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ABSTRACT: B-staged epoxy/single-walled carbon nan-
otube (SWCNT) nanocomposite thin films at 50% cure
were prepared to improve the conductivity and mechani-
cal performance of laminated composites. The SWCNTs
were functionalized by oxidation and subsequent grafting
with polyamidoamine generation-zero dendrimers. The
epoxy nanocomposites containing SWCNTs were success-
fully cast into thin films by the manipulation of the
degree of cure and the viscosity of the epoxy. Raman mi-
croscopy characterization revealed that the thin films

exhibited a high degree of SWCNT dispersion in the ep-
oxy. The B-staged thin films were seamlessly integrated
into laminated composite systems upon heating and
could serve as interleaves to improve the conductivity
and mechanical strength of laminated fiber composite
systems. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 112:
290–298, 2009
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INTRODUCTION

Since their discovery,1 carbon nanotubes, especially
single-walled carbon nanotubes (SWCNTs), have
attracted significant interest because of their remark-
able properties.2–5 Among a wide range of applica-
tions, SWCNTs have been considered as ideal
reinforcing agents for composite applications6

because of their superior Young’s modulus (� 1
TPa)7 and high aspect ratio8 values. In addition to
their extremely high modulus and strength values,
SWCNTs possess a high electrical conductivity (>104

S/cm)9 and thermal conductivity (>2000 W
m�1�K�1),10 which enable the preparation of multi-
functional high-performance polymer composites. In
recent years, SWCNT-based polymer nanocompo-
sites have been extensively studied through the use
of a wide range of polymer matrices,11–13 which
have included epoxy,14–16 polypropylene,17 polyethy-

lene,18 poly(methyl methacrylate),19 polyacryloni-
trile,20 and poly(vinyl alcohol),21 for various structural
and functional applications.
To fully impart the unique properties of SWCNTs

into polymers, it is critical to achieve (1) good dis-
persion of the SWCNTs in the polymer matrices, (2)
strong adhesion between the SWCNTs and the ma-
trix, and (3) alignment of the SWCNTs.11,12 Vast
research efforts have been made to address these
needs, among which the surface functionalization of
SWCNTs is an attractive approach because it can
address both the dispersion and adhesion attributes.
Both covalent and noncovalent functionalization
methods have been extensively studied and devel-
oped over the years.13 Each method has its own
advantages and disadvantages.
In most polymer/SWCNT nanocomposites, it is de-

sirable to prepare uniformly dispersed SWCNTs in a
polymeric matrix to achieve an overall high material
performance and multifunctionality. However, a high
concentration of SWCNTs in the matrix would usu-
ally be needed to do so. This, in turn, would lead to a
significant increase in cost and a compromise in proc-
essability, especially for the fabrication of laminated
composites by vacuum-assisted resin transfer mold-
ing (VARTM). Alternative approaches have to be
undertaken to strategically place SWCNTs in loca-
tions of interest within the composite system.
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In this article, a new strategy for the placement of
epoxy nanocomposites with a high content of
SWCNT at the location of interest via the prepara-
tion of partially cured (B-staged) epoxy/SWCNT
thin films is reported. Because the films are partially
cured, the SWCNTs are locked in place, even after
they are subsequently cocured and integrated with
neat epoxy. Because the thin films are prepared sep-
arately, higher SWCNT loadings can be incorporated
into the polymer matrix without a sacrifice of proc-
essability, especially for the VARTM process. Thus,
desirable properties, such as good mechanical
strength and high electrical/thermal conductivities,
can be achieved at the location of interest at a much
lower cost.

Specifically, B-staged thin films are to be used as
interleaves to enhance the conductivity, interlaminar
strength, and toughness of laminated VARTM com-
posites.22–27 The increase in the interlaminar strength
and toughness can, in turn, improve the compres-
sion after impact strength of the composites.22,26

Thus, thin films containing well-dispersed SWCNTs,
which usually exhibit improved modulus and tough-
ness,11 appear to be ideal candidates for the rein-
forcement of laminated composites. As described in
the literature, a number of approaches have been
developed to incorporate nanotubes into laminated
composites and have been shown to be effective.28

However, these approaches require the incorpora-
tion of nanotubes into the entire composite system28

or the spraying of SWCNTs onto the substrate;29,30

these methods are not practical for large-scale
VARTM productions. The approach proposed in this
article to introduce a high concentration of SWCNTs
into desired composite laminate locations is expected
not only to help address the interlaminar strength
improvement needs but also to bring about SWCNT
functionalities, such as high electrical and thermal
conductivity, for aerospace composite applications.

In addition to the interleaf composite applications
mentioned previously, epoxy/SWCNT nanocompo-
site thin films may find a variety of other applications,
such as microdevices and electronic packaging31–33

and coatings for corrosion protection.34 If SWCNT
alignment can be achieved during processing, signifi-
cantly more applications can be expected.11

In this study, a covalent functionalization app-
roach was adopted to treat the SWCNTs for the
preparation of the epoxy/SWCNT nanocomposite
thin films. Detailed steps for the preparation of
the B-staged thin films with uniform thicknesses
are described. The quality of the dispersion of the
SWCNTs in the epoxy and the degree of cure were
determined with Raman spectroscopy and differen-
tial scanning calorimetry (DSC), respectively. The
usefulness of B-stage thin films for laminated com-
posite applications is discussed.

EXPERIMENTAL

Materials

The epoxy resin and curing agent used in this study
were EPIKOTE 862 resin (formerly Epon 862) and
EPIKURE W curing agent (formerly Epicure W),
both of which were obtained from Hexion Specialty
Chemicals, Inc. (Columbus, OH). The SWCNTs (XD
grade) were provided by Carbon Nanotechnologies,
Inc. (Houston, TX), and had a reported density of
about 1.35 g/cm3 and an aspect ratio of greater than
1000. The polyamidoamine (PAMAM) generation-
zero (G0) dendrimer was purchased from Sigma-
Aldrich. Concentrated sulfuric acid (95.4%) and ni-
tric acid (70%) were obtained from Fisher Scientific.
Poly(vinylidene difluoride) filter membranes with a
pore size of 45 lm were purchased from Millipore
(Billerica, MA). The thin-film coater, to which a tem-
perature control system was later added in our labo-
ratory, was purchased from Elcometer, Inc.
(Rochester Hills, MI). The release paper was donated
by Hexcel Corp. (Salt Lake City, UT). All of the
chemicals were used as received.

Functionalization of the SWCNTs

A sample of 1.0 g of SWCNTs was first oxidized by
a mixture of 180 mL of concentrated sulfuric acid
and 60 mL of concentrated nitric acid in a round-
bottom flask. The mixture was ultrasonicated in an
ultrasonication bath for 2.5 h. After sonication,
760 mL of deionized water was added to the sample,
and the system was sonicated for an additional 3 h.
Oxidized single-walled carbon nanotubes (O-
SWCNTs) were obtained in this step. The O-SWCNT
sample was then collected through a poly(vinylidene
difluoride) filter membrane and washed several
times with deionized water to remove acid residues.
The cleaned O-SWCNTs were then redispersed in
acetone by an additional 3 h of sonication. The O-
SWCNTs were further treated by interaction with
the PAMAM G0 dendrimer. The corresponding
amount of PAMAM G0 dendrimer, which was
determined by the degree of oxidation on the
SWCNT surface,35 was added to the O-SWCNT sam-
ple dispersed in acetone; this was followed by 1 h of
sonication to ensure good mixing and interaction.
Details of the interaction between O-SWCNT and
the PAMAM G0 dendrimer to form PAMAM G0
functionalized single-walled carbon nanotubes (F-
SWCNTs) can be found elsewhere.35

Preparation of the epoxy/SWCNT nanocomposite
thin films

The F-SWCNTs, which were well dispersed in ace-
tone, were then added to the epoxy monomer at a
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predetermined ratio and sonicated for 15 min to
achieve a final SWCNT loading of 0.5 wt % in the
final nanocomposite. Multiple samples were pre-
pared in conjunction with the multiple states of
SWCNT treatment. The three states of SWCNT used
were the pristine single-walled carbon nanotube (P-
SWCNT), O-SWCNT, and F-SWCNT. The three ep-
oxy/nanocomposite samples prepared were epoxy/
P-SWCNT, epoxy/O-SWCNT, and epoxy/F-SWCNT,
respectively. After the removal of acetone with a ro-
tary evaporator in a water bath at 70�C, the curing
agent was added (26.4 parts by weight/100 parts by
weight of EPIKOTE 862). The epoxy/SWCNT mix-
ture was further degassed to remove the remaining
air bubbles trapped within the sample.

The samples were then B-stage cured at 121�C for
70 min in an oven. Before removal of the epoxy/
SWCNT samples from the oven, the thin-film coater
was preheated to 90�C. The epoxy/SWCNT samples
were quickly transferred from the oven and immedi-
ately cast into thin films at a thickness of 50 lm on
release paper, which was laid on the thin film coater.
For comparison purposes, B-stage-cured neat epoxy

thin films were also prepared with the same
procedures.

Characterization

A Mettler Toledo (Columbus, OH) (model DSC821e)
differential scanning calorimeter was used to obtain
DSC thermograms. The samples were kept isother-
mal at 121�C for 70 min to mimic the B-stage curing
process in the oven and kept isothermal at 177�C for
2 h to mimic the complete curing condition. The
experiments were carried out under a nitrogen gas
purge (80 mL/min).
Raman and optical microscopy were used to

assess and visualize the dispersion and distribution
of SWCNTs in the epoxy matrix. The Raman micro-
scope consisted of a T64000 Horiba JY (Edison, NJ)
triple spectrometer coupled to a confocal optical
microscope furnished with an XYZ motorized stage.
A microscope objective (50�) was used to focus the
632.8-nm laser beam to a focal cylinder about 1.5 lm
in diameter and about 7 lm in height, with the latter
given by the depth of focus. The confocal layout of
the microscope ensured that only light scattered
within the confocal cylinder was directed to the
spectrometer. The focused laser beam was raster-
scanned on the sample surface, and a Raman spec-
trum excited at each step of the scan was recorded
for parallel-incident and scattered-light polarizations.
The collected data formed a hyperspectral cube of
the scanned area, which contained both spectral and
spatial information.
Tensile property testing of the epoxy/SWCNT

nanocomposites was carried out on the basis of the
ASTM D 638-98 method. The epoxy/SWCNT was
prepared in panels 3 mm thick to test their bulk
properties. The tensile tests were performed with an
MTS (Eden Prairie, MN) servohydraulic testing
machine at a crosshead speed of 5.08 mm/min at
ambient temperature. The Young’s modulus, tensile
strength, and elongation at break of each sample
were obtained on the basis of at least five specimens
per sample. The average values and standard devia-
tions are reported.

Figure 1 DSC thermograms of the epoxy/SWCNT nano-
composite thin films: samples cured at (a) 121�C for 3 h
and (b) 177�C for 2 h (DH ¼ exotherm during curing).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

TABLE I
Time Required to Achieve a 50% B-Stage Cured Thin

Film at a Thickness of 50 lm

Sample (0.5 wt %)

Curing
temperature

(�C)

Duration
of curing
(min)

Degree
of curing

(%)

Neat epoxy 121 70 50.1
Epoxy/P-SWCNT 121 60 31.1
Epoxy/O-SWCNT 121 75 67.4
Epoxy/F-SWCNT 121 65 41.1
Epoxy/F-SWCNT 121 70 50.9
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RESULTS AND DISCUSSION

Film preparation

The film preparation was successful in the achieve-
ment of visually defect-free B-staged thin films. This
effective approach involved the B-stage curing of the
epoxy samples in an oven, followed by the forma-
tion of the B-stage thin films with a commercial film
coater. Numerous difficulties had to be overcome to
prepare good quality epoxy/SWCNT thin films.
With the addition of SWCNTs to the epoxy, there
was a significant increase in viscosity of the sample.
How well B-stage thin films are prepared depends
strongly on the control of the nanocomposite viscos-
ity. If the viscosity of the B-staged sample is too
high, significant film defects on the surface form. If
the viscosity is too low, voids appear in the thin film
after film formation. In this research, after B-staged
curing, the sample still possessed sufficient fluidity
for thin-film casting while being able to maintain a
relatively high viscosity to prevent void formation.
Maintaining the thin film coater at an appropriate
temperature (90�C in this case) was also critical for

the film casting to prevent the epoxy/SWCNT nano-
composite from excessive hardening, which thus
preserved the formability of the films during the
film-casting process.
Therefore, the key for successful thin-film prepara-

tion was the balance of the degree of cure and vis-
cosity of the sample. Control of the degree of cure is
important for the preparation of B-staged thin films.
The two main factors that affect the degree of cure
are the temperature and duration of the curing reac-
tion. Too high a degree of cure results in a high vis-
cosity, which negatively affects the thin-film
formation process and also limits the cocuring and
integration of the thin films with the injected epoxy
monomers in the VARTM mold. In the case of vis-
cosity control, all factors that can affect the system
viscosity should be carefully controlled, including
the dispersion and distribution of SWCNTs, concen-
tration of SWCNTs, degree of cure, and casting tem-
perature (coater temperature).
In this study, a 50% degree of cure for the epoxy

samples appeared to be ideal for the handling, inser-
tion, and integration of the thin films for VARTM

Figure 2 (a) Optical image of an 80 � 80 lm2 area on the surface of an epoxy/P-SWCNT (0.5 wt %) nanocomposite thin
film. (b) Reference Raman spectra of the P-SWCNT (orange color) and epoxy matrix (green color) used to produce (c) the
Raman image; brighter colors denote a higher intensity. (d) G-band intensity distribution; the darker color corresponds to
a higher intensity. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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composite reinforcement. However, for other mate-
rial systems and applications, other sets of process-
ing parameters may need to be used to prepare
good quality thin films for intended applications.

Control and monitoring of the thin-film
curing process

Generally speaking, the achievement of around 50%
of epoxy curing in the final thin films is desired to
allow for the B-stage-cured samples to cocure with
the newly injected epoxy monomers and curing
agent. In the meantime, at a 50% level of curing, the
well-dispersed SWCNTs in the epoxy thin film
remain locked in place in the interlaminar region to
help increase the interlaminar strength and thermal/
electrical conductivity.

The curing processes of the epoxy samples were
monitored by DSC. The degree of cure was esti-
mated by the ratio of the exotherm during the B-
staged curing to the exotherm during the complete
cure of the same sample, as shown in Figure 1. The

DSC results show that the epoxy was almost 100%
cured at 177�C for 90 min but requires a much lon-
ger curing time at 121�C. For the epoxy nanocompo-
site systems investigated here, it was determined
that 70 min at 121�C yielded approximately a 50%
cure of the samples (Table I). The incorporation of
0.5 wt % SWCNTs in epoxy was found to have little
effect on the overall curing process.
The previous methodology gave rise to good qual-

ity B-staged thin films. The epoxy thin films contain-
ing P-SWCNT, O-SWCNT, and F-SWCNT exhibited
similar visual appearances. All of the film samples
could be easily handled and placed in the interlami-
nar regions of the laminated composites for VARTM
processing.

Dispersion of the SWCNTs

The achievement of a high degree of dispersion of
SWCNTs in epoxy is crucial for producing nanocom-
posites with desirable properties. Typical SWCNT
aggregates are micrometers in size. Their dispersion

Figure 3 (a) Optical image of an 80 � 80 lm2 area on the surface of an epoxy/O-SWCNT (0.5 wt %) nanocomposite thin
film. (b) Reference Raman spectra of the O-SWCNT (orange color) and epoxy matrix (green color) used to produce (c) the
Raman image; brighter colors denote a higher intensity. (d) G-band intensity distribution; the darker color corresponds to
a higher intensity. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

294 WARREN ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



is also generally poor. These imperfections can sig-
nificantly compromise the nanocomposite properties,
especially the mechanical properties. A high degree
of dispersion of SWCNTs in thin-film interleaves is
needed to achieve high compression after impact
strength in composites.26

The oxidation of SWCNTs and the following reac-
tion with the PAMAM G0 dendrimer has been shown
to be an effective approach to functionalize SWCNTs,
especially for the preparation of epoxy-based nano-
composites.35 The dispersion and distribution of
SWCNTs in the polymer matrix have been mainly
characterized by scanning electron microscopy and
transmission electron microscopy.11–13,35 In this
study, the morphology of epoxy/SWCNT thin films
was characterized by Raman and optical microscopy.
The Raman spectrum of the SWCNTs has a strong
Raman band at 1580–1590 cm�1, called the G band,36

which corresponds predominantly to stretching CAC
vibrations with eigenvectors tangential to the nano-
tube surface. On the other hand, the epoxy matrix in
the samples gives structureless Raman responses
having mostly a fluorescence origin. This makes
Raman microscopy an ideal tool for characterizing

the dispersion of epoxy/SWCNT nanocomposites.
Two types of Raman images produced from the
hyperspectral cube are presented. One way to visual-
ize the carbon nanotube dispersion is to plot the G-
band Raman intensity distribution over the scanned
area. In another approach, the reference Raman spec-
tra of SWCNTs and the epoxy matrix are used to
deconvolute the spectra contained in the hyperspec-
tral cube to two components and present their distri-
bution in a single Raman image. The first type of
Raman imaging displays better regions with a high
concentration of nanotubes in the sample, whereas
the second one depicts improvements over those con-
taining small amounts of SWCNTs.
The spatial resolution of the Raman images is

determined by the size of the focused laser beam,
which is diffraction limited. However, the Raman
images recorded at sampling steps smaller than the
laser spot size have a higher contrast than those
obtained at the native resolution. A comprehensive
description of the Raman imaging of SWCNTs can
be found elsewhere.37

Figure 2(a) presents the optical image of a 80 �
80 lm2 scanned area on the surface of an epoxy/P-

Figure 4 (a) Optical image of a 60 � 60 lm2 area on the surface of an epoxy/F-SWCNT (0.5 wt %) nanocomposite thin
film. (b) Reference Raman spectra of the F-SWCNT (orange color) and epoxy matrix (green color) used to produce (c) the
Raman image; brighter colors denote a higher intensity. (d) G-band intensity distribution; the darker color corresponds to
a higher intensity. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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SWCNT (0.5 wt %) nanocomposite thin-film sample.
The reference Raman spectra of the carbon nano-
tubes and epoxy matrix used for deconvolution of
the hyperspectral cube are displayed in Figure 2(b).
The Raman image showing the nanotubes (orange
color) and epoxy (green color) distribution is given
in Figure 2(c), and the G-mode intensity distribution
is shown in Figure 2(d). Figures 3 and 4 display the
Raman images of the epoxy/O-SWCNT (0.5 wt %)
and epoxy/F-SWCNT (0.5 wt %) nanocomposites,
respectively, collected under the same conditions as
the ones shown in Figure 2.

The Raman images shown in Figures 2–3 demon-
strate a gradual improvement of SWCNT dispersion

going from P-SWCNTs to O-SWCNTs. The epoxy/P-
SWCNT nanocomposite thin film exhibited the low-
est degree of dispersion among the tested samples.
The SWCNTs were aggregated at 10–50 lm in size,
and substantial regions of the nanocomposite were
free of SWCNTs. The SWCNT distribution within
the agglomerates was highly inhomogeneous, and
the SWCNTs were differently strained. Given the de-
pendence of the G-band position on the nanotubes
strain,38,39 we estimated that the difference in strain
between the outer carbon nanotubes in an agglomer-
ate and those in the core was about 0.4%.
The oxidation of the SWCNTs apparently helped to

improve their dispersion in the epoxy matrix, as
shown in Figure 3. The distribution remained uneven,
but the O-SWCNTs were dispersed practically in the
entire volume of the nanocomposite thin film, leaving
only small pockets of pure epoxy material.
The epoxy/F-SWCNT nanocomposite thin film

exhibited the best dispersion among the three sam-
ples. The Raman images in Figure 4 demonstrate the
remarkably smooth distribution of the F-SWCNT in
the nanocomposite with some concentration irregu-
larities, shown in Figure 4(d), below 1 lm in size.
The results presented in Figure 4 show that the
PAMAM G0 F-SWCNTs led to a high degree of
SWCNT dispersion at a micrometer length scale and
nanocomposites with far better quality than those
produced with P-SWCNTs or O-SWCNTs. These
findings were consistent with an earlier study on
SWCNT dispersion due to surface functionalization
using scanning electron microscopy and transmis-
sion electron microscopy.35

Properties of the thin films

Both the B-stage-cured thin-film samples and fully
cured thin-film samples were characterized by DSC,
as shown in Figure 5. The DSC thermograms in Figure
5(a) show that the B-stage-cured epoxy/SWCNT thin
films had a melt range of about 50–57�C. Such a melt
range ensured that the B-staged thin films remained
stable at room temperature. Meanwhile, they could be
easily processed upon heating. Such a property facili-
tated their subsequent VARTM processing.

TABLE II
Mechanical Properties of the Bulk Epoxy/SWCNT Nanocomposites (0.5 wt %)

Property Neat epoxy
Epoxy/

P-SWCNT
Epoxy/

O-SWCNT
Epoxy/

F-SWCNT

Young’s modulus (GPa) 2.77 � 0.01 2.84 � 0.05 3.17 � 0.01 3.21 � 0.15
Tensile strength (MPa) 60.1 � 5.6 74.2 � 0.5 76.5 � 3.9 82.7 � 3.2
Elongation (%) 1.98 � 0.22 2.57 � 0.18 2.97 � 0.40 4.88 � 0.91
KIC (MPa m1/2) 0.78 � 0.01 0.76 � 0.03 0.83 � 0.05 0.93 � 0.04

KIC, Mode-I critical stress intensity factor.

Figure 5 DSC thermograms of (a) about 50% and (b)
100% cured thin films. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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The DSC characterization of the fully cured thin
films presented in Figure 5(b) showed that there was
a minor variation in Tg from 136 to 144�C among the
four film samples. Such a small variation was
observed earlier and was believed to be due to (1)
the trapping of the curing agent around the SWCNT
bundles, (2) the side reactions of the curing agent
with O-SWCNTs, or (3) the side reactions of the cur-
ing agent with the PAMAM dendrimers. All of these
possibilities would have led to the alteration of the
curing stoichiometric ratio and, thus, a minor varia-
tion in Tg.

35

Tensile testing was performed to evaluate the
effect of the SWCNT treatment on the mechanical
properties of the epoxy nanocomposites. The key
tensile properties are listed in Table II, and the ten-
sile curves for all of the samples are shown in Figure
6. The results show that the incorporation of P-
SWCNTs improved the Young’s modulus and ten-
sile strength of the epoxy by 3 and 23%, respectively.
The limited improvement in the tensile properties
was believed to be due to the poor SWCNT disper-
sion in the epoxy matrix, as shown in Figure 2. Oxi-
dation of the SWCNTs led to a much better
dispersion effect, and thus, the mechanical proper-
ties of the epoxy/O-SWCNTs were further
improved. The incorporation of F-SWCNTs led to
the best overall reinforcement effect in the modulus
and strength by 16 and 35%, respectively. The tensile
properties of the nanocomposite samples showed a
good correlation with the level of dispersion of
SWCNTs in the epoxy matrix. This study suggests
that, as expected, a better dispersion of SWCNTs in
the epoxy results in better improvements in the me-
chanical properties. The much higher elongation at

break for the epoxy/F-SWCNT nanocomposite com-
pared to the neat epoxy signified that the sizes of
the SWCNT domains were smaller than the critical
flaw size for the epoxy. Furthermore, the addition of
PAMAM as a surface modifier for SWCNTs might
have altered the epoxy curing and matrix properties.
These data were the bulk properties of the nanocom-
posites. If the SWCNTs could be better aligned in
the thin-film samples, the thin films would exhibit
an even better improvement in mechanical proper-
ties along the SWCNT orientation.
The B-stage-cured thin films prepared in this

study were successfully used as interleaves in com-
posite laminates for VARTM processing. Well-inte-
grated, good quality composites panels were
prepared. The B-staged thin-film approach is an
easy and practical way to introduce well-dispersed
SWCNTs into locations of interest in composites.
Their effect on the mechanical performance of
carbon-fiber-reinforced composites, including inter-
laminar strength and delamination resistance, will
be presented in the near future. Applications con-
cerning microelectronic packaging and conductive
coating of these thin films will soon be pursued.

CONCLUSIONS

B-staged epoxy/SWCNT nanocomposite thin films
were successfully prepared. A high degree of disper-
sion of SWCNTs in the epoxy thin films was
achieved. The Raman microscopy investigation indi-
cated that the degree of dispersion dramatically
increased as the SWCNTs were oxidized and func-
tionalized by PAMAM G0 dendrimers. A high
degree of dispersion of SWCNTs throughout the

Figure 6 Tensile curves of the neat epoxy and epoxy/SWCNT nanocomposites. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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preparation of the epoxy/SWCNT nanocomposite
thin films yielded high-quality B-staged epoxy/
SWCNT nanocomposite thin films. The degree of
cure for the B-staged thin films was monitored and
determined by DSC. The B-stage thin films with 50%
cure gave satisfactory properties for VARTM proc-
essing to help enhance the mechanical properties of
the laminated composites. This finding suggests that
these epoxy/SWCNT nanocomposite thin films can
be easily used as interleaves for VARTM composite
laminate applications.

The authors thank Tony Golato of Hexcel for providing
release paper for this study.
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