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1. INTRODUCTION

Epoxy resins are electrically insulating thermosetting materials
widely used in structural applications because of their intrinsic
stiffness, chemical, and heat resistance derived from a heavily
cross-linked structure. The base material is brittle and often
provides low wear resistance and low toughness that hinder use
in most structural, adhesive, or coating applications. The need for
toughening and tuning other physical properties of these materi-
als arises from the requirement to adapt to a wide spectrum of
potential applications. This is typically achieved by the addition
of reinforcing and/or conductive fillers. For example, an epoxy
resin can become conductive by adding silver particles, creating the
potential for a conductive adhesive for electronic applications.

With the general goal of improving epoxy performance, reinfor-
cement with nanoscale fillers currently represents an active field of
research for advanced high-performance applications.

Carbon nanotubes, in particular the single-walled variety
(SWNTs), have outstanding performance1,2 and are low density,

which is of critical interest in applications where the weight
reduction is crucial, such as in the aircraft or automotive indus-
tries. Poor interfacial adhesion, lack of transfer of their properties,
agglomeration and low uniformity of SWNT distribution are the
biggest challenges when dealing with nanotube-reinforced poly-
mer composites.3 Achieving an optimum nanotubes dispersion
and/or individualization in a nanocomposite material is of a great
importance, since its final properties (e.g., mechanical or elec-
trical performance) can be dramatically enhanced4 and also
because new features may arise, such as optical transparency,5

which may provide unique applications to these materials.
The integration of SWNTs into an epoxy thermosetmaterial is

accomplished through blending with the epoxide precursor and/
or the curing agent, followed by thermally-activated crosslinking
reactions in the presence of SWNTs.6 Mechanical treatments,
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such as high shear strains7 or ultrasound8 (generally in organic
solvents1,6) are the most widely used integration methods, with
variable results obtained. Moreover, the use of SWNTs has the
added difficulty of achieving bundle exfoliation, which is not
easily achieved using these methods. More recently, there has
been a growing interest in chemical functionalization of SWNTs
to improve integration and dispersion in epoxy resins.1,3,6 One of
the most notable pieces of work was reported by Zhu et al.9 in
which the combination of acid treatment and fluorination
produced functionalized SWNTs that were successfully dis-
persed into a diglycidyl ether of bisphenol A (DGEBA)-based
epoxy system by sonication in organic solvent. The filler ex-
hibited more homogeneous distribution in the epoxy matrix as
compared to unfunctionalized SWNTs. There have been other
attempts to disperse carbon nanotubes into epoxy resins based
on non-covalent wrapping. Commercial surfactants10-14 or
natural polymers (i.e., Gum Arabic,15 proteins16) have been
utilized with the aim of dispersing pristine or functionalized
nanotubes in organic solvents prior to their integration. In
general, functionalization (covalent or not) is pursued to increase
the dispersibility of nanotubes in organic solvents in which
sonication is carried out followed by evaporation and curing of
the resulting epoxy blend. This enhanced solubility in organic
media often provides temporarily stable nanotube dispersions,
and the solvent evaporation process leads to inhomogeneous
distributions when not done quickly enough.3,17 Furthermore,
the final properties of the nanocomposites can be compromised
by the solvent traces remaining after evaporation.18

A non-covalent approach with block copolymers (BCs) has
not been widely used in SWNT-reinforced epoxy resins, and has
been limited to the use of Disperbyk-2150 dispersant.19-21

Amphiphilic BCs have been shown to cause a toughening effect
by self-assembled nanostructure formation in epoxy resins.22,23 A
judicious choice of the respective blocks allows selectively favoring
their miscibility into the epoxy resin, causing the formation of
different vesicular and micellar structures that are responsible
for the toughening effect. On the other hand, this tunable
lyophilicity difference between polymer blocks can be em-
ployed in liquid media to obtain highly dispersed SWNTs.
Processing these dispersed SWNTs leads to powders with a
high content of individual tubes.24 Combining both effects
provides a toughness improvement along with the advantages
inherent to the integration of debundled SWNTs. Filler-
matrix adhesion is also expected to improve, since the epox-
yphobic block would possess more affinity for the SWNTs and
thus interconnect them to the matrix throughout the epoxy-
miscible block (Scheme 1).

In the present work, we have employed the aforementioned
approach in order to achieve effective reinforcement in an
aerospace-grade high performance epoxy system. We have used
the ability of BCs to disperse and disentangle SWNTs thus
producing highly debundled arc-discharge SWNTs wrapped by
Pluronic F68 BC.25 Improved dispersion into a trifunctional
epoxy was demonstrated by means of differential scanning
calorimetry studies of the curing reaction. The solubility of the
Pluronic-wrapped SWNTs powders into the epoxy resin was so
high that the dispersion could be carried out with a solvent-free
method which included stirring and mild sonication stages. The
as-manufactured nanocomposites have already demonstrated
important improvements in thermo-oxidative stability of the
parent epoxy matrix.26 A complete and comprehensive study of
these epoxy nanocomposite materials properties is presented in

the present paper to assess the BC-wrapped SWNTs potential as
epoxy matrix filler.

2. EXPERIMENTAL SECTION

Materials. The epoxy system studied in the present work consisted
of a high-performance trifunctional epoxy, triglycidyl p-aminophenol
(TGAP) with a 4,40-diaminodiphenyl sulfone (DDS) curing agent. Both
were kindly provided by the Huntsman Corporation. SWNTs were
synthesized by the arc discharge method,27 using Ni/Y catalyst mixture
in a 2/0.5 atomic ratio. They were treated using a refluxing nitric acid
treatment (1.5M, 2h), followed by centrifugation (10 000 rpm, 4 h),
washing with deionised water, filtration, and drying. A complete charac-
terization of this material is published elsewhere.28 Treated SWNTs
were subjected to a wrapping process in aqueous solution of Pluronic
F68 BC using tip sonication, centrifugation and filtering. The detailed
wrapping process in Pluronic F68 block copolymer can be found in
reference,25 along with the characterization method. The Pluronic-
wrapped SWNTs had a final content in Pluronic of ∼30 wt %, as
determined by thermogravimetric analysis. The SWNTs incorporated in
TGAP þ DDS epoxy system were bare acid-treated and Pluronic-
wrapped respectively, for comparison. Raman spectra of pristine, acid-
treated and Pluronic-wrapped SWNTs are shown in Figure S1
(Supporting Information).
Nanocomposites Preparation. Neat (TGAP þ DDS) epoxy

was prepared by directly blending TGAP and DDS in a stoichiometric
functionality ratio (100/67) at 60�C for 15 min. Different nanocompo-
sites containing 0.1, 0.25, 0.5, 1, and 2 wt % of Pluronic-wrapped or bare
acid-treated SWNTs were prepared by a solvent-free method including
hot stirring (at 60�C) and tip sonication.25 The Epoxyþ Pluronic blank
samples were prepared by the same solvent-free procedure, mixing the
neat resin with the same amounts of Pluronic present in each nano-
composite sample, according to the final Pluronic content in the
wrapped SWNTs (0.03, 0.075, 0.15, 0.3, and 0.6 wt % respectively).
For dynamic mechanical analysis (DMA) and electrical characterization
the curing was performed as follows: the epoxy blend after the mixing
protocol was cast into a steel dish mold sealed by teflon plates (3 mm
thick), followed by curing at 200�C for 30 min in a Perkin Elmer
hydraulic press coupled to a Greaseby Specac controlled heater, under 3
tones of pressure. The sample was removed from the mold, transferred
to a Carbolite LHT4/30 oven and postcured at 200�C for 4h. For tensile

Scheme 1. Conceptual Visualization of the Dispersion
Method Based on Pluronic Wrapping, With Highlight on the
Matrix Chemical Cross-Linked Structure (elements not to
scale)
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characterization dog-bone coupons were manufactured through liquid
molding to dimensions required by ASTM D63829 using a teflon mold
placed inside an aluminum housing. Using a teflon tube, air pressure of
60-70 psi (483-551 KPa) was applied inside the mold to remove the
air bubbles from the resin. Identical curing and postcuring conditions
were employed for the dog-bone specimens manufacturing. The atomic
force microscopy (AFM) samples were prepared by drop casting of the
uncured epoxy blends on a glass substrate and subsequently cured in
oven at 200�C for 4.5h.
Characterization Techniques. Optical microscopy images were

collected with a Zeiss AXIO optical microscope, coupled to a Cannon
digital camera, in order to observe epoxy/SWCNT blends at 50�
magnification. A small drop of the epoxy blend was cast on a glass slide
and covered with a 0.5 mm thin glass cover prior to the observation.

Scanning electron microscopy (SEM) experiments were made in a
scanning electron microscope (Hitachi S3400N), working in the
secondary electrons mode at a high voltage 15 kV and a distance of 5
mm. Cured samples were fractured and the edge was sputtered with a
10 nm gold layer prior to their observation.

Transmission electron microscopy (TEM) images were taken with a
JEOL-2000 FXII electron microscope, working at 200 kV and with
0.28 nm point-to-point resolution. Cured samples were cut using a
microtome and deposited on a copper grid for their further use.

DMA tests were carried out using a Mettler DMA 861 dynamic
mechanical analyzer, in tensile mode at frequencies of 0.1, 1, and 10 Hz.
The specimen dimensions were ∼19.5 � 5 � 2 mm3, obtained by
cutting bigger test samples with a diamond circular saw. Measurements
were performed from -100 �C to the temperature at which the
specimens became unable to be tested, at a heating rate of 2 �C/min.
A dynamic force of 6 N was used oscillating at fixed frequency and
amplitude of 30 μm.

Tensile testing was performed on an MTS 858 Table Top Servohy-
draulic test frame equipped with hydraulic grips. Each dog-bone coupon
was placed in the grips and tested in displacement control at a loading
rate of 0.050 inches/min (1.27 mm/min) to failure. A 3D digital image
correlation system (Correlated Solutions Inc, Columbia, SC) comprised
of two AVTMarlin cameras was used to acquire full field strain measure-
ments in the gauge region of each coupon. The AVTMarlin cameras had
a spatial resolution of 1000 pixels � 1000 pixels and provided images
with a magnification of approximately 30.1 pixels/mm. For the purpose
of determining elastic modulus and elongation at failure, the virtual
extensometer function in Vic 3D (Correlated Solutions Inc.) was used,
which allowed for displacement changes to be accurately measured in
the gauge region and converted to engineering strain. In order to obtain
statistically representative data, six specimens were manufactured for
each sample, and those which broke beyond the gauge region were
automatically discarded in further calculations. Low magnification
optical microscopy was applied to the broken surface after each tensile
test to verify that coupons were broken due to normal failure rather than
by the existance of a superficial flaw.

Charpy impact strengthmeasurements were carried out using a CEAST
Fractovis dart impact tester. A hammer mass of 1.096 kg impacted at a
constant velocity of 3.60 ms-1 (giving a total kinetic energy at impact of
7.10 J) on notched specimen bars with dimensions 33� 10� 3 mm3, as
described in the UNE-EN ISO 179 standard. Measurements were
performed at 23 ( 2 �C and 50 ( 5% relative humidity. The presented
data correspond to the average value of 6 - 8 specimens.

Direct current (DC) electrical conductivity was measured with a
Keithley 4200-SCS source measurement unit, working at 20 V. The
specimens (8.8� 8.8� 2.9 mm3) were obtained from direct curing into
a mold. Nanocomposite samples were placed in a sandwichlike arrange-
ment using two copper sheets (0.2 mm thick). Measurements were
carried out in a two probe configuration, with each probe placed in
different 8.8 � 8.8 mm2 square surfaces of the test sample.

AFM measurements were performed with a Multimode SPM from
Veeco Instruments (Santa Barbara, US), equipped with Nanoscope V
controller and JV-scanner (130μm scan size in XY, and 6μmZ-range), and
placed on a passive, air-damped vibration isolation table from Technical
Manufacturing Company (Boston, US). Additionally, the system included
the HarmoniX option which allows acquiring force-distance curves in real
time during tapping mode operation, and to extract and map mechanical
properties as additional data channels.30 Soft silicon tapping mode canti-
levers with off-axis tip design and reflective backside Al-coating (tip radius
10 nm, spring constant 4 N/m, fundamental vertical resonance 70kHz,
torsional resonance 1200 kHz) optimized for large bandwidth acquisi-
tion of the force distance data were used (type HMX, Veeco Probes,
Camarillo, US). Probes were mounted in a cantilever holder with large
dither piezo (model MFMA, Veeco Instruments, Santa Barbara, US).
Tapping mode imaging set point and dither piezo drive were optimized
on each sample after tip engagement by inspection of the resulting real
time force distance data in such a way that about 100 nm cantilever
amplitude and a peak force of about 1-5 nN was reached. Scan speed
and force curve averaging was optimized to avoid undersampling (less
than one force-curve per imaging pixel) and to reduce noise. Calibration
of the modulus was performed by comparing the HarmoniX-data with a
polymer sample of known modulus in the expected range.

3. RESULTS AND DISCUSSION

State of Dispersion. The state of dispersion was firstly
controlled with optical microscopy. These observations have
been performed in a blend containing TGAP and filler (prior to
the hardener incorporation and curing). The obtained images
(see Figure S2 in the Supporting Information) show how the
solvent-free mixing protocol provides a highly homogeneous
epoxy blend with no visible agglomerates in the case of Pluronic-
wrapped SWNTs. In contrast, acid-treated SWNTs present a
very rough and aggregated view, visibly different from that of the
Pluronic-wrapped filler. In Figure 1, typical SEM and TEM images
are shown for composite samples containing 0.5 wt % SWNTs
(bare acid-treated and Pluronic-wrapped). In the SEM images,
performed on the fractured edge of a cured test sample, the
difference between the two kinds of SWNTs is evident. The
incorporation of bare SWNTs acid treated into the epoxy matrix
results in a visible inhomogeneity, with appreciable amounts of
large domains of aggregated SWNTs (Figure 1a). The adhesion
to the matrix seems to be poor because SWNTs present in the
agglomerates appear to be “pulled out” intact rather than
broken. When Pluronic-wrapped SWNTs are used as the
reinforcement, a drastic change in the fracture edge morpho-
logy is denoted. Homogeneity in the SWNT distribution
increases considerably, no agglomerates can be observed, and
the thickness of SWNT bundles is greatly reduced (Figure 1b).
The fracture edge overview in this case consists of SWNTs
randomly oriented and broken, that appear as bright dots,
indicating a very good adhesion to the matrix, as well as the
possible presence of defects in the SWNT structure that enable
the SWNT/matrix joint breakage. Spherical morphologies
formed by the BC are more easily seen at higher filler loadings
(2 wt % SWNT-Pluronic).26

A closer look at both samples was made by TEM, using test
samples cut with a microtome. For the nanocomposite contain-
ing bare acid-treated SWNTs, large areas with no filler were
observed, containing some nanometric-sized aggregates of SWNTs
(Figure 1c). On the other hand, the nanocomposite containing
Pluronic-wrapped SWNTs showed a different pattern wherein
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different nanostructures formed by the BC could be seen
(Figure 1d), with no evidence of aggregates. In this latter sample,
SWNTs were fully embedded in the epoxy matrix and therefore
barely visible, but some individual SWNTs were detected, indi-
cating important improvements in the disentanglement and
distribution of the filler inside the matrix. Optical microscopy
is consistent with observations made by SEM and TEM.
Dynamical Mechanical Study. DMA over a wide tempera-

ture range is very sensitive to the physical and chemical structure
of epoxy resins and their composites. A study of the storage
modulus and tan δ curves is very useful in ascertaining the
relaxation behavior of a sample under load and temperature. A
clear understanding of the storage modulus-temperature curve
obtained during DMA provides valuable insights into the stiff-
ness of a material as well as themolecular relaxations taking place,
both as a function of temperature. In Figure 2a the storage
moduli data are shown for different nanocomposite and blank
samples (see Figure S3 in the Supporting Information, where
some examples of Storage and Loss moduli curves are depicted).
Epoxy nanocomposites based on acid-treated SWNTs experi-
ence amoderate increase in the storagemodulus. The reinforcing
role of SWNTs in the dynamic mechanical performance of epoxy
resin is controlled by the SWNT concentration. Composites with
1 wt % of acid-treated SWNTs improved the storage modulus of
the epoxy resin at room temperature by 28%. The 0 wt% baseline
blank represents the epoxy matrix subjected to the same mixing
protocol as the rest of nanocomposite samples. The utilized
procedure does not cause significant damage to the neat matrix
despite the tip-sonication process. The incorporation of small
amounts of Pluronic F68 BC leads to a decrease in the storage
moduli of 33.5%, which is apparently independent of Pluronic
concentration in the studied range. This is consistent with

Figure 2. Dynamic mechanical analysis of epoxy nanocomposites
obtained at the frequency of 1 Hz and 25�C() value of storage modulus
obtained at room temperature versus filler concentration, and (b) evo-
lution of tan δ for some different compositions of epoxy resin versus
temperature at 1 Hz.

Figure 1. SEM (top) and TEM (bottom) images for the nanocomposite sample containing 0.5 wt % of filler: (a, c) bare SWNTs nanocomposites, (b, d)
Pluronic-wrapped containing sample. Arrows indicate the presence of individual SWNTs.
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observations reported by other authors working with different
epoxymatrices modified with PEO-based BCs.31,32 This fact may
be attributed to a strong plasticizing effect caused by the BC. The
presence of a BC within the epoxy matrix leads to spherical
nanostructure formation by self-assembly whichmay encapsulate
epoxymaterial, leading to a nano-segregated feature consisting of
BC and epoxy as will be shown in AFM images. The rubbery layer
between the inner and outer part of the spherical nanostructures
is probably weakly bonded to the epoxy, causing this plastic
behavior. With regards to the addition of Pluronic-wrapped
SWNTs, a large increase is observed in the storage moduli of
all samples compared with their respective Epoxy þ Pluronic
blanks. This leads to final moduli values nearly that of the neat
epoxy (Fig. 2a), with no dependence on filler concentration. As
an example, the modulus increase with respect to its own blank
sample for the lowest loading of Pluronic-wrapped SWNTs
(0.1 wt % filler) is 0.99 GPa (an increase of 47%). This represents
a large increase with a very small amount of the filler (30 wt % BC
and 70 wt % SWNTs in the filler, thus 0.07 wt % of SWNTs in the
composite, see Experimental Section). The reinforcement role of
SWNTs seems to be enhanced when wrapped in Pluronic and
this fact compensates for the plasticizing effect of the BC, leaving
the final moduli values unchangedwith respect to the neat matrix.
On the other hand, the damping factor (tan δ) tests allow

studying glass or secondary transitions. As can be seen in
Figure 2b, the resin system displays three transition peaks in
the curve. The transition at the lowest temperatures is the secon-
dary relaxation associated with the β-transition while the other
relaxations are associated with different R-transition tempera-
tures of the cured network. The R1-transition (glass transition)
can be related to Brownian motion of the main chains at the
transition from the glassy to the rubbery state and the relaxa-
tion of associated dipoles, at a specific temperature (Tg,). The
β-transition occurs at significantly lower temperatures and it is
well known to be related to crankshaft rotation of hydroxyl ether
segments (-CH2-CH(OH)-CH2-O-) of the crosslinked
network in the glassy state.33 The appearance of these two R
transitions related to the epoxy network, while not common, has
been reported previously for high-performance structural epoxy
resins possessing high functionality monomers.34 For the sake of
clarity, only the extreme compositions are shown in Figure 2b.
The addition of acid-treated SWNTs leads to a progressive
increase in both β and R1 transition temperatures of the neat
epoxy (initially about -50 and 253.5 �C, respectively). The
height of the R1 transition peak also progressively decreases
with the addition of acid-treated SWNTs, in good agreement
with an increase in the rigidity of the system. However, the R2

transition temperature appears unchanged. Upon addition of
Pluronic a reduction in Tg was found, on the order of 18�C for
samples containing Pluronic-wrapped SWNTs and 10.5 �C for
the Epoxy þ Pluronic blank references. Furthermore, the pre-
sence of Pluronic strongly influences theR2 transition of the neat
epoxy resin. The value of the R2 transition temperature de-
creased drastically with the addition of Pluronic. These facts
confirm the strong plasticizing effect of Pluronic. Similar ob-
servations were reported by other authors working with Pluronic
and other epoxy resins.35 The broadening of the R1 peak might
be related to restrained chain mobility that usually occurs in
compatible blends, slowing the mobility of the matrix chains,
hence creating a wider temperature transition.36 It can be assumed
that molecules located close to the nanofiller possess different
mobility than those fully embedded in an epoxy environment,

leading to a broadening of the relaxation peaks. Contrary to the
epoxyþ acid-treated SWNT samples, in the case of nanocompo-
sites with Pluronic-wrapped SWNTs, no significant changes are
observed in this parameter with respect to their corresponding
blanks, suggesting that SWNTs are not able to fully develop their
ability to restrict motion when wrapped in the BC.
Overall, the results provided by this technique show that the

incorporation of SWNTs wrapped by this BC into the epoxy
maintain the stiffness of the neat resin. The storage moduli of the
samples containing Pluronic-wrapped SWNTs experience a very
pronounced increase with respect to the epoxyþ Pluronic blank
references, independent of the filler content, while giving abso-
lute moduli values comparable to that of the neat epoxy.
Pluronic-containing samples exhibit significantly lower Tg values
even with small additions of the filler.
Tensile Tests.One of the epoxy-SWNT samples was selected

to carry out a series of tensile experiments. As a compromise
between nanotube loading and dynamical mechanical properties,
the nanocomposite with 0.5 wt % filler was chosen. Four different
samples were prepared: the TGAPþ DDS neat epoxy, the 0.5 wt
% nanocomposite containing Pluronic-wrapped SWNTs, the
blank epoxy þ BC sample (with 0.15 wt % of Pluronic) and the
nanocomposite sample containing 0.5 wt % of acid-treated
SWNTs. In a typical tensile experiment, the stress-strain (σ-ε)
curve obtained is shown in Fig. 3. The ultimate strain or elongation
(εmax) and ultimate tensile stress (UTS) are extracted from the
curve just before the failure. Young’smodulus (E) is obtained from
the slope of the linear fit in the initial section of the curve (up to
5000 με, i.e. 0.05% strain). Finally, the toughness (G) was
estimated by calculating the area under the curve using eq 1

G ¼ ∑
εmax

ε¼ 0
σΔε ð1Þ

Mechanical parameters drawn from σ-ε curves for the different
samples are depicted in Figure 4. In this figure, error bars represent

Figure 3. Representative stress-strain curves for the epoxyþ0.5 wt %
wrapped-SWNT nanocomposite sample and different control samples.
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confidence intervals calculated through the Student’s “t-test”
(statistical significance >90%). The epoxy matrix possessed a high
Young’smodulus value (4.3GPa) but low toughness (0.34MJ/m3),
as expected with an inherently brittle material. It is clear that the
incorporation of acid-treated SWNTs (0.5 wt %) slightly in-
creased the matrix Young’s modulus and moderately increased
toughness by 4.7% and 35% respectively. It was also found that
εmax decreases by 6.5% and UTS increases by 37%. The presence
of the BC in the same amount as in the Epoxy þ wrapped
SWNTs sample (0.15 wt % BC) was found to have a more
pronounced effect on toughness, resulting in an increase of 71%
with respect to the neat resin. This latter is consistent with the
fact that BCs are well-known to toughen epoxy matrices.22,23 In
our case, Pluronic F68 itself is causing a visible toughness
improvement despite the low amounts in which it is present.
Young’s modulus for Epoxy þ BC sample, however, remains
unchanged with respect to the neat matrix, whereas εmax and
UTS values increase by 2.5 and 31%, respectively. Finally, for the
Epoxy þ wrapped SWNTs sample there was huge increase in
toughness with respect to the neat matrix (276%), which is
evidence for a synergistic toughening effect between SWNTs and
Pluronic F68. While acid-treated SWNTs or BC do not sepa-
rately cause such toughening, the combination of both (in the
form of Pluronic-wrapped SWNTs) produces a remarkable
toughness enhancement. This synergistic behavior was also
detected for εmax and UTS, which exhibit an improvement of
72 and 78%, respectively, with regard to the neat matrix, indicating

a more ductile fracture behavior. The Young’s modulus seems to
be slightly worsened in this last case, decreasing 7.5% with respect
to the neat matrix (Table S1 in the Supporting Information
contains a summary of tensile parameters improvements).
Although Young’s moduli enhancements in epoxy-carbon

nanotube composites have extensively been reported over the
past years, available toughness data in these systems are much
more limited.37 In general, extensive storage and Young’s
moduli enhancements have been reported in the literature but
no increase or significant decrease in toughness.6 Some few
studies have shown moderate tensile toughness improvements,7,38

but to the best of our knowledge no tensile toughness improve-
ment comparable with the 276% found here have been demon-
strated, particularly with such small amounts of filler. In addition
to this, the classical methods to toughen epoxy matrices usually
sacrifice other mechanical properties.39 The mechanical data
reported here shows how to selectively enhance toughness and
maximum strain of an epoxy resin with virtually no change in
other mechanical properties. The BC-wrapping provides epoxy-
miscible filler with excellent toughening properties while, in
contrast, a moderate increase in storage moduli and tensile
properties can be achieved by solvent-free dispersion of acid-
treated SWNTs.
The incorporation of a BC into an epoxy matrix in the form of

BC-wrapped SWNTs would provide enhanced surface area and
thus the intrinsic BC toughening effect could be boosted. The BC
is strongly bound to the SWNTs during the wrapping process,

Figure 4. Mechanical parameter extracted from stress-strain curves: (a) Young’s modulus, (b) maximum strain, (c) ultimate tensile strength, and (d)
toughness.
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thanks to the van der Waals forces, polar interactions between
oxygen groups in both BC and SWNTs, and by a noticeable steric
stabilization. It could be assumed that the interface between BC-
wrapped SWNTs and the matrix is ruled by the interactions
between the wrapping BC and the epoxy. The chemical similarity
and miscibility, but nonreactivity of PEO with the target matrix
allows interfacial bonding throughout polar interactions (dipole
forces) and the possible existence of hydrogen bonds (i.e.,
between PEO ethers and epoxy’s unreacted OHs). The PPO
block would remain more strongly bound to the SWNTs than
PEO within the epoxy environment, being jointly responsible
of the interfacial connection of the filler with the matrix. Recent
studies about the adsorption and self-assembly of Pluronic
block copolymers on SWNTs40 report the formation of new
hybrid SWNT-polymer elongated-micelle-like structures where
a SWNT is located at the core of the cylindrical aggregate.
According to these studies, it seems feasible that the presence
of SWNTs would hinder the typical spherical micellation
within the epoxy matrix, favoring the formation of micro-
meter-long cylindrical aggregates with increased surface areas
which would be more efficient in toughening the epoxy
matrix. This could be an explanation for the huge toughness
increase reported herein.
Charpy Impact Strength. To further characterize the tough-

ness of the composites, room temperature Charpy notched impact
strengthmeasurementswere carried out, and the results are shown in
Figure 5. The impact strength of the pure resin is around 1.4 kJ/m2

and increases by about 66% for the blank sample, with Pluronic,
because of the toughening effect of the BC which increases the
flexibility of the epoxy. Acid-treated SWNTs lead to a moderate
increase in the impact strength (∼41% at 0.5 wt % SWNT
content), whilst for composites incorporating the same amount
of Pluronic-wrapped nanofillers, the increase was exceptionally
higher (193%), in accordance with that observed in toughness

obtained from tensile data. This unprecedented toughness en-
hancement is ascribed to a strong increase in the energy dissi-
pated, because of the synergistic effect between SWNTs and the
BC. This percentage improvement in Charpy impact strength, to
the best of our knowledge, is considerably higher than the best
found in the literature, which were achieved by covalent integra-
tion of aminated multi-walled carbon nanotubes into DGEBA-
based epoxy systems.41-44 The impact strength results can be
correlated with the dynamic mechanical properties in terms of
the area under the loss peaks (tan δ), because it is representative
of the energy dissipated in the viscoelastic relaxations. Any
molecular process which promotes energy dissipation, would
enhance the impact resistance of the polymer.45 Composites with
Pluronic-wrapped SWNTs present considerably larger area
under tan δ peak (Fig. 2b), hence are able to dissipate more
energy than those reinforced with acid-treated fillers. The results
provided by the different mechanical tests indicate that the
addition of Pluronic (particularly in the form of wrapped SWNTs)
reduces the detriment in energy dissipation caused by the
incorporation of the stiff nanotubes, thereby leading to a huge
improvement in the toughness of the composites.
Electrical Conductivity. Figure 6 shows electrical conduc-

tivity measurements for all the samples prepared in this study.
DC conductivity values are presented versus SWNT content,
which is dependent on the presence or absence of Pluronic BC.
According to the final Pluronic content in the Pluronic-
wrapped SWNTs (see Experimental Section) the SWNT wt %
was recalculated for the series of samples containing Pluronic.
Conductivity values are higher when using Pluronic-wrapped
SWNTs as the reinforcement, particularly at low loading.
Samples without Pluronic do not show a substantial increase
in conductivity with increasing content of SWNT until 0.5 wt %
(∼1 � 10-7 S/cm). However, Pluronic containing nanocom-
posites reach the highest conductivity values at lower SWNTwt
% (1-2 wt % wrapped SWNTs, equivalent to 0.7-1.4 wt % of

Figure 5. Room temperature notched impact toughness of the neat
epoxy matrix, the composite containing 0.5 wt % Pluronic-wrapped
SWNTs and the corresponding reference composites.

Figure 6. Electrical conductivity vs SWNTs actual content for samples
containing acid treated and Pluronic-wrapped SWNTs. Solid lines
correspond to the percolation theory fitting. Dashed lines provide
additional visual aid.
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bare acid-treated SWNTs). The latter samples achieve con-
ductivity values increased by about 7 orders of magnitude (with
respect to the neat matrix) with a relatively low effective
amount of SWNTs (<1 wt %).
Considering the percolation threshold defined by the universal

percolation law46 (where, for p > pc, conductivity is proportional
to the (p - pc)

t factor) the application of percolation theory to
both series of samples provides significantly different results.
Conductivity values in both cases follow a similar trend, which
can be fitted to the aforementioned scaling law (Figure 6, solid
lines) but with very different threshold (pc) values. For Pluronic-
wrapped SWNT nanocomposites, an approximate percolation
threshold of 0.03 wt % can be derived from curve fitting (with
t = 2.35), whereas a value of 0.31 wt % is obtained for bare
acid-treated SWNT nanocomposites (t = 1.1). The series of
samples with Pluronic-wrapped SWNTs reached the electrical

percolation threshold at the lowest filler loading, 0.1 wt % of
Pluronic-wrapped SWNTs, exhibiting a very sharp conductivity
increase to 0.14 � 10-8 S/cm. This conductivity represents an
increase of 4.1 orders of magnitude with respect to the neat
matrix, achieved with a very low effective content of SWNTs
(0.07 wt %) and a corresponding associated amount of BC (0.03
wt %). This is comparable to the remarkable data reported by Liu
et al.47 who achieved an increase of 4.3 orders of magnitude in
electrical conductivity by incorporating clay-dispersed SWNTs
(0.05 wt % SWNTs and 0.2 wt % clay) into an epoxy matrix.
In our system, it is necessary to go beyond 0.25 wt % of bare

acid-treated SWNTs in the binary composites to achieve the
percolation threshold. The nitric acid purification applied (see
Experimental Section) promotes SWNT compaction (manifested
by a drastic reduction in the specific surface area48), becoming an
obstacle to solvent-free dispersion into the epoxy matrix. This

Figure 7. Topography images (a, c, e, and g) and stiffness maps (b, d, f, and h) for two samples: (a, b) Epoxy þ Pluronic (0.6%) sample; (c, d) high-
resolution scan of the patch area in Figure 6a,b; (e, f) high-resolution scan of the area between patches in Figure 6a,b; (g, h) Epoxyþ2 wt % Pluronic-
wrapped SWNTs sample; (i) averaged cross-section profile along the line in Figure 6h.
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would explain the high percolation threshold and lower overall
conductivity values. This latter data are also in agreement with
the fact that chemically treated (in this case, oxidized) nano-
tubes show higher percolation thresholds, because of the
functionalization process49 that induces disruption of the con-
jugated electronic structure as well as length cutting (lower
aspect ratio) of the nanotubes. In fact, this kind of oxidative
treatment has been reported as one of the most harmful for
electrical conductivities in epoxy nanocomposites.50,51 It has
been previously stated52 that in a given epoxy system, there is a
critical SWNT aspect ratio value above which nanotubes disen-
tanglement at the nanoscale and the uniform distribution of
individual nanotubes in the matrix are critical issues. Below
this limit, percolation threshold tends to increase rapidly with
decreasing aspect ratio. Therefore, Pluronic wrapping on acid-
treated SWNTs counteracts this effect.
Electrical conductivity measurements show how the Pluronic-

wrapping dispersion method induces a more pronounced en-
hancement of properties (compared to acid-treated SWNTs),
particularly at the lowest loadings. This can be ascribed to the
highly homogeneous distribution of disentangled SWNTs across
the matrix. Additionally there is a reduction of the needed
amount of SWNTs to cause such improvements because of the
presence of BC.
Atomic Force Microscopy (AFM) Stiffness Characteriza-

tion. In Figure 7, topography and stiffness images are shown for
two epoxy samples: epoxyþ 0.6 wt%Pluronic and epoxyþ 2wt%
Pluronic-wrapped SWNTs. Topography views (Figure 7a, c, e, g)
depict the morphological features observed. The neat epoxy
matrix (not shown) has a very smooth and regular surface.
Incorporation of 0.6 wt % Pluronic leads to the formation of
surface holes and a “peak-valley” topographic profile resulting
from the BC micellar or vesicular nanostructures. The appear-
ance of elevated patch areas next to deep valleys is observed as a
consequence of this nanostructure formation (Figure 7a). The
incorporation of Pluronic-wrapped SWNTs shows similar overall
topographic features as the epoxy þ Pluronic sample, with the
formation of deep surface holes surrounded by patch areas,
although with both features in smaller areas, and with less
pronounced nanostructures (Figure 7g).
The AFM stiffness investigation indicates that the neat epoxy

possesses a very homogeneous profile (not shown), with high
stiffness (∼3 GPa). The patches formed upon Pluronic addition
(0.6 wt %) exhibit in average a lower stiffness (∼2.6 GPa,
Figure 7d), while the areas between patches (Figure 7e, f) corre-
spond to a stiffness closer to the neat matrix (∼2.8 GPa, Figure 7f).
The patch region seems to be a Pluronic-rich phase and

experiences nanoscale separation into two components with
different stiffness. A more detailed analysis of the patch region
via averaged line profiling (not shown, but analogous to
Figure 7i) reveals that the softer component has a stiffness of
about 2.2 GPa, whereas the stiffer component is similar to the
neat matrix (again ∼2.8 GPa).
Addition of SWNTs (2 wt % Pluronic-wrapped) affects both

the patch area and the area between the patches: the patch area
becomes smaller, softer (overall similar to the soft component in
the patches on the epoxy þ Pluronic sample, ∼2.3 GPa) and
more homogeneous, as shown in Figures 7g and 7h.
In contrast to the patch area, now two more-or-less homo-

geneous phases coexist in the area between the patches
(Figure 7h). One of these phases has comparable stiffness and
surface structure to that of the neat epoxy; the other one has a

stiffness value close to the average over the patch area on the
epoxy þ Pluronic sample. However, the latter phase is not
identical to the patches in Figure 6b, as can be concluded from
the difference in the nanostructure.
The three phases identified on this sample are discernible both

in the imaged cross-section (Figure 7i) and in the stiffness map
(Figure 7h). It seems that, on the sample with 2 wt % Pluronic
wrapped-SWNTs, the stiffest region forms some sort of band
around the two softer regions.
AFM stiffness correlates with that obtained through the DMA

technique. The neat epoxy matrix exhibits a stiffness value cor-
responding to its storage modulus (Figure 2a). The epoxy þ
Pluronic sample has a storage modulus of about 2 GPa, in good
agreement with the AFM stiffness value, in particular with that of
the nanostructured features contained within the patches. These
nanostructures would dominate the macroscopic mechanical
behavior of this sample. In contrast, for Pluronic-wrapped
samples containing SWNTs, the storage modulus (3 GPa)
corresponds to the stiffness of the phase surrounding the
patches, and is comparable to the neat matrix. In this case,
this phase dominates the macroscopic mechanical behavior.
Thus, the influence of Pluronic and Pluronic-wrapped SWNTs
on the dynamical mechanical properties was reasserted with
the AFM measurements.

4. CONCLUSIONS

A noncovalent dispersion strategy based on SWNT wrapping
by a PEO-based block copolymer (Pluronic F68) has successfully
been applied to a high-performance epoxy resin. The Pluronic-
wrapped SWNTs exhibited highmiscibility in the epoxymatrix as
compared with nitric acid-treated SWNTs, enabling successful
dispersion without the use of solvents. As-prepared nanocompo-
site materials had an enhanced distribution and more homo-
geneous dispersion of the filler within the epoxy matrix when
incorporating Pluronic-wrapped SWNTs as compared to bare
acid-treated SWNTs, which tend to severely agglomerate. Char-
acterization of both types of nanocomposite materials reveals
that epoxy composites containing Pluronic-wrapped SWNTs
exhibit significant improvements in mechanical properties (i.e.,
276% improvement in toughness or 193% improvement in impact
strength with respect to the neat epoxy matrix for 0.5 wt % of
SWNT-Pluronic nanocomposite,) while leaving elastic modu-
lus practically unchanged, and with no dependence on the filler
concentration in the studied range. The incorporation of bare
acid-treated SWNTs resulted in a modest improvement of the
overall mechanical performance, which was dependent on the
nanotube content. DMA data are supported by AFM stiffness
mappings, in which relative stiffness of the different phase
morphologies of epoxy-Pluronic-SWNTs are studied. Electri-
cal conductivity measurements showed higher values in all cases
for SWNT-Pluronic nanocomposites with a percolation thresh-
old about ten-fold lower than bare acid-treated SWNTs nano-
composites. With Pluronic-wrapped SWNTs, the matrix electrical
conductivity was increased by around 7 orders of magnitude at a
relatively low filler content (less than 1 wt %). A synergistic effect
between SWNTs and the block copolymer is therefore sugges-
ted, given that these improvements are higher than a simple sum
of individual effects. The reinforcement potential of Pluronic-
wrapped SWNTs is therefore demonstrated herein, and the
utility of this approach allows enhancing the dispersion of hardly
dispersible carbon nanotubes in epoxy matrices, such as nitric
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acid-treated, without using organic solvents and allows for large
improvements in the physical properties with smaller effective
amounts of SWNTs.
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