
1. Introduction
Natural rubber (NR) is an agricultural product which
can be obtained from renewable resources and also
biodegradable. Typically, NR exhibits many excel-
lent properties, including mechanical, dynamic prop-
erties and elasticity, but its weathering and oil-resis-
tant property are rather poor. To improve mechanical
properties, electrical conductivity and other related
properties of NR, various conductive fillers are nor-
mally incorporated in the compounding formulation
of NR [1, 2]. Also, the modified NR like epoxidized
natural rubber (ENR) [3], maleated natural rubber
[4] and NR grafted with polar monomers [5], have

also been exploited to improve some important prop-
erties of NR. Currently, natural rubber nanocompos-
ites have also been prepared by incorporating differ-
ent types of nanofillers, including carbon nanotubes
[6], graphene [7], and conductive carbon black [8].
Furthermore, ceramic fillers, such as barium titanate
(BaTiO3) and lead titanate (PbTiO3) were also inves-
tigated [9]. It was found that the gum ENR and ENR/
BaTiO3 composites exhibit higher mechanical prop-
erties and electrical conductivities than those of the
gum NR and NR/PbTiO3 composites. This is attrib-
uted to the higher polarity of ENR than the unmod-
ified NR, which makes them enable to promote the
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interactions between functional groups of ENR and
at the ceramic filler surfaces [9].
Vulcanization of rubber is of important process in
the manufacturing of high-quality rubber products
for various industrial and commodity applications.
Typically, a sulfur vulcanization system has been
used to cure natural rubber and its modified form,
such as ENR and maleated Natural rubber (MNR).
Other commonly used vulcanization systems are
peroxide, phenolic, and metal oxide vulcanization
systems, together with radiation vulcanization and
metal ions [10]. Generally, metal ions have been
used as an additive to tailor various properties of rub-
ber. For instance, some transition metal ions (i.e.,
Mn2+, Cu2+ and Fe2+) have been found to accelerate
the oxidative degradation of the solid rubber via
fragmentation of the polyisoprene chains [11]. Also,
the presence of divalent metal ions, such as Cu2+,
Fe2+ and Zn2+ causes a delay in the maturation time
in the pre-vulcanized natural rubber latex [12]. They
also have a strong effect on the stability of high am-
monia (HA) concentrated latex due to the adsorption
of metal ions on the surface of rubber particles [12].
In addition, the metal ions have a direct effect on
molecular weight, branching and gel content, espe-
cially on the storage characteristics of natural rubber
[13]. The introduction of a certain amount of metal
ion into polymers that contain ionic groups may also
exert an important role on their mechanical proper-
ties [13]. It has been recognized that the elements
that are commonly found in NR latex are Ca, K, Al,
Na, Mg, Mn, Fe, Si, Rb, P, N, S and O. It was found
that the mono-, di- and multivalent metal ions affect-
ed on the viscosity of NR latex [14]. Epoxy resin
cured with metal-aromatic diamine complexes of
copper (II) chloride and ortho-phenylene diamine
(OPD) was also studied. It was found that the differ-
ences in the viscosity profiles for formulations with
different metal contents indicates the network for-
mation from the reaction of the epoxy and metal
complex [15]. Recently, the self-healable ENR has
been prepared by reacting with mixed metals ions
and diamine crosslinking agents. It was found that
some physical properties of the metal ion crosslinked
samples are comparable with the conventional sulfur
crosslinked samples [16]. In our previous work, the
crosslinking reaction of epoxidized natural rubber
(50 mol% epoxy, ENR-50) by metal ion namely fer-
ric ion (Fe3+, FeCl3, ferric chloride) was investigated

and found that a small amount of FeCl3 can cure
ENR to a considerable extent. This might be attrib-
uted to chemical reaction between opened oxirane
ring products of the ENR molecules and reactive
Fe3+ ion to form crosslinking network structures via 
–O–Fe–O– linkages [17]. Furthermore, the reaction
of ferric chloride with ethylene oxide or propylene
oxide was described and the structures of the reac-
tion products indicate that ‘internal polymerization’
take place [18]. Therefore, the epoxy group contain-
ing molecules like ENR can even undergo a ‘internal
polymerization’ type of reaction and yield many ex-
changed and complicated polymeric microstructures
with very strong and dense crosslinking structures,
as described in our previous work [17].
Nanocomposites based on elastomer and carbon
nanotubes (CNTs) have been found in various appli-
cations with high thermal stability and electrical con-
ductivity [19–21]. However, the decent properties of
ENR/CNT nanocomposites depend mainly on dis-
persion and distribution of CNTs and their three-di-
mensional network formation in ENR matrix. Typi-
cally, CNTs have high aspect ratio and strong van
der Waals forces among the particles that cause
strong agglomeration of CNTs in ENR matrix [22].
Thus, addition of carbon nanotubes based filler in
ENR has been widely studied with the main aims to
enhance various ENR properties including cure char-
acteristics, mechanical properties, thermal stability
and electrical conductivity [23–27]. Also, CNTs have
been used as a hybrid filler in combination with
other types of fillers in different rubber composites,
for instance in chloroprene rubber (CR) [28] and in
solution styrene butadiene rubber (S-SBR) filled
with the hybrid filler consisting of the multi-walled
carbon nanotubes and ionic liquid (IL) [29]. It was
found that the NR/CNT with IL hybrid nanocompos-
ite indicates comparatively high electrical conduc-
tivity with lower percolation threshold concentration
than in the NR/CNT without IL [30].
In the present work, epoxidized natural rubber
(ENR) was compounded with ferric chloride to assist
the crosslinking reaction and then filled with carbon
nanotubes via the melt mixing method. Various prop-
erties, including cure characteristics, crosslink den-
sities, mechanical, dynamic, morphological, and elec-
trical properties, together with thermal resistance,
were investigated with this ferric ion crosslinked and
CNTs filled ENR composites.
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2. Experimental
2.1. Materials
Epoxidized natural rubber with epoxide content of
50 mol% (ENR-50) was manufactured by Muang Mai
Guthrie Co., Ltd., (Surat Thani, Thailand). The multi-
wall carbon nanotubes (CNTs, NC7000) with 9.5 nm
diameter, 1.5 µm length, and 90% purity, were man-
ufactured by Nanocyl S.A. (Sambreville, Belgium).
Ferric chloride (FeCl3) was manufactured by Sigma-
Aldrich Pte. Ltd. (Darmstadt, Germany).

2.2. Preparation of ENR-FeCl3/CNT
nanocomposites

The ENR-50 was first compounded with an opti-
mum dose of FeCl3 at 7 mmol, according to our pre-
vious work [17]. The mixing was performed by a tan-
gential internal mixer (Brabender Plasticorder with
Mixer 50 EHT model: 835205 (Duisburg, Germany)
at 60°C with a rotor speed of 60 rpm and a total mix-
ing time of 8 min (Table 1). The ENR-50 was first
masticated for about 2 mins and then 7 mmol of FeCl3
was added and continued mixing to reach the total
mixing time of 8 min. In the preparation of ENR-
50/CNTs nano composites, various loadings of CNTs
(1, 3, 5, 7 and 10) were each mixed in the ENR-
50/FeCl3 compound and continued mixing to reach
the total mixing time of 8 min. The CNTs in powder
form were gradually incorporated into the mixing
chamber until they almost became a homogeneous
mix with the ENR before closing the mixing cham-
ber. The incorporated time of CNTs was set at about
4 min before further mixing was performed until the
end of the mixing cycle at 8 min. The ENR-FeCl3/
CNT compound was then dumped from the mixing
chamber and passed through the 1 mm nip of an
open two-roll mill, model YFCR 600, Yong Fong
Machinery Co., Ltd. (Samut Sakorn, Thailand) at an
ambient temperature for many cycles, involving cut-
ting and banding of the rubber compounds. This was
aimed to have better dispersion and distribution of
the CNTs in the ENR matrix. The rubber compound
was conditioned in a desiccator at room temperature
for about 24 hrs. Cure characteristic was investigated

by a moving die rheometer (MDR), model: 81001
MDR 2000, Alpha Technologies, (Ohio, USA) at
160°C. Finally, the compression molding PR1D-
W400L450PM compression molding machine, Chare-
on Tut Co., Ltd, (Bangkok, Thailand) was used to pre-
pare the ENR-50 vulcanizate sheet at 160°C using the
respective cure time based on the rheometer test.

2.3. Cure characterization
Cure characteristics of rubber compounds were de-
termined at 160°C by a moving die rheometer (MDR
2000), Alpha Technologies, (Ohio, USA) with a fixed
frequency of 1.67 Hz and strain amplitude of 1° arc.
The optimum scorch time (ts1), cure time (tc90), min-
imum torque (ML), maximum torque (MH), and
torque difference (MH – ML), were determined from
the curing curves.

2.4. Attenuated total reflection Fourier
transform infrared (ATR-FTIR)
spectroscopy

Attenuated total reflection Fourier transform infrared
(FTIR) spectroscopy was performed using a Perkin-
Elmer Spectrometer, Spectrum Two, Vertex70, Bruker
(Karlsruhe, Germany). Different samples, including
ENR-FeCl3 compound and ENR-FeCl3/CNT nano -
composites were characterized by ATR-FTIR. The
analysis was performed over the wide wavenumber
ranges from 4000 to 400 cm–1.

2.5. Mechanical properties
The tensile test specimens were mechanically pre-
pared by cutting from the vulcanized rubber sheet to
form a dumb bell shape specimen according to ISO
527 (type 5A). The samples were then clamped with
the sample holder of the tensile testing machine,
Zwick GmbH & Co., KG (Ulm, Germany). The test
was then performed at room temperature by extending
the samples with a crosshead speed of 200 mm/min
according to ISO 527. The hardness was also deter-
mined by durometer Shore A, Instron (Norwood,
USA), according to ISO 868.

2.6. Payne effect
The Payne effect was determined by measuring the
storage modulus as a function of strain amplitude by
using a rubber process analyzer, RPA 2000, Alpha
Technologies (Ohio USA). The test was performed
by measuring the storage shear modulus (G′) of each
filled un-vulcanized rubber compound under shear
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Table 1. Compounding formulations of ENR-50 compounds.

Ingredient Quantity
[phr]

Mixing time
[min]

ENR-50 100 2
CNTs 0, 1, 3, 5, 7 and 10 4
FeCl3 7 mmol 2



deformation with strain amplitude ranges from 0.56
to 100% at the fixed frequency of 1.0 Hz and 100°C.
The Payne effect was quantified by the difference of
storage moduli at very low strain (G′0.56) and at very
high strain (G′100). That is, the Payne effect is typi-
cally estimated from the difference between moduli
at very low and very high strain regimes (i.e.,
G′0 → G′100) [31], as Equation (1):

(1)

where G′0 and G′100 are the minimum (i.e., G′0.56)
and the maximum storage moduli (i.e., at the strain
amplitude 100%).

2.7. Electrical properties
Electrical properties of the ENR-FeCl3 compound
and ENR-FeCl3/CNT nanocomposites in terms of
electrical conductivity (σ) and dielectric constant (ε′)
were measured at room temperature by an LCR meter,
Hioki IM 3533, Hioki E.E. Corporation (Nagano,
Japan) in the frequency ranges of 1 to 105 Hz. The
LCR meter was connected to the electrode plates of
a dielectric test fixture model 16451B dielectric test
fixture, Test Equipment Solutions Ltd. (Berkshire,
United Kingdom), with a 5 mm electrode diameter.
The electrical conductivity (σ), and dielectric con-
stant (ε′) were determined as Equations (2) and (3)
[32, 33]:

(2)

(3)

where d and A refer to the sample thickness and the
area of an electrode, respectively. The parameter ε0
is the dielectric constant of the free space, which is
8.854·10–12 F/m. The factor ρ is the volume resistiv-
ity which is reciprocal of conductivity.

2.8. Bound rubber contents
Bound rubber contents of the ENR-FeCl3/CNTs
nanocomposites were estimated by the swelling
method [34]. The sample was initially immersed in
toluene and conditioned to the equilibrium state for
at least 72 h, renewing the toluene every 24 h. The
sample was later separated from the solvent and then
dried at 105°C for at least 24 h. In the same manner,
the ENR compound sample was immersed in toluene

for at least 72 h at room temperature, either in the
normal state or in an ammonia atmosphere, with the
renewal of toluene every 24 h. Then, the solvent was
separated, dried at 105 °C for 24 h and eventually
weighted. It is noted that ammonia was used to
cleave the physical linkages between rubber mole-
cules and filler surfaces. The bound rubber content
was then determined as Equation (4) [34]:

Bound rubber content [%] (4)

where Wf and Wp are the weights of filler and rubber
in the specimens, respectively. Wfg is the weight of
filler with bound rubber absorbed on it after toluene
extraction [34].

2.9. Thermogravimetric analysis (TGA)
Thermal stability of the ENR-FeCl3 compound and
ENR-FeCl3/CNT nanocomposites was examined by
thermogravimetric analysis using TGA-SDTA 851,
Mettler Toledo (Zurich, Switzerland). The measure-
ment was performed under a nitrogen atmosphere at
30–600 °C before switching to an oxygen atmos-
phere until 900 °C with the same heating rate of
10°C /min.

2.10. Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) was carried
out using Perkin Elmer DMA 8000 Perkin Elmer
Inc. (Waltham, USA) in a tension mode in the tem-
perature ranges from –100 to 80 °C with a heating
rate of 3 °C/min and a fixed deformation frequency
of 1 Hz.

2.11. Morphological characterization
The morphological properties of the ENR-FeCl3
compound and ENR-FeCl3/CNT nanocomposites
were characterized by scanning electron microscopy
(SEM), Quanta 250, FEI Company (Černovice, Czech
Republic). Each specimen was first cryogenically
cracked in liquid nitrogen to create a fresh cross-sec-
tional surface. Then, the dried surface was gold coat-
ed and examined by SEM.

3. Results and discussion
3.1. Cure characteristics
Figure 1 shows torque-time curves or cure curves of
the ENR-FeCl3 compounds in combination with dif-
ferent CNTs loadings at 1, 3, 5, 7 and 10 phr (i.e.,
F7C1, F7C3, F7C5, F7C7 and F7C10, respectively).
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It is seen that the cure curves of all ENR-FeCl3 com-
pounds exhibited the marching cure behavior, i.e.,
an increase in mixing torques as increasing of mix-
ing time. This is due to internal polymerization of
the epoxy group resulting crosslinking network.
Most probably the reaction is not complete as the
there are many epoxy groups which are available for

the further reaction. The reaction mechanism is fur-
ther illustrated between Fe3+ in FeCl3 molecules and
epoxy group of ENR to form –O–Fe–O– linkages,
as shown in a proposed reaction in Figures 2 and 3.
The participation of the internal polymerization of
oxirane rings of ENR molecules is also described as
the chemical reaction shown in Figure 4. It is noted
that under the given conditions at high temperature
and shear force, the oxirane rings in ENR molecules
are prone to ring opening reaction with a product that
are capable of forming new linkages with another
ring opened ENR fragment via Fe3+ bridge, as de-
scribed in our previous work [17]. Furthermore, the
epoxy group containing molecules can even undergo
a ‘internal polymerization’ type of reaction and yield
many exchanged and complicated polymeric micro -
structures which can result in very strong crosslink-
ing structures, as described in our previous work [17].
Therefore, increasing trend of curing rheometric
torque (Figure 1) and hence crosslink density based
on torque difference (Table 2) are seen. In Figure 1,
it is also seen that the cure curves of ENR-FeCl3/
CNTs nanocomposite show higher marching cured
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Figure 1. Mixing torque-time curves of ENR-FeCl3 com-
pound without (F7C0) and with various CNTs
loadings at 1, 3, 5, 7 and 10 phr (i.e., F7C1, F7C3,
F7C5, F7C7 and F7C10).

Figure 2. A proposed reaction mechanism among epoxidized natural rubber, ferric chloride and carbon nanotubes. The nu-
cleophilic chloride is attached with α position with respect to the methyl group.



curves, indicating by a dramatically increase in
torques with increasing testing time and increasing
loadings of the CNTs. This reflects that the ENR-
FeCl3/CNTs compounds require longer time to com-
plete the crosslinking reaction. Table 2 shows cure
characteristics in terms of minimum torque (ML),
maximum torque (MH), torque difference or delta
torque (MH – ML), scorch time (Ts2) and cure time

(Tc90) of ENR-FeCl3 without and with different load-
ings of CNTs. It can be seen that incorporation of
CNTs causes acceleration of the curing reaction of
ENR-FeCl3 compounds by reducing of scorch time
(Ts2) and cure time (Tc90) together with raising of the
cure rate index (CRI). This might be due to higher
thermal conductivity of FeCl3 and CNTs that cause
enhancing and accelerating of the curing reaction of
the ENR and FeCl3 together with internal polymer-
ization of epoxide groups and hence increasing of
the chemical interaction between polar functional
groups in ENR and CNTs surface [22]. Also, incor-
poration of CNTs caused higher torque difference
(Table 2) that reflects higher crosslinking structures
and reinforcement of the ENR vulcanizates. Further-
more, increasing loading level of CNTs causes an in-
crease in thermal conductivity of the ENR com-
pound that may facilitate and hence accelerate the
curing reaction. Also, higher possibility of the polar
functional groups on the CNT surfaces can interact
with the epoxide groups of ENR and their opened
ring products.
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Figure 3. A proposed reaction mechanism among epoxidized natural rubber, ferric chloride and carbon nanotubes. The nu-
cleophilic chloride is attached with β position with respect to the methyl group.

Figure 4. A proposed reaction mechanism of ‘internal poly-
merization’ of epoxy groups of epoxidized natural
rubber with ferric chloride and carbon nanotubes.



3.2. Attenuated total reflection (ATR) Fourier
transform infrared spectrophotometer
(FTIR)

Figure 5 shows ATR-FTIR spectra of ENR-FeCl3
compounds without and with CNTs loading at
7 phr. Also, the peak assignments for the FTIR spec-
tra in Figure 5 are listed in Table 3. It can be seen
that the absorption peaks for the characteristic of ENR

molecules are seen at the wavenumbers of 1663 and
1543 cm–1, which are assigned to C=C stretching
and N–H bending vibrations of mono-substituted
amide II in ENR molecules, respectively [35]. Also,
the FTIR absorption peak characteristic of ENR mol-
ecules is seen at the wavenumber of 870 cm–1, which
indicates the C–O stretching vibration of ENR mol-
ecules (Table 3). Furthermore, the absorption peaks
at the wavenumbers 2825 and 2914 cm–1 that assign
to –CH2 stretching vibrations are clearly seen. In ad-
dition, the absorption peak at 2963 and 1375 cm–1

which are assigned to –CH3 stretching vibrations and 
–CH3 bending vibrations in the ENR molecules are
also seen, respectively. In both FTIR spectra, the ab-
sorption peak at the wavenumbers of 835 cm–1 is ob-
served. It corresponds to =C–H out of plane bending
in ENR molecules. Furthermore, the absorption peak
at 470 cm–1 which reflects the Fe–O stretching vi-
bration in the ENR-FeCl3 and Fe–O stretching vi-
bration in the functional group on the CNTs surface,
are clearly seen [36]. In Figure 5, it is also clear that
the ENR-FeCl3/CNTs nanocomposite shows signif-
icant absorption peaks at similar locations as the
FTIR peaks of the ENR-FeCl3 compound without
CNTs but with lower peak intensities. This may be
attributed to the chemical interactions of polar func-
tional groups in ENR molecules and polar groups on
the CNT surfaces. Moreover, the addition of CNTs
gives rise to a new absorption peak at wavenumbers
1221 cm–1, which is assigned to C–O stretching vi-
brations of polar functional groups on the CNTs sur-
faces [37].

3.3. Mechanical properties
Figure 6 shows stress-strain curves of ENR- FeCl3
compound without CNTs (i.e., F7C0) and with var-
ious CNTs loadings at 1, 3, 5, 7 and 10 phr (i.e., F7C1,
F7C3, F7C5, F7C7 and F7C10, respectively). Also,
mechanical properties in terms of 100% modulus,
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Table 2. Cure characteristics in terms of minimum torque (ML), maximum torque (MH), torque difference (MH – ML), scorch
time (Ts2) and cure time (Tc90) of ENR-FeCl3 without and with CNTs.

Compounds ML
[dN·m]

MH
[dN·m]

MH – ML
[dN·m]

Ts2
[min]

Tc90
[min] CRI

F7C0 0.48 6.75 6.27 2.20 7.40 19.23
F7C1 0.76 7.53 6.77 2.11 7.38 18.98
F7C3 0.83 7.84 7.01 2.02 6.72 21.27
F7C5 1.06 9.48 8.42 1.60 6.34 21.10
F7C7 1.62 14.15 12.53 1.32 5.91 21.78
F7C10 2.02 15.31 13.29 1.21 5.58 22.88

Figure 5. ATR-FTIR spectra of ENR-FeCl3 compound with
7 mmol FeCl3 (F7C0) without and with 7 phr
CNTs (i.e., F7C7).

Table 3. Peak assignments for ENR-FeCl3 compound with
7 mmol FeCl3 (F7C0) without and with 7 phr CNTs
(i.e., F7C7) for the FTIR spectra in Figure 3.

Wavenumber
[cm–1] Assignment

2963 –CH3 stretching vibration
2914 –CH2 stretching vibration
2825 –CH2 stretching vibration
1663 C=C stretching vibration
1543 N–H bending vibration of amide
1375 –CH3 bending vibration
1221 C–O stretching vibration of CNT
1115 C–O stretching vibration of CNT
870 C–O stretching vibration of ENR
835 =C–H out of plane bending
470 Fe–O stretching vibration



tensile strength, elongation at break and hardness
(Shore A) of various ENR-FeCl3 compounds with-
out and with CNTs are summarized in Table 4. It is
clearly seen that the addition and increasing CNTs
loadings affect the characteristic of the stress-strain
behavior of ENR vulcanizates by a significant in-
crease in Young’s moduli (i.e., slope at the initial part
of the curves), 100% moduli, and tensile strength as
compared with the F7C0 compound without CNTs
(Table 4). This is due to the formation of stronger
three-dimensional networks based on the reaction of
Fe3+ and oxirane rings and the internal polymeriza-
tion of oxirane groups in ENR molecules. Further-
more, higher chemical interaction among the polar
functional groups at the CNTs surfaces and oxirane
rings in ENR molecules causes higher reinforcement
as increasing of the CNTs loadings. In Figure 6 and
Table 4, it is also seen that a decrease in elongation
at break is seen upon increasing of CNTs loadings.
However, similar levels of moduli, tensile strength
and elongation at break are seen in the ENR-FeCl3/
CNTs nanocomposites with CNTs loadings at 7 and
10 phr. This may be due to the re-agglomeration of

CNTs owing to an excess amount of solid particu-
lates inside the ENR matrix. In Table 4, it is also clear
that the hardness of the ENR-FeCl3/CNTs nanocom-
posites increases with an increase in CNTs loadings.
This is attributed to an increase in the degree of cross -
links between ENR-50 molecules via –O–Fe–O–
linkages, and internal polymerization of the epoxirane
rings. Also, the chemical interaction among polar
functional groups in ENR and CNTs, together with
higher rigidity due to a higher amount of solid CNTs
are other main reasons for an increase in hardness.

3.4. Payne effect
Figure 7 shows the storage modulus (G′) as a func-
tion of strain amplitude of ENR-FeCl3 with 7 mmol
of FeCl3 (F7C0) without and with various CNTs
loadings at 1, 3, 5, 7 and 10 phr. It can be seen that
the F7C0 compound without CNTs exhibits the low-
est storage modulus at a given strain amplitude. How-
ever, the storage modulus is increased after the in-
corporation of CNTs and increasing CNTs loadings.
The storage moduli of all samples showed a decreas-
ing trend as increasing strain amplitude over 10%
magnitude. This may be due to the shearing forces
causing breaking down of the CNTs networks or ag-
glomerates under high temperature conditions [38].
The Payne effect has been typically used to verify
the filler-filler and filler-rubber interactions in a rub-
ber composite [39]. It can be assessed from a de-
creasing trend of the storage modulus (G′) as in-
creasing the strain amplitudes. In Figure 7, a slight
decreasing trend of storage modulus is also seen in
the F7C0 compound without CNTs. It may arise from
the chain disentanglement of ENR molecules togeth-
er with a breakdown of crosslinked networks under
high shear stress and high heat [40]. On the other
hand, the ENR-FECl3/CNTs nanocomposites show
the typical Payne effect, which indicates the break-
down of filler-filler interactions. It is clear in Figure 7

K. Damampai et al. – Express Polymer Letters Vol.16, No.8 (2022) 812–826

819

Table 4. Mechanical properties in terms of 100% modulus, tensile strength, elongation at break and hardness (Shore A) of
ENR-FeCl3 compounds without (F7C0) and with CNTs at 1, 3, 5, 7 and 10 phr (i.e., F7C1, F7C3, F7C5, F7C7 and
F7C10, respectively).

Materials 100% modulus
[MPa]

Tensile strength
[MPa]

Elongation at break
[%]

Hardness
[Shore A]

F7C0 0.89±0.18 1.89±0.11 325.7±20.2 44.5±1.0
F7C1 1.17±0.22 2.20±0.35 223.1±18.5 45.6±1.1
F7C3 1.65±0.15 2.60±0.23 174.9±22.2 58.3±3.1
F7C5 1.71±0.10 2.71±0.17 174.5±15.6 61.1±1.5
F7C7 1.72±0.13 2.76±0.24 166.2±17.7 73.7±1.3
F7C10 1.75±0.18 2.81±0.43 166.3±13.3 76.6±2.0

Figure 6. Stress-strain curves of ENR-FeCl3 compound
without (F7C0) and with various CNTs loadings
at 1, 3, 5, 7 and 10 phr as denoted by F7C1, F7C3,
F7C5, F7C7 and F7C10, respectively.



that the Payne effect is more prominent in the nano -
composites with higher CNTs loadings. Table 5
shows storage moduli at very low strain (G′0.56) and
at very high strain amplitudes (G′100), as well as the
storage modulus difference (∆G′) of the ENR-FeCl3
compound with 7 mmol of FeCl3 (F7C0) without
and with various CNT loadings at 1, 3, 5, 7 and
10 phr. It can be seen that a strong decrease in stor-
age modulus with an increase in the Payne effect in
terms of the difference in storage modulus (∆G′) is
clearly seen with increasing in the CNTs loadings.
This implies that strong CNTs agglomeration is
present in the ENR matrix with higher CNTs load-
ings [41]. Moreover, the lowest Payne effect was ob-
served in the F7C0 without CNTs (∆G′ = 0.01). This
is due to solely the breakdown of molecular chain
entanglement of ENR molecules and of the linkages
in ENR cross linking networks, and also a break-
down of small FeCl3 clusters that remain in the ENR
matrix. Therefore, it is concluded that the higher
Payne effect in ENR-FeCl3/CNTs nanocomposites
relates to the breakdown of strong filler-filler inter-
actions [42].

3.5. Morphological properties
Figure 8 shows SEM micrographs of ENR-FeCl3
compound without and with different CNTs loadings
at 1, 3, 5, 7, and 10 phr. It can be seen that F7C0
without CNTs shows homogeneous dispersion of
solid particles of FeCl3 in the ENR matrix (Figure 8a).
However, in the ENR-FeCl3/CNTs nanocomposites
with CNTs loadings at 1, 3, 5 and 7 phr, large ag-
glomerates are absent rather, some small CNTs aggre-
gates are clearly seen in Figure 8b to Figure 8e. This
indicates good dispersion of CNTs in ENR-FeCl3
and may be good compatibility between CNTs and
the ENR-FeCl3 compounds. On the other hand, in
Figure 8f, large agglomerates are clearly seen in the
ENR-FeCl3 compound with 10 phr of CNTs. This is
due to re-agglomeration of excess amount of CNTs
in the ENR matrix, causing poorer dispersion, dis-
tribution and hence stronger CNTs agglomeration in
ENR matrix.

3.6. Bound rubber contents
Table 6 shows the bound rubber/gel content contents
of ENR-FeCl3 compound without and with various
CNTs contents. It is found that the F7C0 sample
without CNTs shows a slight gel-like content in the
bound rubber experiment. In the present case, most
probably, FeCl3 started to react with epoxy group
even at room temperature or during the shear mixing
condition, resulting in a gel-like formation in the ex-
periment. The presence of FeCl3 is also cannot be
ruled out. It is clearly seen that the bound rubber
content increases with an increase in CNTs loadings.
This is due to an increase in filler-rubber interactions
between ENR and polar functional groups at the
CNTs surface. It is also seen that the ENR-FeCl3 com-
pound with CNTs showed much larger bound rubber
contents than that of the ENR-FeCl3 compound
without CNTs, especially in the ENR nanocomposite
with CNTs loadings higher than 5 phr. Also, the
ENR-FeCl3/CNTs nanocomposite with 7 phr of CNTs
reaches the optimum bound rubber content due to
the finer dispersion and distribution of CNTs in the
ENR matrix (Figure 8). Increasing CNTs loading to
10 phr causes a small increase in bound rubber con-
tent due to the large agglomeration of CNTs, as
shown in Figure 8e.

3.7. Thermogravimetric analysis (TGA)
Figure 9 shows the TGA and DTG thermograms of
the ENR-FeCl3 compound without and with various
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Figure 7. Storage modulus as a function of strain amplitude
of ENR-FeCl3 compound with 7 mmol of FeCl3
(F7C0) without and with different CNTs loadings.

Table 5. Storage modulus at very low strain (G′0.56) and at
very high strain (G′100), and their difference (∆G′)
of ENR-FeCl3 compound without and with CNTs.

Compounds G′0
[MPa]

G′100
[MPa]

∆G′
[MPa]

F7C0 0.04 0.03 0.01
F7C1 0.09 0.05 0.04
F7C3 0.13 0.07 0.06
F7C5 0.17 0.07 0.10
F7C7 0.20 0.08 0.12
F7C10 0.25 0.09 0.16



concentrations of CNTs at 1, 3, 5, 7 and 10 phr. It is
noted that TGA was performed under a nitrogen at-
mosphere in the temperature range 30–600°C, before

switching to an oxygen atmosphere and heated until
900 °C with the same heating rate at 10 °C/min. In
Figure 9a, the first degradation step under N2 atmos-
phere of various ENR compounds is seen in the tem-
perature range of 255–265 °C. This is clearly indi-
cated by the first DTG peaks in Figure 9b and Td1 in
Table 7, which associates to the dissociation of chlo-
rine atoms in FeCl3 molecules. In addition, the sec-
ond DTG peaks are seen at around 420–430 °C (i.e.,
Td2 in Table 7), due to the decomposition of the hy-
drocarbon in ENR molecules. It is clear that the sec-
ond degradation peak height decreases with the in-
crease of the CNTs loading. This is activated by
higher thermal conductivity due to FeCl3 and CNTs
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Figure 8. SEM micrographs of ENR-FeCl3 compound with 7 mmol of FeCl3 (F7C0) without (a) and with various CNTs
loadings at 1 phr (b), 3 phr (c), 5 phr (d), 7 phr (e), and 10 phr (f).

Table 6. Bound rubber contents of ENR-FeCl3 compound
with FeCl3 without and with various CNTs loadings
determined by equilibrium swelling measurements.

Sample Bound rubber contents
[%]

F7C0 1.09
F7C1 18.79
F7C3 22.37
F7C5 36.17
F7C7 42.31
F7C10 42.56



particles which are thoroughly dispersed in the ENR
matrix. Nevertheless, in Figure 9a and Table 7, in the
last region of TGA thermograms under oxygen at-
mosphere, it is clearly seen that the ENR-FeCl3/
CNTs nanocomposites have higher remained residues
than the ENR-FeCl3 without CNTs. Also, the residue
contents decrease with an increase in the CNTs load-
ings. This is due to higher chemical interaction among
the polar functional groups on CNTs surfaces and
polar functional groups in ENR molecules together
with more char residue contents in CNTs.

3.8. Dynamic mechanical analysis (DMA)
Figure 10 shows storage modulus (G′) and loss tan-
gent (tan δ) as a function of temperature for ENR-
FeCl3 compound without (F7C0) and with various
CNTs loadings at 1, 3, 5, 7 and 10 phr. It can be seen
that the storage moduli in the glassy region of ENR-
FeCl3/CNTs composites are higher than the F7C0
without CNTs. Also, the storage moduli increase with
an increase in CNTs loadings. This may be due to
higher reinforcement of ENR by CNTs particles, re-
sulting in stronger CNTs and rubbery networks.
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Figure 9. TGA (a) and DTG thermograms (b) of ENR-FeCl3 compound with 7 mmol of FeCl3 (F7C0) without and with dif-
ferent loadings of CNTs at 1, 3, 5, 7 and 10 phr.

Table 7. Degradation temperature (Td) and weight losses of ENR-50 compound with 7 mmol of FeCl3 (F7C0) without and
with various CNTs loadings at 1, 3, 5, 7 and 10 phr.

Sample Td1
[°C]

Td2
[°C]

Weight loss under the nitrogen atmosphere
[%]

Weight loss under the oxygen atmosphere
[%]

F7C0 258.7 430.3 90.14 1.15
F7C1 259.9 429.0 91.24 1.99
F7C3 260.1 427.8 91.37 2.03
F7C5 260.8 425.6 91.89 2.34
F7C7 261.2 424.2 91.93 2.62
F7C10 261.4 420.1 92.48 2.67

Figure 10. Storage modulus (a) and tanδ (b) as a function of the temperature of ENR-FeCl3 compound with 7 mmol of FeCl3
(F7C0) without and with various CNTs loadings at 1, 3, 5, 7 and 10 phr.



Also, more solid CNTs contents in the ENR nano -
composites cause the formation of higher stiffness
materials. In Figure 10, it is also seen that the addi-
tion of CNTs in ENR causes shifting of the tan δ
peaks (Figure 10b) and glass transition temperature
(Tg) (Table 8) toward higher temperature ranges as
compared with the F7C0 without CNTs. This is at-
tributed to more rigid ENR molecular networks with
an increase in CNTs loadings due to interaction
among polar functional groups at CNTs surfaces and
the polar groups in ENR molecules. Even more free
volume is obvious in the ENR matrix due to CNTs
agglomeration with high CNTs loadings that may
cause molecular rubber chains to move more freely
[43]. However, the influence of chemical interaction
on the thermal properties of the ENR-FeCl3/CNTs
may play a more significant role. It results in an in-
crease in Tg of ENR-FeCl3/CNTs nanocomposites
with increasing of CNTs loadings.

3.9. Electrical properties
Figure 11 shows electrical conductivity as a function
of the frequency of ENR-FeCl3 compound with

7 mmol of FeCl3 (F7C0) without and with various
CNTs loadings at 1, 3, 5, 7 and 10 phr. It is seen that
the electrical conductivity-frequency curves of the
ENR-FeCl3/CNTs nanocomposites are located above
the curve of the neat ENR-50 and F7C0 without
CNTs. Also, it is clearly seen that the incorporation
of CNTs in ENR causes a sudden improvement of the
electrical conductivity of the ENR-FeCl3 compound.
In addition, the electrical conductivity increases with
increasing concentrations of CNTs. Figure 12 shows
the electrical conductivity at a frequency of 50 Hz at
various CNTs loadings as compared with the neat
ENR-50 and F7C0 compound without CNTs. It is
clearly seen that the neat ENR-50 shows very low
electrical conductivity (about 1.09·10–9 S/cm). How-
ever, an abrupt increase in electrical conductivity to
about 8.75·10–6 S/cm is seen upon the addition of
FeCl3 in ENR to form F7C0. This is due to the high-
er electrical conductivity of Fe3+ that is present in
the ENR matrix. Furthermore, electrical conductivity
is gradually increased again with the incorporation
of 1 phr of CNTs in the ENR matrix. This may be due
to the higher electrical conductivity of CNTs net-
works in the ENR matrix. In Figure 12, it is also seen
that an increase in CNTs loadings from 1 to 5 phr,
cause a marginal increase in the electrical conduc-
tivity. However, a sudden increase in electrical con-
ductivity is seen after adding of CNTs beyond 5 phr
due to the formation of conductive CNTs networks.
Therefore, the CNTs networks act as the bridge to
carry electron charges throughout the ENR matrix,
causing powerful transfers of electrons and signifi-
cantly enhancing the electrical conductivity of the
composites. It is noted that the CNTs concentration
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Figure 11. Electrical conductivity as a function of frequency
of ENR-FeCl3 compound with 7 mmol of FeCl3
(F7C0) without and with various CNTs loadings
at 1, 3, 5, 7 and 10 phr.

Figure 12. Electrical conductivity at a frequency at 50 Hz of
neat ENR-50, ENR-FeCl3 compound with
7 mmol of FeCl3 (F7C0) with various CNTs load-
ings at 1, 3, 5, 7 and 10 phr.

Table 8. Glass transition temperature (Tg) of ENR-50 com-
pound with 7 mmol of FeCl3  (F7C0) without and
with various CNTs loadings at 1, 3, 5, 7 and 10 phr.

Samples Glass transition temperature
[°C]

F7C0 –20.3
F7C1 –20.1
F7C3 –19.7
F7C5 –19.0
F7C7 –18.3

0F7C10 –17.1



that causes the formation of the fully CNTs network
is called the percolation threshold concentration
(PTC), which is about 7 phr of CNTs in this case
(Figure 12). In such a case, three-dimensional CNTs
networks are successfully formed in the ENR matrix.
This may be attributed to strong filler-rubber inter-
actions between oxirane rings in ENR molecules and
polar functional groups on CNT surfaces.
Figure 13 shows the dielectric constant as a function
of the frequency of the neat ENR-50 and ENR-FeCl3
with 7 mmol of FeCl3 (F7C0) without and with var-
ious CNTs. It is seen that the neat ENR-50 shows an
independent dielectric constant with frequency. This
may be due to poor polarization of the ENR molec-
ular chains [9]. Moreover, the ENR-FeCl3 has a
higher dielectric constant than the neat ENR-50. It
corresponds to the trend of electrical conductivity
(Figure 11). In addition, the dielectric constant of the
ENR-FeCl3/CNTs compounds show a significantly
increasing trend as the CNTs loading increases. It
may be attributed to the sp2 -hybridization in CNTs
with abundant numbers of free electrons forming
electric dipoles [6].

4. Conclusions
ENR-50 was successfully crosslinked by Fe3+ ion of
FeCl3 to form the coordination crosslinks (–O–Fe–O–
linkages) between ENR molecules and to form inter-
nal polymerized oxirane groups of ENR molecules.
In addition, the incorporation of CNTs improves
various properties of ENR-FeCl3 compounds, includ-
ing tensile strength, dynamic properties, electrical

conductivity, and thermal properties. It is clearly
seen that the ENR-FeCl3 compounds filled with var-
ious CNTs loadings have higher torque differences
and mechanical properties than the ones without
CNTs. This is due to higher contents of the crosslink-
ing structures of ENR, the three-dimensional CNTs
networks, and the reinforcement effect of CNTs in
the ENR matrix. SEM micrographs reveal very
small CNTs aggregates in the ENR-FeCl3 com-
pounds with 5 and 7 phr of CNTs loadings, which
indicate good dispersions of CNTs in the ENR ma-
trix. However, ENR-FeCl3 compound with 10 phr of
CNTs shows a large agglomerate due to re-agglom-
erates of CNTs. According to DMA, glass transition
temperature (Tg) increases with an increase in CNTs
loadings due to more restrictions on chain mobility
of ENR molecules. Furthermore, the ENR-FeCl3/
CNTs nanocomposites show improvement of storage
modulus, 100% moduli, electrical conductivity, and
dielectric constant as compared with the ENR-FeCl3
compound without CNTs. It was also found that the
ENR-FeCl3/CNTs nanocomposites have the perco-
lation threshold concentration at 7 phr of CNTs. It
indicates the presence of the three-dimensional net-
work, which is in agreement with the morphological
properties. Also, the thermal resistance of ENR-
FeCl3/CNTs nanocomposites increases with an in-
crease in CNTs loadings. This is due to the higher
content of the coordination linkages of ENR-FeCl3
and reinforced by CNTs.
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