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ABSTRACT In this study, the mechanical properties of epoxy nanocomposites with graphene platelets,

single-walled carbon nanotubes, and multi-walled carbon nanotube additives were compared at a nanofiller

weight fraction of 0.1 == 0.002%. The mechanical properties measured were the Young’s modulus, ultimate tensile

strength, fracture toughness, fracture energy, and the material’s resistance to fatigue crack propagation. The

results indicate that graphene platelets significantly out-perform carbon nanotube additives. The Young’s modulus

of the graphene nanocomposite was ~31% greater than the pristine epoxy as compared to ~3% increase for

single-walled carbon nanotubes. The tensile strength of the baseline epoxy was enhanced by ~40% with

graphene platelets compared to ~14% improvement for multi-walled carbon nanotubes. The mode | fracture

toughness of the nanocomposite with graphene platelets showed ~53% increase over the epoxy compared to

~20% improvement for multi-walled carbon nanotubes. The fatigue resistance results also showed significantly

different trends. While the fatigue suppression response of nanotube/epoxy composites degrades dramatically as

the stress intensity factor amplitude is increased, the reverse effect is seen for graphene-based nanocomposites.

The superiority of graphene platelets over carbon nanotubes in terms of mechanical properties enhancement may

be related to their high specific surface area, enhanced nanofiller—matrix adhesion/interlocking arising from

their wrinkled (rough) surface, as well as the two-dimensional (planar) geometry of graphene platelets.
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raphene is a single-atom-thick

sheet of sp?-hybridized carbon at-

oms." Graphene can be produced
by four methods: (1) chemical vapor depo-
sition;? these studies which began in the
1970s were followed by a substantial body
of work by surface scientists on monolayer
graphite;® (2) epitaxial growth of graphene
films on electrically insulating substrates;*
(3) mechanical exfoliation of graphene from
bulk graphite (e.g., using Scotch tape?);
and (4) reduction of graphene derivatives
such as graphene oxide.>” The last method
shows potential for the production of
graphene sheets in the bulk quantities that
are necessary for application to composites.
Graphene oxide sheets can be extracted
from “graphite oxide”, which is typically pre-
pared by the oxidation of graphite.®~'°
Graphite oxide can be completely exfoli-
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ated to produce aqueous colloidal suspen-
sions of graphene oxide sheets by sonica-
tion." Considerable research''? on such
aqueous colloidal suspensions was carried
outin the 1950s and the 1960s. Chemical re-
duction of graphene oxide in colloidal sus-
pensions can be performed to generate
bulk quantities of chemically modified
graphene (CMG) sheets'"? that are suit-
able for composite applications. Thermal re-
duction of graphite oxide is another ap-
proach that can be used to obtain bulk
quantities of graphene platelets. Rapid
heating (>2000 °C/min) up to 1050 °C exfo-
liates as well as reduces graphite
oxide.""*'® Thermal reduction of graphite
oxide is the method that we have utilized in
the present study to produce gram quan-
tity of graphene platelets (GPL). Note that
the term platelet is used here instead of
sheet to clarify that GPL is not a single (indi-
vidual) graphene sheet but comprises mul-
tiple graphene sheets that are stacked to-
gether. The thickness of GPL is therefore
significantly larger than an individual
graphene sheet.

Graphene building blocks can be used
to construct a variety of carbon-based
nanostructures. For example, such a
sheet can be rolled up seamlessly to gen-
erate a single-walled carbon nanotube
(SWNT). Multiple concentric SWNT cylin-
ders which share a common axis com-
prise multi-walled carbon nanotubes
(MWNT). All of the above nanostructures
are endowed with excellent mechanical
properties (such as modulus and
strength) due to the sp? carbon bonding
network that is common to SWNT, MWNT,
and graphene. A key question is which
of these nanofillers is best suited to trans-
ferring their mechanical properties to
the polymer matrix in nanocomposites.
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Figure 1. (a) TEM image of a GPL flake deposited on a stan-
dard TEM grid, and (b) HRTEM image of the edges of a GPL
flake indicating the layered graphene platelet structure. The
inset shows the measured electron diffraction pattern.

To investigate this, we compared the Young’'s modu-
lus, tensile strength, fracture toughness, fracture en-
ergy, and the material’s resistance to fatigue crack
propagation for epoxy nanocomposites at a fixed
weight fraction (0.1 = 0.002%) of SWNT, MWNT, and
graphene platelet (GPL) fillers. We intentionally se-
lected a low weight fraction of ~0.1% to ensure rela-
tively uniform dispersion of the SWNT, MWNT, and
GPL in the epoxy matrix. The Young’s modulus of the
GPL and carbon nanotube composites was also com-
pared with the predictions of the well-established
Halpin—Tsai model. Our results indicate that, at low
nanofiller content, GPL nanocomposites offer signifi-
cant improvement in mechanical properties as com-
pared to carbon nanotube composites.

The GPLs used in this study were prepared by
the thermal reduction of graphite oxide (Materials
and Methods)."*'® Figure 1a illustrates a transmis-
sion electron microscopy (TEM) image of a GPL flake
synthesized by the above method and deposited
on a standard TEM grid for imaging. The flake dimen-
sions are ~2.5 um X 1.5 pwm; note the wrinkled sur-
face texture of the GPL, which could play an impor-
tant role in enhancing mechanical interlocking and
load transfer with the matrix."®'® Figure 1b shows
high-resolution transmission electron microscopy
(HRTEM) and electron diffraction pattern images of
the GPL indicating the layered graphene structure
within the platelet. The GPL flakes used in our study

www.acsnano.org

are composed of such stacked individual graphene
sheets.

The approach used to disperse GPL in a bisphenol-
A-based thermosetting epoxy'”'® is shown schemati-
cally in Figure 2a and is discussed in detail in the Ma-
terials and Methods. Both compact tension samples for
crack propagation study and dog-bone-shaped speci-
mens for uniaxial tensile testing were fabricated and
tested. Figure 2b shows a scanning electron microscopy
(SEM) image of a freeze-fractured nanocomposite
sample with ~5% weight of GPL. The image clearly in-
dicates epoxy-coated GPL flakes that are protruding out
of the fracture surface of the sample. The inset in Fig-
ure 2b depicts a high-resolution SEM image indicating
the wavy edge structure of the GPL. Note that at low
weight fractions of GPL (below 0.5%) it was quite chal-
lenging to study the GPL dispersion by SEM analysis
due to the planar geometry of the GPL and the epoxy
coating on the GPL, which allows only the exposed
platelet edges to be discernible. The single-walled car-
bon nanotubes (SWNT, purity >95%) used in this study
were provided by Cheap Tube Inc. with a mean diam-
eter of 2 nm and length of 10 pum. Multi-walled carbon
nanotubes (MWNT, purity >95%) were provided by
Nanocyl with a mean diameter of 20 nm and length of
20 pm. The protocols used to disperse the carbon nano-
tubes in the epoxy matrix are described in detail
elsewhere.'”~1?

The results of uniaxial tensile testing of the baseline
epoxy and nanocomposite samples are shown in Fig-
ure 3a,b. To check for reproducibility of the results, at
least four samples of each group were fabricated and
tested. The weight fraction of GPL, SWNT, and MWNT in
the epoxy matrix was held constant at 0.1 = 0.002%.
Since dispersion of two-dimensional sheets can be sig-
nificantly more challenging as compared to one-
dimensional fibers, a low nanofiller weight fraction of
~0.001 (i.e., 0.1%) was selected to ensure relatively uni-
form dispersion. Figure 3a shows the ultimate tensile
strength measurements for the pure epoxy and the
nanocomposite samples. Clearly, the GPL additives far
out-perform the SWNT and MWNT fillers. The tensile
strength of the GPL/epoxy nanocomposite (~78 MPa)
is about 40% larger than the pristine epoxy (~55 MPa).
The fact that this is achieved at a nanofiller weight frac-
tion of ~0.1% is impressive. By contrast, SWNT/epoxy
and MWNT/epoxy composites show ~11 and ~14% in-
crease, respectively, in the tensile strength compared
to the baseline epoxy matrix. Figure 3b compares the
Young’s modulus of the pristine epoxy and nanocom-
posite samples. Incorporation of 0.1 = 0.002% weight
fraction of GPL increases the Young's modulus of the
baseline epoxy by ~31% from ~2.85 to ~3.74 GPa. The
modulus enhancements for SWNT and MWNT compos-
ites at the same weight fraction of ~0.1% are signifi-
cantly lower (<3%).
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The well-established Halpin—Tsai model for fiber-
reinforced composites was utilized to predict the
Young'’s modulus of the nanocomposites. The SWNT
and MWNT nanocomposites were considered as ran-
domly oriented discontinuous fiber lamina;*° the
modulus of the composite can be calculated from
the equation:
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Figure 2. (a) Schematic showing the dispersion of graphene sheets in the ep-
oxy matrix via solution mixing with high amplitude ultrasonic agitation and
high-speed shear mixing. (b) SEM analysis of the freeze-fractured surface of a
graphene/epoxy composite (with ~5% weight of GPL) indicating epoxy-coated
GPL flakes protruding out of the fracture surface. Inset shows a high-resolution
SEM image indicating the wavy edge structure of the GPL.
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where Ec = Young'’s modulus of the composite, Iyt
= length of nanotube (Isynt = 10 M, Iywnt = 20
wm), dyt = average outer diameter of nanotube
(dswnt = 2 nm, dywnt = 20 nm), Exy = Young's modu-
lus of the nanotubes (Eswnt = 1 TPa, Eywnr = 450
GPa),?' Ey = Young’s modulus of the epoxy matrix,
Eeq = (2t/MNT)Exr is equivalent modulus of the nano-
tube considering the hollow tube as a solid cylin-
der,?? t = nanotube wall thickness (£"NT = 0.34 nm,
tMWNT = 1.5 nm), NT = nanotube radius (PN = 1
nm, MYNT = 10 nm), Vit = volume content of the
nanotubes (Vswnt = 0.171 vol %, Vpywnt = 0.138 vol
%). The volume content of the nanotubes was calcu-
lated according to the procedure shown in ref 23.
The SWNT and MWNT density was estimated based
on the known density of graphite (2.25 g/cm®) and
the manufacturer supplied nanotube diameters
(douter,SWNT =2 nm, dinner,SWNT = 1.66 nm, douter,MWNT

= 20 nM, dinnermwnt = 17 nm). The density of the ep-
oxy matrix was determined to be ~1.2 g/cm?.

To model the elastic modulus of the GPL nanocom-
posites, we assumed that graphene platelets (see Fig-
ure 1a,b) act as an effective rectangular solid fiber with
width (W), length (L), and thickness (t). To predict elas-
tic properties, the Halpin—Tsai equations?®232* were
modified for the GPL/epoxy nanocomposite as follows:
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where Ec is the composite elastic modulus, Veggp is
volume fraction of the effective fiber, and Eesp and
Ew are the effective fiber and matrix moduli,
respectively. Eeqp is assumed as the GPL modulus
(~1.01 TPa). The parameter & depends on the
geometry and boundary conditions of the effective
fiber. According to Halpin and Thomas?®*?* for rect-
angular filaments, the parameter £ can be expressed
as

E= 2(@) (5)

where L, W, and t represent the average GPL length,
width, and thickness. Hence, the nanocomposite elas-
tic modulus can be defined in terms of the epoxy ma-
trix properties and the GPL reinforcement. Assuming
Vet = VepL and by substituting eqgs 3, 4, and 5 into 2
we have
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where, Ec is the elastic modulus of the nanocomposite.
The density of the GPL and epoxy should be known in
order to convert weight fraction to volume fraction, re-
quired to predict the elastic properties. For fibrous com-
posites, the fiber volume fraction can be calculated us-
ing the density of the constituents:

Vep, = &WGPL; P = PopVer + PmVn @)
PapL
where Vgp and Wep, are the volume and weight fraction
of GPL, Vy is the volume fraction of the matrix, pc is
the density of composite, pgpL is the GPL density, and
pm is the matrix density. By rearranging eq 7, the vol-
ume fraction can be expressed as follows:

Vo = Wen
oP Wep + (pgp/om)(1 — Wep))

8)

Figure 1b shows the top view HRTEM of the GPL
edges showing the layered platelet structure. The in-
terlayer spacing (t' =~ 0.72 nm) of the graphene
platelets was directly measured from the micro-
graph by image processing techniques. This en-
ables the GPL density to be estimated by appropri-
ately scaling the density of fully dense graphite
(Pgraphite = 2.25 g/cm®) with t' =~ 0.34 nm for the in-
terlayer spacing in graphite. Using this approach, the
GPL density was estimated as pgp. =~ 1.06 g/cm?.
The estimated volume fraction for 0.1% weight of
GPL then computes to Vgp. = 0.112 vol %. The theo-
retical prediction from eq 6 (with L =~ 2.5 pum, W =~
1.5 wm, t =~ 1.5 nm) is ~3.23 GPa (Figure 3b), which
under-predicts by ~13% the experimental results.
This could be a consequence of the wrinkled (wavy)
structure of the GPL, which is different from the rect-
angular shape of the GPL assumed by the model.
The predictions of the Halpin—Tsai model for MWNT
and SWNT epoxy nanocomposites are also shown

in Figure 3b; for nanotube composites, the theory
overpredicts the test data by up to 12%.

Finally, we investigated the fracture and the fa-
tigue response of the nanotube and GPL/epoxy com-
posites. Crack opening tests on compact tension
samples (Materials and Methods) were performed
to measure the mode | fracture toughness (K); the
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tests were conducted using a MTS-858 material test-
ing system following ASTM standard D5045. An ini-
tial precrack 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
precrack was similar for all of the samples tested,
which was confirmed by optical microscopy prior to
testing. At each weight fraction of GPL additives, we
tested between 4 and 6 different samples to check
for reproducibility of the results. Figure 4a indicates
that compared to the epoxy the SWNT, MWNT, and
GPL nanocomposites show ~14, ~20 and ~53% in-
crease, respectively, in fracture toughness (K.). For
the fracture energy (G,), we find 45, 66, and 126%
enhancement for the SWNT, MWNT, and GPL nano-
composites, respectively (Figure 4a). The ability of
the GPL in toughening the matrix is clearly superior
to carbon nanotubes. This is also corroborated by
the work of other groups. For example, previous
studies have reported increases of only 18 and 26%
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Figure 3. Uniaxial tensile testing. (a) Ultimate tensile strength for
the baseline epoxy and GPL/epoxy, MWNT/epoxy, and SWNT/epoxy
nanocomposites. The weight fraction of nanofillers for all of the
nanocomposite samples tested was fixed at ~0.1%. (b) Young'’s
modulus of nanocomposite samples with ~0.1% weight of GPL,
~0.1% weight of SWNT, and ~0.1% weight of MWNT is compared
with the pristine (i.e., unfilled) epoxy matrix. Theoretical predictions
using the Halpin—Tsai theory for the nanocomposite samples are
also shown in the figure. The error in estimation of weight fraction
for the various nanocomposite samples is estimated to be less than
+0.002%.
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Figure 4. Fracture and fatigue testing. (a) Mode | fracture tough-
ness (K,) and fracture energy (G ) for the baseline epoxy and GPL/
epoxy, MWNT/epoxy, and SWNT/epoxy nanocomposites at ~0.1 wt
% fraction of nanofillers. (b) Fatigue crack propagation testing;
crack growth rate (da/dN) plotted as a function of the stress inten-
sity factor amplitude (AK) for the pristine epoxy and nanocompos-
ite samples with ~0.1 wt % of GPL, ~0.1 wt % of SWNT, and ~0.1 wt
% of MWNT additives. The error in estimation of weight fraction
for the various nanocomposite samples is estimated to be less than
+0.002%.

in the fracture toughness of epoxy composites with
0.1 and 1 wt %, respectively, of amine-functionalized
double-walled carbon nanotubes.?® The fracture
toughness of GPL is also impressive in relation to
nanoparticle composites. For example, the weight
fraction of SiO, nanoparticles (~7.8%) required®’ to
increase the fracture toughness of the neat epoxy by
54% is nearly 80-fold higher compared to GPL. Simi-
larly, clay nanocomposites require between 5 and 10
wt % of nanoclay additives in various epoxy resins
to achieve a 60% increase in the fracture tough-
ness,?® which is 50- to 100-fold larger than the GPL
weight fraction of 0.1%.

To evaluate the composite’s performance under
fatigue conditions, dynamic crack propagation tests
on compact tension samples were conducted follow-
ing ASTM E647 standard (details provided in the Ma-
terials and Methods). Figure 4b shows the mea-
sured crack propagation rate (da/dN) versus the
applied stress intensity factor amplitude (AK). A sub-
stantial lowering in the crack growth rate over the
full range of stress intensity factor amplitudes can be
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observed for the GPL nanocomposite compared to
the baseline epoxy. For example, at AK = 0.5 MPa
m'?2, the da/dN for the nanocomposite (5.87 X 1073
mm/cycle) is ~40-fold lower than the baseline epoxy
(2.5 X 1073 mm/cycle). Figure 4b also compares the
fatigue suppression performance of GPL with SWNT
and MWNT additives at the same nanofiller weight
fraction of 0.1 = 0.002%. The performance of the
GPL is clearly superior to the nanotubes particularly
as the stress intensity factor amplitude (AK) is in-
creased. For the case of the nanotubes, we observe
a substantial degradation in the fatigue suppression
with increasing AK (Figure 4b). This is because in
the case of nanotubes the dominant toughening and
fatigue suppression mechanism is crack bridging.
Previous work by our group'”~'? has shown that the
fatigue crack is bridged by high aspect ratio nano-
tubes generating a fiber-bridging zone in the wake
of the crack tip. As the crack advances, energy is dis-
sipated by the frictional pull-out of the bridging
nanotubes from the epoxy matrix which slows the
crack propagation speed. However, this crack-
bridging effect loses effectiveness at high AK due
to progressive shrinkage in the size of the fiber-
bridging zone as AK is increased.'® The fact that
such behavior is not observed in GPL/epoxy nano-
composites indicates that the toughening mecha-
nism for GPL is different from nanotubes. Unlike
nanotubes, frictional pull-out of GPL from the ma-
trix is less likely given the strong interfacial
adhesion'>'¢ of GPL with polymer matrices. A pos-
sible toughening mechanism for GPL is crack deflec-
tion,?® which 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 sur-
face area resulting in greater energy absorption as
compared to the unfilled polymer material. The tilt-
ing 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/antiplane shear) condi-
tions. Crack propagation under mixed-mode condi-
tions requires a higher driving force than in mode |
(tension), which also results in higher fracture tough-
ness of the material. Crack deflection processes may
be highly effective for GPL given its planar (two-
dimensional) geometry and large aspect ratio. The
fatigue suppression response for the GPL/epoxy
nanocomposite shown in Figure 4b is consistent
with crack deflection,?® although more in-depth frac-
tography analysis is required to establish this and
to investigate other possible toughening mecha-
nisms in graphene-based materials. The test data
plotted in Figures 3 and 4 are presented in tabular
form in the Supporting Information.
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CONCLUSION
In summary, we show that at low nanofiller con-

tent graphene platelets perform significantly better
than carbon nanotubes in terms of enhancing a va-
riety of mechanical properties including tensile
strength, Young’s modulus, fracture toughness, frac-
ture energy, and resistance to fatigue crack growth.
There are several possible reasons for this, which in-

MATERIALS AND METHODS

SWNTs and MWNTSs were purchased from Cheap Tube Inc.
(USA) and Nanocyl! (Belgium). Natural graphite flakes with an av-
erage diameter of 48 wm were supplied from Huadong Graph-
ite 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 provided 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 Fibre-
glast, USA.

GPL Fabrication: Graphite oxide was prepared by oxidizing graph-
ite in a solution of sulfuric acid, nitric acid, and potassium chlorate
for 96 h."*'® Thermal exfoliation of graphite oxide was achieved by
placing the graphite oxide powder (200 mg) in a 200 mm inner di-
ameter, 1 m long quartz tube that was sealed at one end. The
other end of 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 fur-
nace for 30's.

Dispersion of GPL in Epoxy Matrix: GPL was dispersed in acetone
(100 mL of acetone to 0.1 g of GPL) 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 mix-
ture and sonicated following the same procedure for another
1.5 h. Next, the acetone is evaporated off by heating the mix-
ture on a magnetic stir plate using a Teflon-coated magnetic bar
for 3 h at 70 °C. The mixture is placed in a vacuum chamber for
12 h at 70 °C to ensure that all of the acetone has been removed.
After allowing the GPL/epoxy slurry to cool down to room tem-
perature 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, Ja-
pan) for 4 min at 2000 rpm. The mixture is again placed in a
vacuum chamber to degas the epoxy for approximately 30 min.
Finally, the mixture is poured into silicon molds, and the nano-
composite is cured at room temperature and 90 psi pressure for
24 h, followed by 4 h of post-cure at 90 °C.

Estimation of Fracture Toughness: The mode | fracture toughness
(Kic) was calculated using ASTM Standard D5045 as follows: K
= (Pmax/BW'"?)f(a/W), where Py is the maximum load on the
load—displacement curve for the compact tension specimen, B
is the thickness of the specimen, W is the width of the specimen,
and f(a/W) is related to the geometry of the sample. Note that,
in all of our samples, the term a/W is equal to 0.5. For compact
tension samples, f can be expressed as

ay _ a ay ay?
f(V—V) =2+ W)(o.sse + 4‘64(W) 13.32(W) +
a\s a\4 a\3n
7] = sefg) I - )
Fatigue Crack Propagation Testing: Fatigue tests were conducted
using a MTS-858 material testing system following ASTM stan-

dard E647. An initial precrack was created in the compact ten-
sion samples by gently tapping a fresh razor blade over a molded
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clude enhanced specific area of graphene platelets,
improved mechanical interlocking/adhesion at the
nanofiller—matrix interface, and the two-
dimensional geometry of graphene platelets. Fur-
ther comparative study of carbon nanotube, nano-
particle, and graphene-based composites over a
range of weight fractions is warranted to help un-
cover these effects.

starter notch. All tests were performed under load control at a
constant load ratio R of 0.1 (R = Knin/Kmax) @and at a test frequency
of 5 Hz. The crack length was measured using the compliance
method and was confirmed by a high-resolution video monitor-
ing system. For the compact tension samples tested in this
study, the stress intensity factor amplitude (AK) was obtained
as follows:

AP 2+ o)

(0.886 + 4.64a. — 13.320% +
BW1/2(1 _ a)l.S

AK =
14720 — 5.60%)

where AP is the load amplitude, « = a/W, a is the distance
between the crack tip and the loading line, W is the compact
tension specimen width, and B is the specimen thickness.

X-ray Diffraction (XRD) Study of Graphite and Graphite Oxide: A Rigaku
D/Max 2500 XRD with Cu Ko radiation (\ = 1.54 A) at a genera-
tor voltage of 40 kV and a generator current of 50 mA was used
to measure the diffraction behavior of natural graphite and
graphite oxide (see Supporting Information). All experiments
were carried out in the reflection mode at ambient temperature
with 26 varying between 1 and 30°. The scanning speed was 2.4°/
min, and the step size was 0.002°.
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available free of charge via the Internet at http://pubs.acs.org.
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