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Introduction

Epoxidized natural rubber (ENR) has garnered signifi-
cant interest among researchers as a modified deriva-
tive of natural rubber (NR) with a higher degree of
polarity and other related properties. ENR is com-
monly produced through the in situ epoxidation of
NR using formic acid and hydrogen peroxide [1]. The
degree of epoxidation in ENR is typically regulated by
manipulating the molar ratio of NR and peracid, the
reaction time, and temperature. The inclusion of the
epoxirane (or epoxide) rings has a substantial impact
on the properties including superior oil resistance,
thermal stability, weathering resistance, and electrical
conductivity compared to unmodified NR [2]. How-
ever, ENR still maintains the exceptional properties
of NR, including its ability to undergo strain-induced
crystallization, resulting in excellent mechanical
and dynamic properties [3]. In addition, ENR can be
crosslinked by various chemicals such as di- and mul-
tifunctional group substances, including amines [4],
anhydrides [5], and carboxylic acids [6].

The active carbon filler particles with polar func-
tional groups at their surfaces have been widely uti-
lized to enhance polymer composite properties [7].
These fillers include carbon black (CB), graphite (G),
conductive carbon black (CCB), carbon nanotubes
(CNT), and graphene (GP). Although they share the
same chemical compositions, the variations in their
structures give rise to distinct enhancement character-
istics. These structural differences play a crucial role
as multifunctional additives in elastomeric materials
enhancing several important properties. One notable
example is the synergistic effect achieved by combin-
ing CNT and GP, which can significantly enhance the
electrical conductivity of styrene butadiene rubber
(SBR) [8]. Moreover, the incorporation of CNT and
graphene oxide (GO) into natural rubber (NR) com-
posites has been shown to induce the formation of
complex filler networks, resulting in enhanced tensile
strength, 100% modulus, and tear strength [9]. Simi-
larly, the homogeneous dispersion of multi-walled
carbon nanotubes (MWCNT) and GP nanofillers in
silicone rubber (VMQ) has demonstrated a synergis-
tic improvement in tensile strength, Young’s modu-
lus, and glass transition temperature of the hybrid
composite. This improvement can be attributed to the
fine dispersion of the MWCNT-GP hybrid filler within
the VMQ matrix, which promotes strong interfacial
interaction [10]. Furthermore, the introduction of a
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CNT-GP hybrid filler into nitrile rubber (NBR) has
been investigated, revealing significant enhancements
in the mechanical properties of the material [11].

Graphene (GP) is a two-dimensional (2D) material
consisting of a single layer of carbon atoms bonded
together by covalent bonds with sp? hybridized car-
bon structures [12]. The aspect ratio of GP varies
depending on its width-to-thickness ratio. GP exhibits
remarkable physical properties, including a high spe-
cific surface area (SSA), excellent light transmittance
across a broad range of wavelengths [13], exceptional
mechanical strength [14], flexibility [15], high carrier
mobility [16], thermal conductivity [17], and outstand-
ing electrical conductivity [18]. Mixing GP and other
carbon fillers with rubber typically result in the forma-
tion of agglomerations due to strong Van der Waals
interactions among the filler particles. These agglom-
erations adversely affect both mechanical properties
and the formation of conductive pathways. It has been
reported that the dispersion of fillers can be improved
by introducing a secondary filler to create hybrid fill-
ers [19]. One promising option for a secondary filler is
CNT, which are one-dimensional (1D) derivatives of
graphitic carbon allotropes formed by rolling GP into
a cylindrical structure [20]. CNT has shown the ability
to enhance composite properties, including mechani-
cal strength, electrical conductivity, and thermal sta-
bility [21].

In recent years, there has been a growing interest
in materials with a three-dimensional (3D) network
structure, as they have the potential to enhance both
mechanical and electrical properties [22]. However,
the formation of a 3D network in a polymer matrix is
often hindered by agglomeration, which is typically
caused by Van der Waals interactions and even hydro-
gen bonding among the filler particles [23]. One poten-
tial approach to improve filler dispersion and enhance
the final composite properties is the hybridization of
fillers such as CNT (1D) with graphene platelets (2D)
in a 3D structure [24]. This allows for the formation of
a three-dimensional hybrid network that not only acts
as conducting pathways but also strengthens other rel-
evant properties [23].

The objective of this study was to analyze the effects
of incorporating a hybrid filler consisting of GP/CNT
(graphene nanoplatelet/carbon nanotubes) with dif-
ferent CNT loadings on the mechanical and electri-
cal properties of ENR nanocomposites. Additionally,
the investigation included an examination of the
cure characteristics, thermal properties, mechanical
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properties, relaxation behavior, crosslink density,
electrical properties, and morphological properties of
the ENR vulcanizates, along with an analysis of the
chemical reactions among the involved components.

Experimental
Materials

Epoxidized natural rubber with 25 mol% epoxide
(ENR-25) was manufactured by Muang Mai Guthrie
Public Company Limited (Surat Thani, Thailand). Gra-
phene (GP) with a specific surface area of 180 m2/g,
thickness up to 3 nm, and an average particle size
of 10-30 um, with about 99.8% purity, was obtained
from Graphene Star Ltd (London, UK). The multi-
wall carbon nanotubes (CNT), NC7000, which had a
diameter of 9.5 nm, length of 1.5 um, and 90% purity,
were manufactured by Nanocyl S.A. (Sambreville,
Belgium). Additionally, other chemicals used in the
rubber formulations (Table 1) included cure activa-
tors (zinc oxide and stearic acid), a cure accelerator
(2,2'-dithiobis benzothiazole, MBTs), and sulfur curing
agent were used as received.

Preparation of GP/CNT-filled ENR-25
nanocomposites

The ENR-25 nanocomposites were prepared using
a tangential internal mixer, Brabender Plasticorder
with Mixer 50 EHT model 835205 (Duisburg, Ger-
many) at 60 °C and a rotor speed of 60 rpm. An

optimum loading of 5 phr of GP was compounded
[25] with various CNT loadings (0, 1, 3, 5, and 7 phr),
represented by ENR-25/GP5 and ENR-25/GPs—CNT,
(x is CNT loading), respectively. The compounding
process involved first masticating ENR-25 for about
1 min, followed by sequential addition of cure acti-
vators (i.e., zinc oxide and stearic acid) with con-
tinued mixing for about 2 min. Then, 5 phr of GP
was incorporated and mixed for 5 min, resulting in
a sample is designated as “ENR-25/GP5.” To prepare
ENR filled with GP5/CNT hybrid filler compounds,
the same procedure was followed, but mixing with
each loading of CNT was conducted for about 2 min
after incorporating GP. Cure accelerator (MBTs)
and sulfur were sequential added, and the mix-
ing was continued for another 4 min to reach the
total mixing time of 12 min. Gum rubber compound
(without filler) was also prepared using the same
mixing procedure for a comparison purpose. The
rubber compound was then sheeted out through the
1 mm nip of a two-rolls mill, model YFCR 600, Yong
Fong Machinery Co., Ltd. (Samut Sakorn, Thailand),
repeating for several cycles to improve the disper-
sion of filler particles in the rubber matrix. The
cure characteristics of the rubber compounds were
investigated using a moving die rheometer (MDR),
model MDR 2000, Alpha Technologies, (Ohio, USA)
at 160 °C. Finally, rubber vulcanizate sheets were
prepared by a compression molding, model PR1D-
W400L450PM, Charoen Tut Co., Ltd, (Samut Pra-
karn, Thailand) at 160 °C, and the respective cure
time based on the MDR test.

Table 1 Material sources

. Materials Supplier Amount (phr)
and compounding
formulation ENR-25 Muangmai Guthrie Co., Ltd., 100
(Surat Thani, Thailand)
Stearic acid Imperial Chemical Industry Co., Ltd., 1
(Pathum Thani, Thailand)
Zinc oxide (ZnO) Global Chemical Co., Ltd., 5
(Samut Prakarn, Thailand)
2,2-Dithiobis-(benzothiazole)  Flexsys, (Termoli, Italy) 1
(MBTs)
Sulfur (S) Ajax Chemical Co., Ltd., 2.5
(Samut Prakarn, Thailand)
GP Graphene Star., Ltd., 5
(London, England)
CNT Nanocyl S.A., (Sambreville, Belgium) 1,3,5,and 7
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Attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR)

The ATR-FTIR of ENR-25/GP;—~CNT, nanocompos-
ites were performed by a Thermo Nicolet Avatar 360
FTIR (Thermo Electron Corporation, Thermo Nicolet,
Madison, Wisconsin, USA). The measurements were
operated with a resolution of 2 cm™ and over a wave-
number range of 4000-500 cm ™.

Morphological characterization

Morphology of ENR-25/GPs—CNT, hybrid nanocom-
posites was characterized by Transmission Electron
Microscope (TEM), JEM 2010, Jeol Ltd., Tokyo, Japan)
with an accelerating voltage of 200 kV. The samples
were first cut to a thickness of approximately 70 nm
by Cryo-Ultramicrotome (RMC, MT-XL) before TEM
imaging. Furthermore, scanning electron microscopy
(SEM) of ENR-25/GP5—CNT, nanocomposites with dif-
ferent CNT loadings (1, 3, 5, and 7 phr) was also con-
ducted by a ZeissSupra-40 VP, Carl Zeiss Microscopy
GmbH (Oberkochen, Germany). The rubber samples
were firstly cryogenically fractured in liquid nitrogen
to create new cross-sectional surfaces and were then
sputter-coated with a thin layer of gold under vacuum
prior to SEM characterization.

Cure characteristics

The cure characteristics of rubber compounds were
assessed using a moving die theometer, model MDR
2000, Alpha Technologies, (Ohio, USA) at 160 °C for
30 min. The curing curves were then used to determine
the optimum scorch time (¢,;), cure time (f.g), mini-
mum torque (M;), maximum torque (M), and torque
difference (M —M;).

Activation energy of vulcanization

The activation energy for the vulcanization of gum
ENR-25, ENR-25/GP;5, and ENR-25/GP;-CNT, was
determined using a differential scanning calorimeter
(DSC), Mettler-Toledo Ltd., (Giefien, Germany). The
experiments were carried out over a temperature
range of 10-300 °C and heating rates of 2, 10, 20, and
30 K/min.
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Mechanical properties

Specimens of vulcanized rubber sheets in a dumbbell
shape (type 5A) were firstly created by die cutting, fol-
lowing the guidelines of ASTM D-638. These speci-
mens were then subjected to tensile testing at room
temperature, using the testing standard of ISO 527.
The tests were conducted using Zwick Z-1545 tensile
testing machine, Zwick GmbH & Co., (Ulm, Germany)
with extension speed of 200 mm/min and repeated
with five specimens for each test. The hardness of the
samples was also determined using a Shore A durom-
eter, Frank GmbH, (Hamburg, Germany) following
ISO 868. The tension test was performed according to
ISO 2285, the samples were kept under tension for a
fixed strain of 100% for 10 min, and tension set was
calculated as follow [26]:
) Li—-Lg
Tension set (%) = I (1)
0

where L is the initial length (20 mm) before testing,
and L, is the length after testing.

Crosslink density

In order to analyze the crosslink density and net-
work structure of ENR-25 vulcanizates, the following
experimental procedure was conducted. The speci-
mens, with dimensions of 10 x 10 x 2 mm?®, were ini-
tially weighed and then immersed in toluene at room
temperature for a duration of 7 days. Following the
immersion period, the swollen rubber samples were
carefully removed and any excess liquid on the speci-
men surfaces was wiped off. Subsequently, the speci-
mens were dried in a vacuum oven at 40 °C for 24 h.
Once the drying process was complete, the swollen
samples were weighed again to determine their final
weights. The crosslink density was determined by
comparing the final weights of the swollen samples to
their original weights before immersion. This analysis
employed the Flory—Rehner equation [27]:

~In(1-0p) +%p + X - &

vy @

In the above equation, the variable v represents the
crosslink density (mol/m®), The volume fraction of
rubber in a swollen network is denoted by &J,, while
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V; denotes the molar volume of toluene (106.1 cc/mol
for toluene), and p, represents density of the polymer.
The Flory—Huggins-interaction parameter of polymer
and solvent, X, was assigned a value of 0.4 based on
the relevant literature [28].

To calculate the volume fraction of rubber in the
swollen network (), the volume fraction of the
filler needed to be subtracted. The following equation
(Eq. 3) was employed for this purpose:

L (22) 2 )

where m and my represent the mass of the swollen
sample and the mass of the sample after drying,
respectively. p, represents density of the polymer, and
ps represents density of the solvent.

It is important to note that Egs. (2) and (3) are appli-
cable exclusively to unfilled rubber vulcanizate net-
works. In contrast, in the case of rubber nanocompos-
ites, it becomes imperative to consider the effective
reinforcing factor and the filler-rubber interaction,
along with the volume fraction of fillers. This consid-
eration is addressed by the following equation [29]:

== [ae(1-0) w0, -1] (£2) @

where ¢ is the volume fraction of filled rubber in
swollen gel, @ is the volume fraction of filler in the
unswollen filled rubber, and c is the filler-rubber inter-
action parameter.

A new parameter, §,, introduced in Eq. (4), has been
incorporated into the Flory-Rehner equation (Eq. 2) to
accommodate the factors of filler-rubber interaction
and the volume fraction of filler in the system.

Payne effect

The Payne effect, which is used to evaluate filler dis-
persion and interactions within rubber compounds,
was determined using a rubber process analyzer
(RPA), Alpha Technologies (Akron, USA). The relation-
ship between storage moduli and strain amplitude was
measured to assess the degree of the Payne effect. This
includes interactions between fillers (fillerfiller inter-
actions) and between fillers and rubber (filler-rubber
interactions) [30]. To conduct the test, the storage
shear modulus (G') of each filled un-vulcanized rubber
compound was measured under shear deformation.
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The measurements were performed within a strain
amplitude range of 0-100% at a fixed oscillating fre-
quency of 1 Hz and at a temperature of 100 °C. To
quantify the level of the Payne effect, the difference
between the maximum and minimum shear moduli
(AG’) was calculated in relation to the minimum stor-
age modulus [31]:

AG' =G -G

max min (5 )

G -G
%AG' = <%> x 100 (6)

min

- %AG,

Payne effect (%) = %AG;, GumENR (V)

Filled ENR

where G',,,, and G',;, are the maximum and minimum

max
storage moduli.

Electrical properties

The electrical conductivity (o) of ENR-25/GP5 and
ENR-25/GP;—CNT, nanocomposites, with varying
amounts of CNT (1-7 phr), was measured at room
temperature using an LCR meter (Hioki IM 3533,
Hioki E.E. Corporation, Nagano, Japan). The LCR
meter was connected to the electrode plates of the
dielectric test fixture (dielectric test fixture 16451B, Test
Equipment Solutions Ltd., Berkshire, United King-
dom), which had an electrode diameter of 5 mm. Prior
to the test, a sample with a thickness of approximately
2 mm was placed between the plates. The electrical
conductivity (o) was calculated using the following
formula [32]:

1
°= =R A ®)

where d represents the sample thickness, A is the elec-
trode area, p is the volume resistivity, and Rp denotes
resistance.

Results and discussion

Characterization of ENR-25/GP-CNT hybrid
filler by ATR-FTIR

The chemical structure of the rubber nanocompos-
ites developed with hybrid fillers was determined
through FTIR analysis, as depicted in Fig. 1, and the
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Figure 1 FTIR spectra of
gum ENR-25, and its filled
compounds with 5 phr of GP
(ENR-25/GPs), and ENR-25/
GPs—CNT, hybrid nanocom-
posites with varying CNT

X ENR-25/GP.-CNT
loadings at 1, 3, 5, and 7 phr. S 7

ENR-ZS/GPS-CNT5

Absorbance
=
Z
=
N
5
aQ
~=
A
Z
-

ENR-25/GP 5

Gum ENR-25

4000 3500

Table 2 Assignments of FTIR peak absorptions for gum ENR,
ENR-25/GP5 and ENR-25/GPs—CNT, nanocomposites with vari-
ous CNT loadings at 1, 3, 5, and 7 phr

Wave number (cm_l) Assignments

840 =CH out-of-plane bending vibrations [31]

1115

C-0O-C stretching vibration [21]

1378 —CHj; bending vibration [34]
1443 CH scissoring vibration [34]
1600 C=C bending vibration [34]
2850 C-H stretching vibration [35]
2916 C-H stretching vibration [35]
2960 C-H stretching vibration [35]

peak assignment is provided in Table 2 The absorp-
tion peaks at 840 cm™ can be attributed to the out-
of-plane bending vibrations of =C-H bonds in the
isoprene units. Additionally, small peaks observed at
1600 cm ™! indicate the C=C bending vibration of the
isoprene units. The low intensity of these peaks sug-
gests a limited number of double bonds present in the
ENR molecular chains. This is a result of the high con-
centration of epoxirane groups that have replaced the
double bonds in the isoprene units of NR molecules.
Moreover, three distinct peaks at wavenumbers 2850,

| ! | ! | ! | ! | !
3000 2500 2000 1500 1000

Wavenumber (cm-l)

2916, and 2960 cm™ correspond to C-H stretching
vibrations. Furthermore, a notable peak was observed
at the wavenumber 1115 cm™!, which represents the
C-O-C stretching vibration in the epoxirane ring of
ENR molecules. The intensity of this peak (1115 cm™)
was found to decrease with increasing CNT load-
ings. This can be attributed to the chemical interac-
tions between the polar functional groups in the ENR
molecules and the GP or CNT surfaces, as depicted in
the proposed reaction mechanism shown in Fig. 2. It
suggests that the ring opening reaction of the oxirane
rings in the ENR molecule occurs during high-temper-
ature mixing (>70 °C), resulting in the formation of
diol groups on the ENR molecular chains [33]. These
groups are capable of further reacting with the -OH
and -COOH groups on the GP or CNT surfaces, lead-
ing to a decrease in the absorption peak intensity at
1115 em™.

Morphological properties

Scanning electron microscope (SEM) and transmission
electron microscope (TEM) were employed to examine
the morphological properties and network formation
of GP and CNT in the ENR-25 matrix, as shown in
Figs. 3 and 4, respectively. Figure 3a illustrates that

@ Springer



15682

Figure 2 A proposed reac-

tion mechanism of ENR mol- Hs

. . *AAnC
ecules with polar functional

groups on graphene nano-
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platelets (GP) and carbon H o CH H CHa
nanotubes (CNT) surfaces
during the vulcanization = ENR molecule =1
process.
i A
H i Hy Ho i - H>
v\;\/\cz /C\zf\IVV‘CHz /CJW\ C\ /C%'\A}V‘Ci\ /Cs/\/\/\
>C — C\ C— C\ /C\—/C\ /C: C\
1 (LH (I)H CH, H CH, H o CH, H CHa

in the ENR-25/GP5 composite, GP appears as over-
lapping sheets that self-embed in the ENR-25 matrix,
along with some interconnected regions. When 1 phr
of CNT is combined with 5 phr of GP in the ENR-
25 matrix (Fig. 3b), certain parts of the CNT connect
with the GP, forming end-to-end connections. This is
attributed to the interaction of polar functional groups
between the hybrid fillers, resulting in good dispersion
and distribution of CNT [36]. This is further confirmed
by the TEM images in Fig. 4a, where the homogeneous

@ Springer
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dispersion and distribution of CNT bundles are clearly
observed. Increasing the CNT loading to 3 phr (Fig. 3c)
and 5 phr (Fig. 3d) in the ENR-25 matrix leads to fur-
ther end-to-end connections among CNT bundles and
GP, but also the presence of some filler agglomerates
due to strong fillerfiller interactions (Fig. 2). Further-
more, with an increase in CNT loading to 7 phr, larger
filler agglomerates become evident in Fig. 3e, which
is also clearly verified in the TEM image in Fig. 4b.
This can be attributed to an excessive filler loading
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Graphene

Figure 3 SEM micrographs of a ENR-25 filled with 5 phr of GP (ENR-25/GPs), and ENR-25/GPs—CNT, hybrid nanocomposites with

varying CNT loadings at b 1 phr, ¢ 3 phr, d 5 phr, and e 7 phr.

that surpasses the filler—polymer interactions based
on Van der Waals forces, dipole-dipole interactions,
and hydrogen bonding among the filler particles [36].

Cure characteristics

Figure 5 illustrates the influence of CNT dosage on
the cure characteristics, with the curing properties
summarized in Table 3. It is evident that as the CNT
loadings increase, there is a gradual decrease in both
the scorch time (¢,;) and cure time (¢.oy). This can be
attributed to the high thermal conductivity of CNT

[37], which enhances the crosslinking reaction of ENR
[38]. Moreover, the presence of oxygen-containing
groups (such as hydroxyl and carboxyl groups) on
the surfaces of CNT and GP may act as accelerating
agents in the crosslinking reaction of ENR. Further-
more, the incorporation of varying CNT loadings into
ENR compounds resulted in an increasing trend in
the cure rate index (CRI) (Table 3). This is likely due
to the enhanced reactivity of the hybrid filler parti-
cles through the interaction of polar functional groups
with the ENR crosslinking reaction [39]. Addition-
ally, the torque difference (My—M;), which reflects
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Figure 4 TEM micrograph
of ENR-25/GPs—CNT, hybrid
nanocomposites with differ-
ent CNT loadings at a 1 phr
and b 7 phr.

J Mater Sci (2023) 58:15676-15695
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Figure 5 Cure curves of 14
gum ENR-25 and its filled
compounds with 5 phr GP

(ENR-25/GPs) and ENR-25/ 12 4
GPs—CNT, hybrid nanocom-
posites with different CNT i
loadings at 1, 3, 5, and 7 phr. 10 4
E
z 87
2
2 -
=
g
g 0

1
——

N

] 1
’——‘\__
e

S0

—®— Gum ENR-25 — ¥ ENR-25/GP S-CNT

3

—®— ENR-25/GP 5 —®— ENR-25/GP S-CNT

5

—*— ENR-25/GP S-CNT —¢—ENR-25/GP S-CNT

1 7

the crosslink density [40], increased with higher CNT
loadings. This can be attributed to the polar functional
groups on the surfaces of the hybrid fillers reacting
with the epoxide groups of ENR molecules (Fig. 2).
As a result, more crosslinked networks are formed,
leading to higher crosslink density, as indicated by
the increasing trend in torque difference (Table 3).

@ Springer
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Moreover, the increased amount of particulate filler
particles in the rubber matrix restricts the mobility of
rubber molecular chains, resulting in increased stiff-
ness, torque difference, and consequently higher cross-
link density [41].

The activation energy (E,) of vulcanization can be
determined by analyzing different heating rates of
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Table 3 Cure characteristics in terms of minimum torque (M), compound and its filled compounds with graphene (ENR-25/
maximum torque (Mp), torque difference (My—M,), scorch time GPs) as well as hybrid filler (ENR-25/GPs—CNT,) with various
(t5)), cure time (tyy), and cure rate index (CRI) for gum ENR CNT loadings

Samples Cure characteristics
M, M, M,-M, (dN m) ts, fooo CRI*
(dN m) (dN m) (min) (min) (min~h)
Gum ENR-25 0.60 6.98 6.38 1.42 4.78 29.76
ENR-25/GPs 0.72 8.62 7.90 1.30 3.72 41.32
ENR-25/GPs—CNT; 0.89 9.48 8.59 1.02 3.32 43.48
ENR-25/GPs—CNT; 1.35 11.46 10.11 1.00 3.21 45.25
ENR-25/GP5s—CNTs; 1.72 12.30 10.58 0.98 2.86 53.19
ENR-25/GPs—CNT, 2.26 13.52 11.26 0.92 2.77 54.05
*CRI[ = —%0_
190151
the reaction. The Ozawa and Kissinger methods are 15 ]@ P—
commonly used to calculate the activation energy ’ 1450

of vulcanization using the following equations [42],

respectively: ] -14.27
2.5 4—%— Gum ENR-25 -14.03
dlng

E,=-R T-e— ENR-25/GP 13
a (2 ©) = 20 s 13.97
Ty T A ENR-25/GPs-CNT, -13.31
15+
J-¥— ENR-25/GP5-CNT3 e
1.0 .
dIn <%> |—®— ENR-25/GP5-CNT o
P 1 .
Ea=-R e (10) 051 «— ENR-25/GP5-CNT;
—_— T = T T T 3 T = T T T
< Tp > 200 205 210 215 220 225
. . . 1000/Tp &)
Here, q is the heating rate, T}, is the temperature
of the exothermic peak, and R is the gas constant 90]® Slope value
(8.314 JK! mol ™). ] N -13.56
By applying the Ozawa and Kissinger equations, the 9.5 . iR
relationship between In g with 1000/T,, (Eq. 9) and In ] '
100 —®— Gum ENR-25 -13.09
(iz) with 1000/T;, (Eq. 10) for various gum and filled =
12 “a {—®—ENR-25/GP5 -13.03
ENR-25 compounds can be observed, as depicted in & -10.5 - Vi
& .

. - o —A— ENR-25/GP5-CNT
Fig. 6. The activation energy (E,) of the vulcanization 1 sl

reaction in different ENR-25 compounds with various 1.0 54—y ENR-25/GP5-CNT}
types of fillers can be determined from the slopes of the

-12.27

1154 *  ENR-25/GP5-CNTs

straight line plots in Fig. 6, as summarized in Table 4. It
is evident that both equations yield lower E, values with |-<+—ENR-25/GP5-CNT;,
the incorporation and increasing filler loadings. Specifi- 120 L T M T

cally, the ENR-25/GP5 composite exhibits a lower E, 1000/Tp (!
compared to the gum ENR-25 compound. Furthermore,

the incorporation of CNT in the ENR-25/GP5 composite Figure 6 The correlation between heating rate and the tem-
to form ENR-25/GP;-CNT, composites, as well as perature of exothermic peak for gum ENR-25 and its filled com-
increasing CNT loadings, results in decreasing E, values pounds with 5 phr GP (ENR-25/GPs) and ENR-25/GPs—CNT,

based on both models (Table 4). This suggests that the hybrid nanocomposites with different CNT loadlngs.at 1, 3,5,
and 7 phr based on a the Ozawa and b Kissinger equations.

)
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Table 4 The activation energy (E,) estimates for the ENR-25/
GPs—CNT, hybrid fillers with various CNT loadings

Samples Heating Tp (°C) E, (kl/mol)
raFe e/ Ozawa Kissinger
min)

Gum ENR-25 2 178.73  120.55 112.72
10 200.06
20 212.46
30 220.66

ENR-25/GPs 2 17796 118.61 110.78
10 199.21
20 211.75
30 220.61

ENR-25/GPs—CNT,; 2 179.15 116.67 108.81
10 201.54
20 213.44
30 223.1

ENR-25/GPs—CNT; 2 17523 116.12 108.34
10 197.72
20 210.12
30 218.17

ENR-25/GPs-CNT5 2 177.69 110.68 102.83
10 202.55
20 214.8
30 223.66

ENR-25/GPs—CNT,; 2 173.24 109.80 102.03
10 198.39
20 210.81
30 218.2

presence of fillers, particularly CNT, promotes the
crosslinking reaction of the nanocomposites. This find-
ing aligns well with the decrease in cure time (),
scorch time (f5;) and the increase in the cure rate index
(CRI) observed in Fig. 5 and Table 3. Also, Table 4 dem-
onstrates that the ENR-25/GP;-CNT, composites have
lower E, values compared to ENR-25/GP5 compounds.
This can be attributed to the finer dispersion of CNT in
the ENR matrix facilitated by the GP particles, resulting
in fewer CNT agglomerates. Additionally, the trend
observed in E, values supports the proposed interac-
tions between the polar functional groups on the filler
surfaces and the ENR molecules (Fig. 2).

Mechanical properties

The stress—strain behaviors of gum ENR-25 and its
composites filled with 5 phr GP and GPs~CNT, hybrid

@ Springer
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fillers, with varying CNT loadings, are depicted in
Fig. 7. Additionally, Table 5 provides a summary
of the tensile properties, including tensile strength,
elongation at break, 100% modulus, tension set, and
hardness of the gum ENR-25 compound, ENR-25/
GP;, and ENR-25/GP5-CNT, hybrid fillers with dif-
ferent CNT loadings. It can be observed from the data
that both gum ENR-25 and ENR-25/GP; vulcanizates
exhibit strain-induced crystallization at an elongation
of approximately 450%. This indicates that the rubber
molecules, even with a 25 mol% epoxide group con-
tent, can still align themselves due to external forces,
leading to strain-induced crystallization [43]. Further-
more, Fig. 7 and Table 5 illustrate that the incorpora-
tion of GP in ENR-25/GP5; and GP-CNT in ENR-25/
GP5-CNT, results in an increase in Young’'s modulus
(initial slope) and 100% modulus compared to the gum
ENR-25 compound. The moduli also demonstrates
an increase with higher CNT loadings in ENR-25/
GP5-CNT, nanocomposites. This can be attributed to
the formation of a network and the reinforcing effi-
ciency of the fillers (CNT and GP-CNT hybrid filler)
in the ENR matrix, achieved through chemical inter-
actions between the polar functional groups on the
filler surfaces and the oxirane rings in ENR molecules
[44]. However, it should be noted that an increasing
CNT loading leads to a decreasing trend in the tensile
strength and elongation at break of ENR-25/GP5—CNT,
nanocomposites. This can be attributed to the self-
aggregation of CNT due to strong particle interactions,
resulting in heterogeneous dispersion of CNT parti-
cles within the ENR matrix and the formation of larger
agglomerations (see in Figs. 3 and 4). Furthermore, the
rigid CNT particles hinder the mobility of the ENR
molecular networks [21].

Table 5 reveals that the tension set of ENR-25/GP;
and ENR-25/GP5;-CNT, increased when fillers were
incorporated, in comparison with the gum ENR-25
vulcanizate. Moreover, the tension set values dem-
onstrated an increase with higher CNT loading in
ENR-25/GP3;—CNT, nanocomposites. This indicates a
decrease in rubber elasticity or the ability to recover
after prolonged extension. The presence of filler net-
works composed of CNT and GP/CNT hybrid filler
restricts the mobility of rubber chains [21]. Addition-
ally, the hardness is another property influenced by
the addition of fillers and the increasing CNT load-
ing in hybrid fillers. It is evident from Table 5 that the
hardness of all ENR nanocomposites increased as the
total amount of filler content in the ENR-25 matrix
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Figure 7 Stress—strain

|
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5 phr GP (ENR-25/GPs) and
ENR-25/GP5~CNT, hybrid 20 H ,
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Table 5 Mechanical properties in terms of tensile strength, elongation at break, 100% modulus, tension set, and hardness of gum ENR-

25 compound, ENR-25/GPs, and ENR-25/GPs—CNT, hybrid fillers with various CNT loadings

Samples Tensile strength Elongation at break 100% Modulus Tension set (%) Hardness
(MPa) (%) (MPa) (Shore A)
Gum ENR-25 13.62+0.27 695.25+25.16 0.73+0.15 0.95+0.23 31.23+0.52
ENR-25/GP; 20.56+0.23 617.40+20.19 1.12+0.15 1.17+0.54 33.42+0.71
ENR-25/GPs—CNT, 18.02+0.18 734.80+22.14 2.45+0.11 1.32+0.19 35.14+1.02
ENR-25/GP5s—CNT, 16.03+0.14 576.09+19.32 3.62+0.18 1.55+0.74 38.71+£0.84
ENR-25/GPs—CNTs 15.21+0.20 515.39+19.56 3.68+0.16 1.63+0.66 41.39+0.60
ENR-25/GPs~CNT, 12.04+0.19 417.58 +21.42 3.94+0.12 1.79+0.58 49.20+0.55

increased. This can be attributed to the incorporation
of solid particulates along with the enhanced reinforc-
ing ability of GP and CNT, resulting in higher stiff-
ness in the nanocomposite. Furthermore, it contrib-
utes to an increase in the crosslink density of the ENR

vulcanizate.

Crosslink density

Table 6 presents the crosslink density of gum ENR-25,
ENR-25/GP5 and ENR-25/GP;—~CNT, nanocompos-
ites at various CNT loadings (1, 3, 5, and 7 phr). It is

Table 6 Crosslink densities of gum ENR-25 compound, ENR-
25/GPs, and ENR-25/GPs—CNT, hybrid fillers with various CNT

loadings
Samples Crosslink density
(mol/m®)

Gum ENR-25 70.25+1.95
ENR-25/GP; 77.23+1.96
ENR-25/GPs—CNT;, 85.34+2.30
ENR-25/GPs—CNT; 96.69+2.62
ENR-25/GPs—CNTs 152.74 +2.64
ENR-25/GPs—CNT, 189.61+3.12
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evident that the ENR/GP composites exhibit higher
crosslink densities compared to the gum ENR vulcani-
zate. This can be attributed to the chemical interac-
tion between the functional groups on the surfaces of
GP and ENR (Fig. 2), which leads to strong chemical
interactions among the composite components and a
higher degree of rubber crosslinking. Additionally,
the incorporation of GP5 and GP;-CNT, hybrid fill-
ers results in increased crosslink density, which cor-
relates well with the observed increase in torque dif-
ference (My—M;) as shown in Table 3. The increase
in crosslink density also corresponds to higher hard-
ness and modulus values in the ENR composites, as
indicated in Table 5. This relationship is consistent
with the decrease in elongation at break due to the
restricted mobility of the crosslink joints within the
rubber networks. Interestingly, the crosslink density
increases with the addition of fillers and increasing
CNT loadings. However, this contradicts the decreas-
ing trend observed in tensile strength (Table 3). One
possible explanation for this discrepancy is the forma-
tion of larger filler agglomerates with increasing filler
loadings, as depicted in Figs. 3 and 4. These agglom-
erates can act as stress concentration points, leading
to a reduction in the overall tensile strength of the
composites. Furthermore, a high crosslink density in

J Mater Sci (2023) 58:15676-15695

rubber vulcanizates has a significant impact on reduc-
ing strain-induced crystallization (SIC), which in turn
restricts the orientation of rubber chains. As a conse-
quence, this leads to a decrease in tensile strength [45].

Degree of reinforcement

The degree of filler reinforcement in the rubber matrix
has been assessed using the Kraus equation, as follows
[46]:

R

where V,j and V,; represent the volume fractions of
rubber in the gum vulcanizate and in fillerfilled swol-
len sample, respectively. f denotes the volume frac-
tion of the filler, and m is defined as the filler—polymer
interaction parameter (m=1.17).

Figure 8 shows the Kraus plot (depicting V ,/V
as function of f/(1 - f))) for ENR-25/GP5 and ENR-25/
GP5-CNT, hybrid nanocomposites with varying CNT
loadings. The pronounced decrease in V,y/V,; values
is clearly observed with the increasing CNT loadings.
In accordance with Kraus theory, the reinforcement
effect is expected to yield a steeper negative slope [47],

(11)

Figure 8 Kraus plot of
ENR-25/GP5 and ENR-25/ 1.00
GPs—CNT, hybrid nanocom-
posites with different CNT . ENR-25/GPs
loadings at 1, 3, 5, and 7 phr. 0.95 -
0.90 —
§ ENR-25/GP5-CNT)
| |
v~ 0.85
ENR-25/GP5-CNT3
0.80 — .
0.75 < ENR-25/GP5-CNT;
ENR-25/GP5-CNT7
0.70 T T T T T T T T =
0.01 0.02 0.03 0.04 0.05 0.06

@ Springer

Ff



J Mater Sci (2023) 58:15676—15695

which aligns with our findings in Fig. 8. Notably, the
increment in slope corresponds to the increasing CNT
content in ENR-25/GPs—CNT, hybrid nanocomposites.
This observation confirms the establishment of an
effective interface between the carbon nanofiller and
the ENR matrix, preventing solvent diffusion and thus
resulting in a higher degree of reinforcement. Conse-
quently, the Kraus plot corresponds with the crosslink
density measurements derived from the Flory—Rehner
theory (Table 6).

Figure 9 Relationship 400
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Payne effect

Figure 9 shows storage modulus as a function of
strain amplitude for gum ENR-25, ENR-25/GP5 com-
pounds and ENR-25/GP5;—CNT, hybrid composites
with various CNT loadings. It is clearly seen that
the gum ENR-25 compound shows the lowest stor-
age modulus (G') with more or less strain independ-
ent or absence of the Payne effect. In contrast, the
incorporation of 5 phr GP and GP-CNT, hybrid filler
caused significantly increase in the storage modulus

between storage modulus
and strain amplitude of gum

ENR-25, ENR-25 filled with 350 H

G' (KPa)

= Gum ENR-25

~ ¥ ENR-25/GP S-CNT

5 phr GP (ENR-25/GPs) and .

ENR-25/GP5—CNT, hybrid 300 -

nanocomposites with differ-

ent CNT loadings at 1, 3, 5, |

and 7 phr. 250
200
150 —
100 —

J T e

— ENR—25/GP5 A ENR-25/GP5-CNT1

—®—— ENR-25/GP 5-CNT — ¢ ENR-25/GP_-CNT
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1

Rubber matrix

TEM image

Strong filler network
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Figure 10 Schematic representation of the breakdown of filler network under dynamic strain.
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Table 7 Storage moduli (G') of gum ENR, and their filled com-
pounds with GP and GP/CNT, hybrid fillers at very low (G’ s¢)
and high (G'|yy) strain amplitudes, as well as their difference
(AG")

Samples Giose G0 AG %AG'  Payne effect
(%)

Gum ENR-25  46.01 3340 12.61 3775 -

ENR-25/GP; 88.21 55.70 3251 58.37 20.61

ENR-25/GPs— 123.41 63.14 6027 9545 57.70
CNT,

ENR-25/GPs— 177.65 7122 10643 149.44 111.68
CNT;,

ENR-25/GPs— 237.63 77.54 160.09 206.46 168.71
CNT;

ENR-25/GPs— 321.72 86.10 235.62 273.66 235.90
CNT,

and significantly increase in G’ in ENR-25/GP5—CNT,
compounds with increasing CNT loadings. This
might be due to the stronger fillerfiller interaction of
hybrid filler [30]. Furthermore, the abrupt decrease
in storage modulus of different rubber compounds
is clearly seen after strain amplitude higher than
10%. That may cause by the collapse or breaking

J Mater Sci (2023) 58:15676-15695

up of filler networks in the rubber compound at
large strain amplitude [48, 49], as a schematic rep-
resentation of the filler network’s breakdown under
dynamic strain illustrated in Fig. 10. Additionally,
the Payne effect is observed due to hydrodynamic
reinforcement and interactions between fillers [50].
Also, Table 7 illustrates storage moduli (G’) of gum
ENR and their filled compounds with GP and GP/
CNT, hybrid fillers at very low (G’0.56) and high
(G’100) strain amplitudes, as well as their differ-
ence (AG’). It can be seen that the ENR-25/GP5
showed a Payne effect at 20.61%, while the ENR-
25/GP5s-CNT, with 1-7 phr of CNT had the higher
Payne effect according their CNT loadings at 57.70,
111.68, 168.71, and 235.90%, respectively. This is due
to higher energy loss in terms of strain amplitude
during breaking up of strong filler hybrid networks
along with their agglomeration [51]. This correlates
well with the morphological properties described in
Figs. 3 and 4.

Electrical properties

Figure 11 illustrates the electrical conductivity as a
function of frequency for gum ENR-25, ENR-25/GP5,

Figure 11 Electrical con- 4
e 10
ductivity of gum ENR-25, , | ™ GumENR-25 ® ENR-25/GPs 4 ENR-25/GP4-CNT,
ENR-25 filled with 5 phr GP 10
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Figure 12 a Relationship between electrical conductivity and
CNT loadings for GPs/CNT-filled ENR-25 nanocomposites with
different CNT loadings, and b log (6,.) versus log (¢—¢,).

and ENR-25/GP;—CNT, hybrid nanocomposites with
varying CNT loadings at 1, 3, 5, and 7 phr. It is evi-
dent that the electrical conductivity increases with
the incorporation of filler and increasing CNT load-
ings. Moreover, the gum ENR vulcanizate as well as
its nanocomposites with GP (ENR/GP5) and ENR-25/
GP5;—CNT, exhibits a significant increase in electri-
cal conductivity with increasing frequency. How-
ever, the ENR-25/GP5;-CNT, composites with higher
CNT loadings (i.e., 3, 5, and 7 phr) demonstrate a
marginal increasing trend of electrical conductivity
as frequency increases, with slightly steeper curves
beyond frequencies of 1 x 10° Hz. This phenomenon
can be attributed to the flow of electrons within the
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filler networks, at the interface between the hybrid fill-
ers, and within the polymer matrix [52]. Specifically,
the ENR-25/GP5-CNT; shows conductivity below the
critical filler loading or percolation threshold concen-
tration (PTC). However, as the CNT loading exceeds 1
phr, a conductive filler network is formed, leading to
a sudden increase in electrical conductivity due to the
establishment of continuous conductive paths through
the filler networks [53]. This is supported by the rela-
tionship between electrical conductivity at a frequency
of 100 Hz and CNT loadings, as depicted in Fig. 12a.
It is evident that the electrical conductivity increases
significantly when the CNT loading increases from 1
to 3 phr, while a marginal increase in conductivity is
observed within the CNT loading range of 3 to 5 phr.
This behavior indicates that the filler content above
percolation threshold concentration. To determine a
precise PCT for this type of nanocomposite, the fun-
damental percolation theory was applied to estimate
the PCT level using Eqgs. (12) and (13) [54]. The results
are presented in Fig. 12b.

oac=xk(p—d) for ¢> ¢, (12)

log(o4c) =logk + ¢ - log (¢ — ¢,) (13)

where 0. is the electrical conductivity (uS/cm), k is a
constant parameter, ¢ is the volume fraction of filler,
¢. is the critical loading (volume fraction at percola-
tion threshold), and f is a critical exponent.

From the plot in Fig. 12b, the critical loading level
of the percolation threshold concentration (¢.) was
determined to be 2.34 phr, and the ¢ value was calcu-
lated to be 1.79. Typically, the t value is used to assess
the network structure of rubber composites. A t value
ranging from 1.6 to 2.0 suggests a three-dimensional
filler network, while t values below 1.6 indicate a
two-dimensional network [55]. Therefore, the ENR-
25/GP;—CNT, nanocomposites exhibit a fully three-
dimensional filler network (¢t =1.79) at a CNT loading
of 2.34 phr, indicating a fully conductive nature of the
ENR hybrid composites. Consequently, the critical
CNT concentration of 2.34 phr transforms the ENR
vulcanizate from an insulating material to a conduct-
ing material [56], due to the formation of an infinite
conductive filler network within the ENR matrix after
the addition of 2.34 phr of CNT to the ENR-25/GP5/
CNT, hybrid composites.

Therefore, the increasing electrical conductiv-
ity—frequency curves in Fig. 11 and the conductivity
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Figure 13 A proposed
model for formation of GP
and CNT hybrid filler net-
works in ENR matrix.

cnd-to-cnd
connection _

Free clectron

CNT bundle

Carbon nanotube % Graphene

/

at a given frequency shown in Fig. 12, observed when
5 phr of GP is incorporated into ENR-25 (i.e., ENR-
25/GPs5), as well as the increasing CNT loadings in
the ENR-25/GPs—CNT, hybrid composites, can be
attributed to the movement of free electrons within
the structures of GP and CNT. These electrons are
capable of traversing the ENR matrix [57]. Addition-
ally, the high electrical conductivity of both GP and
CNT, which possess similar graphitic structures con-
sisting of sp>-hybridized carbon atoms, contributes
to the enhanced electrical conductivity. This results
in the formation of pathways for electron movement
along the networks of GP and CNT, facilitated by Van
der Waals forces, dipole-dipole interactions, and —m
interactions [36], as a proposed model in Fig. 13. This
is a significant factor contributing to the higher electri-
cal conductivity exhibited by ENR-25/GP5—CNT, com-
pared to gum ENR-25 and ENR-25/GP; composites.

Conclusion

ENR-25/GP5-CNT, hybrid nanocomposites were pre-
pared by incorporating various CNT loadings of 1,
3, 5, and 7 phr. The FTIR and TEM results revealed
the occurrence of chemical reactions between the
polar functional groups in the ENR molecules and
the surfaces of GP-CNT. Additionally, the hybridi-
zation of GP and CNT was found to improve mul-
tiple properties of the ENR composites. Firstly, the

@ Springer

cure properties of the composites were enhanced, as
evidenced by a decrease in the activation energy of
vulcanization. This reduction in activation energy
suggests that loading CNT in the hybrid fillers leads
to a shorter cure time. Moreover, the incorporation
of CNT resulted in increased modulus and hardness,
indicating reinforcement of the composites. These
findings were consistent with the crosslink density
measurements obtained from the Flory—Rehner the-
ory. This effect can be attributed to the formation of
end-to-end connections between certain parts of the
CNT and the GP, leading to the establishment of a
three-dimensional filler network with strong interac-
tion among the components. The observed increase
in electrical conductivity and the presence of a low
percolation threshold concentration at 2.34 phr of
CNT indicate that the hybrid composites exhibit
conductive properties.
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