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Synergistic effects of nanoclay (NC) and carbon nanotube (CNT) as a physical
and chemical hybrid on the properties of epoxy matrix were studied. The
chemical hybrid of CNT-NC (CNC) was synthesized by high-temperature
decomposition of methane on NC supports. The formation of CNTs on the NC
surface was confirmed by transmission electron microscopy, scanning electron
microscopy (SEM) and Raman spectroscopy. As-prepared CNCs were subse-
quently added into an epoxy matrix to make epoxy-CNC composites. The
mixture of purified CNTs and NC as the physical hybrid of CNT-NC (PNC)
was introduced into the epoxy matrix in order to fabricate epoxy-PNC com-
posites. The relationship between the type of filler with the thermal and
morphological performance of the epoxy-CNT-NC composite hybrids was
investigated. The exfoliation characteristics of NCs and CNTs in epoxy
nanocomposites were analyzed using x-ray spectroscopy (EDX) and SEM
studies, respectively. Thermal behavior of the epoxy nanocomposites was
studied by thermo-gravimetric-differential thermal analysis (TGA/DTG), the
heat deflection temperature (HDT) test and dynamic mechanical analysis
(DMA). The results indicated that the thermal characteristics of the epoxy
including the degradation temperature (Tdeg), HDT and glass transition
temperature (Tg) relatively increased with the introduction of all the nano-
fillers, NC, CNT, PNC and CNC. The synergistic effects of CNT and NC were
found to be more marked for the chemical hybrid compared to the physical
one. In the case of CNC, it was observed that the CNTs attached to the clay
sheets form a unique structure in which a 2D NC has several 1D CNTs at-
tached to it. The enhanced homogeneous dispersion of NCs and CNTs in
epoxy-CNC was clearly observed compared to epoxy-PNC.

INTRODUCTION

In recent years, much attention has been paid to
the preparation of high-performance polymer
nanocomposites using a combination of nanofillers
with different dimensions. Carbon nanotubes
(CNTs) as 1D nanomaterials have been considered
to be ideal reinforcing fillers for a polymer matrix
because of their unique structural,1 electrical,
mechanical, electromechanical and chemical prop-
erties.2 On the other hand, clay platelets as 2D
nanomaterials have the potential of being low-cost
alternative fillers for incorporation into polymeric
matrices for commercial applications.3 Thus, the

concurrent application of CNTs and nanoclay (NC),
as both the physical and chemical hybrid filler in
polymers has provided the advantages of both fillers
to improve the properties.

Incorporation of NC was proposed as an effective
method for dispersion of CNTs into the thermoset-
ting epoxy matrix.4,5 Sun et al. reported the
improved dispersion of CNTs in the presence of NC
benefiting from the strong electrostatic affinity
between these two nanofillers.4 Liu et al. showed
that the CNT morphology of epoxy-CNT nanocom-
posites changed from discontinuous aggregated
clusters to a continuous three-dimensional network
by the addition of NC.5 Tarawneh et al. discussed
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the processing of natural rubber/physical hybrids of
CNT and NC nanocomposites with different per-
centages of filler in order to obtain the optimum
mechanical and thermal properties.6,7 A
polypropylene (PP) nanocomposite system with
improved flame retardancy and thermal stability
was obtained utilizing the unique properties of NC
in combination with CNTs.8–10 The mechanism
proposed for improved thermal stability involved
the physical/chemical adsorption of volatile degra-
dation products on the nanofiller surface.9,11 Fur-
thermore, a high degree of exfoliation accompanied
by fine dispersion was required to increase the
overall thermal stability of the polymer matrix.11

Apart from improvement in thermal stability, the
increase in elastic modulus, loss modulus and glass
transition temperature (Tg) of polymers was
observed with the simultaneous addition of NC and
CNTs.5 In the case of wood–polymer composites, the
synergistic effect of NC and CNTs enhanced the
interaction between wood and polymer leading to a
restriction in polymeric chain movement and higher
Tg.12

Although the advantages of using physical
hybrids of CNTs and NC are well documented in the
literature, the application of chemical hybrids of
them is still a novel and challenging task. Iron,
nickel, or cobalt nanoparticles supported on NC
were efficient catalysts for the synthesis of CNTs on
NC surfaces by chemical vapor deposition (CVD).
This method has been proved to be a cost-efficient
and facile approach to fabricate chemical hybrids of
CNTs and NC.13 These hybrids have been shown to
be promising nanofillers to improve the properties of
a polymer.14,15

Recently, the synergistic effect between CNTs and
NC in chemical hybrids of them was evidenced with
outstandingly enhanced mechanical properties of
polymer nanocomposites with respect to the pristine
polymer.16–18 Strong interaction between the
chemical hybrid and the polymer was proved to be
responsible for that significant improvement.13

Improvement in thermal stability was observed for
polyurethane foams,18 nylon-619 and Nafion20 with
chemical hybrids of CNTs and NC. The considerable
improvement was related to the possible mechanical
interlocking which may occurred within the poly-
mer matrix owing to the structure of the hybrids,
which facilitates the exfoliation of the clay in the
matrix.16

As mentioned, synergistic effects of NC and CNTs
as physical and chemical hybrids on the properties
of a polymer matrix have been recently repor-
ted.16,18,20 However, systematic studies about the
comparative effect of the simultaneous use of NCs
and CNTs as chemical and physical hybrids on the
properties of polymer matrixes have not yet been
reported. Hence, there is a lot of scope to do further
work in this area. In this study, the growth of CNTs
through methane CVD on clay-supported iron
nanoparticles as a catalyst applied to prepare a

chemical hybrid of CNT-NC (CNC). The process was
followed by the incorporation of as-prepared CNCs
into an epoxy matrix to make epoxy-CNC compos-
ites. A physical mixture of CNTs and NC as a
physical hybrid of CNT-NC (PNC) was introduced
into an epoxy matrix in order to fabricate epoxy-
PNC composites. The main objective of this work is
to study the synergistic effect of CNT-NC hybrids
(both chemical and physical) on the thermal
behavior of the composites by dynamic mechanical
analysis (DMA), heat deflection temperature (HDT)
and thermo-gravimetric-differential thermal analy-
sis (TGA/DTG). The correlation between thermal
performance and the morphology of the filler in the
epoxy matrix filled with CNT-NC hybrids was
investigated.

EXPERIMENTAL

Materials

CVD experiments were carried out on an organo-
modified montmorillonite (MMT), Cloisite� 15A,
produced by Southern Clay Products (USA) as the
support. Iron (III) nitrate nonahydrate [>99%, Fe
(NO3)3Æ9H2O; Merck-Germany)], methane (99.99%),
hydrogen (99.99%) and nitrogen (99.99%) (Roham
Gas, Iran) were used as received. The polymer
matrix (Araldite LY 5052/Aradur HY 5052; Hunts-
man, Switzerland) was used as a standard low vis-
cosity epoxy3 along with a hardener based on
modified cycloaliphatic amines (HY5052).

Methods and Characterizations

Preparation of NC-Supported Fe Catalysts

NC-supported Fe catalysts were prepared
according to the Ref. 13 by the wet-impregnation
method. In a typical procedure, a NC solution (10 g
in 150 mL of deionized water) was stirred with iron
(III) nitrate solution (18 g in 100 mL of deionized
water) overnight at room temperature. After stir-
ring, the solvent was evaporated at 100�C on a hot
plate. The resulting paste was dried under vacuum
for 8 h and calcined at 500�C for 3 h. The obtained
brown solid was ground into fine powder, screened
by a 100-mesh sieve and then reduced for 2 h under
(60 mL/min) hydrogen flow at 500�C.

CVD Growth of CNTs

CNTs were grown on the Fe-immobilized NC by
catalytic CVD with methane at 950�C.21 For CNT
growth, a quartz boat containing the catalyst pow-
der was placed in a quartz tube kept in a horizontal
tube furnace model P. Tube 12/38/750 (Pyro Therm
Furnaces, Leicester, UK). The furnace was heated
to 950�C under a nitrogen stream to remove any
trace of moisture and oxygen present in the reac-
tor.22 Thereafter, the CNTs were grown under the
flow of the reactant gases over the catalyst for 1 h.
After the completion of CNT growth the furnace was
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cooled to room temperature under a nitrogen
stream. Finally, the quartz boat was taken out of
the furnace and the reaction product was repre-
sented here as CNC.

Purification of As-grown CNTs

In order to compare the effect of the chemical and
physical CNT-NC hybrids more reliably, as-grown
CNTs were purified and then used in PNC. For this
purpose, the NC support and iron particles were
removed by refluxing the obtained CNC in a mix-
ture of 12% HCl and 12% HF acids, respectively.23

Finally, the CNT deposits were washed thoroughly
with distilled water and dried overnight at 80�C.

Preparation of Epoxy Nanocomposites Based on
Hybrid of CNT-NC

The epoxy nanocomposites were prepared using a
mixing and casting method, which included the
following steps:

(a) Adding the pre-determined mass fractions of
nanofiller to the hardener and mixing for
30 min with ultra-sonication (60% Ampl) in
an ice bath

(b) Adding the epoxy and mixing by a mechanical
shaft in an ice bath (900 rpm) for 5 min to
ensure good homogeneity

(c) 1 h of degassing by vacuum at room temper-
ature

(d) Casting the mixture in silicone molds
(e) 24 h cure at room temperature
(f) 4 h post-cure at 100�C

The mass ratio of epoxy/hardener (Araldite LY
5052/Aradur HY 5052) was kept 100:38 according to
the manufacture’s data-sheet.24

Characterization

The surface area of the support was measured
using the Brunauer–Emmett–Teller (BET) method
at every stage of the catalyst preparation by a sin-
gle-point BET surface analyzer (Quantachrome
TPR Win v.1.0; USA) using nitrogen as the adsor-
bate. Small- and wide-angle x-ray scattering (SAXS
and WAXS) patterns were collected by a Philips
X’Pert MPD (Netherlands) diffractometer using a
CuKa radiation source at 40 kV and 40 mA with
step size of 0.02�/s. The basal spacing (d001) was
measured using Bragg’s equation.25 Raman spectra
were recorded by a Micro-Raman system, RM 1000
RENISHAW, using a 50-mW laser excitation line at
785 nm equipped with a Leica DMLM microscope
and a Peltier-cooled charge-coupled device (CCD)
detector. Surface morphology and the overall qual-
ity of the CNT dispersion in the epoxy matrix were
investigated by a VEGA/TESCAN (Czech Republic)
scanning electron microscope (SEM). Energy-dis-
persive x-ray (EDX) spectroscopy coupled with SEM
was used to verify the validity of the location of the

NC particles. As a priori to study the fracture sur-
face, the SEM specimens were prepared by frac-
turing the samples in liquid nitrogen. The samples
were gold-sputtered to reduce the electrostatic
charge generated by the electron beam bombard-
ment. Transmission electron microscopy (TEM) was
performed on a Philips EM 208 (Germany) under an
accelerated voltage of 100 kV. The heat distortion
temperature (HDT) (Ats Faar, Italy) of the
nanocomposites was measured under load
(1.8 MPa) according to ASTM D 648. Dynamic
mechanical properties of epoxy nanocomposites
were measured using DMA-TRITON (TRITEC 2000
DMA; Lincolnshire, UK) according to ASTM-E
1640-04. Temperature scans were carried out with a
frequency of 1 Hz at a heating rate of 5�C/min in the
temperature range of 25–180�C. TGA/DTG analysis
was carried out on a Perkin–Elmer Pyris instru-
ment (USA) heating from room temperature to
1000�C under the ambient atmosphere, using a
ramp rate of 10�C/min.

RESULTS AND DISCUSSION

Structural Properties of the Catalysts

The specific surface area (SBET) and total specific
pore volume of NC support in the catalyst preparation
stages are reported in Table I. After wet impregna-
tion, no considerable change in the surface area was
observed, compared to the pristine NC. The calcina-
tion of the impregnated support caused a drastic
increase in the SBET value. This showed that the cal-
cination process greatly expanded the active surface
areas of the support.26 After calcination, the metallic
cations were transformed to oligo-nuclear metal oxi-
des, strongly immobilized on the clay surfaces.27

Figure 1a presents the WAXS pattern of the NC
on different stages of the catalyst preparation.
Several 2h peaks were observed in the diffractogram
of pristine Cloisite� 15A (Fig. 1a-i) indicating the
layered structure of montmorillonite. The peaks
located at 20�, 35�, 54�, and 62� were attributed to
the diffraction of (110), (105), (210), and (300)
reflections of the montmorillonite, respectively.23,28

The sample obtained after calcination (Fig. 1a-ii)
still showed the peaks indicative of montmorillonite
structure. The other diffraction peaks in this sample
had been indexed with Fe2O3.29 This showed that,
during the calcination process, Fe3+ ions, which
intercalated into the layers of montmorillonite by
wet impregnation with the Fe (NO3)3 solution,
changed to Fe2O3.13 The reduced support gave the
most intense diffraction peak at 44.7� (Fig. 1a-iii), in
addition to the pristine support peaks. This
diffraction peak was well matched with that for the
metallic Fe,29 indicating that, during the reduction
process, Fe2O3 particles reduced to the metallic
state. The literature13,23 also states that Fe2O3

should convert to metallic Fe to serve as seeds for
the growth of CNTs under CVD, which was consis-
tent with the WAXS pattern observed in this work.
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The SAXS patterns of pristine support, the calci-
nated one and NC after CVD (CNC) shown in
Fig. 1b, reveal that calcination of the Fe-loaded OC
(Cloisite�15A) and further CVD reaction has a
severe effect on its [001] reflection. The disappear-
ance of basal reflection at 2h = 2.8� corresponded to
001-dspacing in XRD patterns of the calcinated sup-
port with respect to the parent NC suggested the
strong delamination of the structure. The delami-
nation could be caused by the degradation of qua-
ternary ammonium salt modifiers during
calcinations.30 Then, the layers of the NC were
further delaminated in CNC due to the growth of
CNTs on the platelets, as previously observed.13

Chemical Hybrid of CNT-NC (CNC)

The morphology and dimensions of the carbona-
ceous products grown by CVD (CNC) were investi-
gated by SEM and TEM (Fig. 2). SEM analysis of
as-grown carbonaceous products on the catalyst
(Fig. 2a and b) evidenced that filamentous struc-
tures were successfully produced over the Fe-loaded
clay as the catalyst, in agreement with our results
previously obtained on Na+-exchanged clay.31 The
filamentous structure (which will be proven to be

CNTs below) were highly entangled in bundles
which might indicate the presence of defects in the
CNTs structure.31

TEM observation was conducted to obtain more
details about the morphology of the CNC, as shown
in Fig. 2c. The clearly hollow nature of the as-grown
carbonaceous products on NC revealed the suc-
cessful formation of multi-walled carbon nanotubes
(MWCNTs). Encapsulated Fe-nanoparticles (with
diameters greater than 5 nm) within the channels
of the nanotubes showed the crucial role of Fe3C in
CNT growth by the CVD method.32 Furthermore, it
can be seen that the CNTs are randomly distributed
and attached to the NC sheets. This revealed the
formation of a unique 3D structure in which a 2D
clay platelet has several 1D nanotubes attached to
it. The SEM image of the separated CNTs from CNC
was obtained after purification process (Fig. 2d,
which indicates that the CNTs structure still pre-
vails even after purification. Dimension measure-
ments of Fig. 2b showed that the outer diameter of
the CNTs ranges from 15 nm to 150 nm and the
length is between 4 lm and 25 lm. The distribution
of the as-grown CNTs’ length and diameter obtained
from several SEM micrographs (not shown here) is
illustrated in Fig. 3.

Table I. Specific surface area (SBET) of NC support in catalyst preparation stages

Samples
Pristine
support

Impregnated
support

Calcinated
support

Reduced
support

Specific surface area (m2/g) 4.86 5.14 65.60 54.87
Total specific pore volume (mL/g) 0.0026 0.0028 0.0357 0.0298

Fig. 1. (a) WAXS spectra of i Pristine support (Cloisite �15A), ii calcinated Fe-loaded support, and iii reduced Fe-loaded support.
(+) Montmorillonite, (o) oxidized Fe-Fe2O3, (*) metallic Fe. (b) SAXS spectra of pristine support, calcinated Fe-loaded support and CNC.
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Raman spectroscopy was used to characterize as-
prepared CNC sample and also provide information
on the nature of the as-grown CNTs on NC. Figure 4
displays the shape evolution of the Raman spectra.
In the Raman spectrum of a typical MWCNT, three
modes were often observed at 1340–1350 cm�1,
1570–1610 cm�1 and 2700–2800 cm�1, referred to
as the D-, G- and G¢-bands, respectively. The D peak
was related to the presence of lattice disorder and
defects in the sidewall structure of the CNTs. The G
peak was associated with the in-plane vibrations of

the graphene sheet related to the crystalline gra-
phitic carbons. The overtone of the D-band, the so-
called G¢-band, was defect-independent.31

The relative intensity of the D and G bands (ID/IG)
indicates the degree of disorder in the graphite sheets.
The ID/IG ratio can be used as a measure of the crys-
tallinity of the synthesized CNTs and it was found to
be 1.4. The average size of domains with graphitic
order (LC = 560Æ(IG/ID)ÆEL

�4)33 was calculated to be
62.0 nm, where EL was the laser visible excitation
energy (1.58 eV in our case). These values were

Fig. 2. Morphology of CNTs obtained by methane CVD over Fe-loaded NC: (a, b) SEM and (c) TEM of product before purification (CNC), (d)
SEM of purified CNTs.
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similar to those reported in the literature for CNTs
prepared using CVD on NC support, revealing the
acceptable quality of the prepared CNTs.34,35 The
relative intensity of the D-band to the G-band (ID/
IG > 1) revealed that the MWCNTs were grown on
our catalyst rather than single-walled CNTs
(SWCNTs). Due to the fact that SWCNTs typically
show a stronger intensity of the G-band compared to
that of the D-band.21 Predominant growth of
MWCNTs was expected because the synthesized
nanotubes originated from Fe nanoparticles with
diameters higher than 5 nm (as shown in Fig. 2c.

Even though the Raman spectrum verified the
formation of MWCNTs, TGA was used for further
confirmation according to the combustion tempera-
ture of MWCNTs. TGA and DTG results of the CNC
before and after purification, in an atmosphere of
oxygen, are shown in Fig. 5. No significant weight
loss below 400�C was evidenced by the TGA mea-
surements, indicating little/no amount of amor-
phous carbon was present in the synthesized CNTs.
The peaks typically occurring over 400�C can be
utilized to estimate the type of carbonaceous
structures.27

Fig. 3. Percent dimension distribution of as-grown CNTs present in CNC: (a) length and (b) diameter.

Fig. 4. Shape evolution of Raman spectra of as-grown CNTs present in CNC.
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The TGA curves of CNC both before and after
purification present a single mass drop at �619�C
with mass losses of �50% and 100%, respectively.
The residual mass, above 700�C (Fig. 5b), was
mainly attributed to the NC remaining in the sam-
ple.36 The maximum exothermic peak (Tpeak) of
DTG curve which was located at 619�C can be
attributed to the combustion of the MWCNTs. The
high resistance to oxidation (above 600�C) of the
carbon nanostructures grown over the NC catalyst
revealed that they were MWCNTs. According to the
literature, SWCNTs typically show less thermal
stability (below 600�C) than MWCNTs due to the
strong interaction between graphene layers in the
MWCNTs.37 By subtracting the value of the mass
drop at �619�C, the yield of MWCNTs in the syn-
thesized CNC was estimated to be �50% (Fig. 5a).

Figure 5b shows the TGA/DTG results of the CNC
after purification. During purification, the
MWCNTs underwent acid wash to remove the NC
and catalyst particles. Since the DTG peak was
almost unchanged, it can be concluded that purifi-
cation caused little or no damage to the structures of
the synthesized MWCNTs. The purified MWCNTs
were further used in preparation of PNC in the
following experiments.

Epoxy Nanocomposites Based on Hybrids of
CNT-NC

In an effort to compare the effect of CNC on
properties of epoxy with PNC, NC and CNT, the
epoxy nanocomposite samples were prepared
according to Table II. Samples were identified as

Fig. 5. Thermal stability of (a) CNC and (b) CNTs obtained after purification of CNC; as monitored by TGA/DTG curves.

Table II. Mass content and type of nanofiller used in preparation of epoxy nanocomposites

Sample no Sample code

Nanofiller

Content (%) by mass Type

1 Epoxy 0 –
2 Epoxy-0.2 NC 0.2 Nanoclay support just before CVD reaction
3 Epoxy-0.2 CNT 0.2 Carbon nanotubes after purification of CNC
4 Epoxy-0.2 PNC 0.2 Mixture of NCa and CNTb (50/50)
5 Epoxy-0.2 CNC 0.2 CNC

aNanoclay support just before CVD reactionbCarbon nanotubes after purification of CNC.
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‘‘Epoxy’’ followed by the mass percentage and the
type of the nanofiller, respectively. For example, the
sample containing 0.2% mass content of CNC was
identified as Epoxy-0.2 CNC.

Figure 6 illustrates the effect of different nano-
fillers on the storage modulus (E’) and loss factor (tan
d) of the prepared epoxy nanocomposites. At low
temperature (glassy regime), the introduction of
0.2 wt.% nanofiller caused a remarkable increase in
the storage modulus compared to neat epoxy
(Fig. 6a). The improvement of the storage modulus,
with the introduction of nanoparticles was the result
of the extraordinary stiffness of CNTs, NCs and their
hybrid. The samples with 0.2 wt.% CNT and 0.2 wt.%
NC show 28% and 12% increases in storage modulus
compared to neat epoxy, respectively (Table III). The
higher reinforcing effect of CNTs compared to NC due
to their higher modulus was also observed in our
previous work.38 The samples with 0.2 wt.% PNC
and 0.2 wt. CNC showed 12% and 20% higher storage
modulus than the neat epoxy, respectively. This
result provided the evidence that the CNC could be
more effective in enhancing the storage modulus of
epoxy compared to PNC. Not much difference in the
E¢ was seen for epoxy nanocomposites in a high
temperature or rubbery regime.

The maximum of the tan d curve (peak tempera-
ture) was considered as the glass transition tem-
perature (Tg) of the composite. Figure 6b reveals

that all epoxy nanocomposites show slightly higher
Tg than unfilled epoxy. Nanocomposites with
0.2 wt.% CNT, NC and PNC had a quite similar Tg

value, 121�C, while the addition of 0.2 wt.% CNC
increased it from 113�C, when there was no nano-
filler, to 123�C (Table III). This could be an indica-
tion that high interactions between polymeric
chains and filler made the movement of the polymer
chains more restricted.19 In addition, the net
structures of CNT and NC and their hybrids might
effectively restrict the movement space and mobility
of the epoxy chains.14

In order to develop an understanding of the
interactions of nanofillers with the epoxy matrix,
fractography of the fracture surface of the epoxy
nanocomposites was performed by SEM. Figure 7a–
e displays the fracture surface of the epoxy with
different types of nanofiller. As can be observed in
Fig. 7a, the fracture surface of the virgin epoxy was
very smooth but there was a significant increase in
average roughness with the introduction of nano-
filler. The higher roughness of the fracture surface
of epoxy-0.2 CNC compared to epoxy-0.2 PNC con-
firmed the higher interaction between the epoxy
matrix and the CNC. This observation is in good
agreement with the Tg results of the DMA analysis.

The homogeneous dispersion of nanofillers in a
polymer matrix is the key factor to obtain high-
performance composites.13 In order to support the

Fig. 6. (a) Storage modulus (E¢) and (b) loss factor (tan d) versus the temperature curves for epoxy nanocomposites.

Table III. DMA, TGA/DTA results of epoxy and its nanocomposites containing different nanofillers

Sample
code

DMA TGA/DTA

Storage modulus
(GPa) at 25�C

Glass transition
temperature (�C) Ton (�C) Tdeg (�C)

Residual
mass (%)

Epoxy 1.97 113 340.1 369 10
Epoxy-0.2 NC 2.21 121 342.6 372 11
Epoxy-0.2 CNT 2.51 121 341.3 370 11
Epoxy-0.2 PNC 2.21 121 342.9 374 12
Epoxy-0.2 CNC 2.38 123 344.3 375 13
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Fig. 7. Fracture surface of (a) epoxy, (b) epoxy-NC, (c) epoxy-CNT, (d) epoxy-PNC and (e) epoxy-CNC by SEM. Dispersion status of NC (b¢):
epoxy-NC, (d¢) epoxy-PNC and (e¢) epoxy-CNC with detection Si by EDX. Dispersion status of CNT: (c¢) epoxy-CNT, (d¢¢) epoxy-PNC and (e¢¢)
epoxy-CNC by high-magnification SEM.
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good dispersion of nanofillers in the epoxy matrix,
EDX and high-magnification SEM were applied to
detect NC and CNT, respectively. The red points in
Fig. 7b¢ were related to the main element of NC,
silicone (Si).39 According to the photograph, epoxy-
0.2 NC developed a homogenous dispersion, since
very few silicate layers gathering in tactoids can be
observed. Figure 7c¢ shows the SEM image of the
epoxy-0.2 CNT sample. It can be seen that the CNTs
were randomly dispersed and no aggregation of
CNTs is observable. Randomly dispersed CNTs in
epoxy-0.2 PNC and epoxy-0.2 CNC nanocomposites
are shown in Fig. 7d¢¢ and e¢¢, respectively. The
observation that most CNTs were broken upon
failure rather than just pulled out of the epoxy is an
obvious confirmation of the strong interfacial
adhesion between the nanofiller and the epoxy
matrix.13 In the case of epoxy-0.2 CNC, the unique
3D structure of the CNC, including the 2D NC with
several 1D CNTs attached to it, can be seen in
Fig. 7e¢¢. The more homogeneous dispersion of the
NC in the epoxy matrix was obvious from the EDX
analysis of epoxy-0.2 CNC (Fig. 7e¢) compared to
that of epoxy-0.2 PNC (Fig. 7d¢).

Variation in the HDT of the epoxy nanocompos-
ites is illustrated in Fig. 8. It can be observed that,
by the introduction of 0.2 wt.% of CNT and NC, the
increase in the HDT of the epoxy was about 6.2�C
and 8.9�C, respectively. With regard to the epoxy-
0.2 CNT, addition of 0.2 wt.% NC resulted in a more
considerable improvement of the HDT, while the
concentration of the nanofiller was the same. NC
layers effectively restrained the diffusion of small
molecules in the crosslinked epoxy matrix, resulting

in relatively higher dimensional stability of the
composite.40 Figure 8 shows that, at the loading of
0.2 wt.% CNC (epoxy-0.2 CNC), the HDT was
increased by 9.7�C compared to the pristine polymer
which caused the highest increase compared to the
other nanofillers. As indicated before, the fraction of
CNT within the CNC and PNC was about 50%. So,
when the overall content of the hybrid filler was
0.2 wt.%, the actual loading level of CNT or NC was
only about 0.1 wt.%. Although the increase in the
HDT caused by the incorporation of 0.2 wt.% of the
PNC was higher than epoxy-0.2 CNT, it was less
than that of epoxy-0.2 NC. Thus, at the same con-
tent, the increasing effect of the physical hybrid on
the HDT was less than NC alone. However, the
enhancement in HDT upon incorporation of
0.2 wt.% of the CNC was even higher than that of
epoxy nanocomposites using 0.2 wt.% CNT or
0.2 wt.% NC alone. The results clearly showed the
benefit of using the CNC filler, due to its 3D struc-
ture as well as the strong interfacial interaction
with the epoxy matrix shown previously by SEM.

In order to shed further light on the effect of CNC
on the thermal properties of the epoxy, the TGA/
DTG of nanocomposites was considered (Fig. 9),
from which it is revealed that the incorporation of
the nanofiller enhanced the thermal stability of the
epoxy. However, the extent of the improvement
depends on the type of the nanofiller. The temper-
ature of 5% weight loss and the temperature of the
fastest decomposition rate are considered as the
onset temperature of the decomposition (Ton) and
degradation temperatures (Tdeg), respectively. Ton,
Tdeg and residual mass for the nanocomposite sam-
ples are summarized in Table III. The degradation
of the pristine epoxy started at 340�C, while the
epoxy nanocomposite started to degrade at slightly
higher temperatures. This can be the evidence of
the improved thermal stability in the presence of
nanofillers,20 which acted as the barriers for heat
loss and volatile degradation products in the
nanocomposites.14 The barrier behavior, called
nano-confinement, has been reported to maximize
when the nanofiller exerted an exfoliated morphol-
ogy.41 At the same concentration, the addition of NC
resulted in a higher improvement of the thermal
stability of the epoxy, compared to CNT. Similar
behavior was reported for polyurethane by Ambu-
ken et al.42 The combination of the two fillers (both
chemical and physical hybrids) produced further
enhancements in thermal stability, which is in
agreement with what has been observed for poly-
urethane foam and polyamide-6.18,19 The increase
in Ton and Tdeg was more pronounced in the case of
the chemical hybrid of CNT and NC (epoxy-0.2
CNC). Significant improvement in the thermal sta-
bility of the epoxy by the addition of the hybrid
nanofillers can be attributed to the combined effect
of the CNT and NC and their strong interfacial
interactions with the polymer matrix. Synergistic
effects of CNT and NC were more marked for the

Fig. 8. Variation in HDT of epoxy nanocomposites with different
nanofiller.
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chemical hybrid compared to the physical one. It
was believed that, in epoxy-0.2 CNC, the exfoliated
state of NC in combination with the presence of
CNT grown on their surfaces, resulted in the
greater improvement of the thermal stability of the
composites.17 It was also noted that the presence of
nanofiller was effective in improving the weight
residues of the epoxy nanocomposites. The residual
mass of the nanocomposites with different type of
nanofiller was 1–2 wt.% higher than that of pure
epoxy. This enhancement of the residual mass was
ascribed to the high heat resistance caused by the
presence of the nanofiller.14

Considering all thermal properties, although
epoxy-0.2 CNC and epoxy-0.2 PNC have the same
amount of CNT and NC, the increase in Tg, HDT
and Tdeg of epoxy is more remarked in epoxy-0.2
CNC. Therefore, this could be understood only as
the result of the poor dispersion of PNC into the
epoxy compared to CNC. This finding proved that
NC and CNT have a more significant synergistic
effect in improving the polymer thermal properties
in the case of CNC.

CONCLUSION

The improving effect of the unique 3D CNT-NC
hybrid nanofiller has been demonstrated in this
study. The chemical hybrid of CNT and NC (CNC)
was successfully fabricated through high-tempera-
ture decomposition of methane. The as-prepared
CNC was added into an epoxy matrix in order to
compare the properties of the obtained composite
with nanocomposites prepared by CNT, NC and a
physical mixture of these two (PNC).

Compared with the un-filled epoxy, Tdeg, HDT, Tg

and E¢ of the nanocomposite were greatly improved.
Among all the nanofillers, the advantages and
uniqueness of CNC as the filler for epoxy
nanocomposites was more marked in its thermal
properties. Synergistic effects of CNT and NC were

obviously higher in the chemical hybrid compared to
the physical one. The improvement was related to
the 3D structure of the CNC observed from SEM
and TEM. Furthermore, the growth of CNT on the
NC surface in the CNC hybrid led to delamination of
the NC in the epoxy matrix. This caused CNC to be
more effective for improving the thermal perfor-
mance of the epoxy. Such behavior justified the
complexity of the process followed for the prepara-
tion of CNC hybrids.
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