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ABSTRACT: Roll-to-roll manufacturing of graphene is attractive because of
its compatibility with ﬂexible substrates and its promise of high-speed
production. Several prototype roll-to-roll systems have been demonstrated,
which produce large-scale graphene on polymer ﬁlms for transparent
conducting ﬁlm applications.1−4 In spite of such progress, the quality of
graphene may be inﬂuenced by the tensile forces that are applied during rollto-roll transfer. To address this issue, we conducted in situ tensile
experiments on copper foil coated with graphene grown by chemical vapor
deposition, which were carried out in a scanning electron microscope.
Channel cracks, which were perpendicular to the loading direction, initiated
over the entire graphene monolayer at applied tensile strain levels that were
about twice the yield strain of the (annealed) copper. The spacing between
the channel cracks decreased with increasing applied strain, and new
graphene wrinkles that were parallel to the loading direction appeared.
These morphological features were conﬁrmed in more detail by atomic force microscopy. Raman spectroscopy was used to
determine the strain in the graphene, which was related to the degradation of the graphene/copper interface. The
experimental data allowed the fracture toughness of graphene and interfacial properties of the graphene/copper interface
to be extracted based on classical channel crack and shear-lag models. This study not only deepens our understanding of
the mechanical and interfacial behavior of graphene on copper but also provides guidelines for the design of roll-to-roll
processes for the dry transfer of graphene.
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these attempts at R2R transfer led to polymer/graphene ﬁlms
with relatively high sheet resistance. The hypothesis of the
current work is that the tensile forces that are required for R2R
processes could lead to cracking of the graphene.
In the early stages of graphene research, the mechanical
properties of single-crystal graphene were primarily studied by
indentation with atomic force microscopes (AFM)13 and
molecular dynamics (MD) simulations.14−16 It was found that
graphene is a very stiﬀ (1 TPa Young’s modulus), strong (130
GPa tensile strength),13 and ductile material (20% failure
strain).17 For AFM indentation, graphene was obtained by
peeling monolayers oﬀ graphite with scotch tape, which
resulted in very small samples. On the other hand, CVD
graphene monolayers are much larger and polycrystalline and
have numerous atomic defects and grain boundaries.18,19 From

G

raphene is a two-dimensional material with a host of
potential applications such as ﬂexible touch screens,1
solar panels,5 and membranes to desalinate and purify
6
water. However, using graphene in such applications requires
large-scale and cost-eﬀective methods for graphene synthesis
and processing.7 Recently, a chemical vapor deposition (CVD)
method was developed,8 which enabled growth of uniform
monolayers of graphene on copper foil. This method overcame
the size limitation of graphene synthesis as it can, in principle,
be performed with copper substrates of any size. Currently, the
CVD graphene is transferred from the copper foil to target
substrates by etching away the copper9 or by an electrochemical
process,10 which uses the bubbles generated to lift the graphene
oﬀ the copper.
Roll-to-roll (R2R) processes are particularly suitable as they
enable continuous processing and transfer of graphene.3,4,11
Two essential R2R processes have been developed for graphene
in the past few years: CVD growth of graphene on moving
copper foils2,4,12 and transfer of graphene from the copper
surface onto ﬂexible substrates.1−4 However, it appears that
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a fracture mechanics perspective, such defects are expected to
reduce failure strains. Indeed, it was recently reported that the
tensile strength and strain to failure of CVD graphene were 2−
3 GPa and 0.2−0.3% strain, respectively.20 Such brittle fracture
may also occur in the R2R processing of CVD graphene, and
guidelines are therefore required for the successful processing
of graphene using this approach.
Such eﬀects may be modulated by the behavior of the
interface between the graphene and copper and the potential
for sliding. For example, when a polymer ﬁlm with graphene
transferred to it was subjected to small strains (<0.5%), the
deformation through the thickness of the bilayer was
uniform.21−25 However, at larger strains, there was slippage
between the two ﬁlms.22−24 It was also observed that graphene
buckle delaminations were induced when the stretched ﬁlm was
released.23 These phenomena may carry over to the R2R
transfer of graphene.
In this work, a method was developed to study the tensile
response of graphene grown on copper foil. In situ SEM tensile
testing established that graphene cracked at a relatively low
levels of applied strain (∼0.44%) and formed new wrinkles
parallel to the loading direction. Further details of these
morphological changes in graphene were provided by AFM and
Raman spectroscopy. A fracture mechanics analysis of channel
cracking and a shear-lag model were adopted to interpret the
data, which allowed the fracture toughness of graphene and the
properties of the interface between graphene and copper foil to
be established.

Figure 1. Schematics of graphene and SEM: (a) undeformed case
and (b) deformed sample.

graphene monolayer and did not penetrate the underlying
copper foil. The change in crack spacing31 with applied strain
was used to determine the fracture toughness of graphene and
strength of the shear interactions between graphene and
copper. It is also worth noting that new graphene wrinkles were
formed during the tensile test, which were parallel to the
loading direction.
Figure 2 shows time-lapsed SEM images of a graphene ﬁlm
during the tension test. We used snapshots at speciﬁc levels of
applied strain on copper foil because it was diﬃcult to capture
SEM images while the grips were moving. No cracks were
observed at zero applied strain (Figure 2a). Instead, the only
features that could be observed were wrinkles and add-layers.
At an applied strain of 0.44% (Figure 2b), three cracks (Ⓐ, Ⓑ,
and Ⓒ) can be identiﬁed, which are perpendicular to the
loading direction. This level of applied strain was identiﬁed in
about eight experiments as the critical strain for the onset of
channel cracking in the graphene and is about double the strain
at the onset of plastic deformation of the copper foil (Figure
S2). An immediate consequence of this result for designing
R2R systems is that the strains in the graphene should be less
than the yield strain of the copper foil.
In recent studies, graphene was transferred to polyethylene
terephthalate (PET) ﬁlm with ethyl vinyl acetate using R2R
processes in conjunction with electrochemical delamination or
delamination under hot water.3,4 The sheet resistance of the
graphene on the PET ﬁlm was approximately 3000 to 6000 Ω/
□. This is a factor of 4−8 times the sheet resistance of CVD
graphene that was mechanically transferred to epoxy32 and may
suggest that the graphene cracked during the R2R process.
In addition, the fracture strain found here is much lower than
the commonly cited failure strain of graphene (∼20%). Density
functional theory33,34 and MD calculations16,17 have predicted
similarly high levels of fracture strain. However, single-crystal
graphene was considered in both the experiments and analyses,
whereas the CVD graphene being considered in the present
study is polycrystalline and usually contains numerous
defects.19,71,73 Recently, MD simulations of polycrystalline
graphene consisting of 5−10 grains within regions of several
nanometers predicted fracture strains of about 5%15,35−38 due
to crack initiation at grain boundaries. A recent experiment on
CVD graphene with a ﬂaw produced by focused ion beam
etching found that fracture initiated at approximately 0.25%

RESULTS AND DISCUSSION
High-quality monolayer graphene was grown on strips of
copper foil (Figure S1b) using a low-pressure chemical vapor
deposition system.8 A microtensile tester (Figure S1a) (Deben
Inc.) was mounted on the XYZ stage of an FEI Quanta 600
scanning electron microscope (SEM). Each graphene-coated
strip was mounted in the clamping blocks, which were aligned
with the shoulders of the samples in order to maintain a
consistent gage length (Figure S1b,c). The tensile load was
applied under displacement control at a rate of 1.67 μm/s,
while the load was measured with a load cell. The relative
displacement of the gripping assembly was measured with a
linear variable diﬀerential transformer. This provided a global
measure of deformation that included the deformation of the
grips and the specimen. The actual displacement in the
specimen was obtained by calibrating the stiﬀness of the
gripping assembly and subtracting out its deformation (see
Supporting Information). The loading was interrupted at 10 N
intervals in order to allow SEM images to be captured over the
complete strain range, typically up to 10%.
Schematics of graphene in the undeformed state and at 4.9%
strain are shown in Figure 1, along with corresponding SEM
images. Graphene wrinkles26 and add-layers27,28 were observed
on the undeformed sample (Figure 1a); the former are
presumably formed due to the diﬀerence in the coeﬃcients
of thermal expansion between graphene and the copper
substrate,8 while add-layers are due to the growth of additional
graphene at the copper/monolayer graphene interface.27,28 As
an example, at an applied strain of 4.9%, it can be seen (Figure
1b) that the surface morphology of the graphene ﬁlm changed
signiﬁcantly; a series of approximately equally spaced and
parallel bright lines appeared perpendicular to the loading
direction. These were cracks in graphene that exposed the
underlying copper substrate.29,30 They were conﬁned to the
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Figure 2. Time-lapsed SEM images of a graphene ﬁlm during the tension test at the strain of (a) 0.0%, (b) 0.44%, (c) 2.6%, and (d) 3.7%; (e)
magniﬁed image; (f) schematic of the channel crack at the add-layer graphene; (g) 7.2%; and (h) high-resolution SEM image near the addlayer graphene.

Figure 3. AFM images of undeformed and deformed graphene/copper: (a) undeformed, (b) deformed at the strain of 10.8%, (c) proﬁles of
graphene wrinkles, (d) friction force plot obtained from lateral force microscopy, and (e) friction force and topological plot along the blue
and red arrows in (d).

strain for a toughness of 16 J/m2.20 This is much closer to the
critical strain levels encountered in the present study and
supports the idea that the channel cracks initiated at defects.
Three other interesting observations can be made from the in
situ experiments in the SEM. First, there was a characteristic

spacing between the channel cracks. As will be seen later, this
characteristic spacing allowed the fracture toughness of
monolayer graphene and the interfacial behavior between
graphene and its seed copper foil to be estimated. Second,
channel cracks (e.g., Ⓑ and Ⓒ) were often arrested when they
9618
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Figure 4. Raman response of graphene on the copper foil at the applied strains. (a) Raman shift of G and 2D peaks due to the applied strains,
(b) correlation between 2D and G peaks at various applied strains, (c) Raman shift of the G peak by the applied strain, and (d) Raman shift of
the 2D peak by the applied strain.

wrinkles is due to the transverse strains generated by Poisson
eﬀects, which caused microbuckling of the graphene through
compressive delamination.44 It should be noted that the
orientation of wrinkles formed during graphene growth is
typically as random as the orientation of the copper grains,45,46
likely caused by the mismatch of the coeﬃcient of thermal
expansion between graphene and copper.47 The formation of
new wrinkles is also consistent with observations of wrinkling in
tensile experiments of graphene transferred to polymer
substrates.23 A magniﬁed view (Figure 2h) of the region in
the orange box (Figure 2g) clearly shows the presence of a
crack in the monolayer graphene that was not deﬂected by the
add-layer beneath it, nor was the add-layer penetrated by the
crack. Furthermore, the presence of the add-layer did not
deﬂect the crack, nor did it aﬀect the crack opening in the
monolayer. At the same time, the adhesion of the add-layer to
the copper foil is expected to be as strong as that of monolayer
graphene to copper foil.32 These observations suggest that the
adhesion between the add-layer and monolayer is relatively
weak. Additionally, the small in-plane dimension of the addlayers does not allow much shear strain to be developed at the
interface between them and copper.
Atomic force microscopy was performed to provide
topological information (Figure 3) of the copper-supported
graphene before and after the tension test. Figure 3a shows the
initial state of the graphene surface after CVD growth. A series
of copper steps are clearly visible. They are a result of the
interaction between copper and graphene during the growth of
graphene.30,32 There is also a graphene wrinkle in the scanned
area, and a height proﬁle (Figure 3c) taken along line a−a
(Figure 3a) indicates that its height was 3.3 nm while its width
was approximately 100 nm. The cantilever used to make this

encountered wrinkles. This seems to be due to the fact that the
wrinkles can relieve the strain at the tip of a propagating crack.
The last observation is that the channel cracks such as Ⓐ and Ⓑ
in the monolayer graphene did not penetrate into the addlayers beneath it. The reason for this may be related to the
relatively weak interaction between the monolayer and addlayer.39 The interlayer shear strength of graphite is relatively
low at 0.03 MPa40 and is governed by van der Waals forces.41
This scenario is sketched in Figure 2f and suggests that the
crack opening becomes wider with slip between graphene
monolayer and add-layer while the graphene add-layer remains
well adhered to the copper foil. Stronger interactions are more
likely to promote deﬂections of cracks in the monolayer, but
this was not observed.
As the applied strain increased to 2.6% (Figure 2c), new
cracks (Ⓓ, Ⓔ, Ⓕ, and Ⓖ) appeared between the existing cracks
(Ⓐ, Ⓑ, and Ⓒ), making the overall crack spacing smaller. At the
same time, the existing cracks became more visible, which
suggests that their crack opening became wider. When the
strain reached 3.7% (Figure 2d), only one new crack, Ⓗ, was
observed and was accompanied by further opening of the other
pre-existing cracks.
New wrinkles can also be seen, particularly when the region
in the red box (Figure 2e) is magniﬁed along with cracks Ⓑ, Ⓒ,
and Ⓕ. They were not as clear as the initial wrinkles (Figure 2d)
due to the fact that they were likely smaller and the noise in the
SEM images increases with time due to the electron-beaminduced deposition of carbon contaminants on the specimen.42,43 For this reason, a new region was chosen with 7000×
magniﬁcation (Figure 2g) in order to emphasize the generation
of new wrinkles parallel to the direction of loading. In this case,
the applied strain was 7.2%. The appearance of the new
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Figure 5. Fracture mechanics evaluation of graphene and its interface. (a) Crack spacing as the function of the applied strains, (b) transferred
strains on graphene as a function of the applied tensile strain, (c) shear stress at the interface as the function of the relative displacement, and
(d) evaluation of the fracture and interface response of graphene and its interface.

measurement was sharpened and has a local radius of curvature
of approximately 10 nm. Due to tip convolution, we estimate
that this eﬀect makes the wrinkles appear 20−40 nm wider than
they really are. The image (Figure 3b) taken at an applied strain
of 10.8% indicates that the copper surface became rougher
following yield, which is probably due to the out-of-plane slip of
dislocations in the copper foil.48 Due to the applied strain, new
wrinkles appeared that were parallel to the direction of loading,
and as indicated earlier, they were caused by the compressive
transverse strain.23 The proﬁle (Figure 3c) along the line b−b
(Figure 3b) of a typical wrinkle induced by the compressive
transverse strain is similar in height to the wrinkle formed
during CVD, but these new wrinkles were notably narrower at
about 50 nm.
The presence of cracks and wrinkles in the graphene were
also visualized by lateral force microscopy. This technique
records the lateral tip deﬂection in traced and retraced AFM
scans. The diﬀerent tip behavior in these two scans can be
generally interpreted as a measure of friction coeﬃcient.49 The
scan in Figure 3d is a lateral force image of the same region
shown in Figure 3b. The darker contrast corresponds to higher
friction forces, which are attributed to exposed copper, while
the brighter contrast corresponds to the low friction commonly
associated with graphene.50 The secondary wrinkles can again
be observed running parallel to the loading direction. They
hinder any further growth of the existing channel cracks. This is
likely due to the fact that the wrinkles can relieve the strain at
the tip of a propagating crack. Once a channel crack had
initiated, its faces continued to open as the applied strain
increased. For example, the maximum crack opening was
approximately 500 nm (Figure 3d). This apparently uninhibited
crack opening also suggests that the strength of the shear

interaction between graphene and copper is quite weak. The
friction force along the blue and red scan lines in Figure 3d is
shown in Figure 3e. It can be seen that the friction force was
indeed higher over the exposed copper and provided an
unambiguous measure of the opening width of the crack in the
graphene. The fact that the variation in height is the same in the
two regions rules out the potential contribution of roughness to
the friction measurements.
Raman spectroscopy (λ = 488 nm) was performed ex situ on
the graphene-coated copper foil following unloading from
several levels of applied strain. The Raman spectra of graphene
provide a wealth of information such as crystalline quality,
number of graphene layers, and the strain in the graphene.
Figure 4a shows the graphene bands (G and 2D) at applied
strains of 0, 0.44, and 3.7%. The full spectrum (Figure S3) does
not display a D band at 1350 cm−1, which indicates the absence
of a signiﬁcant number of defects.51 The intensity ratio (I2D/IG)
of the 2D and G peaks is 2.04, 2.27, and 2.14 at applied strain
levels of 0, 0.44, and 3.7%, respectively. This conﬁrms the
presence of monolayer graphene. An even more interesting
feature is the downshift of the G and 2D peaks as the applied
strain increased. Such shifts can be produced not only by strain
in graphene21−25,52,53 but also by chemical doping54 and the
orientation of copper grains.55 These potential sources can be
separated by observing the form of the cross plot (Figure 4b) of
the position of the 2D band and the G band. A linear response
over the entire strain range was observed with a slope of
approximately 1.8.24 Such a linear response rules out chemical
doping eﬀects, which are usually associated with nonlinear
behavior. The slope of the line can also be aﬀected by the
diﬀerence in orientation of the copper and graphene grains.55
However, the orientation of grains in copper foil is generally
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crack spacing was no longer aﬀected by the applied strain. Such
behavior is common in situations where loads between
components of a composite are transferred by shear.63,64
The average strain in the graphene εg (Figure 5b) was
tracked from several locations as a function of the applied strain
from the corresponding shifts in the G and 2D peaks23,24,58,60
using the Güneisen parameter determined from eq 1. The
strain in the graphene was obtained from Raman spectra that
were taken at 15−20 locations. The strains plotted in Figure 5b
are the average, and the error bars reﬂect one standard
deviation. With the optical microscope used for the Raman
spectroscopy, it was not possible to locate spots at the
midpoints between cracks, which is where the shear transfer is
most likely to be complete. Instead, the Raman spots were 1
μm apart and had a diameter of 300 nm, approximately. The
minimum crack spacing was 2−4 μm. Thus, the spots were
potentially interrogating any point between one crack and
another, thereby encountering a range of shear transfer
conditions and contributing to the uncertainty registered by
the error bars.
There was a sharp increase in the strain in the graphene (εg)
at low loads followed by a transition to an approximately
constant value of 0.45%. Note that the strain levels in the
graphene were slightly diﬀerent depending on which of the
peaks was used. This may be due to the fact that the G band
tends to split into G+ and G− sub-bands while the 2D peak does
not.25,53 Although such splitting cannot be seen in Figure 4a,
expanded views of the data (Figure S4) do exhibit some
broadening of the peak. As a result of this broadening, there
was more uncertainty in the strains obtained from the G peak,
as is reﬂected in the error bars. The correspondence of strain in
the graphene (Figure 5b) with applied strain and variations of
crack spacing (Figure 5a) suggests that the strain in graphene
reached its peak when the crack spacing reached steady state.
The fracture of graphene and the characteristic spacing are now
linked to the shear interaction between the graphene and
copper using two shear-lag models, one for the initial response
and the other for the constant crack spacing regime.
In view of the observations above, the shear interaction
between graphene and copper can be idealized by an initially
linearly elastic response followed by a constant shear strength
for sliding (Figure 5c). The linearly elastic portion of the
interaction leads to the sequential formation of channel cracks
in the graphene, resulting in progressively smaller spacing
between the cracks. This was the noted initial portion of the
response in Figure 5a,b. Such a phenomenon has been
analyzed65 as the sequential formation of periodic channel
cracks in an elastic thin ﬁlm on a semi-inﬁnite substrate
subjected to a uniaxial tensile load. The energy release rate
associated with a particular crack spacing L and applied strain ε
is

quite random and remains so as the applied strain is increased.
Thus, such orientation eﬀects should be negligible, and the
shifts in the Raman peaks were indeed due to the strain in the
monolayer graphene.
The positions of the G and 2D peaks were plotted as a
function of the applied strain (Figure 4c,d). There is a
noticeable dependence of the position of the peaks for very
small strains as the peaks dropped from their initial values to
approximately 1577 and 2699 cm−1 at an applied strain of about
0.44%. Beyond this, the positions of the G and 2D peaks stayed
the same, which indicates that the applied strain on the copper
foil is no longer being transferred to the graphene due to
slippage. At lower strains (<0.44%), a linear relationship was
observed between the positions of the G and 2D peaks and the
applied strain. The slopes of the lines are −16.5 ± 6.2 and
−31.1 ± 10.0 cm−1/% for the G and 2D peaks, respectively.
Both slopes are comparable to the response of single-walled
nanotubes or graphene. The slopes for the G band have ranged
from −11.7 to −20.2 cm−1/%, whereas −7.9 to −57.6 cm−1/%
has been associated with the 2D band.24,56,57 We attributed the
strain-dependent Raman shift to the fact that the phonon
deformation potential of graphene depends linearly on the
strain.58−60 As a result, the Raman shift can be related to the
strain by
ω0 − ω
= γ(εxx + εyy) = γ(1 − ν)εxx
ω0

(1)

where ω and ω are, respectively, the locations of the G or 2D
peaks at zero and subsequent levels of the applied strain, εxx is
the applied strain in the longitudinal direction, εyy is the
transverse strain, ν is Poisson’s ratio, and γ is the Güneisen
parameter for graphene. Since there was no slip between the
graphene and the copper below 0.44% strain (Figure 3c,d), the
strains in the graphene and copper can be assumed to be the
same. Thus, the Poisson’s ratio of the copper foil (0.33) was
used in eq 1 along with the applied strain to determine the
Güneisen parameter associated with the G and 2D bands. The
Güneisen parameter was determined by a linear ﬁt of the
Raman shifts up to the value of 0.44% strain in Figure 3c,d. The
value of the Güneisen parameter for the G band was γG = 1.55
± 0.58 cm−1/%, whereas γ2D = 1.71 ± 0.55 cm−1/% for the 2D
band. Although the Güneisen parameters have not been
determined before for graphene grown on seed copper
substrates, the values are in line with those obtained for
graphene on PET,23,24,52,58,60−62 which were obtained up to
applied strain levels of 0.8%. This completed the observation
stage of the investigation.
The main data extracted from the SEM images (Figure 2)
was the crack spacing in the graphene as a function of the
applied strain. At each applied strain level, the average crack
spacing (Figure 5a) was obtained from at least 20 locations
within a ﬁeld of view of 51 × 44 μm. The crack spacing in each
of the noted tests was measured from an image at one location.
In some the tests, a number of locations were considered in
addition to the main one and yielded qualitatively similar
spacing. This is borne out by the consistency of the data from
case to case in Figure 5a. The degree of scatter in the data is
driven by the random nature of defects (the diﬀerent
orientations of each grain, the grain boundaries themselves,
triple junctions, wrinkles, etc.). All ﬁve samples that were tested
exhibited similar responses, and in each case, two diﬀerent
regimes could be observed. Initially, there was a sharp decrease
in the average crack spacing. Beyond about 1.5% strain, the
0

G=

E2Dε 2
[2tanh(λL /2) − tanh(λL)]
λh

(2)

where E2D is the in-plane stiﬀness of graphene (350 N/m), the
inverse of λ is the reference length ( ks/E2D ) deﬁned by the
interfacial shear stiﬀness (ks) and the in-plane stiﬀness of
graphene while h is the thickness (0.335 nm) of graphene. In
the experiments conducted here, the energy release rate is the
fracture toughness of the graphene Γ, which must be
determined from the data. The other unknown parameter is
ks, the stiﬀness of the interaction. As indicated in the
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observations were carried out with AFM and Raman spectroscopy at selected load intervals.
The graphene began to develop channel cracking at an
applied strain level of almost 0.5%, double the yield strength of
the annealed seed copper. The crack spacing decreased with
increasing applied strain until saturation occurred at about 6%.
In addition, transverse wrinkling perpendicular to the channel
cracks was clearly observed at an applied strain of about 2.6%. It
was also noted that pre-existing wrinkles tended to arrest
channel cracks. Raman spectroscopy conﬁrmed that highquality graphene had been grown on the copper foil. In
addition, it was noted that the G and 2D peaks downshift with
increasing applied strain. The Güneisen parameters were
determined for each peak, which led to the conclusion that
the highest strain in the graphene was 0.45%. This observation
and the saturation in the crack spacing indicate that the
graphene was sliding over the copper, which motivated simple
models of shear transfer for the limiting behavior at small and
large strains.
Accordingly, the shear interaction between graphene and its
seed copper foil was modeled by an initial stiﬀness followed by
a constant shear strength. The development of crack spacing in
the linear regime was captured by a sequential cracking
analysis.65 When the measured crack spacing data were applied
to this model, the stiﬀness of the interactions was 1.3 TN/m3
and the fracture toughness of the graphene was 16.5 J/m2. The
measured saturation spacing was input to a simple shear-lag
analysis based on a constant shear strength which turned out to
be 0.49 MPa. This suggests that the adhesion interaction
between graphene and copper foil is stronger than that of the
interlayer graphene. These experiments suggest that cracking in
graphene in roll-to-roll transfer can be avoided if the applied
strain is less than about 0.5%. It remains to be seen how much
cracking in graphene can be tolerated before its performance in
the intended application starts to diminish.

Supporting Information (section 4), the stiﬀness was taken to
be 1.3 TN/m3 based on the data at the three largest values of
spacing. As a reference, the corresponding value for graphene
on polyethylene terephthalate74 was 74 TN/m3. The toughness
was then determined by substituting Γ for G in eq 1 at the same
values of spacing that were used to determine the stiﬀness and
taking the average, which turned out to be 16.5 J/m2. This
value of toughness is close to the one given by Zhang20 for freestanding CVD-grown graphene.
The eﬀect of the stiﬀness of the interaction was obtained at
small strains. At applied strains above 7% (Figure 5a), the crack
spacing reached its lower limit, which corresponds to complete
slip along the interface between the graphene and copper at the
interfacial shear strength τc (Figure 5c). The minimum crack
spacing (see the section on shear interaction parameters in the
Supporting Information) is controlled by the in-plane modulus,
the toughness, and thickness of the graphene as well as the
interfacial shear strength through
⎛ 4E Γh ⎞1/3
Lmin = ⎜ 2D2 ⎟
⎝ τc ⎠

(3)

Using an average value of 3.18 μm for the minimum crack
spacing and 16.5 J/m2 for the toughness of the graphene set the
shear strength at 0.49 MPa. This is about 1 order of magnitude
stronger than the interlayer interactions in graphite72 and
reinforces the claim made earlier about the weak interaction
between monolayer and add-layer graphene.
It should be noted that neither SEM, AFM, nor Raman
spectroscopy was able to detect graphene defects on the copper
strip. Nonetheless, the formation of channel cracks in graphene
was initially observed at applied strains of approximately 0.44%.
When graphene is grown on copper foil using chemical vapor
deposition, growth is nucleated at randomly positioned sites
and occurs in a radial manner until individual grains connect at
grain boundaries. This growth mechanism does not produce
line defects that could be construed as cracks. Instead, it is most
likely that, upon loading, the cracks nucleated from triple
junctions, where the stress concentrations are highest.
As a practical matter for roll-to-roll dry transfer of graphene,
where it is likely to be subject to strain induced by the curvature
of the rollers and/or tension applied to the composite ﬁlm, the
simplest objective would be to maintain applied strain levels to
less than about 0.5%. If this is not possible, the presence of
cracks is likely to increase the sheet resistance of the graphene.
This could be viewed as an opportunity in some applications
where the sheet resistance could be tuned by crack spacing.
Alternatively, the eﬀects of channel cracking induced by rolling
could be mitigated by adding conductive nanowires.4

EXPERIMENTS
An electrical discharge machine was used to form 130 μm thick bare
copper foil into the shape shown in Figure S1b, whose dimensions are
listed in Table S1. High-quality monolayer graphene was grown on the
copper strips in a low-pressure chemical vapor deposition system.8
The bare copper strips were placed in a 2 in. quartz tube, which was
heated to 1035 °C. Hydrogen (H2) was pumped through the system at
a rate of 2 sccm and a pressure of 2.5 × 10−2 mbar. Once the
temperature reached 1035 °C, the copper was annealed for 30 min in
the hydrogen atmosphere. Methane (CH4) was then introduced at 7
sccm at a pressure of 1.4 × 10−2 mbar for 10 min, followed by cooling
to room temperature in 30 min.
Tensile tests were conducted using a Deben Microtest system,
inside a FEI Quanta 600 FEG SEM. The graphene-coated strips were
then mounted in the in situ tensile loading device that was placed in a
SEM. The tensile tests were conducted in displacement control, while
the load was measured by a 200 N load cell. In most of the
experiments, the applied displacement was interrupted and ﬁxed while
the SEM images were taken. The images were used to determine the
crack spacing as a function of applied strain. In some experiments, the
specimens were removed from the loading device at several levels of
applied strain to allow Raman spectra to be obtained. Micro-Raman
measurements were made with a Witec model Alpha 300 scanning
Raman system using 488 nm excitation. AFM measurements were
made with a Park Scientiﬁc model Autoprobe CP, with a Bruker
MSCT type A cantilever.

CONCLUSIONS
Although CVD of graphene on copper66,67 has opened the door
to large-area production of graphene, there is currently a
bottleneck in production due to the fact that graphene can only
be transferred to target substrates by etching away the
copper68,69 or electrochemically delaminating it.70 These are
both relatively slow and wasteful processes that make
mechanical or dry transfer appealing. Following recent progress
in selective dry transfer,32 with its potential for scale up to rollto-roll nanomanufacturing, the possibility of graphene fracture
under the tensile loading that is inherent to such processes was
addressed here. The tensile behavior of CVD-grown graphene
was examined via in situ experiments in an SEM. Additional
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