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ABSTRACT: The thermal properties of carbon nanofibers
(CNF)/epoxy composites, composed of tetraglycidyl-4,4�-dia-
minodiphenylmethane (TGDDM) resin and 4,4�-diaminodi-
phenylsulfone (DDS) as a curing agent, were investigated with
differential scanning calorimetry (DSC), thermogravimetric
analysis, and dynamic mechanical thermal analysis. DSC re-
sults showed that the presence of CNF had no pronounced
influence on the heat of the cure reaction. However, the incor-
poration of CNF slightly improved the thermal stability of the
epoxy. Furthermore, the storage modulus of the TGDDM/

DDS epoxy was significantly enhanced, whereas the glass-
transition temperature was not significantly affected, upon the
incorporation of CNFs. The storage modulus of 5 wt % CNF/
epoxy composites at 25°C was increased by 35% in comparison
with that of the pure epoxy. © 2006 Wiley Periodicals, Inc. J Appl
Polym Sci 100: 295–298, 2006
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INTRODUCTION

Carbon nanofibers (CNF) are vapor-grown carbon fi-
bers (VGCF) with diameters of 60–200 nm. VGCFs are
a relatively new type of carbon fiber and are produced
from a hydrocarbon gas, such as benzene and meth-
ane, in the presence of hydrogen at temperatures
around 900–1200°C with transition metal catalyst par-
ticles (usually Fe, Co, and Ni) supported on an inert
substrate.1–3 Depending on the preparation condi-

tions, VGCF can be made with diameters of several
tens of nanometers up to tens of micrometers and with
lengths from several micrometers up to several centi-
meters. Because of their high specific tensile modulus
and strength, excellent electrical and thermal proper-
ties, high aspect ratios, and potentially low production
cost, CNFs are of great scientific interest as reinforce-
ments for polymer matrices.4–12

Tetraglycidyl-4,4�-diaminodiphenylmethane (TGDDM)

cured with 4,4�-diaminodiphenylsulfone (DDS)

shows a high glass-transition temperature (Tg) be-
cause of the presence of polar sulfone groups that
favor hydrogen bonding and the regular packing of
the polymer chains.13,14 Furthermore, the tetrafunc-
tionality of TGDDM leads to a high-density
crosslinked network on curing, giving a very tough
polymer. These characteristics have promoted the use
of the TGDDM/DDS system as a binder for high-
performance and light-weight composites employed
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in the aerospace industry.15,16 In most of these appli-
cations, carbon fibers have been used as reinforce-
ments.17,18 However, very few efforts have been made
to study the effects of carbon nanofillers on the phys-
ical properties of TGDDM/DDS epoxy. In our previ-
ous publications,19,20 the influence of both multi-
walled carbon nanotubes (MWNTs) and CNF on the
cure kinetics of TGDDM/DDS systems was studied
through isothermal differential scanning calorimetry
(DSC). It was found that MWNTs had an acceleration
effect on the cure reaction of the resin, whereas CNF
had a negligible influence. In this article, the effects of
CNF on the thermal properties of the epoxy are re-
ported.

EXPERIMENTAL

Materials

The epoxy resin used in this research was TGDDM
(AG80), with a weight per epoxy equivalent of 120
g/equiv, from the Shanghai Synthetic Resin Institute
(Shanghai, China). The curing agent was DDS, with a
molecular mass of 248.31 and a purity greater than
99% according to the supplier. CNFs were prepared
from propylene over a Ni–Cu catalyst in a conven-
tional horizontal tube furnace. The diameter of the
CNFs was about 200 nm.

Sample preparation

An epoxy resin/CNF mixture was sonicated for 2 h
before curing. Subsequently, the mixture was placed
in an oil bath at 120°C, and a stoichiometric amount of
DDS was slowly added with continuous mechanical
stirring until a homogeneous mixture was observed;
this took about 10 min. Several DSC aluminum pans

were filled with the reaction mixture. The mixtures
(ca. 10 mg) were then cooled and stored in a freezer
until they were required for the DSC measurements.
Other mixtures were immediately poured into poly-
tetrafluoroethylene molds. Curing was conducted at
80°C for 2 h, at 140°C for 2 h, and at 180 for 2 h and
was followed by a postcuring step at 220°C for 5 h.
The weight fractions of CNF in the TGDDM/DDS
system were 1, 2.5, and 5 wt %.

DSC

A PerkinElmer (Boston, MA) Pyris 1 differential scan-
ning calorimeter (supported by a PerkinElmer com-
puter for data acquisition/analysis) was used for the
dynamic cure experiments and data analysis under an
argon flow of 20 mL/min. The dynamic (nonisother-
mal) DSC experiments were conducted at heating
rates of 2.5, 5, 10, and 20°C/min.

Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical tests were carried out on speci-
mens 25 mm long, 8 mm wide, and 1 mm thick with a
model DMTA V dynamic mechanical thermal ana-
lyzer from Rheometric Scientific, Inc. (Piscataway, NJ).
The geometry of deformation was the rectangular ten-
sion mode. The tests were performed in the scanning
temperature mode, in the range of 30–300°C, at a
heating rate of 3°C/min, with an oscillating frequency
of 1 Hz.

Scanning electron microscopy (SEM)

Morphology observations were performed with a Hi-
tachi X650 scanning electron microscope (Tokyo, Ja-
pan), before which cured samples were fractured un-
der liquid nitrogen, and then the etched surfaces were
vacuum-coated with a thin gold layer.

Thermogravimetric analysis (TGA)

A PerkinElmer Pyris 1 TGA instrument (Boston, MA)
was used for thermogravimetric examinations,

Figure 1 Dynamic DSC thermograms at different heating
rates for 5 wt % CNF/epoxy composites.

TABLE I
Heats of Reaction of Epoxy Composites with Various

CNF Contents at Different Heating Rates

Heating rate (°C/min)

�H0 (J/g)

0 wt % 1 wt % 2.5 wt % 5 wt %

2.5 602.9 570.0 552.9 551.7
5 668.6 658.8 643.5 613.4
10 671.1 650.8 656.4 624.2
20 707.9 688.4 688.7 643.3
�H0 (J/g) 662.6 642.0 635.4 608.2
Q0 (kJ/mol of epoxide) 120.3 117.7 118.3 116.2
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operating under a continuous flux of nitrogen (20
mL/min) from 20 to 700°C at a heating rate of 10°C/
min.

RESULTS AND DISCUSSION

Figure 1 shows the heat flow measured by DSC during
curing at different rates between 2.5 and 20°C/min for
5 wt % CNF/epoxy composites. To calculate the total
heat of reaction generated to reach the full conversion
(�H0), the total area under the thermogram was de-
termined for all composites. The individual values of
�H0 and average values (�H0) for different epoxy
composites with various nanofiber contents at differ-
ent heating rates are shown in Table I. The total heat of
reaction is influenced by the presence of CNF, and the
average values of �H0 decrease with the nanofiber
content in the epoxy composites. The normalized val-
ues of �H0 (�Q0) also are given in the table, and the fact
that the normalized values are practically constant
suggests that the decrease in �H0 can be directly at-
tributed to the proportional reduction of the epoxy
concentration in the composites.

Table II gives the temperatures of the DSC thermo-
gram peaks (Tp) for all CNF/epoxy composites. The
peak shifts to high temperatures as the heating rate
increases for a certain system, whereas Tp slightly
shifts to a lower temperature with increasing CNF

content. This indicates that nanofibers slightly accel-
erate the cure reaction of the epoxy.20,21

Figure 2 shows TGA curves of TGDDM/DDS epoxy
and its CNF composites. The thermal stability of the
epoxy is slightly improved by the incorporation of
nanofibers. The better thermal stability of the CNF/
epoxy composites could be attributed to the slightly
enhanced interfacial adhesion between the nanofibers
and the epoxy.22

The elastic modulus and damping properties of the
composites were characterized by DMTA as a function
of the nanofiber content and temperature. The storage
modulus (E�) as a function of temperature for the
epoxy and its CNF composites is shown in Figure 3.
Evidently, E� increases with increasing CNF content.
E� (2.47 GPa) of 5 wt % CNF/epoxy composites at
25°C increased by 35% in comparison with that of the
pure epoxy (1.82 GPa). Figure 4 shows the loss tangent

Figure 2 TGA curves of the epoxy and its CNF composites.

Figure 3 Dynamic mechanical spectra in terms of E� for the
CNF/epoxy composites.

Figure 4 Dynamic mechanical spectra in terms of tan � for
the CNF/epoxy composites.

TABLE II
Tp Values for All CNF/Epoxy Composites

Heating rate (°C/min)

Tp (°C)

0 wt % 1 wt % 2.5 wt % 5 wt %

2.5 198.2 197.0 196.6 196.6
5 216.8 215.3 214.3 213.6

10 237.0 235.8 235.5 232.2
20 261.0 260.8 255.5 254.8
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(tan �) as a function of temperature for CNF/epoxy
composites. Tg (ca. 259°C), defined as the temperature
at which tan � is maximum, was not affected by the
presence of nanofibers. Such results have also been
observed in nanofiber-reinforced rubbery epoxy,23 but
it is different from the results of the MWNT-reinforced
TGDDM/DDS system, for which Tg slightly increased
with increasing nanotube content.24 Furthermore,
with increasing CNF content, the onset of the glass
transition shifts to a higher temperature. Clearly, the
CNF immobilizes the nearby epoxy segments, partly
by specific interactions, thus delaying the onset of
their motions to a higher temperature.25 Hence, it can
be followed that good interfacial interaction between
the epoxy and the CNF exists in the composites and
could be the main reason for the observed improve-
ment in E�.

An SEM image of 1 wt % CNF/epoxy composites is
shown in Figure 5. A good dispersion of nanofibers in
the epoxy can be observed. However, the SEM image
of the fractured surface also shows nanofibers pulled
out of the epoxy. The diameters of many nanofibers in
the composites are greater than those of the original
CNF, which appear coated by a cylindrical shell of the
polymer matrix. This indicates the interfacial bonding
between the nanofibers and the epoxy is strong. Thus,
the enhancement of the thermal stability and E� could
be attributed to the interfacial bonding. Such a feature
was also observed in CNF/poly(ether ether ketone)
composites.26

CONCLUSIONS

In this article, the thermal characterization of a CNF-rein-
forced TGDDM/DDS system has been studied through
DSC, TGA, and DMTA. The presence of nanofibers in the
epoxy has no pronounced influence on the heat of the cure
reaction, but Tp slightly decreases with increasing nanofiber
content. The addition of CNF slightly improves the thermal
stability of the epoxy. Furthermore, E� of the epoxy in-
creases with increasing nanofiber content, but the presence
of CNF has no influence on Tg of the epoxy. A good
dispersion of nanofibers in the epoxy has been observed in
an SEM image. The improvement in the thermal stability
and dynamic mechanical properties can be attributed to the
strong interfacial bonding between the nanofibers and the
epoxy.
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Figure 5 SEM image of 1 wt % CNF/epoxy composites.
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