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Fracture and Fatigue in Graphene Nanocomposites
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Graphene, a single-atom-thick sheet of sp>-bonded carbon
atoms, has generated much interest due to its high specific area
and novel mechanical, electrical, and thermal properties.“'ﬂ
Recent advances®'% in the production of bulk quantities of
exfoliated graphene sheets from graphite have enabled the
fabrication of graphene—polymer composites. Such composites
show tremendous potential for mechanical-property enhance-
ment due to their combination™*2! of high specific surface
area, strong nanofiller—matrix adhesion and the outstanding
mechanical properties of the sp? carbon bonding network in
graphene. Graphene fillers have been successfully dispersed in
poly(styrene), poly(acrylonitrile) and poly(methyl methacryl-
ate) matrices and the responses of their Young’s modulus,
ultimate tensile strength, and glass-transition temperature have
been characterized.!'' 2! However, to the best of our knowl-
edge there is no report on the fracture toughness and fatigue
properties of graphene—polymer composites. Fracture tough-
ness describes the ability of a material containing a crack to
resist fracture and it is a critically important material property
for design applications. Fatigue involves dynamic propagation
of cracks under cyclic loading and it is one of the primary causes
of catastrophic failure in structural materials. Consequently,
the material’s resistance to fracture and fatigue crack
propagation are of paramount importance to prevent failure.

Herein we report the fracture toughness, fracture energy,
and fatigue properties of an epoxy polymer reinforced with
various weight fractions of functionalized graphene sheets.
Remarkably, only 0.125% weight of functionalized graphene
sheets was observed to increase the fracture toughness of the
pristine (unfilled) epoxy by ~65% and the fracture energy by
~115%. Toachieve comparable enhancement, carbon nanotube
(CNT) and nanoparticle epoxy composites!'*>'*! require one to
two orders of magnitude larger weight fraction of nanofillers.
Under fatigue conditions, incorporation of 0.125% weight of
functionalized graphene sheets drastically reduced the rate of
crack propagation in the epoxy ~25-fold. Fractography analysis
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revealed that the extraordinary effectiveness of graphene to
resist fracture and fatigue is related to deflection processes
associated with the planar (two-dimensional) structure of
graphene, which enables it to deflect cracks far more effectively
than one-dimensional CNTs or low-aspect-ratio nanoparticles.
Given the widespread use of epoxies in structural applications,
these results are expected to translate into significant practical
applications for such nanocomposite epoxies.

In order to synthesize bulk quantities of exfoliated graphene
sheets and to effectively disperse these sheets in polymer
composites we utilized a technique pioneered by Aksay and co-
workers.®*! This method generates bulk quantities of functio-
nalized (i.e., partially oxygenated) graphene sheets (FGS) by
the rapid thermal expansion (>2000°C min ') of completely
oxidized graphite oxide. The oxygen functionalities on the
graphene sheets facilitate their dispersion!'®!® in polar solvents,
which makes this process convenient for composite applications.
The protocols used to oxidize graphite to graphite oxide and
then generate FGS by the thermal exfoliation of graphite
oxide are provided in the Experimental Section and the
Supporting Information (we used the same protocols as described
in References [8,9]). The procedures used to disperse FGS in a
bisphenol-A based thermosetting epoxy[”_lg] are also
described in the Experimental Section. Both compact tension
samples for crack propagation study and dog-bone-shaped
coupons (samples) for uniaxial tensile testing were fabricated
and tested.

Figure la shows a scanning electron microscopy (SEM)
image of a typical FGS flake synthesized by the above approach
and deposited on a silicon wafer for imaging. The flake
dimensions are ~4.4 um x 2.4 um; note the wrinkled surface
texture of the FGS, which could play an important role in
enhancing mechanical interlocking and load transfer with the
matrix.['112] Figure 1b is a high-resolution transmission
electron microscopy (HRTEM) image of the edge of a typical
FGS flake, indicating that each flake is composed of ~2-3
individual graphene sheets. The electron diffraction pattern
(shown in the inset of Figure 1b) confirms the signature of few-
layered graphene.!'!! Figure 1c shows an SEM image of a
freeze-fractured nanocomposite sample with ~5% weight of
FGS. The image clearly indicates epoxy-coated FGS flakes on
the fracture surface of the sample. The inset in Figure 1c depicts
a high-resolution SEM image, indicating the wavy edge
structure of the FGS sheets that are protruding out of the
fracture surface. At low weight fractions of FGS (below 0.5%),
it was quite challenging to study the FGS dispersion by SEM
analysis due to the planer sheet geometry of the FGS and the
epoxy coating on the FGS, which allows only the exposed sheet
edges to be discerned.
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Figure 1. a) SEM image of a typical functionalized graphene flake
deposited onasiliconwaferforimaging. b) HRTEMimage of the edges of a
typical graphene flake showing ~~2-3 graphene layers. The inset shows
the measured electron diffraction pattern, whichis typical for few-layered
graphene. ¢) SEM analysis of the freeze-fractured surface of the
nanocomposite indicating epoxy-coated FGS on the fracture surface. The
inset shows the wavy edges of the FGS sheets protruding out of the
fracture surface.

Crack-opening tests on compact tension samples were
performed to measure the Mode I fracture toughness (Kj.) of
the pure epoxy matrix and the FGS-epoxy nanocomposites at
various weight fractions of FGS. The tests were conducted using
a MTS-858 material testing system following ASTM standard
D5045 (Supporting Information). An initial pre-crack was
created in the compact tension samples by gently tapping a fresh
razor blade over a molded starter notch. The radius at the tip of
the pre-crack was similar for all the samples tested, which was
confirmed by optical microscopy prior to testing. At each weight
fraction of FGS additives, we tested 4-6 different samples to
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check for reproducibility of the results. Figure 2a shows that the
Mode I fracture toughness (Ki.) of the baseline epoxy (without
FGS) is ~1.03 MPa /m, which correlates well with published
literature!' ! for epoxy materials. The addition of FGS into
the epoxy matrix causes a sharp increase in the nanocomposite
K. value to ~1.75 MPa /m at 0.125% weight fraction of FGS,
which corresponds to a ~65% increase in fracture toughness.
For higher loading fractions, the enhancement in K. diminishes
(Figure 2a) and finally begins to approach the pure epoxy value
at a FGS weight fraction of ~0.5%. This might be a result of
degradation in the dispersion of the FGS additives above a
weight fraction of 0.125%. We have observed similar degrada-
tion!"”'"lin the dispersion quality of CNTs in epoxy composites
but at significantly larger nanotube weight fractions (>0.5%).
Therefore, dispersion of two-dimensional FGS appears to be
more challenging as compared to one-dimensional CNTs or
Al,O3/TiO,/Si0O, nanoparticles, which have been successfully
dispersed in epoxies at very high loading fractions (up to
20%).'*13] This is not an unexpected result given that the two-
dimensional FGS (several micrometers in dimension; Figure 1a)
are more easily entangled and therefore show a greater
tendency to agglomerate as compared to nanoparticles or
nanotubes. In spite of this, the maximum enhancement in Kj.
(~65% at 0.125% weight fraction of FGS) is impressive. To
achieve comparable increase (=62%) in Kj., the required
weight fraction!"¥ (~14.8%) of SiO, nanoparticles in epoxy is
~120-fold larger than FGS. Similarly, to obtain a 65% increase
in Kj, the volume fraction of AL,O3 (=5%) and TiO, (~10%)
nanoparticles[ls] in epoxy is ~30- to 60-fold larger than FGS.

Intercalated nanoclays[20‘22] have also proven to be effective
in toughening epoxy systems. For example, Zerda et al.*]
obtained ~61% increase in fracture toughness for 3.5% nanoclay
weight fraction. Wang et al.P!l obtained similar levels of K.
enhancement (~78% ) at2.5% weight fraction of nanoclay fillers.
Liu et al.”?! demonstrated ~110% increase in K. for an epoxy
system with ~3% weight of nanoclay additives. These weight
fractions are 20-30 times higher than the FGS weight fraction of
0.125% in our study. Moreover, in the case of nanoclay epoxy
composites addition of nanoclays (in the 2.5-3.5% weight
fraction range) causes degradation in the tensile strength. For
example, the tensile strength of the matrix”!! was reduced by
17% due to incorporation of 2.5% weight of nanoclay. Similarly
the tensile strength decreased by 7.5% for 3.5% weight fraction
of nanoclays in the epoxy matrix2°, By contrast, the FGS
additives were found to enhance the tensile strength by up to
45% in the 0.1-0.125% weight fraction range (Figure 2b).

For CNT-epoxy composites, the best reported enhance-
ment!®! in K. is ~43%, which occurs at ~fourfold-higher
nanofiller weight fraction (=0.5% weight of amine-functiona-
lized double-walled CNTs). Our recent work!'”! with CNT-
epoxy composites indicated ~11% improvement in fracture
toughness with 0.25% weight of multi-walled CNT additives.
These results indicate that FGS are highly effective in
suppressing crack propagation in polymer materials.
However, there is a clear need to develop improved techniques
for FGS dispersion in polymer matrices in order to realize their
full potential. For example, pre-modifying FGS by the use of
specially designed surfactants may enable enhanced dispersion
at higher FGS loading fractions (>0.125%).
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Figure 2. a) Mode | fracture toughness (Ko plotted as a function of the
weight fraction of FGS in the epoxy matrix. b) Young’s modulus and
ultimate tensile strength of pure epoxy and nanocomposite samples with
various weight fractions of FGS. c) Variation of fracture energy (G,) as a
function of the weight fraction of FGS in the epoxy matrix. d) Fatigue crack-
propagationtesting; crack growth rate (da/dN) plotted as a function of the
stress intensity factor amplitude (AK) for the pristine epoxy and
nanocomposite samples with 0.125% weight fraction of FGS.
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We characterized the nanocomposite’s Young’s modulus
and ultimate strength by performing tensile loading tests on
dog-bone-shaped coupons. Figure 2b depicts the measured
modulus for the pristine epoxy and FGS/epoxy nanocompo-
sites. At 0.125% FGS weight fraction, the Young’s modulus of
the nanocomposite is ~50% greater than the baseline epoxy.
Figure 2b also shows the ultimate tensile strength measure-
ments; we observe ~45% enhancement in the ultimate tensile
strength at 0.125% weight fraction of FGS. In contrast, CNTs
show ~30% increase in modulus and ~15 % increase in strength
for 1% weight of functionalized single-walled CNTs in
epoxy.** Therefore, compared to CNTs, FGS imparts superior
tensile strength and stiffness properties to the epoxy matrix at
nearly an order of magnitude lower nanofiller weight fraction.
This is indicative of improved mechanical interlocking and
adhesion between the FGS and the polymer matrix, which may
result from the rough and wrinkled texture of FGS (Figure 1a).
Distortions caused by oxygen functionalization and the
resultant defects during thermal exfoliation of graphite oxide,
as well as the extremely small thickness of FGS, lead to a
wrinkled topology at the nanoscale.'?! This nanoscale surface
roughness likely results in enhanced mechanical interlocking
with the polymer chains and, consequently, better adhesion.
Such an effect has also been suggested by recent molecular
dynamics studies.>*?*! The glass-transition temperature of the
FGS-epoxy nanocomposite was also significantly elevated in
comparison to the pristine epoxy (Supporting Information);
this could result from enhanced adhesion!!"'?! at the FGS-
matrix interface as well as conformational changes[26’27] to the
epoxy polymer in the vicinity of the FGS.

The measurement of modulus (E) and fracture toughness
(K1) enables us to compute the critical energy release rate,
Gic = Kfc(l’hf‘z), where p is the Poisson ratio. The fracture
energy (Gy.) quantifies the energy required to propagate the
crack in the material. Figure 2c indicates that the Gy, of the
baseline epoxy (without FGS) is ~325J m~2, which correlates
well with published literature!®! for brittle polymers, which
typically show Gy less than 500J m 2. Incorporation of FGS
into the epoxy causes a large increase in the nanocomposite’s
Gi. to ~700J m~2 at 0.125% weight fraction of FGS,
which corresponds to a ~115% increase. The critical
energy release rate for the FGS-epoxy nanocomposite is
comparable to brittle metals, which typically display Gy in the
range of 800-2000J m 2.

To evaluate the nanocomposite’s performance in fatigue
environments, dynamic crack-propagation tests were per-
formed on compact tension samples using ASTM standard
E647 (details provided in the Supporting Information).
Figure 2d shows the measured crack-propagation rate
(da/dN) versus the applied stress intensity factor amplitude
(AK) for the baseline epoxy and the nanocomposite with
0.125% weight fraction of FGS. The weight fraction was not
increased beyond 0.125% since it is challenging to maintain
FGS dispersion at higher loading fractions. The results indicate
a significant reduction in crack growth rate for the nanocom-
posite compared to the pristine epoxy over the full range of
stress intensity factor amplitudes that were tested. For example,
at AK=05MPa /m, the da/dN for the nanocomposite
(1.0165 x 10~*mm/cycle) is ~25 times lower than the baseline
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epoxy (2.49 x 10> mm/cycle). We fitted the crack growth
results (Figure 2d) to the Paris—Erdogan law: (‘f—;{, = C.(AK)".
We find a significant reduction in the exponent # (from ~17.33
to ~¢7.94) and the constant C (from ~394.26 to ~0.0358) for the
nanocomposite compared to the baseline epoxy.

Todevelop an understanding of the enhanced ability of FGS
to resist fracture and fatigue, we performed fractography
analysis of the fracture surface of the compact tension samples
tested in the study. SEM analysis of the fracture surface
(Supporting Information) did not reveal any direct evidence of
crack pinning or crack bridging by the FGS additives. However,
we observed a significant increase in average surface roughness
of the fracture surface with FGS content, as indicated in
Figure 3a. The average surface roughness (R,) of the fracture
surfaces was measured using a Dektak Surface Profiler (from
VEECO); atleast 6 separate measurements were performed for
each sample for statistics. The data indicates a doubling in the
average surface roughness with increase in FGS content from 0
t00.125% weight. Thisroughening effect begins to saturate with
furtherincrease in the FGS content. The increasing roughness of
the fracture surface with FGS content suggests that crack
deflection appears to play a significant role in the observed
toughening. Crack deflection is the process by which an initial
crack tilts and twists when it encounters a rigid inclusion. This
generates an increase in the total fracture surface area, resulting
in greater energy absorption as compared to the unfilled
polymer material. The tilting and twisting of the crack front as it
is forced to move out of the initial propagation plane also forces
the crack to grow locally under mixed-mode (tensile/in-plane
shear and tensile/anti-plane shear) conditions. Crack propaga-
tion under mixed-mode conditions requires a higher driving
force than in Mode I (tension), which also results in higher
fracture toughness of the material. If such crack deflection
processes play a major role then we expect a linear increasel?2?)
in the fracture surface roughness (R,) as the fracture energy
(Gre) is increased. This indeed appears to be the case in the
0-0.125% FGS weight fraction range, as indicated in Figure 3b.
However, for higher weight fractions the trend reverses,
which suggests that a competing mechanism (probably
agglomeration of FGS) that decreases the fracture toughness
comes into play.

To understand why crack deflection may be more effective
for high-aspect-ratio FGS sheets as compared to conventional
fillers, we used the classical Faber and Evans model®® for crack
deflection. In the Supporting Information we show the
normalized toughening increment generated by crack tilting
versus the particle aspect ratio (as predicted by the Faber and
Evans model) for particles with rod, sphere, and plate
geometries. The results (Supporting Information) indicate
that for plates with large aspect ratio (such as an FGS sheet), the
tilting of the crack front acts as a significant source of
toughening. It is also evident that neither the sphere nor the
rod-shaped particles derive noticeable toughening from
the crack tilting process. Furthermore, the aspect ratio of the
rod has little effect on the toughening during the crack tilt
process. This indicates that the FGS sheet geometry with its
very large aspect ratio is expected to be highly effective in
toughening the matrix, which is consistent with our experi-
mental observations.
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Figure 3. a) Fracture surface roughness parameter (R,) plotted as a
function of the weight fraction of FGS in the epoxy matrix. b) Variationin R,
as a function of the fracture energy (G,). The linear increase of R, with G,
(in the 0-0.125% FGS weight fraction range) indicates that crack
deflection processes appearto play a significantrole in the toughening of
the FGS/epoxy nanocomposite.

In summary, functionalized graphene sheets are remarkably
effective at enhancing the fracture toughness, fracture energy,
stiffness, strength, and fatigue resistance of epoxy polymers at
significantly lower nanofiller loading fractions in comparison to
CNTs, nanoparticles, and nanoclay additives. This can be attri-
buted to their enhanced specific surface area, two-dimensional
geometry, and strong nanofiller-matrix adhesion. However,
improved techniques to quantify the dispersion of graphene in
polymer matrices and enhanced dispersion of graphene sheets at
high nanofiller loading fractions are necessary to realize the full
potential of graphene-based composite materials.

Experimental Section

Natural graphite flakes with an average diameter of 48 um were
supplied from Huadong Graphite Factory (Pingdu, China).
Concentrated sulfuric acid (95-98%), concentrated nitric acid
(68%) and hydrochloric acid (36-38%) were purchased from
Beijing Chemical Factory, China. Potassium chlorate (99.5%) was
obtained from Fuchen Chemical Reagents (Tianjin, China). The
epoxy used in the present study was a Bisphenol-A-based epoxy
(Epoxy 2000 from Fibreglast, USA) and the curing agent used was
2120 Epoxy Hardener from Fibreglast, USA.

FGS fabrication: Graphite oxide was prepared by oxidizing
graphite in a solution of sulfuric acid, nitric acid, and potassium
chlorate for 96 hours based on the work of Aksay and co-
workers.'®?! X-ray diffraction patterns of natural graphite and
graphite oxide are provided in the Supporting Information.
Thermal exfoliation of graphite oxide was achieved by placing
the graphite oxide powder (200 mg) in a 200-mm-inner-diameter,
1-m-long quartz tube that was sealed at one end. The other end of
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the quartz tube was closed using a rubber stopper. An argon inlet
was then inserted through the rubber stopper. The sample was
flushed with argon for 10 min, and the quartz tube was quickly
inserted into a tube furnace (Thermolyne 79300, Thermo Fisher
Scientific Inc., USA) preheated to 1050 °C and held in the furnace
for 30 s. Rapid heating (>2000°C min~?) splits the graphite oxide
into functionalized graphene sheets (FGS) through the evolution of
CO, gas as demonstrated in References [8, 9].

Dispersion of FGS in epoxy matrix: The desired amount of FGS
was first weighed and dispersed in acetone (ratio of 100 mL of
acetone to 0.1g of FGS) using an ultrasonic probe sonicator at
high amplitude (Sonics Vibracell VC 750, Sonics and Materials
Inc., USA) for 1.5 h in an ice bath. The epoxy (System 2000 Epoxy
Resin, Fibreglast Inc, USA) was added to the mixture and
sonicated following the same procedure for another 1.5 h. Next,
the acetone was evaporated off by heating the mixture on a
magnetic stir plate using a Teflon-coated magnetic bar for 3h at
70 °C. Subsequently, the mixture is placed in a vacuum chamber
for 12h at 70°C to ensure that all of the acetone had been
removed. After allowing the FGS/epoxy slurry to cool down to
room temperature to prevent any premature curing, a low-viscosity
curing agent (2120 Epoxy Hardener, Fibreglast Inc, USA) was
added and mixed using a high-speed shear mixer (ARE-250,
Thinky, Japan) for 4min at 2000 rpm. The mixture was again
placed in a vacuum chamber to degas the epoxy for approximately
30 min. Finally, the mixture was poured into Silicon moulds and
the nanocomposite was cured at room temperature and 90 psi
pressure for 24 h, followed by 4 h of post cure at 90 °C.
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