9a), resembles
the “D-loops” which were proposed from the group of
Yakobson as a new type of structural effects that account for a
significant reduction of the fracture strength of carbon
fibres.48 The specific type of topological defects (edge dis-
locations) have been proven to act as stress concentrators in
the graphitic basal plane and at high Burgers vector values
they can be highly detrimental to the strength of the carbon
fibres.48

Periodic boundary conditions were applied along both
directions. Using molecular mechanical simulations, the
whole sample was fully relaxed without strain, in which the
interaction between carbon atoms is described by the adaptive
intermolecular reactive empirical bond order (AIREBO) type
empirical potential.49 The tensile strains were applied by enlar-
ging the lattice constant along the y direction. For each
strained sample, the structure was relaxed statically. The
strains of bonds in the central region are plotted in Fig. 9b for
an overall strain of about 2%. The calculations show that the
strain is concentrated mainly in the C–C bonds in the heptago-

nal ring and decays quickly with bond position away from the
heptagon (Fig. 9b). In contrast, in the green circled areas, the
bonds are actually subjected to a compressive strain. Thus, the
whole area might be regarded as a pseudo crack and overall
the presence of these two simple defect pairs can give rise to a
stress concentration of the order of 6 in the graphene mono-
layer. This would ultimately reduce the strength of a graphene
monolayer from 130 GPa to around 20 GPa.

3.6 Effect of flake size upon strength

The above analysis is consistent with the strength of flakes,
being controlled by internal defects. Hence, when graphene is
used in a nanocomposite, a balance must be kept in having
flakes that are long enough to give efficient stress transfer31

but they should not be so large that they undergo premature
fracture at low stress, as a result of low strength.

The failure strengths are plotted against the flake width
again for all 13 graphene flakes in Fig. 10. It was found that
flakes with widths greater than 18 μm (dashed line) tended to
fracture whereas for those narrower than this width, the inter-
face between the graphene flake and PMMA substrate failed
before fracture could occur. On the right side of the dashed
line, it can be observed that the strength of graphene flakes
decreases with increasing flake width. The lowest fracture
strength shown in Fig. 10 is only around 3 GPa. This may also
explain why in an example of “model” graphene nano-
composites,21 the derived fracture strength from tensile tests
was found to be only around 10 GPa.

To fit the experimental data in Fig. 10, we considered the
two mechanisms of failure of the graphene monolayers studied
here: (a) the fracture of the flake and (b) the breakdown of the
flake/polymer interface. In order to study the behaviour of the
flakes that fractured as a result of the application of strain, we

Fig. 9 (a) Model of a pair of 7–5 defects of opposite sign in a graphene lattice and a cross section showing the bulges in the lattice. (b) The variation
of local bond strain along the central black line in the middle of the graphene monolayer from (a) containing the pair of 7–5 defects. The overall
applied strain is ∼2% in the vertical direction.

Paper Nanoscale

14350 | Nanoscale, 2019, 11, 14339–14353 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 1
2 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ls

an
 N

at
io

na
l I

ns
tit

ut
e 

of
 S

ci
en

ce
 &

 T
ec

hn
ol

og
y 

(U
N

IS
T

) 
on

 1
1/

11
/2

01
9 

2:
17

:3
4 

A
M

. 
View Article Online

https://doi.org/10.1039/c9nr04720d


applied the Weibull theory, where from eqn (8), the strength of
the graphene flake as a function of width is given by:

σf ¼ K
1
w

� �1=m

ð9Þ

Using the parameters from Fig. 8, if we substitute the
Weibull parameter m = 1.37 and set the constant K = 71 GPa
for a flake with a width of 1 μm, we can see from Fig. 10, that
the theoretical (red) line predicts quite well the strength of the
flakes that fractured, indicating a strength lower than 10 GPa
for a width greater than ∼20 μm.

The breakdown of the flake/polymer interface is the mecha-
nism of failure of the monolayer graphene flakes studied that
were too narrow to fracture. If we assume that the breakdown
of the interface occurs when a critical shear stress is reached
at the end of the flake, the shear stress τi in the flake is given
by eqn (4), already presented in a previous section:

At the ends of the flake x/l = 0.5, so eqn (4) becomes:

τi ¼ nEgem tanh
ns
2

� �
ð10Þ

and if the interface fails at a critical value of τi, then the break-
down stress is given by:

σb ¼ Egem ¼ τi

n tanh
nl
2t

� � ð11Þ

This equation shows that the breakdown stress is a function
of the flake length, l. If it is assumed to a first approximation
that the flake width and length are similar (i.e. they are
roughly square or circular) then this equation can also be
plotted in Fig. 10. After substituting using appropriate para-
meters (τi = 1.1 MPa, ns ∼ 10 and l ∼ w), this equation produces

the blue curve in the Fig. 10. It is important to note that the
interfacial failure stress is predicted to fall to a plateau value, of
the order of ∼11 GPa, for flakes with widths greater than 20 μm,
while for smaller widths, the predicted strength increases expo-
nentially following the experimental data points for the flakes
that undergo interfacial failure. The behaviour of the micro-
ribbons seems, however, to be an exception to this observation.
They are too narrow to undergo fracture and their very high
aspect ratios, s, means that l ≫ w and they will undergo inter-
facial failure at the plateau value of around 11 GPa.

The two theoretical curves cross near the dashed line that
separates the flakes that fractured or did not fracture under
strain. This implies that the failure mechanism will be either
flake fracture or interface debonding failure, depending upon
which one can occur at the lowest stress. The tendency for
narrow flakes to undergo interfacial failure rather than fracture
shows the limitations of the testing technique whereby stress
is transferred from a PMMA beam to the flake through shear
lag. If one is only interested in flake fracture then it would be
better to grip the end of the flakes and apply the stress directly,
which is much more difficult to do experimentally.26

Nevertheless, the PMMA beam method is a realistic was to
deform the graphene since in nanocomposites the flakes are
deformed by shear stress transfer at the interface with the
polymer matrix.8 In addition, the tailoring of the flakes to
identical lengths with different widths would be ideal in order
to reach firm conclusions regarding the effect of the width of
the flakes on the ultimate strength. Unfortunately, this is
impossible to do by the tape exfoliation method and the appli-
cation of other methods to achieve this may additionally alter
the morphology of the flakes significantly. This present study
has shown how in such circumstances, there will be a balance
between the likelihood for a flake in the nanocomposite to
either fracture or debond depending upon its size and shape.
Stronger flake-matrix interfaces would be expected to lead to
better-performing nanocomposites, as is found in practice.8

4. Conclusions

In summary, this work presents a systematic investigation of
the strength of monolayer graphene via the application of
Raman spectroscopy and computational quantum mechanical
modelling. It is shown that the strength of as deposited, mono-
layer graphene should not be directly correlated to the value of
130 GPa reported by Lee et al.2 for suspended graphene mem-
branes but the data reported here for graphene monolayers
deformed on PMMA beams, are highly relevant to the use of
graphene in applications such as polymer nanocomposites
where stress is transferred from the matrix to the graphene
reinforcement through shear at the graphene-matrix interface.
It is found that that strength of flakes tends to decrease as they
increase in size. The actual fracture strength of a material is
invariably lower than its theoretical value because most finite-
sized materials contain defects that concentrate stress. The
molecular mechanical simulation results revealed that even if

Fig. 10 Dependence of the graphene failure strength versus the flake
width. The blue curve (σb) predicts the strength of the flakes where
failure initiated by breakdown of the flake/polymer interface, while the
red curve (σf ) represents the strength of the flakes, where the main
failure mechanism was the fracture of the flakes during straining.
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the monolayer graphene is crack-free, the presence of a pair of
topological defects can cause considerable disruption in the
monolayer, reducing its strength to around 20 GPa.
Deformation of the flakes has been shown to occur through
interfacial stress transfer from the PMMA substrate via a
shear-lag process and relatively narrow monolayer flakes tend
to undergo interfacial failure rather than fracture. The findings
outlined above have added considerably to our understanding
of the mechanical properties of mechanically-exfoliated gra-
phene monolayers and the strength of graphene-related
materials used as reinforcements in polymer nanocomposites.

Overall, this present study clearly identifies that strain
mapping via Raman spectroscopy can be successfully applied
for the evaluation of the mechanical properties of finite-sized
2D flakes. The implications of this study in fields such as
polymer composites reveal that even though long graphene
flakes are needed for efficient stress transfer between the matrix
and graphene, the size of flakes should not be so large, other-
wise their strength will be reduced as a result of the presence of
defects and they will undergo premature fracture at low stress.
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