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ABSTRACT: Planar interconnected graphene woven fabrics
(GWFs) are prepared by template-based chemical vapor
deposition and the GWFs are employed as multifunctional
filler for epoxy-based composites. Apart from flexibility,
transparency, lightweight, and high electrical conductivity,
the GWFs have unique morphological features consisting of
orthogonally interweaved, inherently percolated, hollow
graphene tubes (GTs). The orthogonal GT structure means
that the GWF/epoxy composites hold significant anisotropy in
mechanical and fracture properties. The composites with 0.62
wt % graphene deliver a combination of excellent electrical and
fracture properties: e.g., an electrical conductivity of ∼0.18 S/
cm; and fracture toughness of 1.67 and 1.78 MPa·m1/2 when loaded along the 0° and 45° directions relative to the GT direction,
respectively, equivalent to notable 57% and 67% rises compared to the solid epoxy. Unique fracture processes in GWF/epoxy
composites are identified by in situ examinations, revealing crack tip blunting that occurs when the crack impinges GTs,
especially those at 45° to the crack growth direction, as well as longitudinal tearing of hollow GTs as the two major toughening
mechanisms.

KEYWORDS: graphene woven fabric, orthogonal graphene tubes, porous structure, fracture toughness, anisotropic properties

1. INTRODUCTION

Graphene, a two-dimensional, hexagonal monolayer of carbon
atoms, has been widely studied due to its unique structure,
extremely large surface area, remarkable electrical, mechanical
and thermal properties.1−5 To harness these excellent proper-
ties, graphene or graphene oxide (GO) sheets are often
incorporated into a polymer matrix to form graphene-based
nanocomposites6,7 which can offer multifunctional character-
istics,8 like electromagnetic interference (EMI) shielding,9

energy storage,10,11 thermal management applications,12−15

and various sensing capabilities.16−18 However, previous studies
have shown that the enhancements of the properties of
graphene/polymer composites prepared by simply mixing
reduced GO (rGO) or graphene nanoplates (GNPs) with a
polymer matrix were not as substantial as expected. There are
many important challenges that must be overcome for
graphene-based composites to achieve their full potentials,
such as the synthesis of high quality graphene or GO,19 uniform
dispersion,20−22 alignment of graphene,23,24 and reduction of
GO.25

In addition to 2D graphene or GO sheets, rationally
assembled graphene structures have been recognized as another
fascinating means of imparting graphene’s unique character-
istics to composites. Three-dimensional (3D) graphene

structures, like graphene aerogels (GAs),26−28 graphene foams
(GFs),29−32 and graphene woven fabrics (GWFs),33,34

possessing interconnected networks with very large surface
areas and high porosities, have opened opportunities in
fabricating a new class of composites with multifunctional
capabilities that 2D graphene cannot provide. The GFs or GAs
can eliminate the issue of agglomeration of graphene in a
polymer matrix while offering a cellular architecture with
inherently interconnected conductive networks, so as to
significantly improve the electrical properties of the composites.
Besides, the GFs and GWFs synthesized by a chemical vapor
deposition (CVD) method have captured tremendous attention
as promising filler materials for composites. Compared to
graphene or GO sheets prepared by chemical or mechanical
exfoliation of natural graphite, graphene prepared by the
template-based CVD technique exhibits multitudinous advan-
tages, including high-quality sp2 structure with virtually no
defects and continuous graphene architecture with desired
configurations.35
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GF/polydimethylsiloxane (PDMS) composites29 were fab-
ricated by CVD growth graphene on Ni foam and simple
coating of GFs with PDMS. The flexible, porous composites
showed outstanding electrical properties, and a high specific
EMI shielding efficiency of about 500 dBcm3/g with a graphene
content less than 0.8 wt %. The cellular-structured GF/epoxy
composites32 also displayed a remarkable electrical conductivity
of 3 S/cm at 0.2 wt % graphene, and the corresponding flexural
modulus and strength increased by 53% and 38% respectively,
compared to the neat epoxy. Apart from the porous structure in
GFs, GWFs grown on Ni or Cu woven fabric templates also
have a rationally designed architecture in which hollow
graphene tubes (GTs) are cross-linked orthogonally in the
plane direction. The GWFs synthesized using CH4 flows in a
CVD process33 have shown an excellent electromechanical
response in PDMS-based composite films and a high potential
for photovoltaic applications together with conducting
polymers. The GWF/PDMS system can serve as strain
sensors34,36 due to the unique crack formation and propagation
mechanism of GWFs with a low electrical resistance, as well as
the flexible PDMS matrix that can undergo a large elastic
deformation. The core/shell multilayer GWF/porous carbon
hybrid structures37 and GWFs held by a cloth38 also displayed
excellent electromechanical characteristics when used as
supercapacitor electrodes.
In this study, we report the fabrication of GWFs on Ni

woven fabrics and composites by infiltrating epoxy into the
graphene/Ni woven fabrics. The GWF/epoxy composites have
orthogonally interconnected GT networks after removing the
Ni templates. The composites presented excellent electrical,
mechanical properties, and fracture toughness. They exhibited
unique toughening mechanisms that have never been reported
for other graphene-based composites.

2. EXPERIMENTAL SECTION
2.1. Synthesis of GWFs. Ni woven fabric templates (supplied by

Beijing Century Woven Corp.) were cleaned with diluted HCl,
acetone, and deionized (DI) water in sequence by ultrasonication.
After drying in a vacuum oven for 24 h, the Ni templates were cut into
pieces into 10 cm × 5 cm rectangles and placed into the quartz tube of
the CVD furnace (OTF-1200X-II-80-SL, Hefei Kejing Materials). The
furnace was heated from room temperature to 1000 °C at a ramp rate
of 17 °C/min and the Ni surface was annealed under Ar (200 standard
cubic centimeter per minute (sccm)) and H2 (100 sccm) flows for 1 h.
CH4 was subsequently introduced into the furnace for deposition of
graphene for 20 min. The furnace was rapidly cooled to ambient

temperature under Ar and H2 flows, and graphene layers were formed
on the template surface. The as-prepared graphene/Ni woven fabrics
were used to prepare composites. Freestanding GWFs were obtained
after etching the Ni templates by immersion in a 0.5 M FeCl3/1 M
HCl mixture at 80 °C for 2 h. Polyethylene terephthalate (PET) thin
films were used to collect the freestanding GWFs from the solution.
GWFs consisting of different numbers of graphene layers were
prepared by varying the CH4 feed rates from 0.5 to 3.0 vol %.

2.2. Fabrication of GWF/Epoxy Composites. The fabrication of
GWF/epoxy composites involved preparation and infiltration of
epoxy, two-step curing process, and etching of Ni template, as
schematically illustrated in Figure 1. The epoxy resin consisted of four
components: LY 1564, Aradure 1571, accelerator LY 1573, and
hardener XB 3403 (supplied by Huntsman), in the weight ratio of
100:23:3:12. Acetone was used as solvent to adjust the viscosity of
resin solution. After evaporation of solvent and degassing in a vacuum
oven at 60 °C for 2 h, the epoxy resin was applied to impregnate the
graphene/Ni woven fabrics. The composites were cured in a hot press
at 80 °C for 30 min followed by 120 °C for 2 h to obtain ∼100 μm
thick composites with a single layer of graphene/Ni woven fabric. The
composite prepregs were immersed in dilute HCl (3 M) at 80 °C to
etch the Ni template and cleaned by DI water, followed by drying in an
oven at 60 °C overnight. GWF/epoxy composites with different
graphene contents ranging from 0.19 to 0.62 wt % were prepared using
GWFs with different numbers of graphene layers. “Porous epoxy”
samples containing hollow channels were also prepared by applying
epoxy resin directly onto the Ni template and etching Ni.

2.3. Characterization and Mechanical Tests. An optical
microscope (Olympus BX51M), scanning electron microscopes
(SEM, JEOL JSM-6390F, and JEOL JSM-6700F) with a 5 kV
accelerating voltage, and a field emission transmission electron
microscope (FETEM, JEOL 2010F) at an acceleration voltage of
200 kV were used to characterize the morphologies of freestanding
GWFs and composites fracture surfaces. The defect contents of GWFs
were evaluated by measuring the 2D- to G-band intensity ratios, I2D/
IG, and the full width at half-maximum (fwhm) values of 2D peaks on a
Micro-Raman spectrometer (Renishaw MicroRaman/Photolumines-
cence System) with Ar laser excitation of 514.5 nm wavelength. The
tensile tests were carried out using 30 mm long x 5 mm wide
rectangular composite films on a universal testing machine (MTS
Alliane RT-5).23,39

The double edge notched tension (DENT) test was performed to
measure the fracture resistance of solid epoxy, porous epoxy, and
GWF/epoxy composites in mode I tension. The specimens were
prepared according to the specifications, ASTM E399, whose
dimensions are shown in Figure 2, where w = 13 mm, 2H = 26
mm, and the crack length to width ratio, a/w = 0.2.40,41 The initial
cracks were created using a sharp surgical blade. The DENT test was
conducted on a universal testing machine (MTS Alliance RT/5) at a
crosshead speed of 1 mm/min while monitoring the load−displace-

Figure 1. Schematic flowchart of the fabrication processes of GWF/epoxy composites.
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ment curves. At least 5 specimens were tested for each set of
conditions. The critical stress intensity factor, KIc, was calculated using
eqs 1 and 2 when the external stress reached a critical value, σc, for
crack propagation:

σ π=K a F a w( / )Ic c (1)

where F(a/w) is a geometric correction factor and is given for a DENT
specimen:42

= + − +F a w a w a w a w( / ) 1.12 0.41( / ) 4.78( / ) 15.44( / )2 3

(2)

The fracture processes of specimens were in situ examined under an
optical microscope with a video camera to monitor the crack
propagation.

3. RESULTS AND DISCUSSION
3.1. Properties and Morphologies of GWFs. The mesh

configuration and structural stability of GWFs depend on
weave densities of the Ni templates. The SEM images of
freestanding GWFs in three different configurations are
presented in Figure 3. The GTs grown on thicker Ni wires
(Figure 3a) were easily collapsed and the graphene layers were
shrunk due to the large internal hollow space created after Ni
etching. We chose the Ni woven fabrics with the finest mesh
configuration having 200 meshes in a 25.4 × 25.4 mm2 square
and Ni wires of 56 μm in diameter (Figure 3c) for structural
studies and composite fabrication.
During the heating and thermal annealing, the Ni template

surface effectively functioned as catalyst for decomposition of
carbon atoms from CH4, which segregated on the Ni surface
during rapid cooling to form graphene layers. The SEM images
of GWF grown on the Ni template with 200 meshes with 0.5
vol % CH4 flow (Figure 4) present high quality GTs that were
complete without rupture or defects. While folds were formed
along the tube direction as white lines in Figure 4b, the GWF
had a well-preserved mesh structure where the GTs were

interconnected at intercross points in the orthogonal directions.
It is clearly seen (Figure 4c) that the graphene sheet had
wrinkles representing the grain boundaries on the surface of Ni-
WF template.
The Raman spectra (Figure 5a) are compared between the

CVD-grown GFs32 and the current GWFs, which likewise
present prominent G- and 2D-band peaks at ∼1580 and ∼2700
cm−1, respectively. They correspond to characteristic peaks for
typical graphene. However, no D-band peaks were found at
∼1350 cm−1, a reflection of virtually no defects in the CVD-
grown graphene. It is worth noting that the intensity of the
unimodal 2D-peak in the GWF obtained at 0.5 vol % CH4 was
marginally stronger than the G-peak with an intensity ratio of
I2D/IG ≈ 2, indicating a few-layer graphene (see the
corresponding TEM image from Figure 5c) similar to GFs
obtained at 1.4 vol % CH4 (Figure 5b).

32 With increasing CH4
feed rate during the deposition step, the intensity of 2D-band
became lower than that of G-band and the resultant number of
graphene layers increased: e.g., when the CH4 feed rate was
increased to 3.0 vol %, the number of graphene layers increased
up to ∼12 layers (Figure 5d). Important factors that determine
the number of graphene layers in the CVD process include the
precursor gas concentration, the reaction temperature and time,
and the cooling rate.

3.2. Physical and Electrical Properties of GWF/Epoxy
Composites. The densities of GWF/epoxy composites and
“porous epoxy” were determined from the known densities of
solid epoxy (1.19 g/cm3) and graphene (2.2 g/cm3), graphene
contents and the measured weights/volumes of the porous
structures. The densities of both pore structures varied typically
within a very narrow range 1.04−1.05 due to the presence of
interconnected pores with porosities in the range of 12.5−12.3
vol % when the graphene content was changed between 0−0.62
wt %. The pore volume of the current GWF/epoxy composites
is considered lower than 19.3 vol % of the GF/epoxy
composites studied previously.32

The electrical conductivities of GWF/epoxy composites
measured in the plane direction are plotted as a function of
graphene content in Figure 6a. Compared with the pristine
epoxy resin (∼10−12 S/cm),43 the electrical conductivity of the
composite with 0.19 wt % graphene proliferated to 0.15 S/cm,
corresponding to over 11 orders of magnitude improvement.
The prompt transition from the insulating polymer to a
conductive composite was realized by the addition of
interconnected GWF structure. The orthogonally intercon-
nected hollow GTs facilitated establishing a conductive network
(shown in Figure 4a) with inherent percolation, which was
responsible for the excellent electrical conductivities of the
composites. When the graphene content was gradually

Figure 2. Geometry and dimension of a double edge notched tension
(DENT) specimen.

Figure 3. SEM images of freestanding GWFs grown on three Ni templates with different mesh densities and diameters: (a) 40 mesh, ⌀ = 130 μm;
(b) 100 mesh, ⌀ = 80 μm; and (c) 200 mesh, ⌀ = 56 μm.
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increased, however, the electrical conductivities of the
composites did not exhibit a commensurate increase, i.e.,
from 0.15 to ∼0.18 S/cm, with increasing the graphene content
from 0.19 to 0.62 wt %. Unlike the composites made from
individual graphene sheets dispersed in a polymer matrix, a
higher graphene content in GWF/epoxy composites means
only a moderately increased thickness of the already percolated
GTs without creating extra conducting channels. Regardless of
graphene content, the marked enhancement in electrical
conductivity of GWF/epoxy composites directly benefited
from the defect-free GWF prepared in this study. Super-
imposed in Figure 6a are the electrical conductivities of
freestanding GWFs, which are over a magnitude higher than
those of their composites. It is found previously that the GFs
with an average five layers graphene had the highest electrical
conductivities among freestanding GFs and GF/PDMS
composites with different graphene contents.31 Similarly, the
electrical conductivities of GWFs did not display a monotonic
increase with CH4 concentration, and instead, they varied in a
narrow range between 2.3 and 2.9 S/cm.

A comparison of electrical conductivities between the current
work and similar epoxy (EP)-based composites containing
different types of carbon fillers, including 3D graphene
structures and 2D rGO layers, 1D CNTs and carbon nanofibers
(CNFs), is presented in Figure 6b. The current study on GWF/
epoxy composites revealed phenomenal electrical conductivities
at relatively low filler contents, which are at least 3 orders of
magnitude higher than those of the composites with GNP,44

rGO,24 CNTs,45,46 and CNFs,47 benefiting from the
interconnected conductive channels naturally constituted by
the high-quality hollow GTs. The GWF/epoxy composites
boasted over 10 times higher electrical conductivities than the
3D GA/epoxy system26 for a given graphene content, placing
the former system the second most conductive after the 3D
GF/epoxy composites.32 It should be noted that both the
CVD-grown GWFs and GFs are interconnected by GTs to
form inherent percolation and contain high quality graphene,
requiring no extra reduction process to remove the insulating
oxygenated functional groups so as to restore the inherently
high conductivities of graphene.

Figure 4. SEM images of freestanding GWF grown at a CH4 concentration of 0.5 vol %.

Figure 5. (a) Raman spectra of GF grown at 1.4 vol % CH4,
32 GWFs grown at two different CH4 concentrations of 0.5 and 3.0 vol %; (b−d) TEM

images of GF grown at 1.4 vol % CH4, and GWFs grown at two different CH4 concentrations of 0.5 and 3.0 vol %, respectively.
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3.4. Fracture Toughness and Tensile Properties of
GWF/Epoxy Composites. The porous epoxy and GWF/
epoxy composites showed significant anisotropy in fracture and
mechanical properties because the hollow GTs are intercon-
nected in two orthogonal directions. Therefore, the effect of
GT orientation relative to the loading direction should be taken
into consideration when evaluating their fracture behaviors and
mechanical properties. The specimens with three different
orientations were tested in this work: namely, 0° only, 45° only,
and 0°/45°. Figure 7a illustrates the fracture toughness, KIc, of
solid epoxy, porous epoxy and GWF/epoxy composites plotted
as a function of graphene loading. KIc of solid epoxy was 1.07
MPa·m1/2, consistent with the reported values of similar epoxy
systems.48 When the hollow tubes were present orthogonal to
the external force, i.e. 0°, KIc of porous epoxy without graphene
increased to 1.21 MPa·m1/2, about 13% higher than that of the
solid epoxy. The fracture toughness of the GWF/epoxy
composites gradually increased with increasing graphene
content to 1.67 MPa·m1/2 with 0.62 wt % graphene at 0°,
equivalent to about 38% and 57% improvements compared to
the corresponding values of the porous epoxy and solid epoxy,
respectively. It is worth noting that when the tubes were
positioned 45° to the applied load the porous epoxy and the
GWF/epoxy composites displayed consistently higher fracture
toughness than those with the 0° orientation by about 0.1 MPa·
m1/2 for all graphene contents studied. Thus, the KIc values of
the porous epoxy and 0.62 wt % GWF/epoxy composite were
1.34 and 1.78 MPa·m1/2, approximately 25% and 67% surges

compared with the solid epoxy, respectively. Figure 7b presents
the fracture toughness of GWF/epoxy composites containing
0°/45° mixed tube orientations. Interestingly, their fracture
toughness values varied approximately between those of the
composites made from 0° and 45° GWFs.
To identify the standing of the GWF composites among

peers reinforced with other forms of carbon fillers, the fracture
toughness values are compared between the similar epoxy-
based composites containing GFs, GAs, GNPs, and single-
walled and multiwalled CNTs with different surface function-
alization taken from the literature, as shown in Figure 7c. To
eliminate the influence of slightly different fracture toughness
values of different epoxy systems as the matrix, only the %
increments against those obtained for their respective neat
epoxy systems are compared. Among the various CNT/epoxy
composites, the highest increase in KIc was 52% at 1.0 wt %
reported for the CNTs with ozone treatment,49 although there

Figure 6. (a) In-plane electrical conductivities of GWF/epoxy
composites and freestanding GWFs; (b) comparison of electrical
conductivities of epoxy-based composites with different carbon fillers.

Figure 7. Mode I fracture toughness KIc of (a) GWF/epoxy
composites loaded in two different directions; (b) GWF/epoxy
composites containing 0° and 45° layers as a function of graphene
content; and (c) comparison of fracture toughness of epoxy-based
composites with different types of nanocarbon fillers.
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was a report on 58% improvement in impact fracture toughness
of CNT/epoxy composites with only 0.25 wt % of surfactant-
treated MWCNTs.50 After amino-functionalization, the
MWCNT/epoxy composites delivered 31% increase in KIc at
0.3 wt % filler loading.51 Without functionalization, the
MWCNTs and SWCNTs showed marginal enhancements,
just about 20% and 14%, respectively,52 a reflection of the
importance of CNT functionalization. GNPs offered large
improvements in fracture toughness over a range of filler
content from 0.3 to 2.0 wt %, with typically 43% enhancement
at 1.0 wt % GNP.44 Well-dispersed GO and rGO sheets
performed better than GNPs and CNTs with 49 and 52%
increases with 0.25 wt %53 and 0.2 wt %,22 respectively, due to
the presence of oxygenated functional groups on their basal
planes and edges allowing π−π interactions or covalent bonds
with the epoxy matrix. However, the fracture resistance of the
composites containing 1D CNTs or 2D graphene nanosheets
was always dependent on their dispersion states. Although the
relative performance of the GWF/epoxy composites was not
impressive compared to the GO/and rGO/epoxy composites at
low filler contents, say below 0.5 wt %, they delivered the
highest increment in KIc at a high filler content above 0.62 wt %
among all composites studied and even higher than GF
counterparts.
Figure 8 presents the tensile strength and Young’s modulus

of epoxy and GWF/epoxy composites with 0° and 45°
orientations. In contrast to the aforementioned fracture
toughness, the porous epoxy was sharply weaker and less stiff
than the solid epoxy, due mainly to the presence of hollow
tubes of a large volume fraction. The hollow tubes without
graphene walls disturbed the continuity of stress transfer

through the bulk matrix. With the incorporation of graphene,
however, both the tensile strength and modulus of the
composites were quickly recovered, and they consistently
increased with increasing graphene content. Typical strain−
stress curves of solid epoxy, porous epoxy and GWF/epoxy
composite with 0.62 wt % graphene at 0° and 45° are shown in
Figure 8c. Compared with the almost linear elasticity of solid
epoxy, the porous epoxy and GWF/epoxy composites
presented large deformation and nonlinear curves at high
strains. Thus, at 0.62 wt % graphene, their tensile strengths with
0° and 45° orientations were ∼12% and ∼16% higher than
those of the solid epoxy, respectively. The seamlessly
interconnected graphene layers in the GTs contributed
significantly to the strength and modulus of the composites
due to its extremely high strength (∼130 GPa) and modulus
(∼1.0 TPa).54 The continuous and defect-free GTs can be
considered hollow and strong/stiff/tough fibers. However, the
predictions based on a simple rule of mixtures equation
overestimate these mechanical properties compared to the
experimental data because the stress concentrations arising
from the hollow inside of GTs cannot be properly taken into
account in the predictions. Another reason for the mild
enhancements in mechanical properties may arise from the
weak interfacial bonds between the GTs and epoxy resin
because of no prior functionalization of CVD-grown
graphene.32 The higher strengths and moduli of the composites
with 45° inclined GTs than those with 0° GTs is because a
relatively larger number of GTs could contribute to these
mechanical properties in the former geometry in tension. At 0°,
the GTs paralleled to the applied force only played a dominant
reinforcement role, while at 45°, the GTs in the two directions

Figure 8. (a) Tensile strength and (b) Young’s modulus of solid epoxy, porous epoxy, and GWF/epoxy composites as a function of graphene
content; (c) typical strain−stress curves of solid epoxy, porous epoxy, and GWF/epoxy composites at 0.62 wt % graphene at two different loading
directions.
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both contributed to the enhancement of strength and modulus.
It is interesting to note that the differences in strength and
modulus between the composites with different graphene tube
orientations were generally larger at low graphene contents.
Relative to the notable changes in strength, the Young’s
modulus of the composites showed only moderate improve-
ments and the difference between the two orientations was
relatively small.
3.5. Toughening Mechanisms of GWF/Epoxy Compo-

sites. It has been reported that crack pinning, debonding, pull-
out, and crack tip bridging are the main fracture mechanisms in
CNT-reinforced epoxy composites,55 whereas crack deflections
and debonding between the fillers and matrix are the most
important failure mechanisms for the composites containing 2D
graphene nanosheets.56,57 However, no obvious evidence of
crack pinning or crack deflection mechanism was found in the
GWF/epoxy composites. For the porous epoxy and GWF/
epoxy composites, the interconnected hollow tubes and
graphene layers played significant roles in fracture behavior.
Distinct and unique features were identified from the fracture

surfaces of the specimens, as exhibited in Figure 9. Compared
with the smooth fracture surface of the solid epoxy (Figure 9a),

the porous epoxy showed a microscopically rougher surface,
especially around the hollow tubes where the running crack tips
were interrupted and became blunted before tearing open the
tubes along the longitudinal direction (Figure 9b). The
deformation and collapse of the hollow tubes, and the
increasing surface roughness mean higher fracture resistance
of the porous epoxy than the solid epoxy. With the
reinforcement of GTs, the fracture surface became even
rougher (Figures 9c,d) and there were signs of significant
deformation of the matrix surrounding the GTs (Figures 9e,f).
Tearing off the strong/stiff graphene layers along the tube
direction required more energy to dissipate during the fracture
of GTs. The interfacial debonding and sliding of graphene
layers at high graphene contents, especially in the absence of
any prior functionalization (Figure 9d), may partly contribute
to higher fracture toughness.
Based on the above observations, the interactions between

the crack tips and hollow tubes with and without reinforcing
graphene layers during fracture are identified as follows. (i) The
hollow tubes, both with and without graphene, which run
parallel to the external load (or perpendicular to the crack tip
direction) functioned as a discrete phase to resist crack
propagation. The porous configuration and the graphene layers
surrounding the tubes constrained crack extension, blunting the
crack tip by terminating it or changing its direction and moving
slowly.58 (ii) The hollow tubes decreased the stress-
concentration at the blunted crack tip. The epoxy matrix
surrounding the hollow tubes underwent large deformation,
requiring a higher external force and energy for crack
extension.59 (iii) Once the deflected crack reached the tube
running perpendicular to the external force (or along the initial
crack direction), the crack tended to propagate along its
longitudinal direction by tearing it because of the largely
reduced ligament area requiring a much reduced force for crack
extension. Besides the porous structure, the pronounced
enhancements in fracture toughness arose from crack-tip
blunting offered by the presence of graphene layers in the
composite. (iv) The GTs functioned as fortified walls to
maintain and strengthen the hollow tubes. Interfacial
debonding and sliding between graphene layers and epoxy
matrix took place during tearing of these hollow tubes, allowing
additional energies to dissipate during the process. Apart from
crack tip blunting and higher tearing forces, debonding and
frictional sliding ameliorated the crack growth resistance in the
GWF/epoxy composites. It appears that these toughening
mechanisms became more pronounced as the graphene content
increased, which is responsible for consistently enhanced
toughness with graphene content.
In light of the above discussion, schematics are presented of

crack propagation behaviors in the solid epoxy and the GWF/
epoxy composites with initial cracks. Here, the crack
propagation behavior of porous epoxy is considered much
the same as the GWF/epoxy composites. Their load−
displacement curves are shown in Figure 10a and the matching
crack propagation behaviors are schematically drawn in Figure
10c,d with reference to Movies 1 and 2 in the Supporting
Information. The crack in the solid epoxy extends right through
the specimen braking into two pieces catastrophically without
crack deflection (Figure 10b), a reflection of its brittle nature
and the almost linear load-deflection curve in Figure 10a. The
initial crack in the GWF/epoxy composite propagates quickly
until it encounters the first GT which stops and blunts the
running crack (stage II in Figure 10c,d). Then, the blunted

Figure 9. SEM images of fracture surfaces of (a) solid epoxy, (b)
porous epoxy, GWF/epoxy composites with 0.19 and 0.62 wt %
graphene contents (c, d) at a low magnification and (e, f) at a high
magnification. The crack propagation direction is from left to right. (g,
h) graphene surface in (e, f).
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crack tip is deviated toward the GT perpendicular or 45° to the
external load (stage III in Figure 10c,d). Once there is a
sufficient driving force, the crack propagates rapidly along the
GT by tearing it off (stage IV in Figure 10c,d). It should be
noted that the crack propagation behaviors are very sensitive to
the direction of GTs relative to the external force. In the
composites with the GTs running 0° and 90° directions, the
crack propagation is limited by the tubes transverse to the
running cracks. Then, the crack jumps to an adjacent tube that
runs perpendicular to the external load (Figure 10c). In the
composites with the tubes arranged 45° to the external load, the
crack propagation is restricted immediately by the first tube
encountered and the crack paths became a “zigzag” shape
(Figure 10d). In this case, the driving force for tearing the
hollow tubes should be higher than that required for the above
composites with 0° GTs, according to the von Mises criterion
and thus higher fracture toughness than the 0° samples.

4. CONCLUSION
Interconnected GWFs consisting of orthogonal GTs were
synthesized by template-based CVD process, and the GWF/
epoxy composites were prepared by casting epoxy resin with

GWFs. The combination of excellent electrical conductivity and
mechanical strength/modulus of GWFs make them ideal
conductive and toughening filler, improving the electrical,
fracture, and mechanical properties of epoxy-based composites.
The properties of GWFs and their composites were
characterized and the following results can be highlighted
from the experimental study:

(i) The GWFs synthesized on Ni woven fabric templates
consisted of hollow GTs arranged at right angles in a
mesh configuration. Grown under 0.5−3.0 vol %
methane concentrations, the average numbers of
graphene layers in GWFs varied between 4 and 12.
GWF/epoxy composites were fabricated containing an
almost uniform porosity of ∼ 12.4 vol % and different
graphene contents of 0−0.62 wt %.

(ii) The as-prepared GWFs had inherently percolated
conducting networks. A high electrical conductivity of
2.9 S/cm was achieved for freestanding GWF with ∼7
layers of graphene prepared by 1.5 vol % CH4, and the
corresponding conductivity of the GWF/epoxy compo-
site was 0.16 S/cm. The interconnected network of high
quality GTs means that the GWF/epoxy composites can

Figure 10. (a) Typical load−displacement curves of solid epoxy and GWF/epoxy composites obtained from the fracture tests. Schematics of fracture
process and the details around crack tips in (b) solid epoxy, (c-d) GWF/epoxy composites with two different graphene tube orientations. The black
lines are the initial cracks, and the red lines show the crack propagation paths.
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totally eliminate the difficulties for uniform dispersion of
chemically exfoliated GO sheets in polymer and the
additional reduction processes to restore their con-
ductivities.

(iii) The orientations of hollow tubes in the porous epoxy
and GWF/epoxy composites relative to the loading
direction were taken into account when their fracture
behavior and mechanical properties were characterized.
The porous epoxy possessed fracture toughness of 1.21
and 1.34 MPa·m1/2 at 0° and 45° orientations, about 13%
and 25% enhancements against the solid epoxy,
respectively. The GWF/epoxy composites delivered the
highest KIc values of 1.67 and 1.78 MPa·m1/2 at 0.62 wt
% graphene in the two directions, respectively, equivalent
to remarkable 57% and 67% surges compared to the solid
epoxy. At 0.62 wt % graphene loading, the tensile
strengths of the composites with these two orientations
were about 12% and 16% higher than the solid epoxy.

(iv) The considerable improvement in fracture toughness of
the composites is mainly attributed to the crack tip
blunting effect caused by the porous GTs, especially
those at 45° to the running crack, as well as tearing of
GTs along the longitudinal direction, debonding, and
frictional sliding between the graphene layers and epoxy
matrix.
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