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ABSTRACT: Perfect graphene is believed to be one of the
strongest materials, yet its resistance to fracture is much less
impressive. The modest fracture toughness is thought to be
related to the general brittle nature in the fracture process of
graphene and its two-dimensional (2D) analogous. The
brittleness also makes it extremely difficult to assess mechanical
properties of 2D materials. The introduction of carbon
nanotubes (CNTs) into bulk materials has proven to be a
widely accepted method for toughening and strengthening
materials. To date, such toughening effect of CNTs on 2D
materials is largely unknown. A unique material, rebar
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graphene, has been synthesized that consists of CNTs embedded in graphene. In this study, by implementing a “dry”
transfer technique, the freely suspended rebar graphene was systematically tested under uniaxial tension mode inside a

scanning electron microscope. Our combined experiments

and molecular dynamics simulations confirm that the

embedded CNTs divert and bridge the propagating crack and provide a toughening mechanism for the material. Our
work identifies a promising extrinsic toughening strategy for 2D materials and provides mechanistic insights into the

fracture process of graphene hybrid material.

KEYWORDS: rebar graphene, tensile test, fracture toughness, molec

workers, a lot of effort has been dedicated to better

understanding the properties of graphene and its
analogues.'™'* Graphene has attracted huge attention due to
its extraordinary properties, such as high electrical con-
ductivity,”"" high intrinsic strength and Young’s modulus,'>"*
and high thermal conductivity.g’14 In perfect graphene,
extremely high modulus and strength can be achieved under
uniform stretching and breaking of the strong C-C
bond.>>7'¥15718 However, like many other materials, defects
are inevitable which weaken graphene considerably. Based on
the Griffith theory, the strength of materials depends on the
size of crack/flaw in materials, rather than the intrinsic

F ollowing the discovery of graphene by Geim and co-

strength. Fracture toughness, which characterizes a material’s
ability to resist fracture, is quite limited for graphene, as
confirmed recently by both experiments and theoretical
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ular dynamics, fracture behavior

calculations. The previous study demonstrates that the fracture
toughness of graphene is only 4.0 MPa-m'/%" which suggests
that graphene is a typical brittle material. The magnitude of
fracture toughness can not only determine the mechanical
performance of materials but also strongly affect the reliability
and stability of flexible devices built with those materials.
Considering that graphene has a great potential in building
flexible devices, in case of mechanical failure, graphene-like
materials with higher fracture toughness are in need. It is thus
very important to develop toughening strategies for this
exciting material.
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Two general toughening strategies have been extensively
explored in the past for bulk materials, namely, intrinsic
toughening which exploits the microstructural features such as
grain or phase structures to increase material toughnessé’19 or
extrinsic toughening where additional material components are
added to help retard the crack advancement and improve
fracture resistance.””*' A representative example of extrinsic
toughening is graphene reinforced nanocomposites. Due to its
exceptional mechanical properties, high aspect ratio, and low
density, graphene is an ideal candidate for developing the next
generation of polymer-matrix, metal-matrix, and ceramic-
matrix composites. To date, there has been a significant
amount of research work with focus on graphene reinforced
composites. The related composites include: randomly
dispersed graphene into matrix to reinforce composites;*”>*
functionalized graphene to reinforce composites;””*> lami-
nated graphene or graphene oxide to reinforce composites;
three-dimensional (3D) graphene foams to reinforce compo-
sites;”” hybrid graphene and other nanostructures to reinforce
composites.”® Since it is still quite challenging to precisely
control the microstructural features such as grain structures in
graphene and there exists only limited evidence of sufficiently
strong interactions between grain boundaries and crack tips in
graphene, extrinsic toughening strate%y seems to be a more
plausible choice to toughen graphene.' >’

Because of the weak van der Waals interaction between 2D
layers giving rise to rather inert surfaces that are free of
dangling bonds, ideas have long been sought to engineer
graphene properties through integration with other 2D
materials. One such example is the so-called “van der Waals
solid”,*® where graphene has been layered with various 2D
materials to create vertical heterostructures exhibiting unique
properties for electronic and optoelectronic applications.' "
However, the inertness of the 2D material surface makes it
more difficult for effective load transfer between layers that is
oftentimes necessary for desired enhancement of mechanical
properties as sought after in this study. Alternative strategies
are clearly needed to fulfill the goal of toughening graphene.
Yan et al. has pioneered the synthesis of a new graphene hybrid
material that combines a one-dimensional (1D) material,
carbon nanotubes (CNTs), and a 2D material, graphene, into
an integrated material.**” This concept of the so-called “rebar
graphene” nicely relates the macroscopic idea of using
embedded reinforcing steel bars to toughen and strengthen
concrete to a 2D material in nanoscale. Many studies have
been performed on the integration of CNTs into bulk
materials, such as metals, polymers, and ceramics, to make
nanocomposites with enhanced mechanical properties.****
However, research on the mechanical interaction of CNTs
with layered 2D materials is sparse.”

In this study, we systematically investigated fracture
behaviors of the freely suspended rebar graphene under
uniaxial tension mode inside a scanning electron microscope
(SEM). Our combined experiments and molecular dynamics
(MD) simulations confirm that the embedded CNTs divert
and bridge the propagating crack and provide a toughening
mechanism for the material.

RESULTS AND DISCUSSION

Figure la provides a schematic illustration of rebar graphene
and illustrates how CNTs are embedded into monolayer
polycrystalline graphene. Rebar graphene is characterized using
Raman spectroscopy as shown in Figure 1b. A 514 nm
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Figure 1. Rebar graphene characterizations. (a) Schematic
illustration of rebar graphene. (b) Raman spectra. (c—d) High-
resolution TEM images of rebar graphene.

excitation was used on rebar graphene and graphene, both on
Cu foils in 10 different areas of a 1 cm” sample size. The
Raman spectra of graphene exhibit two key features: a G peak
at ~1580 cm™' and a G’ or 2D peak at ~2700 cm™'. The D
peak at ~1350 cm™" correlates with the presence of some sp*
carbon atoms or defects. The rebar graphene spectrum has a
shoulder on the 2D peak at ~2698 cm™’, similar to monolayer
graphene on copper. This shoulder location suggests a
dominance of monolayer graphene in the rebar graphene
sheets. Further characterization is seen in transmission electron
microscopy (TEM) where the CNTs are shown in Figure 1d,e.
The images illustrate the interconnected CNT networks on
graphene sheets. TEM images also reveal that some regions of
the rebar graphene sample might have two-layer graphene
islands, however the Raman spectra suggest a strong
dominance of monolayer graphene. Based on the growth
method and previous study, it is believed that CNTs are
packed on the top of graphene layer, instead of forming a
sandwiched 3D network on both sides of graphene.*

One of the biggest challenges in quantitatively characterizing
mechanical properties of 2D materials is proper sample
preparations. Transferring 2D materials requires spin coating
a polymer, such as poly(methyl methacrylate) (PMMA), to
provide support during handling. Typically, these polymers can
be removed using acetone; however, the suspended working
layer of the mechanical device used for the tensile test of
nanomaterials requires a dry transfer technique that avoids the
use of any liquid, as shown in Figure 2a—d.” The process starts
with spin coating a PMMA layer about 200—300 nm thick on
the as-grown rebar graphene on copper substrate. The
substrate is etched away, and a floating layer of rebar graphene
and PMMA is left and fished out with a silicon substrate. After
extensive washing, the film is transferred onto a TEM grid. The
TEM grid is used to mitigate contact between the film and the
substrate and add ease to the process of removing the film
from the substrate. Under an optical microscope, a fine-
tungsten probe is used to cut away the area of the material that
will be tested. The same probe is used to gently place the rebar
graphene/PMMA on the test section of the micromechanical
testing device. Once contact between the film and device is
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Figure 2. Sample preparation and testing results. (a—d) After spin
coating PMMA on rebar graphene sample, the copper substrate is
etched away, and a tungsten probe is used to cut out the sample
area under optical microscope. (e) The sample area is placed in
test section of the micromechanical device. (f) The devices are
annealed in a CVD furnace with N,/H, mixture to remove PMMA.
(g) SEM image of the testing device geometry. (h) SEM image of
film in test area of device before fracture. (i) SEM image of film in
test area after fracture to show the zigzag fracture surface. (j)
Stress—strain curve of the sample depicted in previous two images.

made, heat treatment is used to ensure proper adhesion. The
entire device with the attached film is placed in a tube furnace
and annealed under flow of hydrogen and nitrogen to remove
the PMMA coating and leave the rebar graphene in the test
section. The suspended rebar graphene is cut into a rectangular
geometry using a focused ion beam (FIB). Careful attention is
paid to use a beam current of <40 pA to protect the integrity of
the suspended material. Figure 2h provides a depiction of the
rectangular geometry for ease of calculation in data processing.
The device, pictured in Figure 2g, exercises a spring-like
“push—pull” mechanism and is actuated in situ by an Agilent

materials, including rebar graphene.l’3 The indenter provides
measurements of load and displacement, and the tests are
video recorded to understand crack propagation. In 1D
material tensile tests, platinum deposition is required to adhere
the sample to the test shuttles.”®"” Fortunately, to prevent
sliding during tests of 2D materials, no additional deposition of
platinum or epoxy is needed because 2D materials adhere to
the test shuttle surface by van der Waals forces."”” The stress—
strain relationship for the sample depicted in Figure 2h,I is
shown in Figure 2j. The stress—strain relationship exhibits a
linear slope, corresponding to an elastic regime, and an abrupt
ending, corresponding to the fracture of the sample. The rebar
graphene samples fracture leading to a zigzag type fracture
surface.

Evidence of a zigzag crack propagation of rebar graphene is
presented in Figure 3. This fracture surface is due to the CNTs
redirecting the motion of the crack and guiding the
propagation in a zigzag formation. Pristine graphene fractures
in a very linear crack down the center of the sample, as shown
in the study by Zhang et al.' Graphene alone is brittle and
exhibits a direct fracture, but rebar graphene shows a fracture
pattern that has been stopped and redirected by CNTs. The
longer length of the rebar graphene fracture surface compared
to that of graphene indicates a higher fracture energy
consumption in the rebar graphene samples.

To gain a better understanding of the toughening effects of
embedded CNTs on graphene, a series of fracture tests were
performed to measure the critical stress intensity factor (SIF)
of this unique material. A center notch, ~10% of the total
sample width, was cut into the sample. The eq 1 below was
used to calculate the critical SIF K

Kc = 074y (1)

where a, is the half notch length and o, is the fracture strength.

The modulus and fracture strength are presented in Table 1.
The average modulus of the tested un-notched rebar graphene
samples is 466.80 + 91.49 GPa, and the average fracture
strength of the notched samples is 6.02 + 4.67 GPa. The
ranges of fracture strength and elastic modulus of rebar
graphene are slightly broad, which could result from small
SWCNT bundles, holes, and residual stress in rebar graphene.
Detailed discussion can be found in the Supporting
Information. Another concern is that the thermal expansion
of device shuttles could lead to large stress which would tear
rebar graphene as well. Note that the thickness of 0.7 nm was

Figure 3. Crack propagation in rebar graphene. (a) Rebar graphene suspended over microdevice before loading. (b) Rebar graphene during
tensile loading with zigzag crack propagation path and multiple crack formation. (c) Fractured rebar graphene showing rough fracture

surfaces.
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Table 1. Mechanical Properties of Suspended Rebar
Graphene”

sample total strain Young’s modulus fracture strength
number (%) GPa) (GPa)

Bl 1.16 431.69 4.89

B2 3.84 461.60 15.14

B3 0.65 490.97 2.86

B4 0.41 324.84 135

BS 2.30 415.95 6.92

B6 2.43 527.65 8.08

B7 2.36 614.90 2.93

average 466.80 + 91.49 6.02 + 4.67

“A measured average thickness of 0.7 nm is used here.

used to calculate the elastic modulus, fracture strength, and SIF
of rebar graphene due to the nonuniformity of rebar graphene.
More detailed discussions on the strength and stiffness of rebar
graphene could be found in the Supporting Information. The
SIEF values determined by these experimental tests are
presented in Table 2. In comparison to similar studies

Table 2. Geometry of Initial Crack Length with Respect to
Total Sample Width Compared to Stress Intensity Factor As
Calculated by the Griffith theory”

sample g?i:; total strain fracture stress intensity factor
number (%) (GPa) strength (GPa) (MPa-m'?)
Al 8.53 1.33 5.08 723
A2 12.34 0.93 3.73 6.99
A3 15.92 213 241 4.43
A4 14.43 2.17 5.57 10.61
AS 38.09 4.65 2.65 8.30
A6 18.24 3.54 12.81 21.18
A7 13.58 2.01 9.00 14.75
average 5.89 + 3.78 10.50 + 5.73

“A measured average thickness of 0.7 nm is used here.

performed on pristine graphene, the average SIF of rebar
graphene is clearly much higher. This can be explained by the
ability of the CNTs to constrict and divert the propagation of
the crack.

The in situ SEM tensile tests enable us to quantify the elastic
modulus, fracture strength, and fracture toughness of rebar
graphene. The critical SIF is over twice as much as that of
graphene. To unveil the mystery behind the improved
mechanical properties and to understand the interaction
between CNTs and graphene as well as between the initial
crack and CNTs, we performed in situ tensile tests of rebar
graphene in TEM shown in Figure 4. A piece of rebar graphene
was first transferred onto the TEM microdevice using the same
transfer technique mentioned above. Figure 4a shows that the
TEM image of rebar graphene firmly adhered to the TEM
microdevice. The corresponding SEM image can be found in
the Supporting Information Figure S1. There are several holes
in the rebar graphene, which might have resulted from the dry
transfer. However, the pre-existing holes can be considered an
initial notch to observe crack propagation during the tensile
test. The uniaxial tensile test was actuated by joule heating
described in the Methods section. Figure 4b captures the
moment of fracture of rebar graphene at which the crack went
through the observed hole and was also greatly deflected. The
crack deflection is desired for material toughening since more

7904

energy could be dissipated during the fracture process, leading
to the enhancement of mechanical performance of rebar
graphene. Figure 4c shows an overview of the fractured rebar
graphene. Unlike fractured CVD grown graphene with a single
straight crack line, there are several cracks in the fractured
rebar graphene. This observation suggests multiple locations
for crack initiation that inhibit the momentum of the primary
crack driving force. Such phenomenon is also reflected by the
different maximum strains between CVD grown graphene and
rebar graphene. The maximum strain for CVD grown graphene
is only 0.3%," while the average maximum strain of rebar
graphene is up to 1.5%. More fracture details in Figure 4d—f
were investigated to understand the reinforcing mechanism.
Some fractured shrinking tips of CNTs can be found in Figure
4e/f. The shrinking tips demonstrate that the CNTs bridged
the crack growth before the catastrophic failure. The CNT
bridging dominates the rebar graphene fracture surface, which
successfully retard the crack growth in mechanical failure of
rebar graphene shown in Figure 4e,f. The graphene bridging is
also found in Figure 4e,f, complementing the enhancement of
toughness of rebar graphene. In addition to the above
reinforcing phenomena, the pulled-out CNTs can be observed
around the fracture surface in Figure 4ef, which is another
reinforcing mechanism to improve the fracture toughness of
materials. With the above observed reinforcing mechanisms,
more energy could be consumed before final failure, which
promotes the toughness of rebar graphene.

To further validate the hypothesized toughening mecha-
nisms and unveil more details of the fracture process in rebar
graphene, we have constructed full-atom models of rebar
graphene with typical distributions of CNTs. MD simulations
of crack propagation and uniaxial tension tests of rebar
graphene nanostrips were carefully performed. The rebar
graphene samples are built by connecting CNTs with a
diameter of 1 nm and length of 11 nm to a graphene layer
through sp” covalent bonds (Figure 5a). As the representative
examples, only the CNTs lying along the vertical loading
direction are presented here, and several typical CNT
distribution patterns, including the regular staggered pattern,
inclined staggered pattern, and random staggered pattern, are
discussed, respectively (Figure Sb). More discussions about the
effect of the varying geometry and distribution of CNTs on the
toughness enhancement could be found in the Supporting
Information.

After the full atomic arrangement of the rebar graphene
structures are obtained, we performed MD simulations of
relaxation and uniaxial tension in rebar graphene strips 200 nm
in length and 100 nm in width, with/without a 50 nm long
edge crack initially (Figure Sc). An initial relaxation under an
NPT ensemble with Nose—Hoover thermostat®® at 0 Pa and
300 K for 50 ps was performed first to make sure the rebar
graphene models are thermodynamically stable. Then to
perform the mechanical test, a tensile loading with a constant
strain rate of 10° s™" was applied by deforming the simulation
box in the y direction. During the test, periodic boundary
condition was applied in the y direction and an NVT ensemble
with Nose—Hoover thermostat’® was adopted to maintain a
constant temperature of 10 K. Note that the length of the
CNTs and the size of rebar graphene strips in these MD
models are smaller than those of the experimental samples
mainly due to the limitation of current simulation power.
Nevertheless, it appears that the interaction between CNTs
and graphene and the distribution of CNT network are
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Figure 4. In situ tensile test of rebar graphene in TEM. (a) Rebar graphene suspended over microdevice before tensile test. (b) Rebar
graphene at the onset of fracture. (c) Overview of fractured rebar graphene. (d—f) Fractured rebar graphene with pulled-out CNTs, CNT

bridging, and graphene bridging.
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Figure 5. MD simulations of uniaxial tensile fracture tests of rebar graphene samples. (a) The atomic structure of rebar graphene samples.
CNTs with a diameter of 1 nm and a length of 11 nm are connected to a graphene layer through sp> covalent bonds to represent rebar
graphene samples. (b—d) Different distributions of reinforcing CNTs lying along the y direction. A regular staggered pattern (b), an inclined
staggered pattern (c), and a random staggered pattern (d) are constructed. (e, f) MD simulations of crack propagation and uniaxial tension

of rebar graphene nanostrips.

reasonably captured by the MD simulations, which prove to
play key roles in achieving the observed toughening
mechanisms in rebar graphene.

MD simulations of crack propagation were performed in
rebar graphene samples (Figure Se) to investigate the
interaction between CNTs and crack. The results demonstrate
that the crack could be bridged and/or deflected by CNTs in
rebar graphene. Figure 6a shows that as the loading increases
along the crack path, stress is transferred by the CNTs which
bridge the two crack surfaces, postponing the main crack
propagation. The crack propagates only when the bridging
CNTs are broken or pulled out, leading to a strong bridging
effect (Figure 6e) of the CNTs perpendicular to the initial
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crack path (see Movie S1 in Supporting Information). The
ending of individual CNT bridging (Figure 6¢) results from
either the breaking of the CNT (Figure 6b) or the daughter
crack initiation in the connected graphene layer (Figure 6d).
These two localized, atomistic fracture events can be related to
the local stress distribution and local atomistic configurations
(i.e., the topological defect structures). As shown in Figure 6g,
when the CNT bridges the crack surfaces, high stress
concentration builds up at the connection region between
the CNT and the graphene layer. Locally, to accommodate the
curvature change from the cylindrical CNT to flat graphene,
there are positive and negative disclinations (pentagon and
heptagon rings) at the connection spots. Previous studies have
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Figure 6. MD simulations of CNT bridging in rebar graphene samples. (a) MD simulation of crack propagation in a rebar graphene with
CNTs in a regular staggered distribution pattern. The CNTs bridge the crack surfaces and fail as the crack propagates and the measured
fracture toughness is enhanced. (b—d) Two failure modes of the bridging CNTs. The CNT could break leaving the graphene layer intact
(top view and side view shown in b), or the graphene layer fractures with the CNT unbroken (top view and side view shown in d). (e) The
stress—strain curve of the crack propagation test in a rebar graphene with CNTs in a regular staggered distribution pattern. The measured
fracture energy, G, is 38.9 J/m? larger than that of graphene, 11.9 J/m?, obtained via MD simulations. (f—h) Local stress distribution and
atomistic configurations at the connection region between CNT and graphene in rebar graphene model. Heptagons with high stress
concentration (g) initiate a local fracture process resulting in either CNT breaking (f) or graphene fracture (h).

shown that the heptagon rings are weak spots for bond
breaking in graphene, and our simulations demonstrate that
both failure modes, CNT breaking (Figure 6f) or graphene
fracture (Figure 6h), initiate at these heptagon rings.’”**
However, regarding the competing of the two local failure
modes, no dominant trend is observed in the simulations. This
is consistent with the experimental observation of both CNT
pull-out and graphene bridging. It should be pointed out that
the detailed atomistic configurations around the connection of
CNTs and graphene layer remain unknown in experiments and
the simulation model adopted here may still be different from
the reality. Further advanced experimental observation and
systematic simulations about the connection spots in rebar
graphene may unveil more details about these failure modes to
tune the bridging mechanism and are left for future study.
MD simulations also show that the CNTs in rebar graphene
could deflect the crack path through daughter crack initiation
and coarsening and crack bridging. For purposes of
comparison, we simulated crack propagation in pristine
graphene along zigzag direction using MD as well. As shown
in Figure 7a, the crack propagates along a straight line in
pristine graphene leaving smooth crack surfaces behind, which
is consistent with previous studies.' However, in rebar
graphene, for example, when the CNTs are oriented inclined
with an angle to the initial crack path, as shown in Figure 6b
for the sample with inclined CNT pattern, a series of effective
bridging events happen along the CNT distribution direction,
resulting in the deflection of the crack path during the
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propagation, which further enhances the fracture energy of
rebar graphene (Figure 7c) (see Movie S2 in Supporting
Information). The detailed crack defection mechanisms
demonstrated in this example are daughter crack initiation
and crack coarsening. As shown in Figure 7d, the connections
between CNTs and graphene often suffer high stress
concentration, and daughter cracks can initiate at these
spots. Later, these secondary cracks coarsen and merge into
the main crack, achieving a small “jump over” of the crack path
(Figure 7e). A sequence of such interaction could deflect the
crack path away from the original direction (Figure 7b).
Another crack deflection mechanism in rebar graphene is crack
bridging. As shown in Figure 7f, strong CNT bridging in a
rebar graphene sample with a random staggered pattern of
CNTs can also deflect the crack path.

To unveil more details of fracture process in rebar graphene,
uniaxial tension tests are performed in rebar graphene strips
with a random CNT pattern (Figure Sf). Without an initial
edge crack, multiple cracks initiate at different locations,
propagate, and interact with each other, resulting in a rich
variety of crack initiation and propagation processes (see
Movies S3 and S4 in Supporting Information). Figure 7f—i
shows that CNT bridging, CNT pulling out/fracture, crack
deflection, and graphene bridging are all captured by the
simulation, and finally a zigzag crack path forms in the sample,
which are consistent with the experimental observation in
Figure 4 and further validate the hypothesized toughening
mechanisms of rebar graphene in a qualitative way.
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Figure 7. MD simulations of toughening mechanisms in rebar graphene samples. (a) MD simulation of crack propagation in pristine
graphene. A straight crack path with smooth crack surfaces are observed. (b, c) MD simulation of crack propagation in a rebar graphene with
an inclined staggered distribution of CNTs. The initial horizontal crack is deflected due to the bridging and breaking of a series of CNTs
along the inclined direction. A more than a 4-fold enhancement of fracture energy is achieved compared with graphene in MD. (d, e) One
step in crack deflection through daughter crack initiation (d) and crack coarsening (e). (f) Crack deflection through strong bridging in a
rebar graphene with random staggered CNT pattern. (f—h) MD simulation of uniaxial tension test of a rebar graphene sample with a random
staggered CNT pattern. CNT bridging, pulled out or fractured CNTs, crack defection, and graphene bridging are observed during the
fracture process, and finally a zigzag crack path cuts through the whole strip.

Due to these novel toughening mechanisms activated in
rebar graphene, the fracture toughness measured in MD
simulation also shows obvious enhancement. As a comparison,
for pristine graphene, we obtained a fracture energy of 11.9 J/
m? and a critical SIF of 3.5 MPa-m'/? using MD simulation,
which is in good agreement with previous study.' The rebar
graphene model with an inclined staggered pattern of CNTs
discussed above shows a fracture energy of 54.8 _]/m2 and a
critical SIF of 4.4 MPa-m'/? which achieves a more than 4-fold
enhancement in fracture energy.

We also note that the experimental measured value of the
critical SIF of rebar graphene reaches an average of 10.50 +
573 MPa-m'?, which is still relatively larger than the
simulation results. Qualitatively this discrepancy could be
related to the following factors. Due to the limitation of current
computational power, the rebar graphene models adopted in
MD simulations are considerably smaller than those in real
experiments. Correspondingly, the length of CNTs and the
complexity of the CNT networks are all reduced and simplified
to adjust to the available simulation size. Quantitatively, this
scaling down could limit the effect of toughening mechanisms,
reduce the size of the processing zone surrounding the crack
tip, and lead to an underestimated fracture resistance. What’s
more, under current experimental condition, the detailed
observation of the distribution of the CNT network and the
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atomistic configurations of the connections between CNTs
and graphene layer in rebar graphene remain unknown. There
could be different distribution patterns and connection
configurations in the experimental samples. As demonstrated
in current MD simulations, the CNT network distributions
and the defect structure at the connections could affect the
toughening mechanisms directly and alter the fracture
toughness quantitively. For future study, it is important to
combining the advanced experimental observation with MD
simulations to construct a quantitative relation between the
toughness enhancement and rebar graphene structures.

The previous study demonstrates that the fracture toughness
of graphene is only 4.0 MPa-m'?' which suggests that
graphene is a typical brittle material. Considering that
graphene has a great potential in building flexible devices, in
case of resisting mechanical failure, graphene-like materials
with higher fracture toughness is in need. Rebar graphene is
the graphene toughened by CNTs. The measured fracture
toughness is over twice higher than that of pristine graphene.
Such promising fracture toughness would make rebar graphene
find more practical applications. For example, rebar graphene
could be a very good candidate material for flexible transparent
conductive electrodes.”” In flexible electronics, once the
electrode is under tension, compression, and twisting, the
mechanical behaviors of electrode materials will dominate the
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reliability and stability of the device. Also, the rebar graphene
can be used to fabricate 3D rebar graphene foams, which have
demonstrated stable performance as a highly porous electrode
in lithium-ion capacitors.*” Another significance of our work is
that through the measurement and study of fracture toughness
enhancement in rebar graphene, materials with exceptional
mechanical performance might be discovered and designed in
the future. For example, the unveiled toughening mechanisms
in rebar graphene may be applied to design and engineer other
tough 2D material systems as hybrids of 2D planar sheets and
1D nanotubes, like rebar hexagonal-boron nitride*® and even
rebar transition-metal dichalcogenides.

CONCLUSIONS

In conclusion, we have performed quantitative in situ
mechanical tests and numerical simulations on rebar graphene
in comparison with similar tests done on pristine graphene and
determined toughening mechanisms of the embedded CNTs.
Such tests and study are imperative to understanding and
enhancing mechanical properties of 2D materials before their
integration into robust electronic devices. The CNTs toughen
the graphene as seen by the increased average SIF values
obtained. This is further seen in a comparison of the nature of
the crack propagations in graphene and rebar graphene.
Graphene fractures in a linear, brittle manner where graphene
rebar displays a zigzag fracture surface, guided and redirected
by the embedded CNTs. The creation of this hybrid graphene
material opens the door to many other 2D composites that can
be mechanically tailored to the needs of their flexible device
applications.

METHODS

Synthesis of Rebar Graphene. The rebar graphene was
prepared similarly to the previous reports.*** Specifically, single-
walled CNTs (SWCNTs) (7 mg) were dispersed together with
Pluronic 127 (10 mg, Sigma-Aldrich) in DI water (10 mL) and then
tip sonicated (Misonix Sonicator 3000) at 80 W for 20 min to
generate a homogeneous SWCNT solution. A 25 um-thick 10 cm X
10 cm Cu foil (99.8% purity, Alfa Aesar) was pretreated using the
electrochemical polishing method.* The pretreated Cu foil was cut
into 1 cm X 1 cm pieces and coated with the SWCNT solution by
spin-coating at 1000 rpm for 30 s for 15 times. The Cu foils were then
loaded into a CVD furnace at 1070 °C and annealed with 500 sccm
H, at 7 Torr for S min, and then an additional 5 sccm CH, was
introduced for 1S min to promote graphene growth.

Dry Transfer Technique. Sample preparation has proven to be
the biggest challenge in mechanically testing 2D materials. Our testing
device cannot contact liquid since it will damage the suspended
working layer of the device, resulting in the need to develop a “dry”
transfer method. Figure 2a—d schematically shows the transfer
technique developed in this study.” The synthesized rebar graphene
was spin coated with poly(methyl methacrylate) (PMMA) with a
layer thickness of about 200—300 nm and heated on a hot plate at 180
°C for 1 min to ensure adhesion between the rebar graphene and
PMMA. The copper growth substrate was etched away using
ammonium perchlorate. The floating film of rebar graphene and
PMMA was fished out of the etchant using a silicon wafer and washed
and transferred onto a copper transmission electron microscope
(TEM) grid. A fine-tungsten micromanipulator probe was used to cut
the desired area of PMMA-coated rebar graphene and to carefully
load the 2D material over the test section of the micromechanical
device under an optical microscope. The film adheres to the silicon
device through van der Waals forces facilitated by heat treatment. The
PMMA was then annealed in 90% nitrogen and 10% hydrogen mixed
CVD tube furnace (Lindbergh/Blue M, Thermo Scientific). The
temperature was raised to 400 °C over the course of 1.5 h and held at
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400 °C for 2 h with continuous flow of the gas mixture under
atmospheric pressure. Once the devices were annealed and naturally
cooled to ambient temperature, a focused ion beam (FIB, Helios 660)
was used to cut the sample into final testing geometry. The FIB was
also used to introduce a precrack into the sample for fracture
toughness measurements. The devices were then glued to an SEM
stub using crystal bond.

Mechanical Testing of Rebar Graphene. Quantitative in situ
tensile testing was performed using an Agilent inSEM nanoindenter to
actuate the micromechanical device. Load and displacement were
measured in real time during the tensile test being performed. With
known sample geometrical parameters, mechanical properties such as
Young’s modulus and failure stress/strain can be determined. Video
footages of the tests were also recorded to ensure validity of each test.

In Situ TEM Tensile Testing of Rebar Graphene. A custom
TEM holder and an aluminum stage were recently designed and built
in house." Rebar graphene samples were transferred onto a thermally
actuated silicon-based inTEM microdevice following the same dry
transfer technique. The inTEM device was firmly attached to the stage
using Crystalbond adhesive. Two Au microwires with 25 ym diameter
were bonded to the Au pad on the TEM device and the copper strip
which connects to the outside electrical circuit. Two sets of inclined
beams in the TEM device are driven by Joule heating supplied by
Keithley Digital Meter with voltage ranging from 0 to 8 V to realize
uniaxial tensile test in TEM (JEOL 2100 F). Details about the inTEM
microdevice, stage, holder, and rebar graphene suspended over the
inTEM microdevice can be found in the Supporting Information
Figure S1.

MD Simulations of Rebar Graphene. MD simulations of rebar
graphene structure were carried out via large-scale atomic/molecular
massively parallel simulator.*’ Visualization was processed via
software package Ovito.”> The interatomic forces were described by
the adaptive intermolecular reactive empirical bond order (AIREBO)
potential.** To avoid a nonphysical posthardening behavior known to
exist for the AIREBO potential, the smaller cutoff distance in the
switching function of AIREBO was taken to be 2.0 A, as suggested by
previous studies.”'#***
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