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ABSTRACT: From a device application point of view, the extreme mechanical
strength of graphene is highly desirable. However, the unavoidable polycrystalline
nature of graphene films produced by chemical vapor deposition (CVD) leads to
significant fluctuations in mechanical properties. Although the effects of atomic
defects or grain boundaries (GBs) on mechanical strength have been widely
studied and some modifications have been applied to enhance the stiffness of
graphene, the problems of fragility as well as significantly reduced breaking
strength arise. Here we report a systematic study on the effect of elastic modulus
and breaking strength of CVD-derived graphene films with a controlled density
and distribution of GBs. We find that graphene films become much stronger by
hugely increasing the density of GBs without triple junctions (TJs) formed inside,
in analogy to the two-dimensional (2D) plum pudding structures. The
comprehensive performance with a 2D Young’s modulus of 436 N/m (∼1.3
TPa) and 2D breaking strength of 43 N/m (∼128 GPa) can be achieved with the average grain size of 20 nm. Moreover,
the existence of TJs will slightly reduce the strength in these GB structures. Due to defect types, the graphene films will
show various tearing behaviors after indentation. All these mechanical studies of GBs provide a guideline to obtain the
optimal performance of 2D materials through GB structure engineering.
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With a Young’s modulus of ∼1 TPa (∼340 N/m) and
a breaking strength of ∼125 GPa (∼42 N/m),
graphene is considered to be the strongest material,1

applicable in future flexible electronics, wear-resistant coatings,
and reinforcements in advanced composite materials. However,
with its strong C−C sp2 covalent bonds, graphene lacks
plasticity. Atomic vacancies (point defects) and grain
boundaries (GBs, plane defects) can easily change its
mechanical strength.2,3 The effects of point defects have been
widely investigated through Ar ion irradiation,4 O2 plasma,

5 and
high-energy He.6 The large-scale vacancy regions caused by O2

plasma significantly impair mechanical properties.5 In contrast,
the Young’s modulus of graphene is reduced but remains nearly
constant (0.8 TPa) even under high-energy He ion irradiation.6

A higher Young’s modulus of ∼1.6 TPa (550 N/m) can be
realized by introducing a controlled density of point defects by
Ar ion irradiation,4 along with a 30% reduction in breaking
strength and confining crack propagation.7 For plane defects,
GBs inevitably exist in chemical vapor deposition (CVD)-
derived graphene films.3,8,9 Some theoretical studies suggest
that GBs with highly tilted angles can achieve a near-intrinsic

failure strength,10 and experimental measurements also verified
the approximately high elastic modulus across a single GB,
along with a slight reduction of its breaking strength.11 The
statistical theory predicts the GB network will extensively affect
the mechanical properties of polycrystalline graphene films
when their average grain size is less than 25.6 nm.12 Stress
concentration tends to occur at the triple junctions (TJs) in
these GB networks,13 and the TJs can be considered to have a
similar effect on mechanical properties to those of the point
defects,4 which will increase the elastic modulus but heavily
reduce the breaking strength. Limited by the recent growth
method, the average grain sizes of thermal CVD graphene films
are always larger than 200 nm,14 and the experimental
mechanical properties for graphene films with nanocrystalline
grain size remain unknown.
In this study, we grow graphene films with different grain

sizes and GB structures by inductively coupled plasma CVD
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(ICP-CVD) and thermal CVD methods, respectively. For
growing highly flat graphene films, we adopt Cu/Ni alloy films
as growth substrates. The single-crystalline Cu/Ni(111) and
Cu/Ni(100) films are magnetron sputtered on the C-plane and
A-plane sapphires (Supplementary Figure S1), and the
polycrystalline Cu/Ni films are sputtered on the M-plane
sapphire.15 We use different faced metal films as substrates to
grow individual graphene grains with different structures.
Moreover, the grain sizes of graphene films have been tuned
by changing growth temperature and plasma source power
together, and higher temperature along with weaker plasma
usually causes larger grain size (Supplementary Figure S2).
Some growth results have been reported in our previous
paper.15 The graphene films with a grain size of >50 μm have
been obtained by thermal CVD method. A traditional wet
method has been performed using ammonium persulfate as
etchant.16 After transfer, we have characterized all the
suspended graphene films on hole-patterned SiO2/Si or
transmission electron microscopy (TEM) grids by Raman
spectroscopy (Figure 1a). Compared to the samples transferred
on SiO2/Si (Supplementary Figure S3), all these films have a
similar intensity ratio of ID to IG, but higher intensities of the
2D band appear. Before the grains are completely stitched into
a film, we can capture the individual grains by shortening the
growth time and obtaining the average grain size. To normalize
the graphene films from different growth conditions used in this
study, we name them based on the growth substrate and their
average grain size (nm) before stitching them into films: C150
(C-plane sapphire, average 150 nm grain size), C50, C30, C20,
A30, M30, and large grain graphene (LG) with a grain size of
>50 μm.
Generally, dark field transmission electron microscopy (DF-

TEM) has been frequently applied to characterize the grain
orientation in CVD graphene films,3 and we also perform a
similar DF-TEM with a large selected area electron diffraction
(SAED) size of ∼500 nm to characterize their GB structures.

From the intensities of SAED, all the graphene films of the C
series consist of grains with mainly two different orientations
(insets of Figure 1b−e): one is in the majority (75−90%,
oriented), and the other is in the proportion of 10−25% (anti-
oriented). We also calculate the ratio of oriented to anti-
oriented by region areas and find that they have similar results,
shown in Supplementary Figure S4. The grains in A series films
also have two main sets of diffraction patterns (inset of Figure
1f), but their intensities are comparable (>35% in anti-
orientation), indicating roughly similar proportions in each
orientated grain. These DF-TEM images (Figure 1b−e) are
captured according to the SAED patterns, showing that a small
quantity of anti-oriented grains is embedded in the combined C
series film, without aggregation into larger anti-oriented grain
regions. This GB structure in the homogeneous graphene films
is similar to the plum pudding atomic model suggested by J. J.
Thomson,17 but in two dimension. In the A series film, the
oriented and anti-oriented grains are interactively distributed,
and some grains of the same orientation are stitched into large
grains, indicating that a GB network is formed. Therefore, the
TJs in the GB network should be massively formed in the A
series, and this structure should be consistent with the
proposed model of polycrystalline graphene films in these
previous studies.13,18 All the atomic lattices of the internal
grains for all samples are defect-free (Supplementary Figure
S5), such that the defects should only come from the GB
structures.
AFM nanoindentation1,19,20 has been used to measure the

mechanical properties of 2D materials, and a schematic
illustration is plotted in Figure 2a. AFM indentation displace-
ments on the suspended graphene films are performed with a
tip (13.9 nm radius) and a constant rate of 50 nm/s to acquire
the force (F) versus indentation (d) curves, which can be
approximated as1

Figure 1. Plum pudding structured graphene films with different grain sizes. (a) Raman spectra of seven suspending graphene films used in
this study, transferred on a hole-patterned SiO2/Si substrate. (b−f) False-colored DF-TEM image of related C150, C50, C30, C20, and A30
films. The different colors represent the different grain orientations; insets are SAED patterns and selected areas are all 500−1000 nm.
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σ π= +F d E q
d
R0

2D 2D 3
3

2 (1)

where σ0
2D is the pretension accumulated in the membrane, E2D

is the elastic constant with units of force/length, R is the radii of
the patterned hole (shown in Figure 2a), and q is a constant
related to Poisson’s ratio (ν) of the membrane, following q = 1/
(1.05 − 0.15ν − 0.16ν2). We take ν = 0.165, such that q =
0.98.1 The elastic modulus of the films is E3D = E2D/t, where t is
the thickness of films (0.335 nm for graphene). The
pretensions for different films range from 0.05 to 0.4 N/m,
with no correlation of the film types inside in spite of their
different GB structures (also refer to Supplementary Figure
S6).4 The typical force−indentation curves of LG graphene
films are plotted in Figure 2b, and the elastic stiffness of ∼334
N/m can be obtained by fitting eq 1, which corresponds to
∼997 GPa of E3D. This value is not statistically different from
that of previously obtained pristine1 and CVD-grown graphene
with large grains, no matter how much R is (Supplementary

Figure 2. Mechanical measurement of suspended graphene films by
AFM nanoindentation. (a) Illustration of the suspended graphene
film on a hole-patterned SiO2/Si wafer for AFM nanoindentation.
(b) Typical force−displacement curve of LG films during AFM
nanoindentation. The solid lines are fitting curves by eq 1, and the
inset is a typical AFM image of the suspended graphene film before
indentation test and the height profile along the red line showing
the ∼9 nm indentation in the hole.

Figure 3. Mechanical properties of graphene films. (a) Illustration of C150, C50, C30, and C20 films, with plum pudding structure of different
grain sizes; dark regions represent oriented grains, bright regions represent anti-oriented grains, and purple lines represent GBs. (b) Raman
intensity ratio of ID/IG and I2D/IG as a function of GB density inside, showing the D bands (defect related) increase linearly with the GB
density. (c) Histogram showing the comparison of elastic stiffness among graphene films with different grain sizes, along with LG films. (d)
Histogram showing a comparison of breaking strengths, which are fitted with a nonlinear model. (e) Elastic modulus and breaking strength as
a function of GB density inside; error bars correspond to the standard deviation of measurements performed on different graphene films, and
dashed lines are fitted to the discrete results.
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Figure S7).19 In the measurement for LG films, we do not
observe any correlation between the calculated pretension and
E2D (Supplementary Figure S6).1,4,21 The breaking strength of
these films could be acquired by measuring fracture loads and
tip diameter with an experimentally validated multiscale model
based on atomic-scale ab initio density functional theory, which
gives a continuum description of anisotropic and nonlinear
elastic behavior for in-plane deformation.1,19 We also
performed a linear model for the breaking strength by

σ π= F E r/4max
2D

tip for comparison, where Fmax is the

corresponding breaking force.1,7 The breaking strength is
obtained to be ∼41.5 N/m (∼124 GPa) and 46.6 N/m (∼139
GPa) by nonlinear model and linear model, respectively. The
linear model usually overestimates the strength about 10−20%
compared with the nonlinear model,1 while both models have
been widely adopted and discussed in previous stud-
ies.1,4,6,7,11,19 In the following discussion, we adopt the
nonlinear model to fit the breaking strength.

RESULTS AND DISCUSSION

All C series of graphene films have the plum pudding structure
and consist of mostly pure GBs with a few TJs inside. The effect
of GB density on the mechanical properties can be well studied
by these films. Illustrations of different GB distributions about
the C series are shown in Figure 3a, according to the DF-TEM
images in Figure 1b−e and their average size of individual
grains before stitching into films.15 These GBs exhibit
hexagonal structures, and almost no networks are formed.
Therefore, few TJs are formed in C series graphene films. The
GB density is thus estimated to be ρ ≈ 0.46a−1 (Supplementary
Figure S8), where a is the lateral size of the anti-oriented grains.
The refined grains result in a larger GB area, which can also be
verified by their Raman intensity ratios of different bands
(Figure 3b). All the Raman spectra come from the suspended
graphene films before nanoindentation measurements, and the
Raman band intensities are collected by the area under the
curves.17,18 There should be only one type of main defect in
these C series films, so the intensity ratios of ID to IG would
indicate the presence of GBs, and they indeed present an
approximately linear relation with our modeled density of GBs
in Figure 3a. The ratio of I2D to IG first declines to a valley
bottom at medium GB density, then slightly rises with
increasing GB density, which is similar to the effect of
vacancy-type defects by oxygen plasma radiation.5 Moreover,
there are no obvious changes in the Raman measurement
before and after indentation (Supplementary Figure S9),
indicating that the graphene films just show elastic trans-
formation and have no structural destruction.
Figure 3c presents the statistical histogram of the elastic

stiffness obtained from plenty of nanoindentation tests, with
more than 10 collections for each sample. The average fitted
2D Young’s modulus of 263, 259, 367, and 436 N/m for C150,
C50, C30, and C20 films correspond to a bulk Young’s
modulus of 0.78, 0.77, 1.09, and 1.30 TPa, along with the 338
N/m (1.01 TPa) for LG films. Their breaking strengths are also
plotted in Figure 3d statistically, and the average strengths of
26.4, 25.4, 36.6, and 43.1 N/m for the above films are obtained.
The breaking strength of C20 films with higher GB density is
comparable to that of an LG film (41.5 N/m), showing ∼128
GPa when expressed as a 3D value. To better compare the
breaking strength, we have also calculated the values by using
linear and nonlinear models (Supplementary Figure S10).

Although the calculated breaking strength values from the
nonlinear model are a little lower than the one from the linear
model, the changing rule for different densities of the GB is still
quite clear. For better comprehension, we plot their elastic
modulus and breaking strength as a function of GB density
inside, as shown in Figure 3e. The dashed lines connecting the
discrete results clearly reveal the trends. A small amount of GBs
will reduce the mechanical properties, but it is amazing to find
that their elastic and breaking strength rebound when further
increasing the density of GBs. The refined grains bring in a
higher GB density and the strength is enhanced. Therefore, the
mechanical behavior would be enhanced by continuing to
refine these grains. For fracture behavior, to our knowledge,
refining grains should be the first promising approach to
improve the breaking strength until now, even though the
strength value is still about 10% lower than the intrinsic ones.19

With higher GB density, these breaking strength values of C20
films (with the smallest grain size in this study) are not
statistically different from previous large grain sized CVD-
graphene films.
Until now, the theoretical calculations mostly predict that the

stiffness and breaking strength of nanocrystalline graphene films
with smaller grains will both be reduced,22,23 but our
experimental results show a completely different scenario.
The discrepancy with theoretical results arises from the special
GB structure in our specific graphene films with nanocrystalline
grains. We find that, in the theoretically proposed GB models,
there are plenty of TJs formed.22,23 Similar to point defects, a
low density of TJs can greatly increase the elastic modulus,21

which is attributed to the local stress fields created by point
defects. When the distance between two TJs is far enough, their
interaction will not be very strong. If the TJs are closely
connected, it will cause severe prestress concentration regions,
which will induce cracks during elastic transformation.12 In
contrast, there are nearly no TJs formed in C series graphene
films, and highly tilted GBs are composed of a series of
prestrained pentagonal and heptagonal lattices.23 These defects
in GBs are isolated and scattered on the 2D plane, which are
smaller compared with the proposed models in theoretical
simulations. These small-sized defects from independent GBs
will be analogous to the low density of point defects. As
mentioned above, it can increase the Young’s modulus. The
more of these small defects, the more debonding energy will be
dissipated between two grains during the fracture process.
Finally, the breaking strength becomes comparable with that of
pristine graphene. Therefore, the formation and distribution of
these TJs are proposed to be a crucial factor in the mechanical
performance of nanocrystalline graphene films.
For further analyzing the effects of TJ distribution, we grow

graphene films with different densities of TJs. These graphene
films are grown on different substrates, which leads to different
grain structures, and the corresponding illustrations are plotted
in Figure 4a. The grains in M series films have random
orientations (see Supplementary Figure S11), and all the
individual grains are finally stitched into humongous films.
From the Raman spectra, there are larger GB regions and more
TJs existing in A30 and M30 films, which is verified by stronger
D and D′ bands (Supplementary Figure S3). From the same
mechanical measurements, the statistical histograms of the
stiffness and strength are plotted and shown in Figure 4b and c.
The fitted 2D elastic modulus of average 248 and 300 N/m
corresponds to a bulk Young’s modulus of 0.74 and 0.89 TPa
for M30 and A30 films, and their breaking strengths are ∼32.5
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and ∼34.6 N/m. With highly disoriented and the misoriented
grains stitched into a larger density of GB networks, the M30
films exhibit worse stiffness and breaking strength than those of
A30, but A30 is worse than C30. Larger defect regions will be
formed from the TJs (marked by black curves) of M30, A30,
and C30 in order, illustrated in Figure 4a. This is consistent
with our hypothesis and reported results that large defects
caused by the TJs leads to a lower elastic modulus and breaking
strength. Therefore, a high density of GB will enhance the
strength, but a high density of TJs will reduce their strength.
The indenting tears and their propagation on the graphene

films can also reveal their own GB structures due to the
anisotropy of fracture behavior, just like bulk crystals.24,25

Generally, fracture in polycrystalline graphene easily originates
at a defect location and then propagates along the rest of the
prestress regions.3,12 When the LG and C30 films are broken,
complete failure of the sheets proceeds rapidly across the whole
well (Figure 5a and b),19 and the tearing performance of the
C30 film with few TJs is more like intrinsic graphene (LG).1

The reason is that the plane defects are isolated and scattered
evenly on the 2D plane, illustrated in Figure 4a, where the crack
initiates. The tear of the A30 film exhibits a rectangle shape,
and the crack propagates along the GB networks. M30 film
with random tilted grains exhibits minor crack propagation in
contrast to other films. Although different from the minor crack
propagation in graphene films with point defects induced by Ar
ion irradiation,7 these M30 films still exhibit high stability
against catastrophic failure and only a 28% decrease in elastic
modulus. Therefore, the tear length is not only determined by
the density of GBs but also strongly dependent on the
distribution of GBs. The controlled defect creation will be an
approach to confine crack propagation in polycrystalline
graphene and further avoid catastrophic failure of graphene
films in future devices.

CONCLUSIONS
In summary, we study the mechanical properties of graphene
films with controlled grain size and different GB structures.
Their mechanical performances show a strong dependence on

the density of GBs and formed TJs. By engineering the GB
distribution, we find the graphene films with a high density of
GBs and few TJs possess better comprehensive mechanical
properties, including the elastic modulus and breaking strength.
When the average grain size is reduced to ∼20 nm, the effective
Young’s modulus of the corresponding graphene films could be
larger than 1.3 TPa, along with a breaking strength higher than
128 GPa. Moreover, the tear propagation after indentation to
fracture is also studied, and the nanocrystalline graphene films
with disoriented grains exhibit a smaller tear region. All these
studies could be a guideline to model the graphene GB
structures for improved mechanical performance, and these
structure−property relationships indicate a potential guideline
for using graphene in flexible electronics and composite
materials.

EXPERIMENTAL SECTION
CVD Growth of Graphene. The partially or fully covered

graphene is grown in a customized ICP-CVD system. The typical
growth conditions are as follow: sapphire with 800 nm sputtered Cu/
Ni (20:1) film is heated to 700−850 °C at 6 Pa in an atmosphere of
pure Ar. For the growth of graphene film, a mixture of H2 and CH4
(H2/CH4 = 20:1) is introduced into the chamber, and 10−20 W
plasma is ignited. After the growth, the graphene on metal is cooled to
room temperature under flowing gas, maintained at a constant
pressure of 6 Pa. For growth conditions of different graphenes, refer to
the Supporting Information.

Transfer of Graphene. After growth, graphene/alloy/sapphire is
spin-coated with 800 nm of poly(methyl methacrylate) (PMMA, 996k
MW, 8 wt % in anisole, 2000 rpm for 1 min) to facilitate wet transfer
of the graphene film from the Cu/Ni alloy substrate. The etchant used
is a 0.1 M ammonium persulfate ((NH4)2S2O8) aqueous solution.
After twice etching, the PMMA/graphene is cleaned in DI water.
Then, the floating PMMA/graphene is dried in the glovebox, then
placed on the target SiO2/Si substrate with the prepatterned array
wells. Finally, the samples are gently transferred to a quartz tube
furnace in order to remove the PMMA by annealing at 350 °C for
more than 2 h with Ar and H2 flow.

Fabrication of Prepatterned Holes. The array of holes on SiO2/
Si is produced by a standard micro/nanofabrication process. The Si

Figure 4. Mechanical properties of graphene films with different
densities of TJs. (a) Illustration of C30, A30, and M30 graphene
films with different densities of TJs; dark regions represent
oriented grains, bright regions represent anti-oriented (purple
hexagons and yellow squares) or disoriented (blue circles) grains,
and red dots represent the sites of TJs. (b) Statistical histogram of
elastic stiffness fitted from eq 1. (c) Statistical histogram of
breaking strength based on the nonlinear model.

Figure 5. Tear performance of graphene films with different grain
structures. SEM images of graphene drumheads acquired after
fracture. The respective graphene films are LG (a), C30 (b), A30
(c), and M30 (d) films.

ACS Nano Article

DOI: 10.1021/acsnano.8b00869
ACS Nano 2018, 12, 4529−4535

4533

http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b00869/suppl_file/nn8b00869_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b00869


wafer with 285 nm oxide is first pattered by deep-UV photo-
lithography, followed by a deep reactive ion etching to a 300 nm depth
to form holes consisting of an 8 × 8 mm array of holes with 1.8 and
2.5 μm diameters.
Characterizations. The X-ray diffraction (XRD) is collected by a

high-resolution Bruker D8-Discover diffractometer operating at 40 kV
and 40 mA with Cu Kα radiation. Raman spectra are performed using
a Witec/alpha 300 R confocal microscope with a 532 nm laser at
ambient conditions. The SAED patterns and low-magnification TEM
images are taken at 200 kV on a FEI F20, and the atomic resolution
images were recorded using a FEI Titan G260-300 probe aberration-
corrected scanning TEM with monochromator, which was operated at
80 kV to minimize knock-on damage.
AFM Nanoindentation. Indentation measurements are conducted

in a Bruker AXS Dimension Icon AFM under atmospheric conditions
with a 50 nm/s displacement rate toward the sample surface. The tip is
a custom-fabricated diamond probe with a radius of 13.9 nm for
mechanical testing. The spring constant calibration of the cantilever is
accomplished by a combination of the thermal noise method and the
Sader method, and a series of force spectroscopy measurements of
CVD-grown single-crystal graphene is performed. Subsequently, the
same probe is used to measure the nanocrystalline graphene films by
indenting the center of the circle. A dozen holes are tested, and three
to four force−displacement curves on each hole are measured by
applying various maximum forces (0.2−1.5 μN) for each type of
graphene film, respectively. Subsequently, the nanocrystalline
graphene samples’ deflection is acquired by subtracting the tip
deflection based on the photodiode from the z-piezo displacement.
Finally, 20−30 values for each type of graphene flake are
independently recorded. Furthermore, in order to acquire the breaking
toughness for different samples, the films are then indented with the
same displacement rate until a membrane breaking event occurs.
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