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a b s t r a c t

This study investigated the effects of adding nano-fillers, including core shell rubber (CSR), carbon nano-
tubes (CNTs), and the simultaneous addition of CSR and CNT (CSR–CNT) on the curing behavior and mate-
rial properties of the benzoxazine–epoxy–phenolic (BEP) ternary system. The addition of CSR and/or CNT
decreased the activation energy of the BEP system and slightly increased the glass-transition temperature
(Tg) of the filled systems. The addition of CNT and CSR nano-fillers increased the average toughness value
of the BEP system by 14% and 61%, respectively. Moreover, the simultaneous addition of CSR and CNT fur-
ther improved the toughness and flexural strength of the BEP system by 160% and 30%, respectively.
Scanning and transmission electron microscopy analysis was performed to study the fracture surface
and the morphology of the base BEP and its nanocomposites. The thermal stability and thermal expansion
of the BEP-based nanocomposites were also investigated.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polybenzoxazine is a relatively new class of thermosets that is
attracting much attention. It has excellent properties that are
commonly found in traditional phenolic resins, such as high
heat resistance and good flame retardance [1]. Furthermore, poly-
benzoxazine provides some unique properties that overcome the
limitations of conventional phenolics and epoxy resins, including
high glass-transition temperature, high modulus, low water
absorption, low dielectric constant, and near-zero shrinkage upon
curing [1]. In addition, the curing of benzoxazine can occur without
any acid catalysts or producing any by-products.

Recently, Ishida et al. reported a polybenzoxazine copolymer
based on epoxy and phenolic resins [2]. In this benzoxazine–
epoxy–phenolic (BEP) ternary system, the benzoxazine enabled
the system to be thermally curable while offering low water up-
take and high mechanical strength. The epoxy resin served as a
dilutent to reduce the viscosity of the mixture and provided a high-
er crosslink density, which led to improved thermal stability. The
phenolic novolac acted as a curing accelerator to the system in
addition to its typical function as a hardener for the epoxy resin.
This BEP ternary system had both a higher crosslink density and
glass-transition temperature (Tg) than the polybenzoxazine homo-
polymer [2]; however, due to its brittleness, which is a common
ll rights reserved.
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feature of all the phenolic materials [3], the BEP system has limited
applications.

One common approach to improving the toughness of brittle
polymers is to introduce rubber particles into the polymer-matrix
[4]. Previous studies demonstrated that adding core shell rubber
(CSR) to brittle polymers effectively improved their toughness
[5,6]; however, no reports were found on using CSR as a toughen-
ing agent for polybenzoxazine. Thus, one objective of this research
is to investigate the effect of CSR nanoparticles on the toughness
and other material properties of the BEP ternary system. It is well
known that dispersing nanoparticles in a polymer-matrix is a diffi-
cult task due to their tendency to form agglomerates. Thus, in this
study, we have employed CSR nanoparticles that were pre-dis-
persed uniformly in the epoxy resin.

Carbon nanotubes (CNTs) have many remarkable characteris-
tics, such as excellent mechanical properties, high electrical and
thermal conductivity, and unique optoelectrical properties [7];
thus, they have attracted extensive attention for their potential
applications in various fields, especially as polymer reinforcement
[8]. To improve the dispersion of CNTs in a polymer-matrix, the
surface of the CNT often is modified with various types of func-
tional groups [9]. Despite its many advantages, only one research
report has been found where CNT was used as filler in polybenzox-
azine [10]. Chen et al. found that the carboxyl groups grafted on
the CNT surface catalyzed the ring-opening of benzoxazine and
thus decreased the curing temperature of the system. They also
found that the addition of CNT increased the storage modulus
and glass-transition temperature; however, they did not study
the effects of CNT on the static mechanical properties of poly-
benzoxazine. Therefore, the other objective of the current study
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Table 2
The formulations of the four benzoxazine-based material systems investigated

Name Description

BEP Benzoxazine/Epoxy/Phenolic (6/4/1 by weight)
BEP–CSR Benzoxazine/CSR-filled Epoxy/Phenolic (6/5.3/1 by weight)

equivalent to BEP + 10.8 wt.% CSR
BEP–CNT Benzoxazine/Epoxy/Phenolic (6/4/1 by weight) + 1 wt.% CNT

equivalent to BEP + 1 wt.% CNT
BEP–CSR–CNT Benzoxazine/CSR-filled Epoxy/Phenolic (6/5.3/1 by weight)

+ 1 wt.% CNT
equivalent to BEP + 10.8 wt.% CSR + 1 wt.% CNT
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is to investigate the effects of CNT on the static mechanical proper-
ties of the BEP ternary system, such as flexural strength, toughness,
and modulus.

While the addition of CSR nanoparticles can improve the tough-
ness or impact strength of the materials, it is commonly accompa-
nied by a reduction in modulus and strength [11]. On the other
hand, the addition of CNTs generally can improve the strength
and modulus when they are dispersed uniformly in the polymer-
matrix and form a strong interfacial bond with the polymer-ma-
trix; thus, the simultaneous addition of CSR and CNT potentially
can achieve more balanced mechanical properties.

This paper reports the effects of CSR, CNT, and the combination
of CSR and CNT on the curing behavior and the thermal and
mechanical properties (static and dynamic) of the BEP ternary
system.

2. Experimental

2.1. Materials

Bis(3-pheny1-3,4-dihydro-2H,3-benzoxazinyl)isopropane
(XU3560) as a typical benzoxazine monomer was obtained from
Huntsman Advanced Materials Americas, Inc. Bisphenol A-based
epoxy resin (DER 311) was obtained from the Dow Chemical Com-
pany. Phenolic novolac resin (HRJ1166, 99%) was obtained from
Schenectady International. CSR-filled epoxy resin (KANE ACE
MX-120LV), a mixture composed of 75% DER 311 and 25% CSR
made of butadiene-acrylic copolymer, was a gift from Kaneka
Texas Corporation. The multi-walled CNTs were purchased from
Chendu Organic Chemical Co. Ltd., Chinese Academy of Sciences,
China. The surface of the multi-walled CNTs was functionalized
with COOH groups. The properties of the multi-walled CNTs are
presented in Table 1.

3. Methods

3.1. Processing of the benzoxazine–epoxy–phenolic (BEP) ternary
system and its nanocomposites

During our study, a benzoxazine–epoxy–phenolic mass fraction
of 6/4/1 was chosen for the base BEP ternary system in order to
obtain a relatively high Tg [2]. To prepare the BEP ternary system,
benzoxazine monomer was manually blended with epoxy and phe-
nolic. Then the mixture was melted at 120 �C and mixed mechan-
ically until a homogeneous mixture was obtained. Preparation of
the CSR-filled system was similar to the procedure described above
except that CSR-filled epoxy was used instead of the pure epoxy
resin. A 6/5.3/1 mass ratio of benzoxazine, CSR-filled epoxy
(25 wt.% of CSR), and phenolic was chosen in order to maintain
the same mass ratio of benzoxazine, epoxy, and phenolic in a ter-
nary system, which is 6/4/1. To prepare the CNT-filled system, first
benzoxazine monomer was mixed with the CNT at a desired mass
fraction. Then the mixture was ultrasonicated for 60 min at 100 �C
by a Misonix Sonicator 3000 at 20 W to obtain a good dispersion of
the CNTs. The benzoxazine/CNT mixture was used instead of ben-
zoxazine to obtain a homogeneous mixture via similar procedures,
Table 1
Properties of the multi-walled CNTs

Properties Value Units

Outer diameter 10–20 nm
–COOH content 2% –
Length �50 lm
Purity >95% –
as described above. Four systems have been processed in this
study: (1) BEP ternary system; (2) BEP filled with CSR (BEP–CSR);
(3) BEP filled with CNT (BEP–CNT); and (4) BEP filled with both
CSR and CNT (BEP–CSR–CNT). The formulations of the four systems
are shown in Table 2.

Then, 40–50 mg of each mixture was removed for the curing
kinetics study by differential scanning calorimetry (DSC). The
remaining part of the mixture was degassed under vacuum at
120 �C for 20 min and then poured into a mold that was preheated
at 120 �C for 30 min. Next, the mold containing the mixture was
degassed at 140 �C in a vacuum oven for 1 h and then cured at
200 �C in a convection oven for 8 h to ensure a complete cure.

3.2. Characterizations

A TA Q-10 DSC instrument was used to study the curing behav-
ior of polybenzoxazine nanocomposites. Then, 6–8 mg of each
sample was placed in a hermetic aluminum pan and scanned from
room temperature to 300 �C at a heating rate of 10 �C/min under
50 mL/min nitrogen flow. The dynamic mechanical analysis
(DMA) measurements were performed on a TA Q800 DMA instru-
ment in a single cantilever mode. The dimension of the rectangular
sample was about 17.6 � 12.7 � 3.2 mm3. Samples were heated at
a rate of 2 �C/min from 35 �C to 300�C with a frequency of 1 Hz and
strain of 0.05%, which is in the liner viscoelastic region, as deter-
mined by a strain sweep.

Thermomechanical analysis (TMA) measurement was carried
out at 10 �C/min in air on a TA TMA 2940 instrument. The coeffi-
cient of thermal expansion (CTE) of all the specimens with a thick-
ness of 3.2 mm was recorded. The thermal stability of the cured
sample was investigated using a TA 2950 SDT/DSC thermogravi-
metric analysis (TGA) instrument. A 15–20 mg sample was heated
from room temperature to 900 �C at a heating rate of 20 �C/min un-
der 100 mL/min argon flux. Flexural properties were studied on an
Instron Model 3369 instrument in three-point bending mode fol-
lowing the ASTM D790 standard with a crosshead speed of
1.27 mm/min. The specimen was molded to a dimension of
3.2 � 12.7 � 127.0 mm3. The microstructure of the nanocompos-
ites was examined using a JEOL 1230 transmission electron
microscopy (TEM) operated at 80 kV. Thin slices (�90 nm) of the
nanocomposites were prepared using a diamond knife on a Leica
microtome at room temperature. Fracture surfaces resulting from
the flexural tests were examined using a Hitachi S-570 scanning
electron microscopy (SEM) at 10 kV.

4. Results and discussion

4.1. Curing Kinetics

The non-isothermal curing kinetics for the BEP, BEP–CSR,
BEP–CNT, and BEP–CSR–CNT systems was investigated using the
Kissinger method [12]. Due to the nature of the curing process,
an exothermic peak can be observed for all four systems from



Fig. 2. Storage modulus of the BEP, BEP–CSR, BEP–CNT, and BEP–CSR–CNT systems.
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the DSC thermograms. Assuming the extent of the reaction at the
peak exotherm is constant and independent of the heating rate,
the activation energy (Ea) can be obtained as follows:

d½lnðU=T2
pÞ�

dð1=TpÞ
¼ �Ea

R
ð1Þ

where U is the heating rate, R is the universal gas constant, and Tp is
the peak exotherm temperature.

The tabulations for the peak exotherm temperatures of the BEP,
BEP–CSR, BEP–CNT, and BEP–CSR–CNT systems obtained from the
DSC thermograms at different heating rates are shown in Table 3.
According to Eq. (1), the activation energy (Ea) for the four different
systems can be extracted from the slope of the lnðU=T2

pÞ vs 1/Tp

plots shown in Fig. 1. A linear relationship was obtained, indicating
that the curing kinetics of these systems can be well described by
the Kissinger equation.

The activation energy (Ea) of the BEP, BEP–CSR, BEP–CNT, and
BEP–CSR–CNT systems is 105.3 kJ/mol, 89.9 kJ/mol, 94.3 kJ/mol,
and 88.9 kJ/mol, respectively. The Ea value of the BEP–CSR system
is smaller than that of the BEP system. Moreover, the maximum
temperature of the curing exothermic peak of the BEP–CSR system
was lower than that of the BEP system (Table 3). These results
imply that the curing reaction was faster in the BEP–CSR system
than that in the BEP system. Similar phenomena (i.e., lower Ea

and Tp) can be observed with the BEP–CNT system, which may
be attributed to the catalyzing effect of the carboxyl group
(–COOH) grafted on the surface of the CNTs. Furthermore, the
activation energy Ea and peak exotherm temperature Tp of the
BEP–CSR–CNT system decreased more significantly compared with
the BEP, BEP–CSR, and BEP–CNT systems due to the simultaneous
effects of CSR and CNT.

4.2. Dynamic mechanical properties

Fig. 2 shows the storage modulus (E0) of the fully cured BEP,
BEP–CSR, BEP–CNT, and BEP–CSR–CNT systems. The E0 of all four
Table 3
The peak exotherm temperature (Tp) of the BEP, BEP–CSR, BEP–CNT, and BEP–CSR–
CNT systems at different heating rates

Heating rate, U (�C/min) ? 3 5 10 15

Tp (�C) BEP 218.4 227.4 241.0 248.3
BEP–CSR 210.4 221.0 235.8 244.5
BEP–CNT 212.6 221.1 236.0 245.0
BEP–CSR–CNT 207.1 218.1 232.6 241.2

Fig. 1. Plots of lnðU=T2
pÞvs.1/Tp for the BEP, BEP–CSR, BEP–CNT, and BEP–CSR–CNT

systems at different scanning rates.
systems decreased with increasing temperature. At the glassy
state, the E0 of both the BEP–CSR and BEP–CSR–CNT systems was
lower than that of the BEP system due to the lower modulus pos-
sessed by the CSR nanoparticles. The E0 of the BEP–CSR–CNT sys-
tem slightly increased compared with the BEP–CSR system,
which is likely due to the high modulus possessed by the CNT;
however, no obvious increase in E0 was observed in the BEP–CNT
system compared with the BEP system. This is likely caused by
the presence of CNT agglomerates, which will be discussed further
in the subsequent section. At the rubbery state, a lesser reduction
in E0, as compared with the glassy state, was observed by the addi-
tion of CSR into the ternary system. Furthermore, the addition of
CNT increased the E0 of both the BEP and BEP–CSR systems slightly,
owing to the high modulus of CNT at this temperature range.

The glass-transition temperature (Tg) obtained from the Tan-d
peak value of the four systems i.e., BEP, BEP–CSR, BEP–CNT, and
BEP–CSR–CNT, was 193.6 �C, 195.0 �C, 195.2 �C, and 196.8 �C,
respectively. The slight increase of Tg by the addition of CSR and
CNT into the BEP ternary system confirms that adding nano-fillers
inhibits the mobility of polymer chains in case of a strong interfa-
cial bonding [13]. Additionally, the CSR–CNT further enhanced the
Tg compared with the BEP–CSR and BEP–CNT systems, in which the
increase of Tg was only due to a single filler addition.

4.3. Flexural properties

The fracture toughness of the four systems (Fig. 3b) was evalu-
ated via the specific energy absorption to fracture (J/cm3) calcu-
lated from the area integration of the stress–strain curve from
the flexural testing (Fig. 3a) [14]. The fracture toughness of the
BEP resin system had a significant 61% increase when CSR nano-
fillers were added. This is consistent with what was reported in
the literature, namely, the addition of CSR enhanced the toughness
of brittle polymers [5,6]. As shown in Fig. 4a, the TEM images of the
BEP–CSR system indicate that the CSR nanoparticles, about 50 nm
in diameter, were dispersed uniformly in the BEP matrix. Fig. 4b
shows the TEM picture at the crack tip damage zone, in which
CSR cavitation was observed next to the developed crack. The
observed CSR cavitation coupled with limited shear yielding of
the matrix led to the toughness improvement associated with
the addition of CSR nanoparticles [11]. In addition, bridging CSR
nanoparticles, which can inhibit crack growth in the BEP matrix,
might also have contributed to the toughening effect [11].

With the addition of 1 wt.% CNT, the increase in the average
toughness value was 14%. The observed increase in toughness
could be attributed to the bridging and pull-out effects brought
about with the CNTs as indicated in Fig. 5b, in which some of the
dispersed CNTs protruded from the BEP matrix. Furthermore, by



Fig. 3. Mechanical properties of the BEP, BEP–CSR, BEP–CNT, and BEP–CSR–CNT systems: (a) stress–strain curve; (b) fracture toughness; (c) flexural modulus; (d) flexural
strength.

Fig. 4. TEM images of the BEP–CSR nanocomposite: (a) uniformly dispersed CSR in the BEP matrix; (b) the CSR cavitation marked by circles at the crack tip zone.
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adding CSR and CNT simultaneously into the BEP resin system, the
toughness increased by 160%. This may be due to the individual
advantages the two nano-fillers offer and also due to an interaction
between the CNT and CSR.

The toughening mechanisms also can be understood by observ-
ing the representative SEM images of the fracture surface of the
four systems resulting from the flexural testing of the samples.
As observed in Fig. 7, the BEP system showed a smooth and mir-
ror-like fracture surface with a cleavage-type brittle fracture; how-
ever, the BEP–CSR system had many cracks and a series of hackle
markings that were larger and higher in number than the BEP sys-
tem, indicating that more plastic deformation took place in the
BEP–CSR system [15]. The plastic deformation introduced by CSR
in the BEP system resulted in the increase in the fracture toughness
of the BEP–CSR nanocomposite.

The fracture surface of the BEP–CNT nanocomposite exhibited
many more ridges compared with that of the BEP system, indicat-
ing that more energy was consumed by creating the increased sur-
face areas during the fracture process. The fracture surface of the
BEP–CSR–CNT nanocomposite was similar to that of the BEP–CSR



Fig. 5. TEM images of the BEP–CNT nanocomposite: (a) agglomeration of CNTs in the BEP matrix; (b) dispersed CNTs in the BEP matrix at a higher magnification.
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system. The combinational effects of the CSR via cavitation, bridg-
ing, and matrix shear yielding and the CNT via pull-out led to a
significant increase in fracture toughness.

As observed in Fig. 3c, the BEP–CSR nanocomposite showed a
21.5% reduction of average flexural modulus compared with the
BEP system due to the low modulus of CSR. Although adding CNT
could, in theory, effectively enhance the flexural modulus of the
polymer, no obvious changes in flexural modulus were observed
in the BEP–CNT, and BEP–CSR–CNT system compared with the
BEP and BEP–CSR system, respectively. This may be attributed to
the poor dispersion of the CNTs in the BEP system. CNT agglomer-
ates in the BEP–CNT nanocomposite were observed by both TEM
(Fig. 5a) and SEM (indicated by arrows in Fig. 7c). Moreover, Fig.
6 shows the TEM image of the BEP–CSR–CNT nanocomposite
where both uniformly dispersed CSR nanoparticles and inhomoge-
neously dispersed CNTs can be observed in the BEP matrix. The
poor dispersion of CNTs in the BEP matrix can be attributed to
(1) the large difference in specific surface energy between CNTs
and the polymer-matrix [16] and (2) the strong interaction among
Fig. 6. TEM images of the BEP–CSR–CNT nanocomposite: (a) uniformly dispersed CSR a
matrix at a higher magnification.
the nanoparticles itself (i.e., in this case, the CNTs). According to
the Rumpf’s equation [17], the stress needed to rupture the nano-
particle agglomerate is inversely proportional to the size of the
particles. The trend observed with the flexural modulus of these
four systems was consistent with that of the storage modulus
investigated by DMA.

Fig. 3d shows the flexural strength of fully cured BEP, BEP–CSR,
BEP–CNT, and BEP–CSR–CNT systems. The average flexural
strength value of the BEP system increased by 11% and 8% with
the addition of CSR and CNT, respectively; however, it increased
by 30% when both CSR and CNT were added to the BEP system.
According to the equation for the ultimate stress r* in composite,
first formulated by Griffith and then extended by Irwin [19]:

r� ¼ A

ffiffiffiffiffiffiffiffi
EGc

C

r
ð2Þ

where A is a numerical factor of the order of unity; E is the elasticity
modulus of the composite; Gc is the critical strain energy release
rate; and C is the effective defect that initiates the development
nd inhomogeneously dispersed CNT in the BEP matrix; (b) CSR and CNT in the BEP
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of the main crack. The improvement in the average flexural strength
of the BEP–CSR nanocomposite may be attributed to the toughening
effect of the uniformly dispersed CSR nanoparticles in the matrix,
resulting in an increase in Gc, which is a measure of the material
toughness. This is evidenced by the 61% increase in the fracture
toughness observed in the BEP–CSR nanocomposite as reported
earlier.

The modest increase in the average flexural strength value ob-
served in the BEP–CNT nanocomposite might be attributed to the
good interfacial bonding between the CNT and BEP resin. As dis-
cussed previously, the carboxyl group on the CNT surface was an
effective curing catalyst for benzoxazine, which led to high interfa-
cial bonding between the CNT and BEP matrix [18]. The good inter-
facial bonding can induce stress transfer across the CNT/BEP matrix
interface, a necessary condition for improving the mechanical
properties of polymer composites [9]; however, the increase in
the average flexural strength value for the BEP–CNT nanocompos-
ite was not statistically significant, which may also be attributed to
the CNT agglomerates (ref. Figs. 5a and 7c) that could act as stress
concentrators, thereby leading to reduced mechanical properties.

Despite the non-uniform dispersion of CNTs (Ref. Fig. 6), the
combination of CSR and CNT enhanced the average flexural
strength to a significant value (�30%) in the BEP–CSR–CNT nano-
composite. According to Eq. (2), although the modulus in the
BEP–CSR–CNT nanocomposite decreased compared with that in
the BEP system, the significant improvement in the average flex-
ural strength of the BEP–CSR–CNT nanocomposite may be attrib-
uted to the giant increase in Gc resulting from the simultaneous
addition of CSR and CNT, evidenced by the 160% increase in the
fracture toughness in BEP–CSR–CNT nanocomposite which was
discussed earlier.
Fig. 7. SEM images of the four systems: (a) the BEP ternary system; (b) the BEP–CSR syste
CNT system.
4.4. Thermal mechanical properties

The coefficients of thermal expansion (CTEs) below and above
Tg were calculated based on the thermal expansion rate curves.
The CTE of the BEP, BEP–CSR, BEP–CNT, and BEP–CSR–CNT systems
below Tg was 6.1 � 10�5, 7.0 � 10�5, 5.6 � 10�5, and 6.9 � 10�5,
respectively. The BEP–CSR nanocomposite showed an 11.5% CTE
increase compared with that of the BEP ternary system. The in-
crease in thermal expansion for the BEP–CSR nanocomposite was
due to the nature of CSR, which has a high CTE, while the CTE of
the BEP–CNT nanocomposite had an 8.2% reduction compared with
that of the BEP system. The effect of the CNT on the CTE reduction
was attributed to the negative CTE of CNT and strong interface
bonding between the CNT and matrix. The strong interfacial bond-
ing could compromise each ingredient for thermal expansion prop-
erties and result in a CTE reduction in the BEP–CNT nanocomposite
[20]. With the interactional effect of CSR and CNT, the CTE of the
BEP–CSR–CNT nanocomposite decreased slightly compared with
that of the BEP–CSR nanocomposite, but still was higher than that
of the BEP ternary system.

The CTE of the BEP, BEP–CSR, BEP–CNT, and BEP–CSR–CNT sys-
tems above Tg was 16.5 � 10�5, 18.6 � 10�5, 17.9 � 10�5, and
19.1 � 10�5, respectively. CSR-filled composites above Tg showed
an increase in CTE compared with the BEP and BEP–CNT systems,
which showed a similar trend as that below Tg; however, the CTE
of the CNT-filled composites above Tg increased compared with
the BEP and BEP–CSR systems even though CNT has a negative
CTE value, which was completely opposite to the reduction effect
below Tg.

These experimental results were consistent with the results
that Wei et al. [21] obtained using molecular dynamic simulation.
m; (c) the BEP–CNT system (arrows indicating CNT agglomerates); (d) the BEP–CSR–



Fig. 8. TGA thermogrames of the BEP, BEP–CSR, BEP–CNT, and BEP–CSR–CNT
systems.
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Wei et al. attributed these CTE enhancements above Tg to the pho-
non modes vibration and Brownian motion of the CNTs. The CNTs
embedded within a polymer-matrix have a fixed volume and ex-
clude the occupancy of the polymer chains. The excluded volume
of the embedded CNTs rises as the temperature increases, which
results in an enhanced CTE above Tg [20].

4.5. Thermal stability

The decomposition temperatures at 5% weight loss (T5%) for all
four systems studied in an argon atmosphere were approximately
360 �C as shown in Fig. 8. No obvious change of the decomposition
temperature was observed with the presence of CSR or CNT in the
BEP system. The weight residue of the BEP–CSR, BEP–CNT, and
BEP–CSR–CNT systems at 800 �C was 31.9%, 22.5%, 32.4%, and
24.8%, respectively. The lower weight residue observed with the
BEP–CSR system may be related to the fact that CSR has a relatively
lower char forming ability. The presence of CNT slightly increased
the weight residue of the BEP–CNT compared with the BEP system,
due to the thermal stability of CNT. Thus, in the BEP–CSR–CNT
nanocomposites, the addition of CNT partially counteracted the
reduction of weight residue introduced by CSR.

5. Conclusions

The addition of both types of nano-fillers (CSR and CNT) re-
duced the activation energy and the peak exotherm temperature
of the base BEP ternary system. A slight increase of the Tg in both
the BEP–CSR and BEP–CNT systems was observed compared with
that of the BEP ternary system. The simultaneous addition of CSR
and CNT in the BEP system further increased the Tg. The CTE of
the three nanocomposite systems was higher than the BEP system
both below and above the Tg temperature range, except for the
BEP–CNT system below Tg.

Adding CSR significantly improved the toughness and reduced
the modulus of the BEP system. Adding CNTs did not produce a
significant impact, statistically, on the static mechanical proper-
ties of the BEP system; however, the simultaneous addition of
CSR and CNT led to a significant increase in fracture strength
(�30%) and toughness (�160%) compared with the base BEP sys-
tem. The addition of these nano-fillers also had little effect on
the temperature at 5% weight loss. Thus, combining CSR and
CNT can effectively improve the material properties of the BEP
ternary system.
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