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This paper reports the fabrication and mechanical properties of macroscale graphene fibers (diameters of 10 to 100 um with

lengths upwards of 2 cm) prepared from a single sheet of single-layer graphene grown by chemical vapor deposition (CVD).

The breaking strength of these graphene fibers increased with consecutive tensile test measurement on a single fiber, where

fiber fragments produced from a prior test exhibited larger breaking strengths. Additionally, we observed a reduction of

surface folds and wrinkles and their alignment to parallel the tensile tension direction. We propose that a foundation of this

property are the plastic deformations within the fiber that accumulate through sequential tensile tension. Through this cyclic

method, our best fiber produced a strength of 2.67 GPa with a 1 mm gauge length.

Introduction

Ever since the isolation of graphene was first reported,?
researchers have investigated its remarkable mechanical
properties—the intrinsic strength of graphene has been
predicted to exceed that of any other material.?2 Coupled with
its large specific surface area (2630 m?/g), graphene has proven
to be a promising reinforcement material in composites.> 4
Similarly, the existence of graphitic-like atomic structures in
related carbon-based materials have portrayed the benefits
that their bonding environments have towards optimizing
useful mechanical properties.> ®

Early studies on the mechanical properties of graphene
were performed at the nanoscale level.* 711 Nanoindentation
measurements on graphene revealed an extremely high
Young’s modulus (E = 1.02 TPa) and intrinsic strength (oi,; = 130
GPa).% 19 Macroscale measurements have also been performed
on graphene-based fibers, mostly of which are made using
graphene oxide. In stark contrast to the nanoscale
measurements, the macroscale graphene or graphene-oxide
fibers show vastly different properties.!14 For example, the
current highest reported mechanical ideal tensile strength for a
graphene-based fiber is 3.4 GPa, a factor of 40 times smaller
than the nanoscale value.?>

This difference in mechanical behavior between the nano-
and macroscale measurements is in part explained by the
existence of critical defects in the material or structure.”-1¢ For
2D graphene, these include point defects, grain boundaries?’,
and structural defects such as wrinkles and kinks, all of which
have been shown to affect the local structure and intrinsic
strength of graphene.182! According to classic fracture theory,??
the breaking strength of a brittle material is governed by these
defects, which concentrate the stress to locally exceed the
intrinsic strength of its atomic bonds. An example of this
difference between nano- and macro- scale measurements are
included below for carbon nanotubes (CNTs).

Nanoscale tensile tests of free-standing single-walled CNTs
(SWCNTSs) and multi-walled CNTs (MWCNTSs) have revealed an
ideal intrinsic strength of ca. 30 GPa and an elastic modulus of
ca. 500 — 1000 GPa.”» 23 Similar tests on MWCNTs were shown
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to produce intrinsic strength values equivalent to a single
SWCNT with diameter equal to the largest MWCNT diameter—
a result of poor load transfer between CNT layers in MWCNTs.”:
24

Macroscale measurements on MWCNT bundles have shown
vastly different properties to their nanoscale counterparts, with
an ideal tensile strength of 1.72 GPa and an elastic modulus of
0.45 TPa for lengths of ca. 2 mm.1® Others have reported an
ideal tensile strength of 1.2 GPa and elastic modulus of 16 GPa
for double-walled CNT bundles for lengths of ca. 10 mm.?>
Macroscale measurements on SWCNTs also show the same
reduced mechanical behavior to their nanoscale counterpart,
with an ideal tensile strength of 1.0 GPa and an elastic modulus
of 49 — 77 GPa for lengths of ca. 200 mm.26

The trend in these data shows that the mechanical
properties of CNTs performed on the macroscale are universally
orders of magnitude lower than when measured at the
nanoscale; in that, the larger amount of material being
measured, the more likely to have a critical defect that could
lead to a failure is present somewhere along the materials
length.”- 16 Similar behavior has been observed for graphene
oxide-based fibers. Some attempts have been made to reduce
this discrepancy between nano- and macroscale properties.?’

Graphene and/or graphene oxide (G/GO) flakes can be
formed into layered structures and grouped into fiber-like
assemblies.’?1* The critical defects in these assemblies are
related to both the local interlayer coupling and the G/GO flake
alignment. The former determines the nanoscale mechanical
strength, and the latter determines the load balancing within
the fiber assembly. Under load, the stress will be focused onto
the G/GO flakes that are already aligned along the primary axis;
at the nanoscale, the failure occurs where the interlayer
coupling is the weakest. Based on this model, the mechanical
properties of a G/GO flake assembly can be enhanced by
increasing the interlayer coupling between each flake
component. Experimentally, increasing the size of the G/GO
flake improves the interlayer coupling, and increasing the
alignment of the G/GO sheets can improve the load balancing
within the assembly.?® 29 Even so, these G/GO assemblies often
require polymer binders and other stabilizers, e.g., during wet-
spinning'? 13 or blow-spinning,3® in which binders coat the
graphene/graphite flakes within the assembly in order to hold
the resulting shape intact—further reducing the intra-layer
interaction and therefore the potential fiber mechanical
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strength provided by the graphene flakes. Despite these related
efforts in optimizing G/GO assembly structure and composition,
the mechanical strength record for these macroscale fibers is
ca. 3 orders of magnitude lower than the nanoscale value, with
the current record at 3.4 GPa, through maximizing crystalline
compactness of G/GO sheets, sheet ordering, and sheet size.'®

Ideally, the best way to circumnavigate these issues would
be to use a single continuous sheet of graphene along the entire
length of the fiber. Such a system would eliminate in its entirety
the issues of interlayer coupling and nanoscale load balancing,
by using pristine nanoscale defect-free graphene. This can be
done by using CVD-grown graphene—presenting a promising
opportunity to further improve fiber structure and load
balancing. The CVD method can produce meter-sized single-
crystal graphene, far larger than any G/GO flakes.3! CVD
graphene can also be folded just like a macroscale object, and
such a process can produce highly aligned graphene sheets.3!
Therefore, forming fibers using large cohesive graphene sheets
is a possible solution to resolve many of the mechanical
limitations of graphene/GO flake assemblies. Although similar
fibers which require polymer composites to maintain their
structures have been reported,3? 33 a polymer-free fiber made
of a single sheet of CVD offers many advantages and has not
been reported in the literature.

Herein, we report the fabrication of a polymer-free
graphene fiber made from a single sheet of CVD graphene and
report its mechanical behavior. The highest effective tensile
strength we measured from these samples is 2.67 GPa.

Results and Discussion

The graphene fibers were fabricated by physically folding a
single sheet of single-layer CVD graphene into a 1D-fiber shape
in an accordion-like pattern, Figure 1. Additional details on CVD
graphene synthesis and characterization is provided in the
supplemantary information (Figures S1 and S2). During folding,
CVD graphene was supported by a thin layer of polymethyl
methacrylate (PMMA). This polymer coating was decomposed
and removed by annealing the fiber at 420 °C after folding,
above the thermal decomposition temperature of PMMA (390
°C), Figure S3. The accordion-like folding pattern (Figure 1) was
selected for maximizing the surface area of exposed PMMA in
order to prevent the decomposition products from being
trapped within the fiber structure upon heat treatment. As an
example of a poor folding pattern, thermally annealed
rolled/scrolled fiber structures, are shown in Figure S5—where
the decomposed PMMA becomes trapped between the rolled
graphene layers, resulting in bubbled structures on the surface
and a hollow fiber. Since only one single CVD graphene sheet
was used for each fiber, the dimensions of the flat graphene
sheet were used to calculate the ideal cross-sectional area of
the graphene in the fiber (Agaphene) by using the width (prior to
folding) of the graphene sheet and the thickness of graphene
(0.335 nm). For a 1-cm-wide CVD graphene sheet, the ideal
cross-sectional area is 3.35 um?.

Scanning electron microscope (SEM) images of annealed
graphene fibers, Figure 2, folded in an accordion-like pattern,
reveal that this folding pattern produces a cohesive straight

fiber that does not exhibit any bubbled or hollow structures like
that in the annealed rolled fibers, Figure S5. This is due to
accordion pattern allowing for decomposition/removal of
PMMA without being trapped between graphene layers. After
annealing, the typical nominal diameter of the fibers was
between 10 — 100 um. The presence of both lateral and axial
folds are observed in the final annealed fiber. The initial length
of the graphene fibers (Lsiper), after fabrication, was measured
with a digital microscope and were typically within 0.1 —-2.0 cm.

These graphene fibers were mounted onto a custom
uniaxial testing setup (Figure S4), where both the force, F, and
displacement, AL, along the fiber were measured. The fibers
were put under tensile tension until breaking, and the resulting
broken fiber segments were re-mounted and testing was
repeated.
Agraphene is the cross-sectional area of the graphene fiber
calculated using the initial pre-folded CVD graphene sheet
width and atomic thickness—similar to the method used for the
previously reported measurements on CNTs. Strain was
calculated by AL/L,, where Ly was the initial fiber length, as
described in the Supplementary Information. The modulus of
the fibers, Kiper, was determined from the slope of the linear

Ideal stress was calculated as F/Agraphene, Where

portion of the stress-strain curve, and the tensile breaking
strength was calculated from the stress at the time of breaking.

We observed two distinct types of fracture mechanisms in
the graphene fibers upon tensile loading. The first type, herein
referred to as brittle, is associated with rapid breaking of the
fiber after fracture initiation. In this case, the corresponding
force-distance curve shows an instantaneous vertical drop in
the force from breaking strength to baseline. The second type,
herein referred to as ductile, involves a gradual propagation of
the fracture across the width of the fiber, the initiation of which
correlates to a plateauing of the measured force in the force-
distance curve.

Our that brittle
correlated with a lower breaking strength and were associated

measurements revealed fractures
with longer fibers. An example of such a fracture behavior is
shown in Figure 3 and Video S1, for a fiber that is ca. 3 mm in
length and an ideal breaking strength of 0.475 GPa.

Ductile fracturing was only observed on smaller fragments
produced after multiple cycles of tensile measurements. This
ductile fracture mechanism resulted in a higher tensile strength
in comparison to the brittle-fracture samples (Figure 4, Video
S2). Top of Figure 4 (Frames 1-3) depicts three video frames
during the tensile testing of a ductile fiber. Frame 1 was taken
after the macroscopic bends along the axis were removed by
the axial movement of the tensile testing setup, forming a more
linear fiber. Changes in the diameter and length from this point
are a combination of further unbending and elastic or plastic
deformation inside the fiber, which was measured optically.
Frame 2 was captured right before the graphene fiber fractured,
whereby the ideal breaking strength was calculated to be
2.67 GPa. Frame 3 shows the fiber after breaking, where the
sum of the lengths of the broken pieces is larger than the Lgper
value of Frame 1, representing some plastic deformation which
occurred during testing. These results show a total strain to
failure for this wire of 11.4%, where both plastic and elastic
deformation plays a role. The stress-strain curve for this test is
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shown in Figure 4, with a measured modulus K., value of 61.85
GPa + 2.26 GPa.

The tensile response of the fiber fragments is affected by the
plastic deformations of previous tensile tests. Figure 5 shows
the plot of the tensile strength measured on two fibers and their
resulting fragments. In both cases, we observed a gradual
increase of breaking strength for all sequential tensile
measurements, where the longest fiber had the lowest breaking
strength, and the shortest fragment had the largest breaking
strength. We conjecture that this behavior is partially explained
by the fibers fracturing and breaking at the location of their
most critical flaw(s) during uniaxial testing; this results in fiber
fragments which must therefore only have flaw(s) of equal or
lesser nature. The final measurement of the fiber in Figure 5A,
indicated by a green arrow, is a fragment which exhibited
ductile fracturing behavior. We conjecture that straightening
and alignment of folds during repetitive uniaxial tests may also
be a cause for the mechanical improvements we observe.
Comparing the surface morphology of pre- (Figure 2 A/B) and
post- (Figure 2 C/D, Figure S6) tensile testing reveals that during
the uniaxial tensile tension there is a reduction in folds/wrinkles
orthogonal to the pulling axis, as well as alignment of
folds/wrinkles parallel to the pulling Analogous
observations have been reported G/GO fibers during stress
relaxation upon uniaxial tension.!> 34 Similar enhancements
have been observed for GO films during cyclic tensile tests.33

Figure 6 shows tensile strength measurements of fibers as a
function of the fiber length. There is a large variation in the
average breaking strength for brittle fractures (0.45 GPa + 0.20
GPa). The fibers exhibiting ductile behavior were all smaller

axis.

fragments of a parent fiber. However, this behavior cannot
simply be described using the conventional weakest-link
statistics because there was no generalized correlation
between length of the fiber and fracture strength (as is
predicted from a statistical distribution of flaw sizes). We note
that the existence of two types of graphene fracture behavior
has been previously reported (denoted in that work as bad and
good).3>

The separation of graphene fiber fragments into brittle and
ductile regimes is presumed to be a function of several factors,
which includes the number of limiting critical defects and the
structure and quality of the graphene fiber in which the crack
propagates. Crack propagation likely occurs through an
unzipping mechanism, which has been previously reported for
CVD graphene.?> Hwangbo et al. also reported that this
unzipping fracture mechanism can be heavily influenced by the
surrounding environment.3®> We conjecture that fracture in the
graphene is occurring locally along the most energetically
favourable paths, such as grain boundaries and defects. Control
of these grain boundaries and defects may lead to further
enhancement of mechanical properties.3® We believe that the
force plateau is achieved through a global load-rebalancing
mechanism. Although the graphene sheet is highly folded along
the axial direction, other folds are in random orientations, so
different regions of the sheet will experience different degrees
of tension. These folds could be present at the fracturing
location and oriented in a way that applied tension could not be
distributed; this partial loading would reduce the effective

Agraphene and calculated ideal tensile strength. As a higher-
tension region fails, other portions of the fiber will take up the
load. As an example, Figure 7 shows a schematic of adjacent
regions of the sheet with high and low stiffness due to different
degrees of folding. When the crack propagates into a localized
region that is under lower stress, the crack will arrest,
preventing catastrophic failure and transferring the load to
other regions. The tensile strength and modulus of our
graphene fiber system could be simulated theoretically on a size
scale under computational efficiency limits, similarly to
previously reported fracture mechanics modelled for
graphene.?%37

We note that for the fibers exhibiting ductile fracture
behavior, the force remains relatively constant as the graphene
fracture propagates. While the graphene unzips, the true cross-
sectional area of the graphene in the fiber is continuously
reduced. Therefore, the measured breaking strength values are
still an underestimation of the ideal strength of the graphene
fibers.

Conclusions

We developed a fabrication technique for single sheets of
CVD graphene into macroscale graphene fibers and measured
their mechanical properties. Our results highlight the potential
of using CVD graphene to fabricate high performance
macroscopic structures. The effective tensile strength of our
graphene fibers increased with decreasing length of the fiber
for repeated tests on a single fiber. Graphene fibers exhibited
either ductile or brittle fracture mechanics. We believe that the
lasting plastic deformations built upon sequential tensile
tension plays a key role in these properties. The results suggest
that optimizing interlayer coupling is necessary to control
mechanical efficiency—between increasing interlayer coupling
to improve load transfer and balancing and limiting it to prevent
large variations of tension within a sheet that led to premature
fracture. The average ideal breaking strength for fibers
exhibiting ductile behavior was 1.75 GPa + 0.62 GPa, with the
largest breaking strength of 2.67 GPa.
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PMMA-Coated
Graphene Water film

4
UV/0; Treated Glass Plates

Figure 1. Schematic of folding process for PMMA-coated graphene in an accordion-like pattern. Glass plates
were treated with UV/O3 prior to use. Wrinkles formed in the graphene sheet during compression along the width

of the graphene sheet and remained folded as the sheet was compressed further.
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Figure 2. SEM images of two graphene fibers. A, suspended graphene fiber is shown after annealing on a copper substrate
to remove its polymer backing. B, Zoom in of graphene fiber from panel A (location marked with an arrow) is shown at a higher
magnification and has a diameter of approximately 25 um. C, a broken graphene fiber after tensile testing. Conductive silver

paste was used to coat the mounting adhesive for SEM imaging. D, Zoom in of graphene fiber from panel C, (location marked
with arrow) showing the fracture edge after tensile testing.
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Figure 3. Macroscale graphene fiber tested in uniaxial tension. A, optical image of graphene fiber (Agraphene= 3.18 um?, Lper
= 2952 um). B, Force-displacement plot of uniaxial tensile test (puller displacement rate 1,=0.50 pm/s). This fiber exhibited brittle
fracture, with a tensile strength of 0.475 GPa.
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Figure 4. Uniaxial tensile testing of graphene fiber exhibiting ductile fracture. (Agaphene=1.84 pm?, 1,=0.50 um/s)
Top: Three frames (1-3) of a graphene fiber uniaxial tensile test. (Frame 1) Graphene fiber (Lgp,=550 um) after
straightening the macroscopic bends in the fiber; (Frame 2) Fracture initiation (Lghe=612 pm), (Position B); (Frame
3) Post-fracture (Lgne=561 pum). Bottom: Force-Distance plot (Left) of graphene fiber depicted in Top. A-B represents
region of the stress-strain curve (right plot) used to calculate the fiber modulus K, = 61.48 GPa + 2.26 GPa. Point B
refers to the fracture initiation of the graphene fiber. The maximum force at point C can be used to calculate breaking
strength. The graphene fiber fractured in an unzipping pattern (see Video S2), which is also evident by the gradual
(rather than immediate) reduction to zero force. Point D refers to the plateau region of force during unzipping of fiber.
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Figure 5. Breaking strength of graphene fibers as a function of fiber length. Dotted arrows indicate order of sequential
uniaxial tensile tests on the same fibers with Aggphene = 3.2um? (A) and Aggppene = 5.2pm?. (B). Green arrow indicates a
measurement where ductile fracture behavior was observed during tensile testing.
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Figure 6. Breaking strength of parent and fragment fibers. Three fiber fragments exhibited ductile behavior and
exhibited the largest measured breaking strengths. Brittle fracturing behavior was observed for most fibers.
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Figure 7. Possible mechanism for the observed plateauing behavior in ductile fibers. The folded graphene region in is
at high stress (left), causing crack formation. This crack arrests when it approaches the local low tension region--which is not
folded and therefore under lower stress at the same extension. It is only after significant further extension of the puller (right),
that the graphene reaches a sufficient stress to continue the propagation of this crack. During that extension, the load is thought
to be constantly rebalancing between kinked portions, preventing catastrophic failure.
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