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ARTICLE INFO ABSTRACT

Keywords: Mechanical characterizations of natural rubber filled with carbon-based nanomaterials were extensively studied

Natural rubber in tensile and tear modes whereas fewer attempts have been conducted on a dynamic shear condition using a

S}I:ITS double-bonded shear test piece. This is of importance since natural rubbers are widely used as flexible mem-
ear test

branes for wave energy harvesting devices. Therefore, this study was aimed to explore the microstructural,
rheological, and dynamic viscoelastic characteristics of natural rubbers filled with different Multi-Walled Carbon
Nanotubes (MWCNTSs) contents. A combined compounding approach was employed to ensure a homogenous
CNT dispersion was achieved. Transmission electron microscopy (TEM) was performed for the materials char-
acterization while the processability and curing parameters of the compounds were investigated using the
Mooney viscosity and rheometry test. Dynamic shear properties were compared using a cyclic test performed on
a double-bonded shear test piece. TEM images showed that an optimum CNTs dispersion was reached at 3 phr
MWCNTs loading whereas increasing CNT content resulted in further inhomogeneity. The addition of CNTs into
the natural rubber not only improved the curing properties of the compound, i.e., low scorch and curing times,
but it also increased the Mooney viscosity, the rheological properties, and the dynamic shear properties of the
nanocomposite compared to the pristine rubber. The Payne and Mullins effects were also observed for all
compounds manifesting dependency on the CNTs content and applied strain amplitude. Finally, MWCNT
enhanced the dissipated energy of the nanocomposites with respect to the neat rubber in which an increase of
1040 % in energy dissipation for 10 phr MWCNTs compared to the control at a strain amplitude of 200 % was
achieved.

Payne effect
Mullins effect
Hysteresis loss
Energy dissipation

1. Introduction conductivities, and excellent mechanical properties [10]. Consequently,

numerous efforts have been attempted to combine natural rubbers with

Rubber-like materials such as natural rubbers (NR) have been widely
used in different industrial applications including flexible membranes
for wave energy harvesting [1], vibration and shock absorbers [2], tires
[3]1, and soundproofing systems [4,5]. Due to the broad range of appli-
cations, investigations have been conducted on filled and unfilled nat-
ural rubbers to understand their rheological and mechanical behaviour
[6-9]. Further, the development of nanomaterials has led to polymer
nanocomposites; novel materials with multifunctional properties. Car-
bon nanotubes (CNTs) are one of the most promising one-dimensional
(1D) nanomaterials with outstanding capabilities in tailoring multi-
functional properties of polymer-based materials due to their large
aspect ratio and surface area, excellent electrical and thermal
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CNTs to improve their performance including mechanical and rheolog-
ical characteristics [11-15].

Very recently, several companies proposed the use of natural rubber-
based flexible membranes for energy harvesting applications and a
number of large scale prototypes have been demonstrated. However,
fatigue life of natural rubber is still a major issue in energy harvesting
applications [1]. Hence, the enhancement of their fatigue life by
incorporating CNTs has been addressed in the literature which was
attributed to crack branching and crack deviation [16-19]. Submerged
in the harsh environment of the ocean, a flexible membrane experiences
complex modes of deformation (e.g., tension, compression, shear);
therefore, it is necessary to characterise CNTs-NR in a complex mode of
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deformations. Further investigation is needed to establish the relation-
ship between CNT content and the dynamic mechanical properties of the
filled rubbers at various levels of strains and strain rates. In particular,
Payne and Mullins effects under double bonded shear test require
further investigation. As the first step, viscoelastic characterization of
CNTs-filled rubber will be identified using a double-bonded shear test
under cyclic loading-unloading conditions.

Sethulekshmi et al. [20] have recently conducted an extensive re-
view focusing on the reinforcing capability of various nanofillers, e.g.,
CNTs, Graphene Nanoplatelets (GNPs), nanoclay, and titanium oxides
(TiO3) for natural rubber-based nanocomposites. According to their re-
sults, CNTs have shown great potential in enhancing the mechanical and
electrical performance of natural rubbers at relatively low content
compared to other conventional fillers such as Carbon Black (CB), which
require much larger content. Mensah et al. [21] studied important pa-
rameters in reaching appropriate mechanical properties of
CNT-reinforced elastomers in terms of their morphologies, functionali-
zations, dispersion of CNTs, and their compounding techniques, i.e.,
solution mixing or mechanical/melt mixing techniques. It was
concluded that the effective addition of CNTs resulted in enhanced
mechanical properties. Nevertheless, it was strictly dependent on the
compounding techniques used. It is worth noting that although the melt
mixing method is the most widely used technique in the rubber industry,
its efficiency for the CNT dispersion is still disputable. Therefore, some
studies used a combination of both melting and solution mixings to
reach better CNTs dispersion [14,22].

Although several studies have been conducted on the mechanical
characterization of natural rubbers filled with nanomaterials in tensile
and tear modes [23-27], very few attempts have been conducted on
double bonded shear condition which is a typical loading condition for
bearing and anti-earthquake applications [28-30]. Anisotropic proper-
ties of natural rubbers filled with CNTs through in-plane and
in-thickness directions were studied using double bonded shear test
indicating an orthotropic and transversally isotropic material behaviour
[28]. They found that decreasing CNTs content led to a more anisotropic
response, especially in Payne effect resulting from rearrangement of
CNTs when subjected to low and medium strain levels. They have also
conducted a further study in which the dynamic shear properties of
silica-based hybrid fillers based natural rubber nanocomposites under
double bonded shear conditions were investigated [29]. Ismaili et al.
[30] have investigated shear modulus and damping ratio of CNT-filled
natural rubber using a double bonded shear test. Despite the fact that
the aforementioned studies conducted dynamic double bonded shear
condition tests, no rigorous discussions were made on the Payne and
Mullins effects, hysteresis loss and energy dissipation with respect to
CNT contents and synthesis methods used. In addition, the scope of
those works was limited to intermediate strain levels whereas the real
service condition for many engineering applications such as in flexible
wave energy converters (WECs) is much higher.

Therefore, the current study aims to investigate the effects of
MWCNTs on the microstructural, rheological, and dynamic mechanical
properties of natural rubbers. F Different CNT contents, i.e., 1 phr, 3 phr,
5 phr, and 10 phr along with the control (EDS35) were studied so that an
optimum CNTs content can be obtained resulting in appropriately
balanced microstructural, rheological and mechanical properties. Due to
the high tendency of CNTs to aggregate, a combined rubber com-
pounding approach, i.e., solution and melt mixing methods were used
for the rubber compounding to ensure a homogenous CNT dispersion
can be achieved. Transmission electron microscopy (TEM), Mooney
viscosity, and rheometry analyses were performed for the materials
characterization while a cyclic double-bonded shear test was conducted
for the mechanical characterization. Consequently, dynamic shear
properties including complex modulus, storage and loss moduli, loss
angle, and energy dissipation of various natural rubber compounds were
compared as a function of CNTs content and applied shear strains.
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2. Natural rubber/CNTs preparation
2.1. Materials and Master Batch preparations

Natural rubber SMR CV60 was provided from a Malaysian rubber
company (denoted as NR) and NC7000TM MWCNT purchased from
Nanocyl with an average diameter and length of 10 nm and 1.5 pm,
respectively, was used for these experiments. A Master Batch (MB)
containing 10 phr CNT was prepared as follows. First, NR was cut into
small pieces (Fig. 1 a) and then dissolved into toluene with the weight
ratio of 325:3250 g (NR toluene) and left for four days to turn into a
viscous mixture (Fig. 1b). It is worth noting that some NRs coagulated
and deposited on the bottom of the tin over time as shown by the green
arrow in Fig. 1c. Hence, the NR/toluene solution was further stirred for
1 h using a compressed air drill mixer before adding CNT into the
mixture. In addition, CNT (32.5 g) were mixed into 750 ml toluene and
then bath sonicated for 30 min followed by the addition of the CNTs/
toluene mixture to the NR/toluene solution and stirred for another hour
using an air drill mixer for a better homogenization (Fig. 1d). The
mixture was dried at room temperature in a tray for two days and
subsequently peeled off as shown in Fig. 1e-g, respectively. The samples
were further homogenized and degassed using a two-roll mill (Fig. 1 h-i)
resulting from extreme shear forces applied by the mill.

2.2. NR/CNTs compounding

The MB was further diluted during the rubber compounding using
the pristine CV60 to achieve the desired CNTs content, i.e., 1 phr, 3 phr,
and 5 phr. Therefore, five different batches including control (batchl), 1
phr (batch2), 3 phr (batch3), 5 phr (batch4), and 10 phr (batch5) were
prepared. Table 1 shows the formulation of the rubbers in which the MB
was diluted by NR (CV60) depending on the desired CNT’ content. It is
worth noting the MB contains 10 wt% CNTs. The rubber compounding
was carried out using an internal mixer Polylab OS and a two-roll mill
(David Bridge). First NR/MB was added to the internal mixer and mixed
for 2 min followed by adding zinc oxide, stearic acid, 6PPD, and Sasol
Wax for another 5-6 min mix; then the compounded rubber was dum-
ped. It is worth noting that the torque and temperature of the compound
throughout the mixing by the internal mixer were monitored to avoid
overheating. Subsequently, Sulfur and CBS were added to the dumped
compound on the mill resulting in crosslinking and further homogeni-
zation. The mill was carried out several times until the sample reached
proper homogenization. The samples were weighed before and after
each process to monitor further drying of the compound. It should be
noted that no MB was used for batch 1 whereas 110 ph MB was
employed for batch 5.

2.3. Mooney viscosity, rheometry test, and final curing

Processing properties of the compounds was identified by conducting
the Mooney viscosity at 100 °C and constant speed of 2 rpm for 5 min, 1
min preheating and 4 min test, using a sample of 25 g. The rheometry
analysis was also carried out to obtain the vulcanization parameters in
which a sample of 5 g is rotated 6° clockwise and anticlockwise for 30
min throughout the rheometry test. The vulcanization parameters were
obtained using rheometry tests. For that, a square sample with the
dimension of 9” x 9” x 2 mm was produced using a mould.

2.4. Characterization

A double-bonded shear test piece was prepared using the mould
shown in Fig. 2a in which the diameter and thickness of the disk after
molding is 25 mm and 6 mm, respectively (Fig. 2b). The doubled-bonded
shear test pieces were cured at 150 °C for 30 min. A sinusoidal waveform
at 1 Hz with a temperature of 24 °C was applied to the specimen using a
Dartec servohydraulic testing machine at the strain amplitudes (%) of 1,
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Fig. 1. MB preparation: (a) cutting SMR CV60 into small pieces, (b) formation of a viscous based liquid CNT/NR solution by dissolving CV60 into toluene, (c)
presence of lumps resulting from coagulation of some CV60, (d) CNTs addition into the NR/toluene solution, (e) drying of CNT-CV60/toluene in a tray, (f-g) peeling
off the CNT/NR film from the baking paper, (h) further homogenization of NR/CNT MB using two-roll mill (j) MB.

2, 5, 10, 50, 100, 150, and 200 for 6 consecutive cycles (Fig. 2c-e) at
each strain amplitude and 1 min rest between each step. This procedure
was performed to investigate the effect of strain history on the dynamic
properties of the materials. The test was repeated to ensure the results
are repetitive; therefore, the dynamic shear properties are reported for
both first and second runs. In other words, the test, in total, was
composed of 37 steps with 1 min rest time between each step and 108

cycles as shown in Fig. 2d. The absolute value of complex dynamic shear
modulus (MPa) hereinafter called the complex modulus, dynamic shear
storage modulus (MPa) hereinafter called the storage modulus, and the
dynamic shear loss modulus (MPa) hereinafter called the loss modulus
were obtained from equations (1)-(3), respectively:
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Table 1
Rubber formulation (phr).
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Batch No NR MB Zinc oxide Stearic acid 6PPD Sasol wax CBS Sulfur Density (g/cm3)
1 100 (290) 0 (0) 5 (14.5) 2(5.8) 3(8.7) 2(5.8) 1.5 (4.35) 1.5 (4.35) 0.968
2 89 (258.1) 12 (34.8) 5(14.5) 2(5.8) 3(8.7) 2(5.8) 1.5 (4.35) 1.5 (4.35) 0.972
3 67 (194.3) 36 (104.4) 5 (14.5) 2 (5.8) 3(8.7) 2(5.8) 1.5 (4.35) 1.5 (4.35) 0.978
4 45 (130.5) 60 (174) 5 (14.5) 2 (5.8) 3(8.7) 2(5.8) 1.5 (4.35) 1.5 (4.35) 0.985
5 0 (0) 110 (319) 5(14.5) 2(5.8) 3(8.7) 2(5.8) 1.5 (4.35) 1.5 (4.35) 1.001

The unit in the parenthesis is gram
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Fig. 2. Doubled bonded shear test preparation: (a) the mould, (b) the test piece after molding, (c) test setup, (d) steps of the test, (e) 6 cycles for each

strain amplitude.
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where K is the stiffness (KN/mm), h is the thickness (mm), é is the loss
angle, and A is the cross-section (mm?). Finally, the energy dissipation
(mJ/cycles), quantified by the area of the hysteresis loop, was obtained
to compare the energy dissipation as a function of CNTs’ content.

3. Results and discussions
3.1. Microstructural characterisation

Fig. 3 shows the dispersion state of CNTs within the NR at different
CNT loadings in which left and right column figures represent low and
high TEM magnifications, respectively. The presence of poor-CNTs re-
gions highlighted by yellow arrows in Fig. 3a and b can be distinguished
whereas no CNTs bundles can be observed for 1 phr CNT loading
resulting from a relatively low amount of the nanofillers used for batch
2. On the other hand, 3 phr CNT loading manifests excellent nanofillers
dispersion, i.e., neither poor-CNTs regions nor CNTs aggregates can be
detected (Fig. 3 c-d). Further addition of the CNTs up to 5 phr loading
causes more heterogeneity in the samples leading to the presence of both
CNTs aggregates and poor-CNTs regions as shown by red and yellow
arrows in Fig. 3e and f, respectively. Similarly, CNTs agglomeration can
be found for 10 phr CNTs as shown by red arrow in Fig. 3g and h, though

it shows relatively a better CNTs dispersion with respect to 5 phr CNT
loading.

3.2. Internal mixing monitoring

As it is mentioned earlier that the incorporation of NR and MB was
conducted during the first 2 min of the mixing in the Polylab OS internal
mixer followed by the addition of other ingredients. Hence, the internal
mixing parameters including torque, temperature, and subsequently the
energy consumption during the first 2 min of the mixing are shown in
Fig. 4 to compare only the effects of CNTs incorporation on the mixing
parameters before adding any other ingredients. Regardless of the type
of the compound, the torque rises dramatically to the peak value at the
beginning of the mixing resulting from high friction and shear forces
required to breakdown the long polymer chain followed by a steady-
state decrease forming a plateau which can be attributed to further
homogenization of the compound throughout the mixing [31]. It is
worth noting that the decrement rate of the torque following the peak
value for the control and low CNTs contents (1 phr and 3 phr) are
slightly quicker than the high CNTs loading (e.g., 5 phr and 10 phr)
which can be related to the larger reinforcing effect when a higher CNTs
content is used. Unlike the torque-time curves which shows a plateau,
the temperature-time curves manifest an increasing trend throughout
the mixing (Fig. 4a) arising from high shear forces during the mixing
[15]. The energy consumption during the mixing is depicted in Fig. 4b
indicating a higher energy consumption by the addition of CNTs;
nevertheless the difference between the control, 1 phr, 3 phr, and 5 phr
are not notable. It can be concluded that the incorporation of CNTs into
the NR causes an increase in the required torque and energy
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Fig. 3. TEM images of CNTs dispersion within the NR: (a-b) 1 phr, (c-d) 3 phr, (e-f) 5 phr, (g-h) 10 phr. The left and right columns figures are low and high
magnification images respectively. The scale for all figures is 200 nm. The magnification for the left and right columns figures are 60,000 and 100,000 respectively.
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Fig. 4. Internal mixing parameters during the first 2 min: (a) the torque-time and the temperature-time curves, (b) the energy consumption versus time.

consumption during the mixing, in particular at a higher CNTs loading.

3.3. Mooney viscosity

The relationship of the macromolecular structure of the CNTs-filled
natural rubbers with viscosity is usually studied via the Mooney vis-
cosity test. The Mooney viscosities of the compounded rubbers along
with the MB and the NR (the initial gum) are listed in Table 3. The NR
and control possess the highest and the lowest Mooney viscosities,
respectively, while the addition of 10 wt% of CNTs into the NR signifi-
cantly reduces the Mooney viscosity resulting from the homogenization
made by the two-roll mill. In addition, the incorporation of CNTs into
the control (batch 1) increases the Mooney viscosity up to 200% at 10
phr CNTs loading (batch 5)with respect to the control due to hydrody-
namic effect, i.e., the filler impedes the flow of rubber [32]. On the other
hand, a significant reduction in the Mooney viscosity of the cured rub-
bers (batch 1 to 5) compared to the MB and CV60 can be distinguished
which can be attributed to the further processing of the former with
respect to the latter by the internal mixer and the twin-roll mill, i.e., the
more the processing the lesser the viscosity.

3.4. Curing properties

Fig. 5a shows the vulcanization curves, i.e., torque-time relation-
ships of the neat and filled rubbers. The torque-time curves can be
distinguished into three different regions including induction or scorch
region, curing region, and the post-curing region. It can be concluded
that the scorch time (ts2) decreases with the CNTs addition, i.e., pre-
mature vulcanization takes place faster for CNTs-filled rubber compared
to the control. Similarly, the time for 95% curing (i.e., t95) diminishes as
a function of CNTs increasing (Fig. 5a and b). This can be attributed to
enhancing the thermal conductivity of the CNTs-filled rubber, thus
expediting the start of curing [15,33]. The minimum and maximum
torques, ML and MH, respectively, increase for the filled rubbers with
respect to the neat rubber (Fig. 5a and c). This indicates that the
incorporation of CNTs enhances the stiffness during crosslinking, thus,
more resilience can be seen. Addition of CNTs not only increases the MH
values but also grows the minimum torque required (ML) resulting in
better processability and viscosity. It is worth noting that the ML value
represents the processability and viscosity of the compound [34]. The
ML values obtained from rheometry are in good agreement with the
viscosity of the compound obtained from the Mooney viscosity test in
which the viscosity of the compound increases with the CNTs addition.
The crosslink density, the difference between ML and MH, also increases
with the CNTs addition in which batch 5 manifests the highest crosslink

Table 3

The Mooney viscosities of unfilled and filled rubber including MB and NR.
Batch No. 1 2 3 4 5 MB NR
Mooney viscosity (ML) 13 20.5 23 26.5 39 92 100.3

density (Fig. 5c). This indicates that CNT-filled natural rubber not only
manifests smaller scorch and curing times, i.e., less energy is needed
throughout the processing, but they can also increase the shear modulus
due to a higher crosslink [34].

3.5. Mechanical properties

In order to understand the effects of CNTs on the NR, a series of
mechanical experiments were conducted using a double-bonded shear
test set-up. Fig. 6 shows the dynamic shear properties of the unfilled and
filled rubbers at different strain levels for the first and second repeats of
the test. Regardless of the strain level, the incorporation of CNTs into
natural rubber increases the dynamic shear properties. In comparison
with the control, the storage modulus, the loss modulus, the complex
modulus, and the loss angle of filled-rubbers are increased up to 201%,
1232%, 202%, and 339%, respectively, for 10 phr CNTs loading at 200%
strain amplitude (first run). The shear properties slightly decrease in the
second run compared to the first run, i.e., an increase of 178%, 1092%,
328%, and 178% are achieved for the storage modulus, the loss
modulus, the complex modulus, and the loss angle, respectively, which
are slightly lower than the ones obtained in the first run. On the other
hand, no significant change in the shear properties of the control can be
seen for the first and second runs which can be related to the presence of
no CNTs, so that, the stress-softening and Mullins effects can be
neglected. It can be concluded that the addition of CNTs not only in-
creases the storage modulus of the control, but it also increases the
damping capability of the compound, i.e. the loss modulus increases
which is an important property of the elastomers for energy absorption
applications. The dynamic shear properties achieved in this study are in
line with the rheometry outcomes, i.e., the higher the MH, the higher the
modulus. The remarkable enhancement of the storage modulus by CNTs
addition indicates a proper interfacial bonding between CNTs (filler)
and natural rubber (matrix), leading to appropriate interfacial shear
loading transfer [13].

Fig. 7 shows the changes in the storage and the loss moduli with the
strain increase for unfilled and CNTs-filled rubbers [35]. The storage
modulus decreases with increasing strain amplitude whereas the loss
modulus manifests an increase followed by a decrease. Specifically, the
storage modulus reduces dramatically at some critical strain levels
(approximately at 10%) whereas the loss modulus manifests a peak as
shown in Fig. 7. This can be attributed to the strain-softening effect
known as the Payne effect indicating dependency of the storage and the
loss moduli to the applied strain amplitude [36]. Destruction of the CNTs
networks in the preliminary stage of deformation and their re-
constructions at strain of 10% account for the peak in the loss modulus
[37]. Note that the Payne effect can be quantified using the following
equation (4) [37]:

/ '
/ GO.I% - GIO%
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where Gy, is the storage modulus at 0.1% strain, G, is the storage

modulus at 10% strain, and AG is the normalized Payne effect.

The Payne effects for batch 1 to 5 are 0.06, 0.05, 0.2, 0.35, and 0.5,

respectively. No significant difference between the control and 1 phr

CNT loading can be seen which can be attributed to low amount of CNTs

used. 3 phr CNTs content manifests a relatively higher Payne effect with
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respect to 1 phr CNTs (300% increase). The Payne effect is more sig-
nificant for higher CNT loadings (5 phr, and 10 phr) as shown in Fig. 7d
and e i.e. the higher the CNT contents the higher the Payne effect
because the agglomerated CNTs disentangle sufficiently during the
initial stretching (strain <10%) resulting in further reductions of the
shear modulus with respect to the strain increase [17]. This is in line
with the literature indicating a higher Payne effect can be identified by
increasing the filler loadings [38]. .

As it was mentioned before, the Payne effect is the strain-dependent
properties of filled rubbers subjected to a relatively low amount of strain
whereas the Mullins effect, also known as the stress-softening effect, can
be distinguished at intermediate strain value [38]. Fig. 8 depicts the
force-displacement for five successive cycles at strain of 50% (cycles 31
to 35) to compare the Mullins effect. Apart from the control and 1 phr
CNTs in which no significant cyclic stress-softening can be found; other
batches (3 phr, 5 phr and 10 phr) manifest obvious Mullins effects. That
is, a large stress drop from the first to second loading cycles can be
distinguished in the loading curves followed by a negligible reduction in
the subsequent cycles resulting in steady state hysteresis loop in the 5th
cycle.

Note that the presence of a stabilized loading-unloading curve from
5th onward is well-addressed in the literature resulting in the removal of
the Mullins effect after specific cycles in the filled rubbers [39]. In
addition, increasing the CNT content results in a more pronounced
Mullins effect, in particular for 5 and 10 phr CNTs contents as shown in
Fig. 8d and e which can be ascribed to detachment of CNTs or their
slippages from the matrix [40,41]. Since hysteresis increases with

increasing CNTs content, one can say that the Mullins effect is strongly
related to filler-polymer chain interactions.

Since the hysteresis loss depends on the CNTs content as well as the
applied strain, they are compared individually in response of the CNTs
content (Fig. 9) and the applied strain (Fig. 10). Fig. 9 depicts the force-
displacement relationships in a single loading-unloading cycle at
different strain amplitudes including 50%, 100%, 150%, and 200%,
respectively, to compare the dissipation behaviour as a function of the
CNTs content. It should be noted that the same number of loading cycles
was selected at each strain amplitude to avoid the effect of strain history
on the hysteresis behaviour. The presence of the hysteresis loop can be
clearly seen for both filled rubbers which is related to first feature of the
Mullins effect, i.e. a considerable stress-softening during unloading with
respect to the loading, in particular when the elastomer is subjected to a
high strain deformation [41,42]. In fact, with the addition of CNTs, two
distinct features can be distinguished in the loading-unloading curves
including a larger hysteresis loss and a pronounced nonlinearity at high
strain amplitude as shown in Fig. 9.

The hysteresis shown in Fig. 9 indicates irreversible dissipated en-
ergy resulting in heat generations in the materials which can be detri-
mental for the fatigue properties of the rubber [19]. It can be concluded
that although incorporation of the CNTs into NR increases the dynamic
shear properties as shown in Fig. 6, it also reduces the strain energy
released during the unloading, i.e., the hysteresis and energy dissipation
of the material increases by CNTs addition.

Fig. 10a-d shows the change in the hysteresis loop in response of the
applied strain for each sample indicating a larger hysteresis loss by
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Fig. 8. Five consecutive shear loading-unloading representing the Mullins effect:

(a) control, (b) 1 phr, (c) 3 phr, (d) 5 phr, (e) 10 phr.
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Fig. 9. Comparison of hysteresis loop for a single loading cycle as a function of CNTs content at different strain amplitude: (a) 50%, (b) 100%, (c) 150%, (d) 200%.
The test is comprised of steps which are either rest periods or 6 loading cycles as shown in Fig. 5(d).
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increasing the strain amplitude. The hysteresis loss of the neat rubber is That is the hysteresis shape transforms from elliptical shape for the

quite negligible at small strain amplitude (<50%) demonstrating a low control and 1 phr CNTs to a relatively a nonlinear hysteresis loop for the

energy dissipation as shown in Fig. 10a and f due to an absence of CNTs. higher CNTs loading (>3 phr). This can be ascribed to severe breakdown

Apart from the control, increasing the strain amplitude for each nano- of the CNTs networks during large deformations [43] and strain-induced

composite rubber results in more nonlinearity as shown in Fig. 10 b-f. crystallization effect [44]. It can be concluded that increasing strain
1200 T
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Fig. 11. Energy dissipation for different CNTs loading and various strain amplitudes.
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amplitude results in a higher hysteresis loss for high CNTs loading as
shown in Fig. 13 which is consistent with the literature [45].

The energy dissipation/m> of the rubbers, i.e., the area of the hys-
teresis loop presented in Fig. 9 for each strain amplitude, is shown in
Fig. 11. An increase of 1040% in energy dissipation for 10 phr with
respect to the control at strain amplitude of 200% is achieved. Finally,
one can define what CNTs content should be used depending on the
applications i.e., higher CNTs loading can be used to reach good me-
chanical properties as well as proper damping capabilities for sound-
proofing applications, However, a balanced mechanical and energy
dissipation properties can be achieved using a relatively lower amount
of CNTs for wave energy applications.

4. Conclusion

Rubber-based materials have a wide range of applications. Rein-
forcement materials could potentially reduce the total weight and vol-
ume of rubber required for the same functionality. Therefore, in this
study, the inclusion of CNT was considered to establish a material
baseline for a wide range of uses. CNTs-based natural nanocomposites
were prepared using a combined compounding technique to guarantee a
homogenous CNTs dispersion was achieved. Different CNTs content
including 1 phr, 3 phr, 5 phr, and 10 phr were prepared. The Mooney
viscosity, rheometry, and TEM methods were used to establish the ma-
terial characterization together with a cyclic double-bonded shear test
for the mechanical characterization. In summary, the following out-
comes were drawn:

e A good CNT dispersion was achieved at 3 phr CNTs loading whereas
increasing CNTs content resulted in the presence of both CNTs ag-
gregates and poor CNTs-region.

e Addition of CNTs into natural rubber caused higher torque, tem-
perature, and consequently higher energy consumption resulting
from higher shear forces during mixing. The torque-time trend
increased significantly at the beginning of mixing followed by a
decrease and finally reached a plateau which can be attributed to
further homogenization of the compound in the last stage.
Incorporation of CNTs enhanced the viscosity up to 200% at 10 phr
CNT with respect to the control batch whereas a remarkable reduc-
tion in the cured rubbers (batch1-5) compared to MB and pristine
CV60 were distinguished resulting from extra processing of the
former by mixer and twin-roll mill.
The scorch time (ts2) diminished as a function of CNTs loading
indicating premature vulcanization for filled rubber with respect to
the control. Similarly, t90 and t95 decreased as a function of CNTs
increase. The ML and MH raised in filled rubbers compared to the
control manifesting enhancement of the stiffness in the filled rubber
during cross-linking. The cross-link density increased with the CNTs
addition.

The incorporation of CNTs into natural rubber increased dynamic

modulus, storage modulus, loss modulus, and loss angles of the

materials. Sample containing 10 phr CNTs reached the highest me-

chanical properties in which a maximum increase of 201%, 1232%,

202%, and 339% in the storage modulus, loss modulus, complex

modulus, and loss angle, respectively, are achieved in comparison

with the virgin rubber.

o The presence of the Payne effect was notable at low strain amplitude

in which the storage modulus remarkably dropped by strain increase

(strain <10%). On the other hand, the Mullins and stress-softening

effect were more tangible at intermediate strain level which led to

successive reduction of the loading-unloading curve in the first two
cycles and reached to stabilized state from 5th cycle onward.

Cyclic loading was used to understand the hysteresis loop changes

with CNT loading. Data was examined at an identical point in the

loading history for each formulation. The loading-unloading curve
was more nonlinear at higher strain amplitude for higher CNT
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loadings, which was attributed to more pronounced Mullins and
strain-induced crystallization effects. The nonlinearity was more
significant at higher CNTs content. Damping capability of the ma-
terials increased in response to CNT addition where an increase of
1040% in energy dissipation for 10 phr with respect to the control at
a strain amplitude of 200% was achieved.

5. Future work

It was proved that CNTs can be beneficial in improving mechanical
properties of natural rubber subjected to dynamic shear loading condi-
tion. Since NR is widely used within flexible wave energy converter
devices in a harsh sea water environment [1], further investigation
needs to be carried out to study the fatigue life and energy harvesting
efficiency of the CNT filled rubber in muti-axial loading scenario. This is
quite critical to reduce the cost for wave energy harvesting and make it
more competitive with other renewable energy resources such as wind
and solar energy.
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