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G
raphene was first isolated in 2004,1,2

and since that time much effort has
been expended in undertaking re-

search into exploiting its electronic proper-
ties for applications such as in electronic
devices.3-5 Interest in the material has now
broadened considerably, as it was soon
realized that graphene might have other
interesting physical properties such as high
levels of thermal conductivity,6 stiffness,
and strength,7 coupled with impermeability
to gases.8 One obvious application is in the
field of nanocomposites, and a number of
detailed studies have already been under-
taken on the incorporation of graphene into
polymer matrixes.9 Although many of the
papers report work on graphene-reinforced
nanocomposites, most have used graphene
oxide, often in its reduced form.10-12 This
material can be readily obtained by exfoliat-
ing graphite with strong acids,13 a process
known for over 140 years14 (the material
was originally termed “graphite oxide”). It
can be reduced chemically toward a materi-
al that is closely related to graphene but is
by no means perfect and has a significant
oxygen content and reactive functional
groups on the surface.15,16

The authors have recently undertaken the
first fundamental study of stress transfer from
a polymer matrix to single atomic layers of
exfoliated graphene.17 They demonstrated
that stress transfer takes place through shear
at the graphene polymer interface and that
continuummechanics still appears to be valid
at the atomic level. The shear-lag model used
widely to interpret the micromechanics of
fiber-reinforced composites18,19 was shown
to be applicable for atomic layers of graphene
reinforcing a polymer matrix.
This previous study17 concentrated on

using Raman spectroscopy20-23 to monitor
the variation of axial strain along a line
across a single graphene monolayer, both
parallel and perpendicular to the axis of
matrix tensile strain. In this present study
we have mapped the strain in a graphene

exfoliated monolayer at different levels of
matrix strain for both a free-standing gra-
phene monolayer on a polymer surface and
the monolayer sandwiched between thin
layers of polymer. This has enabled the level
of stress transfer to be evaluated across the
entire monolayer and phenomena such as
breakdown of the graphene-polymer in-
terface to be followed.

RESULTS AND DISCUSSION

An optical micrograph of the graphene
monolayer on a polymer beam before de-
formation and spin-coating with the top
layer of SU-8 is shown in Figure 1. The long
axis of the monolayer is aligned approxi-
mately parallel to the axis of tensile defor-
mation (horizontal).
The graphene monolayer gave a well-

defined Raman spectrum characteristic of
single layer graphene with a strong 2D (or
G0) band,24,25 a G band of around half the
intensity of the 2Dband, and noDband (see
Supporting Information). It was found that
the 2D band shifted significantly as the
beam was deformed in bending, as shown
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ABSTRACT Model composite specimens have been prepared consisting of a graphene monolayer

sandwiched between two thin layers of polymer on the surface of a poly(methyl methacrylate)

beam. It has been found that well-defined Raman spectra can be obtained from the single graphene

atomic layer and that stress-induced Raman band shifts enable the strain distribution in the

monolayer to be mapped with a high degree of precision. It has been demonstrated that the

distribution of strain across the graphene monolayer is relatively uniform at levels of applied strain

up to 0.6% but that it becomes highly nonuniform above this strain. The change in the strain

distributions has been shown to be due to a fragmentation process due to the development of

cracks, most likely in the polymer coating layers, with the graphene remaining intact. The strain

distributions in the graphene between the cracks are approximately triangular in shape, and the

interfacial shear stress in the fragments is only about 0.25 MPa, which is an order of magnitude

lower than the interfacial shear stress before fragmentation. This relatively poor level of adhesion

between the graphene and polymer layers has important implications for the use of graphene in

nanocomposites, and methods of strengthening the graphene-polymer interface are discussed.

KEYWORDS: graphene . Raman spectroscopy . deformation . nanocomposites .
micromechanics
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in Figure 2. The shift rate (in terms of strain) was found to
be-61( 2 cm-1/%, which is similar, but not identical, to
that found by ourselves17 and others in previous
studies,20-23 showing good stress transfer between the
underlying polymer and graphene monolayer.
It was found that as well as showing a large stress-

induced band shift the 2DRamanband also underwent
significant broadening during deformation (see Sup-
porting Information). It has been found recently that
the 2D band can undergo broadening or even splitting
depending on the angle between the axis of laser
polarization and high-symmetry directions in the
graphene.23 It has been suggested that this could
account for some of the discrepancies between band
shift rates measured by different groups.17,20-23 All of
the measurements in this present study, however,
were undertaken with the axis of laser polarization
parallel to the strain axis in the same direction in the
graphene monolayer. Hence the slope of the line in
Figure 2 could be used as a calibration for the subse-
quent mapping of strain in the monolayer without
needing to know the exact orientation of the symmetry
axes in the graphene monolayer.
Figure 3 shows contour maps of the strain in the

graphene monolayer at different levels of strain ap-
plied in the horizontal direction along with a key
showing the relationship between the contour colors
and graphene strain. It was not always possible to
makemeasurements close to the edge of the graphene
due to the size of the laser spot (∼2 μm), and so the
outline of the flake (see Figure 1) is also given in each
plot. The black dots also represent the points at which
the measurements were taken.
The first two contour plots show the strain maps for

applied strains of 0% (i.e., undeformed) and 0.4% for
graphene on the PMMA beam before the SU-8 top
coating was applied. It can be seen that in both cases
the strain in the graphene is relatively uniform with
some evidence of a lower strain at the left-hand end at
0.4% strain. This is confirmed in Figure 4a, which shows
the distribution of strain over a linear region along
the middle of the long axis of the monolayer. It
shows that before deformation the strain in the
graphene is approximately zero and at 0.4% strain
it is uniform along the middle of the monolayer,
falling away at the left-hand end and rising higher at
the right-hand end.

The specimen was unloaded, coated with SU-8, and
reloaded to 0.4% and 0.6% strain, and contourmaps are
also shown in the loaded states following coating in
Figure 3. It can be seen that at 0.4% strain the graphene
strain distribution is virtually identical in both the un-
coated and coated contour maps. This is confirmed in
Figure 4b, where there is still a lower level of strain at the
left-hand end of the graphene monolayer at 0.4%
applied strain following coating. Increasing the applied
strain to 0.6% strain causes the strain in the graphene to
increase to around 0.6% strain over most of the mono-
layer, with a lower level of strain at the left-hand end.
The drop off strain at the left-hand end of the

monolayer is similar to the behavior reported
previously17 for a graphene monolayer in a model
composite under stress. Different behavior is found at
the right-hand (pointed) end, and it is possible to obtain
some indication of what might be happening in the
monolayer from the consideration of the deformation

Figure 2. Position of the 2D (G0) Raman band in the un-
coated graphene as a function of strain on the beam.

Figure 3. Contour maps of strain over the graphene
monolayer at different levels of strain in the uncoated and
coated states.

Figure 1. Optical micrograph of the graphene monolayer
before deformation. (The faint straight lines in the back-
ground are from scratches on the PMMA beam.)
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micromechanics of fibers in composites with differently
shaped ends.26,27 In the case of a square end in a
cylindrical fiber there is a gradual decrease of fiber strain
toward the end of the fiber, as is found at the left-hand
end of the monolayer. In contrast, if the fiber has a
pointed (e.g., conical) tip, then for high-modulus rein-
forcements the strain actually rises as the fiber tapers
and drops to zero only very close to the end of the tip.
The increase in strain seen in Figure 4 at the right-hand
tip of the tapering monolayer may take place for a
similar reason.
The specimen was unloaded from 0.6% strain, and it

was found that there was a residual strain on the order
of 0.15% due to creep of the PMMA beam that had
occurred under the long period of loading needed to
undertake the extensive strain mapping. This mani-
fested itself as a residual curvature of the beam and did
not appear to be due to any permanent deformation of
the graphene composite. The coated specimen was
then reloaded to an applied strain of 0.8%, and Figure 5
shows the variation of the 2D band position, measured
at the point indicated by the arrow in Figure 4a, as a
function of strain. The reloading data are represented
by the solid points, and it can be seen that the slope of
the reloading line is similar to that of the initial loading
line shown in Figure 2. The data fall close to the line up
to about 0.76% strain, at which point the last two data
points fall back to the 2D band starting position. This
corresponds to the collapse of stress transfer to the
graphene monolayer through the interfaces with the
polymer films on the beam.
Further information upon stress transfer to the

graphene monolayer at higher strain can be gleaned
from the contour maps of the strain of the graphene
shown in Figure 6. The strain is relatively uniform at
around 0.15% in the relaxed state, but when the
applied strain is increased to 0.8%, it can be seen that
the strain distribution becomes very nonuniform in the
graphene monolayer. In particular there are three
vertical regions of high strain across the monolayer,

Figure 4. Variation of the strain in the graphene along the middle of the long axis of the monolayer shown in Figure 3, both
undeformed (0%) and at a strain of 0.4%. (a) Specimen uncoated and (b) following coating with an SU-8 film. (The arrow
indicates the point on the monolayer at which the calibration measurements were undertaken.)

Figure 5. Position of the 2D (G0) Raman band in the coated
graphene as a function of strain on the beam during
reloading to 0.8% strain and unloading.

Figure 6. Contour maps of strain over the coated graphene
monolayer in the relaxed states and reloaded to 0.8% and
0.6% strain.
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with other areas being subjected to lower levels of
strain.
Figure 7 shows the variation of strain along the

middle of the long axis of the graphene monolayer in
the relaxed state and at 0.6% applied strain. The plot
confirms that themonolayer is subjected to a relatively
uniform strain of around 0.15% in the relaxed state, as
shown in Figure 6. When the applied strain is increased
to 0.6%, it can be seen that the strain distribution
becomes very nonuniform with a series of approxi-
mately triangular segments with the strain falling to
around 0.2% between each one. The lengths of the
segments are in the range 10-20 μm.
Figure 6 shows that when the specimen is relaxed

again, the strain falls to around 0.1% but is rather less
uniform than when it was relaxed originally. On further
reloading to 0.6%, it can be seen that the strain is again
nonuniform and the strain pattern is similar to that
seen for the specimen when it was loaded to 0.8%. It
appears that the specimen was damaged by loading
up to 0.8% strain, and this damage was retained on
reloading to the lower strain. It should be noted that
when the specimen was loaded initially to 0.6% strain,
the distribution of strain across the monolayer was
relatively uniform (Figure 3), as can be seen from the
open triangles in Figure 7.
It is clear from Figures 6 and 7 that loading to 0.8%

strain causes damage to the interface between the
graphene and polymer layers in the specimen. Figure 8
shows a schematic diagram of the model composite
specimen and two possible damage mechanisms:

• fragmentation of the graphene monolayer or
• cracking of the SU-8 coatings

The strain distributions for the graphene monolayer
obtained in Figures 6 and 7 would be consistent with
either of these two processes taking place.
In order to understand the damage mechanism, the

surface of the specimen was examined in a transmis-
sion optical microscope. Amicrograph of the specimen

is shown in Figure 9, and it can be seen that there is a
network of cracks (or possibly crazes) over the specimen
surface; these cracks were not present in the specimen
before deformation. The spacing of the cracks in the
specimen is on the order of 20 μm and consistent with
the pattern of deformation seen in Figure 7. Similar
cracks are seenon the surface of the specimen following
deformation (see Supporting Information). It appears
therefore that the cracks developed during deforma-
tion, although it is not possible to tell if they are only in
the coated polymer layers or extend into the surface of
the PMMA beam. The craze strain of bulk PMMA is over
1%,28 and so it ismost likely that cracking took place just
in the SU-8 coatings. Hence it appears that the failure
mechanism is that shown in Figure 8c. The fracture
stress of monolayer graphene is in excess of 100 GPa
and the failure strain over 20%,7 and so it is unlikely that
the graphene monolayer would have fractured at an
applied strain of only 0.8%.
The pattern of deformation seen at high strains in

Figure 7 is reminiscent of that obtained during the
fragmentation test with single-fiber composites.29,30 In
the caseoffiber composites it is thefiber that undergoes
failure rather than the matrix. It is possible, however, to
use the same approach to estimate the shear stress, τi, at
the interface between the graphene and polymer by
assuming that the shear stress at the interface is

Figure 7. Variation of graphene strain along the middle of
the monolayer relaxed and reloaded to 0.6%. (The open
triangles are the data points at 0.6% strain for the first
loading in Figure 4b.)

Figure 8. Schematic diagrams of the deformation of the
graphene monolayer in a section through the model com-
posite. (a) Specimen before deformation, (b) graphene
monolayer undergoing fragmentation, and (c) cracking of
both SU-8 polymer coating layers (diagrams not to scale).

Figure 9. Optical micrograph of the specimen after defor-
mation showing the formation of cracks in the coating that
developed during loading. (The tensile axis was horizontal
and the large black object at the bottom is a multilayer
flake.)
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balanced by the variation of strain, eg in the graphene
monolayer, with distance along the fragments, x, using
the equation17

deg
dx

¼ -
τi
Egt

(1)

where t is the thickness of the graphene and Eg is its
Young's modulus. The slopes of the lines in Figure 7 are
all very similar and lead to a value of interfacial shear
stress on the order of 0.25 MPa, using a Young's
modulus Eg of 1050 GPa for the graphene and a thick-
ness t of 0.34 nm for the graphene.
It appears that the fragmentation process comple-

tely destroys the interfacial adhesion between the
graphene and the polymers. Our previous study17

showed that the initial level of interfacial shear stress
in a similar specimen was on the order of 2 MPa but fell
significantly once a triangular-shaped strain distribu-
tion developed at higher strain, again probably due to
cracking of the polymer layers.
It is interesting to speculate why these values of

interfacial shear stress for graphene monolayers in a
polymer matrix are significantly lower than those of
20-40 MPa measured for carbon fibers.29,30 The gra-
phene is atomically smooth, and the interactions canonly
be van der Waals in character. Computer simulations31

and modeling32 of the failure of graphene-polymer
interfaces in shear predict values of interfacial shear
strength on the order of 100 MPa. Although these values
are unrealistic since the polymer matrix will undergo
shear yielding at around 50 MPa,28 there is clearly a
discrepancy between the measured and predicted va-
lues. It is known that graphene surfaces can easily
become contaminated with hydrocarbons and other
matter in air.33 This contamination may be one of the

factors that is responsible for the poor adhesion of
graphene with polymers.
Although the presence of holes and defects34,35

leads to graphene oxide having mechanical properties
that are significantly inferior to those of graphene,36,37

the presence of functional groups on the surface16may
offer better interaction with matrix polymers, particu-
larly if they contain reactive groups such as in the case
of epoxy resins. Significant levels of reinforcement
have been reported in bulk composites reinforcedwith
graphene oxide,9 and graphene oxide may therefore
have the optimum combination of properties for use in
nanocomposites, reasonable stiffness, and strength
combined with the presence of reactive functional
groups capable of forming a strong interface with the
matrix polymer.12

CONCLUSIONS

It has been demonstrated that the detailed strain
distribution in the graphenemonolayer can bemapped
in a model composites specimen using Raman spec-
troscopy, and good stress transfer from the polymer
matrix to the graphene monolayer has been demon-
strated at matrix strain up to 0.6%. At higher strains
fragmentation takesplace in the polymermatrix and the
interfacial shear stress in the fragments falls to as low as
0.25 MPa, indicating relatively poor adhesion at the
graphene-polymer interface. There is clearly a need
for more work to be undertaken upon improving the
adhesion between the graphene and polymer matrix
before the graphene can be employed a reinforcing
phase in polymer nanocomposites for structural appli-
cations. This study has given a clear demonstration of a
technique that can be used to assess the levels of
reinforcement in such systems with high precision.

MATERIALS AND METHODS
The specimen was prepared using a 5 mm thick poly(methyl

methacrylate) beam spin-coated with 300 nm of cured SU-8
epoxy resin. The graphene was produced by mechanical cleav-
ing of graphite and deposited on the surface of the SU-8. This
method produced graphene with a range of different numbers
of layers, and themonolayers were identified both optically and
by using Raman spectroscopy (see Supporting Information).
The PMMA beam was deformed in 4-point bending up to 0.4%
strain with the strain monitored using a strain gage attached to
the beam surface. Well-defined Raman spectra could be ob-
tained from the graphene monolayer using a low-power HeNe
laser (1.96 eV and <1 mW at the sample in a Renishaw 2000
spectrometer), and the deformation of the graphene in the
composite was followed from the shift of the 2D (or G0) Raman
band. The laser beam polarization was always parallel to the
tensile axis, and the spot size of the laser beam on the sample
was approximately 2 μm using a 50� objective lens.
Raman spectra were obtained at different strain levels

through mapping over the graphene monolayer in steps of
between 2 and 5 μm by moving the x-y stage of the micro-
scope manually and checking the position of the laser spot on
the specimen relative to the image of the monolayer on the

screen of themicroscope. The strain at eachmeasurement point
was determined from the position of the 2D Raman band using
the calibration in Figure 2, and strain maps of the monolayer
were produced in the form of colored x-y contour maps using
the OriginPro 8.1 graph-plotting software package, which inter-
polates the strain between the measurement points.
The beamwas then unloaded, and a thin 300 nm layer of SU-8

was then spin-coated on top and cured so that the graphene
remained visible when sandwiched between the two coated
polymer layers. The beamwas then reloaded initially up to 0.4%
strain, unloaded, and then reloaded to various other levels of
strain. The strain in the graphene monolayer was mapped fully
at each strain level as well as in the unloaded state.
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the graphene using Raman spectroscopy. (S2) Raman band
broadening during the deformation of the graphene mono-
layer. (S3) Variation of graphene strain along the middle of the
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monolayer. (S4) Micrograph of cracking of the specimen surface
following deformation. This material is available free of charge
via the Internet at http://pubs.acs.org.
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