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Abstract: The main objective of the present study is to investigate the effect of hybrids of two different nanoclays, silane-
modified halloysite nanotube (MHNT) and organically modified nanoclay (OMMT) on vulcanization behavior, and cure Kinetics
of rubber-based blends of natural rubber (NR) and ethylene propylene diene monomer rubber (EPDM). Vulcanization kinetics
were analyzed by a rubber process analyzer under isothermal conditions with different temperatures starting from 140°C to
155°C. Results obtained from rheometric data such as cure time; scorch time was greatly reduced when hybrid fillers were used.
To understand the curing reaction in the presence of hybrid filler, an autocatalytic model was applied. NR/EPDM blend filled
with hybrid fillers of MHNT/OMMT in the ratio of 7:3 (phr) drastically improved mechanical strength. Morphology analysis by
TEM and WAXD supports the intercalation of hybrid fillers in the matrix and also on the filler-filler networking formed between
the fillers. Cross-link density measurements were also carried out to understand the rubber filler interaction in the presence of
hybrid fillers.

Index Terms - nanocomposites, halloysite nanotube, cure kinetics, autocatalytic model, nanoclay.
I. INTRODUCTION

Studies on the vulcanized natural rubber/ethylene-propylene diene monomer rubber blends(NR/EPDM) attracted researchers'
industry field extensively due to its better performance in tire application as well as remarkable enhancement in aging resistance
to heat and ozone. But the incompatible nature NR/EPDM blend, due to the polarity difference and viscosity mismatch, exhibited
poor mechanical properties.>® In earlier times these incompatible blends were compatibilized by grafting an accelerator to EPDM
or using some accelerators which have a higher solubility in the EPDM phase or by two-stage vulcanization or by reactive
blending.*® Nowadays nanoparticles such as clays, silica graphene, carbon nanotube, etc. were added to blends so that they can
stabilize the interface of the two components in the blend matrix. These blend nanocomposites were prepared by melt mixing,
solution mixing, or by using the two-roll mill mixing method. Alipour et al.,® studied NR/EPDM closite 15A nanocomposites and
observed that organoclay act not only as reinforcing fillers but also as accelerators for vulcanizing NR/EPDM blends. Rahmaniar
et al.,’® observed that an optimum mixture of pumice and clay could improve the processability and degree of cross-linking
formation in NR/EPDM blend matrixes. In another study, the effect of polyethyleneimine (PEI) wrapped graphene nanoplate and
untreated graphene nanoplate (GNP) on NR/EPDM blends was investigated.!* The studies proved that the treated GNP enhanced
the filler-matrix interaction, and exhibited excellent mechanical properties compared to untreated GNP-loaded blend
nanocomposites and unfilled blend matrix.

Halloysite nanotubes (HNT) is another type of naturally occurring easily available nanofiller and morphologically similar to
carbon nanotube (CNT) could be used as a substitute for more expensive CNT. It has the same chemical composition as that of
kaolinite, Al,Si,Os(OH)4. NH20. Because of the tubular morphology, the low density of the hydroxyl functional group on the
surface reduces its surface energy and makes it a better reinforcement nanoparticle. A lot of studies have been reported based on
HNT/based nanocomposites.’?® These studies proved that in the presence of HNT's a significant improvement in thermal,
mechanical, and flame retardant properties were observed.

Recently researchers are very much interested in developing hybrid reinforcement in rubber on combination of two types of
nanoparticles or of nanoparticle with conventional filler such carbon black and silica. Hybrid fillers have shown to give a synergy
reinforcing effect to the rubber properties and at the same time benefits from the individual fillers were retained. Many hybrid
systems involve nanofillers such as nanoclay, carbon nanotube, nanographite with nanodimensional carbon black, silicon dioxide
etc. 118, Very recently Rooj et al.,'° reported the dispersion of expanded organo-montmorillonite (EOMt) in the presence of
multiwalled carbon nanotube (MWCNT) in NR. From the literature review, the addition of two fillers has a synergistic effect on
increasing the electrical mechanical, and thermal properties of the polymeric matrix. Thus a judicious selection of hybrid filler
material can influence the mechanical, electrical, and thermal properties of the matrix.

Often blends of NR/EPDM are used in outdoor application. EPDM is blended with NR to use in the tire sidewalls to improve
resistance to cracking by ozone attack. It has also high tear resistance. The properties of any rubber dependent on the state of
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cure. The final state and cost of a compound depends on the energy consumed during processing and vulcanization. Therefore,
the study of cure kinetics is very useful in the fabrication of a compound.

In the present work we used organically modified nanoclay (OMMT), and surface modified halloysite nanotube (MHNT) by y-
methacryloxypropyltrimethoxy silane (y-MPS) and hybrid of OMMT (3 phr) and MHNT (7 phr) as fillers in NR/EPDM blends.
Samples were prepared by two-roll mill mixing method. The vulcanization behaviour, and cure kinetics of the rubber blend
nanocomposites were studied in detail.

2. Experimental part
2.1. Materials

Natural rubber (NR) ISNR-5 was supplied by Rubber board Kottayam, India having Mw - 7.8x10° g/mol and Mooney viscosity
65 ML (1+4) 100 °C. Ethylene propylene Diene monomer rubber, EPDM (KEP 270) with an ethylene content 57%, ethylidiene
norbornene (ENB) type monomer with 4.5% and a Mooney viscosity 71 ML (1+4) 125°C, was supplied by Maharashtra polymer
products, Mumbai. The organically modified (35-40% dimethyldialkylamine) MMT (montmorillonite), 1.44p used in this present
study was provided by Sigma Aldrich, Bangalore. Halloysite nanotube was also purchased from Sigma Aldrich Bangalore. The
typical surface area of this halloysite was 64 m?/g, pore volume of 1.26-1.34 mL/g, refractive index 1.54 and specific gravity 2.53
g/cm?3. The surface modification of the halloysite nanotubes were done using y-methacryloxypropyltrimethoxy silane supplied by
Sigma Aldrich. The solvents and other reagents of laboratory grade were used for this study.

2.2. Preparation of nanocomposites

Blends of NR and EPDM (NR/EPDM) were prepared in a laboratory two-roll mixing mill as per ASTM designations D 3182-89.
Firstly, NR is masticated for 10 minutes followed by EPDM and both are masticated together for next 10 minutes. After this
curing and reinforcing agents in the order ZnO, stearic acid, accelerators, fillers and sulphur were added. In the preparation of the
blend with hybrid fillers, filler in the specified ratio mixed together manually and then added. Total time of 30 minutes and roll
temperature were kept constant throughout the study. The compounded sample were vulcanized in an electrically heated
hydraulic press at 150°C and at a pressure of 120kg/cm?, till the cure time is reached. After this the sample is kept for 24hrs at
room temperature and then used for further studies. The various nanocomposites such as NR/EPDM/organically modified
nanoclay, NR/EPDM/modified halloysite nanotube and NR/EPDM/modified halloysite nanotube/organically modified nanoclay
hybrid were prepared as per the formulation given in the Tablel.

Table 1. Formulation of NR/EPDM blend nanocomposite

Materials (phr)* N60 N60H7 N60M3 N60H1IM3 | N60H3M3 | N60H5M3 N60H7M3
NR 60 60 60 60 60 60 60
EPDM 40 40 40 40 40 40 40
Silane Modified 0 7 0 1 3 5 7
Halloysite nanotube

Modified Nanoclay 0 0 3 3 3 3 3
ZnO 5 5 5 5 5 5 5
Stearic Acid
MBTS 0.2 0.2 0.2 0.2 0.2 0.2 0.2
CBS 15 15 1.2 12 1.2 1.2 1.2
Sulphur 2 2 2 2 2 2 2

* parts per hundred

2.3. Characterizations Techniques
2.3.1. Vulcanization studies

Oscillating Disc Rheometer of alpha technologies was used for determining cure characteristics of NR/EPDM blend
nanocomposites at 140, 145, 150 and 155°C as stated in ASTM D 5289-93a standard. From the cure profile, cure rate index and
the vulcanization kinetics was analyzed.

2.3.2 Cross-link density measurement by swelling studies.

The cross-link density the vulcanized sample was determined by swelling method. For this the samples were cut into circular
shape and immersed in toluene for 72 hrs. at room temperature. The deswollen weight of the sample after drying in air for about
another 72 hours. Flory - Rhener equation can be used to calculate the cross link density(v) of the samples and it is given as
equation (1) .

In[1-V,¢|[+Vyr+ xV,r2
9 = BLVesl Vet 20y (D)
~2p,VsVyf1/3
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Where p; is the density of rubber ,Vs is the molar volume of the solvent, y is the interaction parameter and Vs is the volume
fraction of the rubber in the swollen material.

The molecular mass between the cross links, M. can be calculated by using the equation (2)
Cross link density v, = ﬁ ...... 2)
c

2.3.3. Transmission Electron Microscopy

The morphology of the composites was analyzed by TEM (JEM-2100HRTEM). The cryocut specimens prepared using an ultra-
microtome (Leica, Ultra cut UCT) were placed on 300 mesh Cu grids (35 mm diameter) and were analyzed. The transmission
electron microscope was operated at an accelerating voltage of 200 kV.

2.3.4 X-ray Diffraction Analysis (WAXD)

The XRD of the clay nano composites were done by using Wide Angle X-ray Scattering (WAXS). WAXS measurements were
carried out on XEUSS WAXS system using a Genix micro source from Xenocs operated at 50 kV and 0.6 mA. The Cu Ka
radiation (A = 1.54 A) was collimated with FOX2D mirror and two pairs of scatter less slits from Xenocs. The 2D-patterns were
recorded on a Mar345 image plate and processed using Fit2D software. All the measurements were made in the transmission
mode.

2.3.5. Tensile properties

Samples for tensile test were punched out from sheets and tests were carried out as per ASTM D412 on a instron universal testing
machine at a cross head speed of 500 mm/min.

3. Results and discussion
3.1. Cure Characteristics

The cure profile given in Fig.1 illustrate the effect of hybrid filler on vulcanization behavior of N60 blend nanocomposites and the
various curing parameter obtained are shown in the Table. 2

Table 2. Cure parameters obtained from cure curve of N60 blend in the presence of hybrid fillers

Sample Tgo(min) Ts2 My ML MH-ML(AM) CR|=100/T90-T32(S'1)
(min) (dNm) (dNm)
N60 8.95 4.16 9.04 0.23 8.81 20.87
N60M3 5.90 2.07 9.59 0.31 9.28 26.10
N60H7 7.84 4.50 9.06 0.22 8.84 29.94
N60H1M3 5.73 2.78 8.87 0.19 8.68 33.89
N60H3M3 4.93 2.21 9.53 0.20 9.33 36.90
N60H5M3 4.87 1.98 9.60 0.25 9.35 34.60
N60OH7M3 4.76 1.84 10.65 0.26 10.39 34.24

All the samples showed reduced cure time (Tgo) compared to pristine N60.
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Figure 1. Cure curves of N60 blends in the presence of different fillers at 150°C.
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MHNT filled matrix showed reduced vulcanization rate as indicated by cure time compared to OMMT filled matrix. In the
presence of hybrid fillers Tgo falls down and showed the lowest value when compared to N60 blend nanocomposites filled with
single fillers.

During melt mixing, the shear stress produced breaks the nanotube. This reduces the aspect ratio, and render the vulcanization
process at lower loading of MHNT. But as the loading of MHNT increases, more sulphurating agents are produced. This helped
in forming cross-links with the rubber matrix?. In the presence of hybrid fillers Tgo falls down and showed the lowest value when
compared to N60 blend nanocomposites filled with single fillers. In addition to this, the addition of OMMT to MHNT filled
matrix increases the dispersion of both fillers. These clay layers occupy between nanotubes and forms a local network between
the surface modifiers of two nanoclays.

On adding OMMT to MHNT filled N60 matrix, the scorch time is significantly reduced due to the formation of the OMMT-
MHNT bridge facilitating the vulcanization process. Like Tgo values, the lowest scorch time is shown by the N60 matrix filled
with MHNT and OMMT in the ratio of 7:3 (phr). Thus the addition of OMMT to N60MH?7 reduced Tgo and Ts2 values of the
blend nanocomposites to a greater extent. Vulcanization characteristics reveal that the mixture of fillers can highly influence the
curing behavior of the N60 matrix. It can be seen that the addition of MHNT has little influence on the torque value of the matrix
and it is found very close to the unfilled matrix. The penetration of polymer chain and curatives into the lumen of halloysite
nanotube and also the adsorption of curatives on the surface modifier of halloysite nanotube significantly reduced the curing
behaviour of N60 /MHNT blend nanocomposites. On the other hand, in presence of OMMT, due to its better reinforcement with
the matrix torque of the matrix increases.

With the addition of hybrid filler, due to the increased intercalation of both fillers in the matrix the polymer-filler interaction
increased. The increase in torque difference (AM), which is the measure of cross-link density also increase in the presence of
hybrid fillers. In the presence of hybrid fillers, both fillers help dispersion one another and increase the interaction with the
matrix. An increase in AM values also supports the above fact that both matrix phases are equally cured and hence the value
increased. The network formation between two nanoclays restricted chain mobility and increased the stiffness of the material. The
higher AM value in the presence of hybrid filler supports the formation of more cross-links in the matrix. The cross-link formed
in the presence of hybrid filler sensibly increased torque and this effect on cross-linking density will be discussed later in swelling
measurement studies. Thus the combination of MHNT/OMMT increased the torque and vulcanizates get more reinforced.
Synergic effect of hybrid fillers on vulcanization behaviour of NR /EPDM blend nanocomposite is observed here.

The cure rate index (CRI=100/Tg-Ts2), represents the rate of cure of blend nanocomposites. Here irrespective of the nature of
fillers, CRI increased compared to the unfilled blend matrix. With the addition of OMMT to N60/MHNT nanocomposites, CRI
get increased, but at highly loaded matrix due to the increase in viscosity, vulcanization rate is reduced.

3.3. Vulcanization kinetics

A series of mathematical expression was used for analyzing the nature of curing reaction. Here autocatalytic model?* showed
good agreement with the experimental results because the systems have reaction rate which is maximum at t > 0. In autocatalytic
model maximum rate of reaction occurs at any point other than t= 0.

The model for autocatalytic reaction equation is given as below, in equation (3).

d
d—‘f =K(T) (L-0) " a™ ....... (3)
a the degree of cross-linking for cure meter study is given as in equation (4),
Mt—MO 4
O = T e 4)

Where n” and m are reaction order constant, K(T) specific rate constant at T,
In autocatalytic model the rate of reaction increases as rate of conversion increases and passes through a maximum. Fig.2 shows

. d . . .
the plot of rate of conversion ( d_(: ) versus the degree of conversion () of N60 blend nanocomposites and fitting curve for the
autocatalytic model is given in the Fig.3
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Figure 2. Comparison of reaction rate versus conversion of N60 blend with hybrid filler and single filler.
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Figure 3. Fitting curve of autocatalytic model of N60 blends in the presence of hybrid filler (N6OH7M3) [solid line indicating
fitting line].

It is observed that the K value increases with the increase of temperature and with the addition of fillers it also increases. With
the increase of temperature, viscosity decreases and more cross-links are formed between the polymer chains. But the addition of
MHNT to N60 matrix, K value gets reduced than the gum sample. A lot of works in literature are available which explaining the
reduction of K value with the addition of fillers?2.

The highest value of K is observed in the hybrid filled system, especially at higher temperature. This indicates that the influence
of hybrid filler on curing reaction is more pronounced at higher temperature than at lower temperature. This may be due to the
increased rubber-filler interaction and also due to the filler network formation. The fractional values of m and n indicate that the
vulcanization process is not happening in a single step, but by various reaction steps which can occur simultaneously?®

From the Table 3, it can be seen that n values are found to be higher than m values showing the dependency of vulcanization
reaction on initial reactants of the compound?*. m and n values increase with temperature in all the systems while at 155°C these

values decrease.

Table 3. Kinetic parameters of N60 blends in presence of OMMT, MHNT and their hybrid

Sample Temperature (°C) K m n
N60 140 2.2860 0.5506 2.1725
145 2.9460 0.7608 2.2313
150 3.1973 1.0298 2.5107
155 5.9082 0.5188 2.1647
N60M3 140 2.3180 0.7658 1.8214
145 4.1790 0.8654 2.2800
150 4.8797 1.176 2.2448
155 6.8103 0.9028 2.0490
N60H7 140 2.1736 0.9100 1.8780
145 2.7419 1.0300 2.6449
150 4.4090 1.0100 2.6949
155 4.0118 0.9600 2.0972
N60H7M3 140 2.5498 0.8330 1.4778
145 2.8058 0.8744 2.3130
150 7.6383 1.2589 2.7460
155 11.1743 1.2861 2.2861

The activation energy (Ea) of the curing reaction was determined from the plot of In k versus 1/T as shown in the Fig.4. The
value of the activation energy is obtained from the Arrhenius plot is given in the Table 4. The presence of nanofillers
significantly reduces activation energy for curing, especially in the presence of hybrid fillers.
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Figure 4. Arrhenius plot of N60 blends in presence of nanofillers and hybrid filler

All the filled samples had lower Ea than the neat blend matrix. The lowest value obtained for N60 blend with hybrid filler
confirms that the presence of double phase filler increases the rate of the cure reaction.

Table 4. Value of activation energy of N60 blend nanocomposites

Sample Activation Energy (Ea) KJ/mol
N60 92.014
N60H7 60.503
N60M3 46.049
N60H7M3 39.731

When MHNT alone used, due to the adsorption of curatives on the tubular surface delays the curing behavior, but the addition of
nanoclay enhances the interaction between both fillers and occupies in between the tubes making more intercalated morphology
and increases the rate of cure. Hence activation energy is reduced too much in presence of hybrid fillers.

3.2 Cross —link density measurement

The effectiveness in cross-linking in N60 blend nanocomposites were investigated by swelling measurements. From the Fig.5, it
can be observed that the swelling % of NR/EPDM blend nanocomposites were reduced with filler loading irrespective of the
nature of filler. The maximum reduction in swelling % was observed with hybrid filler. The presence of hybrid filler caused more
cross —links and it forms networks in the blend nanocomposites. This created more tortous path for the solvent to diffuse through
the blend matrix. The increase in cross-links reduced the solvent uptake.
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Figure 5. Swelling % of NR/EPDM blend nanocomposites

The cross-link density and molecular mass between the cross-links were calculated using Flory Rhener equation and given in
Table 5. This values are in agreement with the AM (torque difference) values obtained from cure studies.
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Table 5. Values of molecular mass and cross-link density of NR/EPDM blend nanocomposites

Sample Mc(Exp) Cross link density
g/lem® (vex104) mol/cc?
N60 1253.86 3.99
N60M3 1109.70 4.50
N60H3 1124.42 4.40
N60Hs 1125.30 4.44
N60H- 1112.24 4.50
N60H;M3 746.94 6.90

3.3 Morphology of hybrid nanocomposites

The dispersion of organically treated fillers in the blend matrix can be well understood from the transmission electron micrograph.
Fig. 6.

Figure 7. Transmission electron micrograph of 60/40 NR/EPDM blends in presence of MHNT:OMMT (7:3 wt% ) [N6OH7M3]
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Figure 8. Transmission electron micrograph of N60OH7M3 in different magnifications

The dispersion of the halloysite nanotubes and nanoclays are visible in the TEM micrographs. In the case of a hybrid filled
matrix, it can be seen that MHNT fillers occur between OMMT layers as given in Fig.7 and magnified image is given in Fig.8.
Thus effective networking is formed between the fillers. As pointed out by Josmin et al.,?® both fillers are organically modified at
the surface and the interaction between the modifiers on the surface of two fillers takes part in network formation. Interestingly,
the filler localization is more concentrated in the NR matrix and interface and this is quite visible in the Fig.1. Thus the
modification of the interface of the blend due to the variation in surface energy of both the fillers is easily achieved and the blend
separation is quite visible. This morphological architecture will change the overall property of the blend nanocomposites i.e., the
structural networking formation by both the organically modified nanomaterials and interface modification of blends through the
hybrid fillers made the blend matrix a diverse feature-rich matrix. The high-resolution TEM images indicated that the dispersion
of both the HNTs and nanoclay in an intercalated manner. The variation in the surface energy of two nanofillers in the blend
matrix helps to direct the proper orientation at the interfaces of the blend matrix i.e., the synergism helps to develop more
concentration of nanofillers towards the interfaces of the blend matrix. The Van der Waal’s force of attraction between alkyl
group of alkyl modified montmorillonite and alkyl part of y- methacryloxypropyltrimethoxy silane of halloysite nanotube
prompted the fillers to take part in effective network formation.

When modified halloysite nanotube and organomontmorillonite were used in 7:3 wt.% ratio hybrid filler networking occurred
effectively, i.e. there was an optimal weight ratio between hybridizing fillers as reported by Leung et al.?,

3.1.1 X-ray diffraction analysis

The Fig.9 compares the XRD spectra of OMMT and MHNT with 60/40 NR/EPDM blends containing 3 phr OMMT, 7 phr
MHNT and their hybrid. OMMT showed a diffraction peak at 20=3.36° and basal spacing doo: calculated according to Braggs
Law is 2.62 nm. In the case of 3 phr OMMT filled nanocomposites, a diffraction peak was seen at 26=2.02° having a basal
spacing of 4.36 nm. This shows that intercalated morphology was achieved by blends in the presence of OMMT.

3000
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N60H7
e OMMT
e MHN T
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Figure 9. WAXD pattern of N60 blends filled with conventional and hybrid fillers

The modified halloysite nanotube (MHNT) shows a diffraction peak at 20 =11.67° which corresponds to the basal spacing (doo1)
of 0.757nm. Addition of 7 phr MHNT to N60 matrix a small peak is obtained at 20=9.63° with basal spacing of 0.927 nm. The
spectra of hybrid filled nanocomposites shows two distinct peaks at 26=1.92° and 6.34° which corresponds to 4.5 nm and 1.39 nm
distance of basal spacing, respectively. In the hybrid filled nanocomposites, clay layers get more intercalated compared to the
blend nanocomposites filled only with OMMT. Thus from WAXD and TEM analysis, it can be observed that in the presence of
MHNT, clay layers can be well intercalated at lower loading.
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3.4. Mechanical Properties

The study of mechanical properties is very useful in establishing the reinforcing ability of nanofillers with the polymer matrix.
The improvement of the physico-mechanical property of polymer matrix depends upon the strong interaction between the matrix
and filler, nature of modifier, and also the size, geometry, and morphology of the filler. Literature survey supports the above fact
of improvement of physico-mechanical properties of rubber nanocomposites.?”? In the case of hybrid filled N60 blend, the
Stress-strain behaviour of N60 blend is shown in the Fig.10.
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Figure 10. Stress-strain curve of N60 blends in presence of hybrid fillers

The improved performance of nanocomposites in terms of tensile strength is due to the improved interaction between NR/EPDM-
OMMT-MHNT. The high aspect ratio and large surface area of HNT make strong and a little chemical interaction between
OMMT and MHNT favours the formation of cross-links. Here OMMT and MHNT form a local hybrid filler network that
confines the rubber chains making a more entangled structure. This is responsible for the higher performance of hybrid
nanocomposites. Similar network formation was also observed in NR/CB/organoclay hybrid nanocomposites.?® N60 with hybrid
filler in the ratio (7 phr MHNT, 3 phr OMMT) increases tensile strength to 76% compared to the unfilled system and 53% (7 phr
MHNT) and 18% (3 phr OMMT) compared to those containing conventional fillers. Besides the interaction, both fillers are well
dispersed in the matrix.

Both of these fillers are surface modified to make hydrophobic in nature. These surface modifiers make an additional van der
Waals force of attraction and increases the compatibility with the matrix. This type of interaction with the interface restricts the
deformation of polymer and increases the tensile strength. The presence of OMMT in MHNT increases the interfacial interaction
due to the difference in morphology of two fillers. Additional filler- filler networking due to surface interaction of two fillers
increase constrained polymer phase. This synergistic interaction results in a unique structural development increases the tensile
strength. The increment in tensile strength of N60 blend in presence of hybrid filler is given in Fig.11.
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Figure 11. Tensile strength of N60 blend in presence of hybrid fillers.

100% and 300% modulus of hybrid nanocomposites is also higher than the matrix that filed with conventional fillers. This
increase in modulus value is due to the strong NR/EPDM-OMMT-MHNT interfacial interaction and also due to the formation of
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highly intercalated structure. Modulus of the matrix depends upon the stiffness and also on its interaction with the filler. The
variation of modulus of N60 blend in presence of hybrid filler is shown in Fig.12.
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Figure 12. Variation of modulus of N60 blend in the presence of hybrid fillers

When fillers are added to the matrix reinforcement increases due to the immobilization of polymeric chain. With the addition of
hybrid nanofiller to the matrix immobilization occurs due to

1. locking in of the polymer chain within filler network.

2. formation of constrained polymer chain with the filler network.

This immobilized polymer chain increases the stiffness of the matrix. It increases the modulus, which makes the matrix effective
for stress transformation during mechanical deformation. Both the fillers are organically modified and have strong interaction
with the NR phase and also these fillers act as a compatibilizer for the NR/EPDM matrix. Most of the clay occurs at the interface
reduces the interfacial tension increases the compatibility between NR/EPDM. It is also stated by Yu et al., ® that mixing of two
materials with different shapes may enhance the reinforcement effect of the composites because of the synergistic effect of hybrid
fillers. In the case of MHNT filled N60 blend, lower concentration of the filler is not effective for stress transfer and shows
higher modulus of elongation only at 7 phr loading. But on adding 3 phr OMMT to the same matrix -immobilize a significant
amount of polymer chain and increases the modulus. On the other hand, with the addition of 5 phr OMMT to the MHNT filled
matrix, an agglomerated morphology is developed. Owing to the progressive filler networking with increasing filler content, a
decrease in reinforcing efficiency is found when the rubber is highly filled. At lower loading of nanoclay, the well-dispersed
nanostructure can reinforce the neighbouring rubber chain effectively at the interface, and increment in tensile strength occurs.

4. Conclusion

The effect of hybrid fillers on curing characteristics, curing kinetics, and morphology of 60/40 NR/EPDM blends were examined.
Considerable improvement in curing rate is observed in the case of N60 blend with the use of MHNT/OMMT hybrid fillers. This
is due to the increased polymer—filler interaction and well dispersion of both fillers in the matrix. Analysis of curing Kinetics
showed that all the systems followed the autocatalytic model. Activation energy calculated from the Arrhenius plot was found to
be lower for N60 blend filled with hybrid filler again confirms that the presence of dual-phase filler increases the rate of cure
reaction The Van der Waal’s force of attraction between alkyl group of alkyl modified montmorillonite and alkyl part of y-
methacryloxypropyltrimethoxy silane of halloysite nanotube prompted the fillers to take part in effective network formation.
When modified halloysite nanotube and organomontmorillonite were used in 7:3 wt.% ratio hybrid filler networking occurred
effectively. N60 blend samples containing a combination of MHNT and OMMT showed better mechanical properties. Addition
of 3 phr OMMT to N60 blend containing 7 phr MHNT showed increased tensile strength of 7.97 MPa and 100% modulus of 1.76.
This value is about 19% and 74% compared to 7 phr filled MHNT. This suggests a synergistic effect between MHNT and
OMMT. The filler network formation and proper dispersion of both nanofillers in the matrix especially in the NR phase and at
the interphase of the polymeric blend made immobilized polymeric phase in the vicinity of nanomaterials. This filler networking
trapped the polymer chain and acting as an effective center for stress transfer to the filler phase.
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