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Pristine graphene is the strongest material ever measured. However, large-area graphene films
produced by means of chemical vapor deposition (CVD) are polycrystalline and thus contain
grain boundaries that can potentially weaken the material. We combined structural characterization
by means of transmission electron microscopy with nanoindentation in order to study the
mechanical properties of CVD-graphene films with different grain sizes. We show that the elastic
stiffness of CVD-graphene is identical to that of pristine graphene if postprocessing steps avoid
damage or rippling. Its strength is only slightly reduced despite the existence of grain boundaries.
Indentation tests directly on grain boundaries confirm that they are almost as strong as

pristine. Graphene films consisting entirely of well-stitched grain boundaries can retain ultrahigh
strength, which is critical for a large variety of applications, such as flexible electronics and

strengthening components.

inevitable presence of bulk and surface de-
fects limits the tensile strength to a value that
typically falls well short of the intrinsic strength
predicted for homogeneous tensile cleavage (7).
Low-dimensional materials such as 2D graphene
or quasi-1D carbon nanotubes can achieve record

In bulk three-dimensional (3D) materials, the

Fig. 1. Materials and test-
ing methods. (A and C)
False-color DF-TEM images
and (B and D) SAED patterns of
SG graphene and LG graphene
films. (E) Schematic of the
suspended graphene film over
hole for AFM nanoindenta-
tion tests. (F) SEM images
of the suspended LG graphene
film over holes. The border
of the graphene-covered
area is indicated by a dashed
line for visualization. Wrin-
kles often present in the trans-
ferred graphene can be seen.
(G) Forcedisplacement curve
of the SG graphene film in
AFM nanoindentation. The
red line is a fitting curve to
equation 2 of (2). (Inset) The
AFM topology images of the
suspended SG graphene film
before and after fracture.
Scale bars, (A) and (F) 3 um;
(0) 20 um; (G) 1 pm.
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strength in part because of the lack of surface
defects that often initiate fracture in 3D materials.
However, using the ultrahigh strength of low-
dimensional materials on the macroscale remains
an open challenge, both from a technological per-
spective and as a matter of fundamental interest.
At sufficiently large scales, all materials will con-
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tain lattice defects, and the effects of such defects
should be magnified in low-dimensional materials
because of a reduction in the number of dimen-
sions in which a material can receive structural
support: In the limit of a 1D atomic chain, even a
single vacancy will reduce the tensile strength to
zero. Moreover, the same lack of surface-bulk
distinction that eliminates surface defects in low-
dimensional materials also renders them extreme-
ly sensitive to damage during processing.

We have previously used nanoindentation of
freely suspended films in an atomic force mi-
croscope (AFM) to show that graphene isolated
through mechanical exfoliation is the strongest
known material and, in its defect-free pristine state,
can achieve its intrinsic strength before succumb-
ing to rupture (2). However, graphene produced
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through scalable methods—such as chemical va-
por deposition (CVD)—produces graphene with
various defects, especially grain boundaries
(3-7). 1t is of fundamental importance to under-
stand how the nature and presence of such defects
will degrade the mechanical properties. Recent
theoretical studies have argued that graphene grain
boundaries can be as strong as the pristine lattice,
depending on their exact configuration, such as
tilt angle (8) and arrangement of defects (9). On
the other hand, nanoindentation tests have shown
that both the elastic stiffness and fracture strength
of CVD-graphene with micrometer-scale grain
size are much smaller than those of defect-free
pristine graphene and that fracture occurs at grain
boundaries (3, 5). However, continued progress in
development of techniques for processing graphene
motivates reexamination of this question from an
experimental standpoint. Indeed, we find here that
techniques used in earlier studies, which were stan-
dard practice at the time and remain widely used,
significantly degrade the strength of graphene (sup-
plementary materials). In this work, we used new
processing techniques that leave graphene’s strength
intact. We used a commercial nanoindenter to test a
large number of samples for statistical analysis and
combined nanoindentation and transmission elec-
tron microscopy (TEM) characterization to test
individual grain boundaries. The data were ana-
lyzed by using a multiscale model that is based on
density functional theory and has been experi-
mentally validated for pristine graphene.

Two types of graphene were grown on copper
foil: continuous graphene films with small grains
(SG) and isolated single-crystals with large grains
(LG) (supplementary materials, materials and
methods). Dark-field TEM (DF-TEM) imaging
(3) was used to map the grain structure of the
graphene films (Fig. 1, A and C); each false-color
area indicates a distinct crystal orientation from
the selected area electron diffraction (SAED) pat-
terns of Fig. 1, B and D. These patterns confirm
that the SG graphene is similar to the films studied
previously (3-5): It is polycrystalline, with 1- to
~5-um grains that are stitched at well-defined
grain boundaries, that have been observed to con-
sist of pentagon and heptagon carbon rings without
any other defects, such as holes (3, 4). Small bi-
layer patches are occasionally present in the middle
of grains. The star-shaped LG graphene grains are
50- to ~200-um single crystals (Fig. 1D) (10, 11) of
single-layer graphene with small multilayer patches
at the center. All of the nanoindentation experiments
reported below were performed on the single-
layer areas of the SG and LG graphene films.

To create suspended membranes, graphene
films grown on copper foil were transferred onto
a silicon dioxide substrate with an array of holes
with 1- and 1.5-um diameters (Fig. 1E; figs. S1
and S2; and supplementary materials, materials
and methods). We found that two of the pro-
cessing techniques used in previous studies (3, 5)
severely weakened the grain boundaries in CVD-
graphene: etching the copper with ferric chloride
(FeCl3) and removal of a polymer support by

baking in air (figs. S3 and S4). Both steps were
avoided herein; the copper was etched with am-
monium persulfate instead of FeCls, and poly-
dimethylsiloxane (PDMS) was used to support
the graphene during copper etching and to dry-
stamp it onto the substrate without baking. The
transferred LG graphene film is shown in the
scanning electron microscopy (SEM) image of
Fig. 1F (SG graphene is shown in fig. S3A). The
graphene films form membranes tautly suspended
above the holes, with little contamination. Raman
spectroscopy confirms that the membranes are high-
ly crystalline graphene with few defects (fig. S5).

‘We used nanoindentation to measure mechan-
ical properties of the suspended membranes, as
described in (2, 12). A representative force-
displacement curve obtained by using an AFM
with a diamond tip of 26-nm radius is shown in
Fig. 1G. The curve was well fitted by use of a
quasi-empirical polynomial form (2). The cubic
fitting parameter yielded 99% confidence inter-
vals for the mean of elastic stiffhess of 328 + 15 N/m
near that of pristine graphene (340 N/m) and an
order of magnitude higher than the value pre-
viously reported for CVD-graphene (55 N/m) (5).
Moreover, the force required to break the mem-
brane is 2000 + 420 nN, which is much greater
than that previously observed (50 to 120 nN) (3, 5).
A SG membrane before and after fracture are
shown in the AFM images in the inset. The sam-
ples showed no sign of slippage at the periphery,

and the fracture pattern was similar to that ob-
served for pristine graphene (fig. S6).

For statistical analysis of stiffness and strength,
we tested a large number of specimens using a
nanoindenter, with a 38-nm-radius diamond tip
(fig. S7TA). Each membrane was cyclically tested
to increasing depth to fracture; the nonhysteretic
force-displacement curves were analyzed as above.
Histograms of the derived elastic stiffness are
shown in Fig. 2, A and B, for LG and SG graphene
(that of pristine graphene is available in fig. S7B).
We obtained elastic moduli of 324 + 13,339 + 17,
and 328 + 17 N/m (which correspond to a 3D
Young’s modulus of ~1 TPa) for pristine, LG, and
SG graphene, respectively. According to one-way
analysis of variance (ANOVA) analyses, there are
no statistical differences among these three values
or between these and the value previously obtained
for pristine graphene (fig. S8A and table S1) (2); all
are in agreement with theoretical predictions in the
absence of grain boundaries (/3). The wider dis-
tributions observed for SG and LG graphene may
be due to the presence of wrinkles and small bilayer
patches in the CVD-grown membranes.

The measured fracture loads for LG and SG
membranes are shown in Fig. 2, C and D (pristine
is available in fig. S7C). The measurements yield
fracture loads of 3410 + 260, 3370 + 340, and
2590 + 380 nN for the pristine, LG, and SG films,
respectively. The fracture load of the SG films is
statistically different from that of the pristine and
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Fig. 2. Statistical analyses of nanoindenter results. (A and B) The histograms of the elastic stiffness
of (A) LG and (B) SG graphene films. (C and D) The histograms of fracture load for (C) LG and (D) SG
graphene films. A tip with a 38-nm radius was used in all tests. The dashed lines indicate fitted Gaussian

distributions.
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LG films, whereas there is no statistical differ-
ence between the fracture loads of the pristine
and LG graphene according to one-way ANOVA
(fig. S8B and table S2). The smaller mean frac-
ture load and wider distribution observed for SG
graphene indicates that the strength is influenced
by the randomly occurring defects and grain bound-
aries in the membranes. Nevertheless, the mea-
sured fracture load of the SG graphene is much
larger than seen in previous measurements (3, 5).

We calculated the breaking strength of the
graphene films as a function of the measured
fracture load and tip diameter with an experi-
mentally validated multiscale model based on
atomic-scale ab initio density functional theory
(14). This constitutive model informs a continuum
description of anisotropic and nonlinear elastic
behavior for in-plane deformation (74, 15) that
permits numerical modeling of the stress in the
graphene up to the point of rupture. Shown in fig.
S9 is the equibiaxial true stress versus load under

the center of a 38-nm indenter tip for pristine
graphene, which yields an equibiaxial breaking
strength of 34.5 N/m (103 GPa, when expressed
as a 3D value). The mechanical strength or peak
stress that can be supported by graphene is a
function of the loading configuration. For uni-
axial stress in the armchair direction, the same
model predicts a strength of 39.5 N/m (118 GPa),
which is consistent with our previously reported
value of 42 + 4 N/m for the same loading con-
figuration (supplementary materials). With an iden-
tical fracture load, LG graphene has an equivalent
breaking strength to pristine graphene. The aver-
age equibiaxial strength of SG graphene is only
slightly smaller, 33 N/m (98.5 GPa). A similar
value was obtained for SG membranes tested with
AFM. These results demonstrate that polycrystal-
line graphene with well-stitched grains can act as
a large-area ultrastrong material.

Because the stress decreases inversely with
distance from the indenter tip, the stress under the

-

Fig. 3. TEM observation of grain boundaries and AFM nanoindentation on grain

boundaries. (A and B) BF-TEM images of (A) suspended SG graphene film over a hole and

(B) enlarged BF-TEM image of red-dashed area in (A). (C) False-color DF-TEM image. (D) SAED
of the same region. The diffraction spots corresponding to each color of (C) are indicated in

(D) with circles of different colors. (E) AFM topology image shows that arrays of PMMA residue
adhere to grain boundaries. The grain boundaries and indentation point are indicated by
dashed lines and the white arrow. (F) AFM indentation results show that fracture occurs at a
slightly lower load when AFM tip indents on the grain boundary. Scale bars, 1 um; (B) 200 nm.

Fig. 4. Crack propagation
during nanoindentation.
(A) False-color DF-TEM im-
age of the suspended SG
graphene film over a hole
before indentation. The white
arrow indicates the indenta-
tion point. (B) BF-TEM image
after indentation. The black-
dashed lines indicate grain
boundaries. (C) Enlarged BF-
TEM image of the red-dashed
area of (B). Scale bars, 1 um;
(0) 200 nm.
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tip at rupture does not necessarily correspond to
the grain boundary strength. Therefore, we per-
formed indentation tests directly on a few grain
boundaries identified through TEM. SG films
were transferred onto TEM grids with 2.5-um holes
by using a poly(methyl methacrylate) (PMMA)
transfer technique (3, 7), followed by annealing
in hydrogen and argon so as to remove the PMMA
without reducing the strength of the films. The
bright-field TEM (BF-TEM) image of Fig. 3A
shows a suspended SG film, with adsorbates (like-
ly PMMA residue) that decorate grain boundaries,
as confirmed with higher-resolution imaging (Fig.
3B) (3, 13); these adsorbates are not observed in
LG films (fig. S10). The corresponding grain
structure is illustrated in the DF-TEM map of Fig.
3C. The adsorbates render the grain boundaries
visible in AFM (Fig. 3E and fig. S11) but are also
present at wrinkles, so that AFM imaging alone
is not sufficient to identify grain boundaries.
Adsorbates are not expected to affect the grain
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boundary properties because of the very low stift-
ness and strength of PMMA.

The results of six indentation tests are shown
in Fig. 3F, with the tip placed directly on asym-
metric tilt grain boundaries near the center of the
membrane. An additional test performed at the
center of a grain away from grain boundaries (fig.
S111) yielded fracture load similar to that of pris-
tine graphene. The fracture loads at the grain
boundaries are 20 to 40% smaller but still an
order of magnitude larger than previously mea-
sured (3, 5). The same multiscale analysis de-
scribed above gives a range of equibiaxial stress
0f 30 to 33 N/m (90 to 99 GPa) for the strength of
the grain boundaries, representing at most a 15%
reduction from the intrinsic strength. These re-
sults confirm that grain boundaries in graphene
can achieve ultrahigh strength.

Atomistic scale simulations of symmetric tilt
grain boundaries predict that grain boundaries with
large tilt angles can achieve near-intrinsic strength
(above 30 N/m), but those with low tilt angles pos-
sess a lower strength of 13 to 26 N/m, depending on
the precise arrangement of defects (8, 9). The sim-
ulated grain boundaries consist of periodically
spaced pentagon-heptagon ring defects along
straight grain boundaries. The simulations pre-
dict rupture initiation at the bond joining the
pentagonal and heptagonal (5-7) rings, and that
decreasing its initial equilibrium length (smaller
misfit “prestrain”) increases grain boundary
strength (8, 9).

The asymmetric tilt grain boundaries in the
experiments, which cover a wide range of tilt
angles (fig. S12 and table S3), consistently
exhibited strength above 30 N/m, suggesting that
the predicted variation in strength with tilt angle
does not occur in these samples. The tortuous
atomic structure of random (3) asymmetric grain
boundaries is substantially more complex than

that assumed for the simulations of symmetric
grain boundaries (8, 9). The more complex energy-
minimizing structure (/6) likely leads to a smaller
misfit “prestrain” of the critical atomic bonds at
in the 5-7 defects, thus explaining the ultrahigh
strength (details are available in the supplemen-
tary materials) (fig. S12 and table S3).

In addition to well-stitched grain boundaries, we
also occasionally observed boundaries in which the
adjacent graphene grains overlap (50 nm in width)
but do not covalently join (3, 4) (fig. S13). These
boundaries were observed to be extremely weak,
with no measurable force upon AFM indentation.
Overlapped grain boundaries have been ob-
served to possess higher conductance (4) than
that of stitched boundaries but will result in much
weaker films.

To further elucidate the fracture behavior of
graphene, AFM nanoindentation on SG mem-
branes was performed to failure, and the ruptured
films were observed with TEM. Indentation on a
grain boundary (Fig. 4A, white arrow) initiates
an intergranular crack (Fig. 4B and fig. S14)
under the approximately equibiaxial stress state
beneath the indenter tip, thus demonstrating the
grain boundary to be somewhat weaker than
graphene. The crack later kinks into the adjoining
grains because of the more complex stress state.
Contrary to the prediction or experimental ob-
servation during electron irradiation (/3), the torn
edges of the transgranular cracks have irregular
saw-tooth shapes, as shown in the enlarged
BF-TEM image of Fig. 4C and fig. S15.

Our measurements reveal that the elastic stiff-
ness and strength of CVD-graphene are compa-
rable with those of pristine graphene, despite the
existence of grain boundaries. Moreover, the strength
of grain boundaries is much stronger than pre-
viously measured, which is in agreement with the
maximum values predicted in simulations. This

study establishes CVD-graphene as a large-area,
high-strength material for flexible electronics and
strengthening components.
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Unwinding of a Skyrmion Lattice by
Magnetic Monopoles
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Skyrmion crystals are regular arrangements of magnetic whirls that exist in a wide range

of chiral magnets. Because of their topology, they cannot be created or destroyed by smooth
rearrangements of the direction of the local magnetization. Using magnetic force microscopy,

we tracked the destruction of the skyrmion lattice on the surface of a bulk crystal of Fe,_,Co,Si (x = 0.5).
Our study revealed that skyrmions vanish by a coalescence, forming elongated structures. Numerical
simulations showed that changes of topology are controlled by singular magnetic point defects.

They can be viewed as quantized magnetic monopoles and antimonopoles, which provide sources and
sinks of one flux quantum of emergent magnetic flux, respectively.

he notion of topological stability refers to
those properties of a system that remain
unchanged under continuous (elastic) de-
formations such as bending or stretching (7, 2).
Because topologically stable structures cannot

easily be created and destroyed, they play an
important role in both fundamental and ap-
plied physics. An area in which topological
stability is important are spin configurations in
magnetic materials. Magnetic domain walls are

examples of planar, two-dimensional topologi-
cal defects. Various types of magnetic whirls
form one-dimensional topological structures,
and hedgehogs, where the magnetization points
in all directions, are examples of pointlike
(zero-dimensional) defects. A major challenge in
systems exhibiting topological stability is to ex-
perimentally observe the unwinding of topolog-
ically stable configurations and to identify its
mechanism.

The recent discovery of skyrmion lattices in
chiral magnets with B20 crystal structure (Fig. 1A)
has attracted great interest, as it provides an ex-
ample of lattice order composed of topologically
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