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Abstract: The nanocomposite of ethylene-propylene-diene monomer (EPDM), acrylonitrile-butadiene rubber (NBR),
and halloysite nanotubes (HNTs) was produced. On a two-roll mill, the 0-25 parts per hundred rubber (phr) of HNTs with
70/30 EPDM/NBR was mixed. The effect of HNT on the cure characteristics (scorch (z,) and optimum cure time (Zy),
cure rate index, maximum torque, minimum torque and torque difference) and mechanical properties of the composites
were studied and discussed. Scanning electron microscopy (SEM) was used to examine the surface morphology of ten-
sile-fractured EPDM/NBR rubber-HNTs. Tensile strength, 100% modulus, elongation at break, tear strength, hardness,
abrasion resistance, and compression set were increased whereas rebound resilience, #s,, and 7, were decreased with

increasing in the concentration of HNTSs in it.

Keywords: cthylene-propylene-diene monometr/acrylonitrile-butadiene rubber, halloysite nanotubes, cure behavior,

mechanical properties, abrasion resistance.

Introduction

In order to increase the physico-mechanical and other nec-
essary properties of the rubber matrix, reinforcement was
added. At the same time, it was also used to lower the cost and
overall weight of the finished composite, but the process of
adding reinforcement to the rubber matrix was more difficult.'
The employment of various reinforcement or filler kinds has
increased recently, and numerous researchers have also con-
ducted in-depth analyses of their features. In spite of different
types of filler materials used in the past decades only a limited
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ones are used for extensive research.” Carbon black (CB) was
one of the most commonly used reinforcing materials in rubber
compounds. But, the major problem in the carbon black com-
pound was that it causes severe environmental issue and
researches are going on to find the alternate for it.’ Recently,
several studies have reported by using montmorillonite,* sil-
icate layered clays™® and carbon nanotubes’ as the reinforce-
ment in the rubber compounds which improves the cure and
mechanical behavior, thermal stability and flammability of
rubber nanocomposites.

In recent times, halloysite nanotubes (HNTs) have been
extensively used as filler for rubbers materials such as natural
rubber (NR),® styrene-butadiene rubber (SBR),”'® acrylonitrile-
butadiene rubber (NBR)," ethylene-propylene-diene mono-
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mer'>" and silicone rubber."* HNTs were used to upsurge the
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thermal, mechanical and flammability characteristics of the
rubber composites. HNT was a one-dimensional super fine clay
material with a hollow nano-tubular cross-section. It occurs in
nature as aluminosilicate with the chemical formula (Al,.
Si,05(OH),. nH,O 1:1). HNTs can be equally dispersed in the
rubber matrix to a greater extent (> 30 phr) as compared with
the other reinforcing material. This is attributable to their small
basal spacing of crystal planes, unique crystal structure, low
density of hydroxyl (R-OH) functional groups, etc. The unique-
ness of the HNT is that the outer surface was comprised of
Si0,, while the inner surface of the tube contains Al,O;. The
inner, outer diameter and maximum length of HNT was about
5-20 nm, 10-50 nm and 2-4 um, respectively."”'® HNTs have
high aspect ratio, high specific surface area, biocompatible in
nature, and also possess enhanced mechanical and thermal
properties.'”?! HNT consists of fifteen to twenty layers of tet-
rahedral silica at the outside surface that are coupled with inner
Al octahedral sheet and oxygen molecules in between the layers.
Siloxane was located at the external surfaces of HNT whereas
the R-OH groups are situated in lumen and in between layers
of it. For the hydrated (halloysite-(10 A)) and dehydrated (hal-
loysite-(7 A)) versions of the HNTs, respectively, the value of
n varies from zero to two.”?*

Rubber mixes or rubber blends are regularly used in indus-
tries for manufacturing rubber compounds with enhanced and
well-balanced facile processability, physical and mechanical
properties at low production cost.”>** Immiscible rubber blend-
ing presents a compelling potential for creating novel com-
pounds with specialised features. A synthetic rubber type utilised
in many different applications is EPDM rubber. Ethylidene
norbornene (ENB), dicyclopentadiene (DCPD), and vinyl nor-
bornene (VNB) are the dienes used to make EPDM rubbers.
Usually, 4-8% of these monomers are employed. EPDM was
a non-polar and saturated rubber compound. EPDM rubber
materials exhibits the superior properties such as heat stability,
resistance to water and ozone, elasticity (especially when tem-
peratures are quite low) and better aging resistance but exhibits
a poor solvent resistance and adhesion property.”’”* Hence the
NBR is blended with EPDM to improve the aforesaid prop-
erties such as oil and solvent resistance and adhesion char-
acteristics of EPDM compound the disadvantage of one
compound is compensated by the other through blending pro-
cess.”™ In contrast to EPDM compounds, which lack CN
groups, NBR rubber contains CN (polar element) groups,
which enhance the cohesive energy density between the chains.*
Therefore, blending EPDM with NBR will have exceptional
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swelling and oil, ozone, weather and heat resistance combined
with good physico-mechanical properties.’* Such blends could
be used for motor mounts, sheets and rolls, automotive radiator
hoses, automotive brake hoses, conveyor belts, transmission
belts, etc.*> The effect of different blend compositions on cure,
mechanical and morphological properties of EPDM/NBR
blends was evaluated and concluded that the best mechanical
properties can be obtained at the blend ratio of 70/30 EPDM/
NBR with a continuous morphology.*® Several researches have
focused on the EPDM/NBR rubber composite reinforced with
Carbon black,”” nanoclay,”®*’ nanosilica,"" and multiwalled carbon
nanotubes* in the recent times.

In our earlier research,” two-roll mixing mills and the vul-
canization process were used to create nanocomposites that
were 75/25 EPDM/NBR modified HNTs (mHNTs). It has been
studied how certain aromatic, aliphatic, and chlorinated sol-
vents are absorbed mole percent through mHNT filled EPDM/
NBR nanocomposites. In analyse the compatibility between
rubber matrix and modified nanotubes and the reinforcing effect
of mHNT as nanofiller in the EPDM/NBR matrix, the pre-
vious work examined the function of the curing characteristics,
mechanical properties, abrasion resistance, and swelling resis-
tance. The results showed that mHNT could significantly
increase the strength of EPDM/NBR vulcanizates while also
reducing scorch (#,) and optimum cure time (#y). Investi-
gations on the mechanical characteristics and swelling resis-
tance revealed an increase in both with increasing mHNT
loading. At 8 phr mHNT filler loading, the cross-link density
measurements showed better strengthening. High concentra-
tions of mHNT particles create a regional filler-filler network
in the rubber matrix. The mechanical characteristics of the
composites were considerably enhanced as a result. The mechan-
ical properties, abrasion resistance, and swelling resistance of
the resulting rubber nanocomposites were enhanced when mHNT
or HNT were added to EPDM/NBR.

For gasoline tank rubber-cover applications, Prasertsri et
al** explored the ideal blend ratio of EPDM and NBR filled
with hybrid fillers (CaCO; and CB). The findings showed that
t, and fy, compression set, and swelling ratio in engine and
diesel oils of the blends tendency to decrease with increased
NBR content, while cure rate index, hardness, and swelling ratio
in gasohol-91 increased. The 70/30 EPDM/NBR blend showed
the highest tensile strength and tear strength among all EPDM/
NBR ratios. In conclusion, the finest overall properties are pro-
duced by the development of EPDM/NBR compounds with a
ratio of 70/30%wt/wt. Similar results were found by Manoj et
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al®® for the blend containing 30% NBR, which were syn-
ergistic in terms of morphology as demonstrated by scanning
electron micrographs. For the 70:30 EPDM/NBR blend sys-
tem, a reasonably cocontinuous morphology was seen. A study
has shown that EPDM/NBR compounds with the ratio of 70:30
is more potent than those with a ratio of other composition, as
previously reported.*** It was obvious from the foregoing
thorough literature review that no research had been done on
70/30 EPDM/NBR compounds reinforced with HNTs. In this
study, EPDM/NBR compound with the ratio of 70/30 was pre-
pared and are reinforced with different concentrations of
HNTs. The effect on the concentration of HNTs on mechan-
ical, cure and other properties of the EPDM/NBR nanocom-
posites are investigated and are compared with the neat EPDM/
NBR rubber compound blends.

Experimental

Materials. Synthetic rubber of Kumho KEP EPDM 270
with a Mooney viscosity (MV: ML, 125 C) of 71 M, ethylene
content of 57 wt. percent, termonomer content (ethylidene nor-
bornene - ENB) of 4.5 wt. percent, volatile content of 0.4 wt.
percent, nature of product form is dense bale, density of 0.86
g/cm® was used and acrylonitrile-butadiene rubber (KUMHO
KNB 35L), with a Mooney viscosity (ML, 100 T)ofdl M,
bound acrylonitrile (ACN) of 34 wt. percent, ash content of
0.8%, volatile content of 0.5%, density of 0.98 g/cm’ was pro-
cured from Supple Rubber Chemicals Private Limited, Farid-
abad, Haryana, India. The reinforcing material halloysite
nanotubes (Kaolin clay), with a linear chemical formula Al,-
Si,0s(OH), - 2H,0, density of 2.53 g/cm’, molecular weight of
294.19 g/mol was supplied from Sigma Aldrich, Puducherry,
India. The other chemicals such as N-cyclohexy-I-2-benzo-thi-

azole sulphenamide (CBS - primary accelerators) and tetra-
methyl-thiuram di-sulphide (TMTD - secondary accelerators),
curing agent such as sulphur and activator such as ZnO and
stearic acid were procured from Vignesh Chemicals, Ambattur,
Chennai, India.

Preparation of Composites. The composites are prepared
by open-mill mixing equipment as per the conditions of rubber
formulation shown in Table 1. For all the composites prepared,
the initial roll mill temperature was set at 40 C and simul-
taneously increased to 55 C at the end. The base rubber com-
pound of 70/30 EPDM/NBR blend were prepared initially via
following process: NBR and EPDM materials were combined
for 4 minutes after being masticated for 4 minutes. Then the
curatives were mixed with different concentration of HNTs in
it. The mixed compound was permissible to stand overnight
before vulcanization process. The rotating speed of roller was
50 mm/min and total mixing time was varied from 15 min to
30 min. The manufactured compounds are heated electrically
to 160 C and 30 MPa in a hydraulic press, which is used to
form the prepared compounds into thin rubber sheets of 2 mm
thickness during the optimum curing period (). At DR Poly-
mer in Chennai, India, the mixing and vulcanizing processes
were carried out.

Characterization. The cure properties of the rubber com-
pounds were investigated by ODR (oscillating disc rheometer)
according to ASTM D-2084 with the temperature of 160 C,
oscillation arc 0.50 and frequency of 100 cycles per minutes
(1.66 Hz). Delta (AM), maximum (M;) and minimum torque
(M) and cure rate index (CRI), scorch time (f,), as well as
optimum curing time (fcq)) are parameters measured though
cure characteristics.

For the preparation of the dumbbell-shaped and nicked tab-
end specimens for tensile and tear tests, respectively, com-

Table 1. Composition of the Nanocomposites Based on EPDM/NBR-HNTs

Ingredients (phr”)

Sample

EPDM/NBR HNT ZnO Stearic acid CBS’ TMTD* Sulphur
1 70/30 0 5 1 1.5 1 2
2 70/30 2 5 1 1.5 1 2
3 70/30 5 5 1 1.5 1 2
4 70/30 10 5 1 1.5 1 2
5 70/30 15 5 1 1.5 1 2
6 70/30 20 5 1 1.5 1 2
7 70/30 25 5 1 1.5 1 2

“Parts per hundred rubber. *N-cyclohexyl-2-benzothiazolesulphenamide. ‘tetramethylthiuram disulfide.
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pression moulded sheets with a 2 mm thickness were per-
forated. The tensile testing was analyzed as per ASTM D 412-
C via UTM by Dak System Inc at a cross-head rate of five
hundred mm/min and at 23 = 2 C. Elongation at break, tensile
strength, and 100% modulus (M100: stress at 100% elon-
gation) were observed and are recorded.” Tear testing was
experimented as per ASTM standard D 624-B. The resilience
of the composites was done in accordance to ASTM D-2632
via vertical rebound tester as resiliometer. The hardness of the
composite sample was proposed as per ASTM D-2240 in Shore
A-Durometer. The resistance to abrasion was carried out with
respect to the volume loss using a DIN abrader (Zwick Abra-
sion tester), as per the ASTM D-5963. The rolling sliding cyl-
inder was subjected to a continuous force of 10 N and persistent
speed of 0.32 m/s while being buffed with grade 60 emery.!
Compression set test was investigated as per ASTM D-395
and the values are analyzed.*

The equilibrium swelling method was used to determine
crosslink density, which is defined as the volume percentage of
vulcanizate in a swollen state. Swollen samples were soaked in
toluene for 72 hours at room temperature, then withdrawn from
the solvent and the surface toluene was immediately wiped off
with tissue paper. On an analytical balance, the samples were
promptly weighed.”® The following equation was used to com-
pute the volume percentage of EPDM/NBR in the swollen gel:

1
]+Qm

where, O, - wt. swell of the HNTs filler filled rubber com-
pounds in toluene

V. = (1

7pp Vs V:B

s ()
In(1-V)+V,+y V.

The above-mentioned formulae (using Flory-Rehner equa-
tion)***¢ is derived for evaluating the elastically active network
chain density, which was utilised to represent the entire cross-
link density.

1
2M,

L= (©)
where, M, - molar mass of elastomer between crosslinks,
V, - molar volume of solvent (toluene: 106.3 mL/gmol),
pp - density of EPDM/NBR blend,
V. - volume fraction of polymer, and
x - interaction parameter of the used rubber.>*
SEM was used to investigate the tensile-surfaces (partic-

ularly fractured area) of the EPDM/NBR materials using a
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JEOL JSM-5400. The samples were sputter coated with gold
for 3 minutes under high vacuum while being viewed at a
magnification of 2000x. We found that the fractured surface
did not alter even after the specimen was kept for 72 hours
(without a gold coating) before SEM analysis.

Results and Discussion

Cure Characteristics. The M, can be recorded as a lowest
value of torque in the unvulcanized rubber and could be
reflected as the measurement of the rubber compound's mas-
ticated viscosity. The M, can be recorded after the completion
of 90% vulcanization of the compound and Stock modulus can
be correlated. Delta torque or torque difference (AM) was
nothing but the difference between M, and M, observed. The
AM was an indication of the amount of cross-linking of rubber
vulcanizates. Cure behavior of EPDM/NBR-HNTSs composites
was exposed in Table 2. The M, M, and AM increases with
increase in the concentration of HNTs. This indicates that the
processability of the composites was greatly influenced with
the incorporation of HNTSs in it. The maximum torque increased
in direct proportion to the amount of HNTs present, indicating
increasing crosslink density. The increase in the torque was due
to the increase in stiffness/hardness of the EPDM/NBR vul-
canizates. This was attributable to the restriction of the mobil-
ity in the EPDM/NBR polymeric chain with the addition of
HNTs in it. With increase in the delta torque, the crosslink den-
sity also increases in EPDM/NBR composites. The delta torque
is a measure of the sample’s strength at the optimum curing
period. The EPDM/NBR matrix assumes its cured strength in
this case, and good stress transfer to the fillers occurs. The
mechanical characteristics of vulcanizates will be directly affected
by changes in crosslink density. Crosslink density has a con-
siderable impact on elongation-at-break, hardness, modulus
and tensile strength. The molecular weight between cross-links
reduces when crosslink density is increased, and matrix chain
entanglement increases. However, the presence of nanoplate-
lets boosted the probability of HNTs-matrix interactions, which
could improve mechanical characteristics. As a result, HNTs
demonstrate the EPDM/NBR matrix’s reinforcing role. These
findings point to a significant HNTs interaction between
EPDM/NBR nanoplatelets and HNTs nanoplatelets.

The t5, was noted as the time for viscosity to raise two
Mooney units above M,. The ty, was the time taken for attain-
ing 90% of the M,. The CRI was calculated using the eq. (4)
shown below:
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Table 2. Cure Behavior of the Rubber Nanocomposites

Sample Min. torque Max. torque Torque difference Scorch time Optimum cure time  Cure rate index

code (dN m) (dN m) (dN m) (min) (min) (min™)

H, 1.18 6.2 5.02 3 7.3 23.26

H, 1.36 6.56 5.2 2.9 7 24.39

H; 1.64 6.92 5.28 2.8 6.8 25

Hjo 1.76 7.24 5.48 2.6 6.4 26.32

His 1.86 7.43 5.57 2.4 6 27.78

Hayo 2.14 7.85 5.71 23 5.6 30.3

Ha;s 2.2 8.02 5.82 2.1 5.2 32.26
CRI:tQJ?(t)SZ 6] Mechanical Properties. Understanding rubber distortion

The f5, and the 2y, of the composite tends to decrease but CRI
increases with increase in the concentration of HNTs. The
strong interactions between the HNTs and the EPDM/NBR
rubber matrix account for this. From Table 2, it was clear that
the HNTs acted as an reinforcing and accelerating agent for
composites. Another key cure feature, the EPDM/NBR nano-
composites curing rate index, demonstrates that adding 10 phr
of HNTs to the neat blend boosts this parameter by over 39%.
A higher CRI value indicates the higher vulcanization rate with
respect to it. The high specific surface area of HNTs nano-
platelets and outstanding dispersion in the EPDM/NBR matrix
could be the main cause of this behaviour. Furthermore, the
polar groups on the HNTs surface activate the system’s double
bonds, reducing the time it takes for the curing agent atoms to
reach them. The occurrence of polar groups on the HNTs sur-
face is thought to act as an accelerator, speeding up the rate of
sulphur ring opening. The amount of active sites for cross-
linking process increases as the quantity of HNTs molecules
(weight percentage) increases.

Acidic chemicals, in general, slow the vulcanization of elas-
tomers. The inside surface has aluminol groups, but the exter-
nal surface is primarily covered by Si-O-Si (siloxane) groups,
with some Si-OH (silanol) and AI-OH (aluminol) groups exposed
at the tube’s borders. As a result, HNTs, which contain a tiny
amount of Si-OH (acidic silanol) groups, are rarely used in
EPDM without an activator. Because HNTs have an acidic sur-
face, they establish a strong hydrogen bond (-H) with rubber
assemblies (EPDM/NBR). Because NBR contains basic nitrile
groups (-C=N), the hydrogen bonding of the HNTs silanol
group occurs, resulting in a strong HNTs/NBR connection. HNTs
also improve vulcanization, adsorb polar curative compounds
on their surfaces, and increase the curing state.

under a force requires an understanding of its mechanical char-
acteristics. According on the HNT content ratio, the tensile
strength altered. The dispersion between the rubber matrix and
the nanofiller improves when HNTs are disseminated within
the EPDM/NBR matrix, resulting in a very wide size dis-
tribution. Poor mechanical properties originate from poor dis-
persion or aggregation. As a result, the EPDM/NBR-HNTSs
composites vulcanised at varied rates.

The chemical structure, type and kind of crosslinks, and
crosslink densities of the employed elastomer all contribute to
tensile strength. A portion of the energy that is stored elas-
tically in the chains of the elastomer when it is deformed by a
periphery force becomes available (and is released during crack
propagation) as a fracturing driving force. The remaining energy
is lost to heat, rendering it ineffective for causing molecular
movements to break the chains. At higher degrees of cross-
linking, chain motions are constrained and the vast network is
not able to release as much energy. This results in a reasonably
straightforward brittle fracture at low elongation.

Figures 1-3, illustrates the impact of HNTs on the mechan-
ical characteristics of EPDM/NBR-HNTs composite. The graphs
clearly shows that the mechanical characteristics of the com-
posites, such as tensile strength (TS), modulus at 100% elon-
gation (M100), elongation at break (EB), and tear strength
(TRS), increase gradually with increase of content of HNTs in
it. TS is a significant property of elastomeric materials since it
represents the maximum stress that may be applied in most
cases. The effect of HNTs concentration on the TS of rubber
matrix-HNTs composites was clearly shown in Figure 1. At
higher concentration of HNTs in the composite, the TS increases
significantly. This may be due to numerous factors such as bet-
ter dispersion of nanotubes in the elastomeric matrix, inter-
tubular interactions between nanotubes and rubber matrix,
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Figure 1. Tensile strength of composites made of EPDM, NBR, and
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Figure 2. Elongation at break of composites made of EPDM, NBR,
and HNTs.

face-to-edge and edge-to-edge interactions between nanotubes
(structures of zig-zag), and the 3D alignments of nanotubes in
the composite.

The EB of the EPDM/NBR-HNTs composites was shown in
Figure 2. The elongation at break increases which in-turn
improves the ductility and reduces the stiffness in the com-
posite. This may be due to the inter-tubular and interfacial
interactions between nanotubes and polymer matrix along with
the homogenous dispersion of nanotubes in the polymer
matrix. The modulus of a substance indicates its relative stiff-
ness. Fillers have been shown to increase modulus when their
modulus exceeds that of the polymer matrix. Polymer-filler
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Figure 3. Modulus at 100% elongation of composites made of
EPDM, NBR, and HNTs.

interactions account for the majority of the elastic modulus,
which can be raised if the filler is dispersed well in the
nanoparticles and also depends on the chemical composition of
the elastomeric material. The effect of HNTs loading on the
M100 of EPDM/NBR rubber nanocomposites, which suggests
the material's stiffness, is shown in Figure 3. The improvement
in the property of the modulus at 100% elongation of EPDM/
NBR-HNTs composites was associated to the strong inter-
actions between nanotubes, EPDM/NBR and other constituents
(accelerators, curing agent and activator). The strengthening
mechanism and inter-tubular diffusion of EPDM/NBR inside
the nanotubes was similar as occluded rubber. Strong inter-
actions between them permit more efficient load transfer which
simultaneously results in better mechanical properties. The
possible interaction between the HNTs with EPDM/NBR chains
was schematically represented in Figure 4. The tear strength of
the EPDM/NBR-HNTs composites was exposed in Figure 5.
This strength increases gradually with increase in the con-
centration of HNTs loading. The overall mechanical properties
of the EPDM/NBR composite are also affected by a size,
shape, aspect ratio, surface area and dispersal of the reinforcing
particle in the composite.” The overall mechanical properties
of the EPDM/NBR composites were mainly based on the com-
plex relationship between the individual constituent phases in
the rubber composite such as EPDM, NBR, HNTs, and their
interfacial area.

The crosslinking density of EPDM/NBR matrix in the tol-
uene solution was explored to investigate the influence of
HNTs as a reinforcing and adhesion agent to achieve good
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Figure 4. Schematic illustration of the interaction between the HNT with EPDM/NBR chains.

filler—matrix interaction. Figure 6 shows how the crosslinking
density fluctuates as the concentration of HNTs increases. The
crosslinking density gradually increases as the loading of
HNTs nanotubes increases in Figure 6. A more significant pro-
motion is observed in compounds containing a higher number
of HNTs, which could be attributed to stronger bonding and
better interaction between HNTSs, as well as adhesion between
the two phases of blends, ie., EPDM and NBR polymer
matrix.

The hardness of EPDM/NBR-nanotubes composite steps-up
with increase in the loading of HNTs and are revealed in Fig-
ure 7. The upsurge in the hardness of the rubber composite was
due to the several parameters such as increase in crosslinking

density, interaction between nanotubes and elastomer matrix,
and polymer chain rigidity in the rubber compounds. The
upsurge in the crosslinking density tends to increase the hard-
ness of the EPDM/NBR composite. The crosslinking density
are responsible for converting the softer material into harder
one.

The ratio of energy recovered to energy provided for dis-
tortion by an indentation caused by a single hit is known as
“rebound resilience (RR)”. The RR of the EPDM/NBR com-
posites was exposed in Figure 8. The RR decreases with
increasing content of HNT in it. The EPDM/NBR composites
that have low rebound resilience possess higher hardness. The
reduction of rebound resilience was attributable to the con-
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Figure 7. Hardness of composites made of EPDM, NBR and HNTs.
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Figure 6. Crosslinking density of composites made of EPDM, NBR,
and HNTs.

straint of mobility of EPDM/NBR polymeric chain and was
attributable to the increase in the crosslinking density of the
EPDM/NBR nanocomposite. When more nanofiller particles
are added to the rubber, the elastomeric chains lose some of
their elasticity, lowering the rubber’s resilience. The extent of
rubber-filler contact is determined by surface activity, which is
a significant element. According to Jacques,” most fillers cause
a rise in hardness and a decrease in resilience in rubber, espe-
cially when additional reinforcing filler is used.
Compression Set. The compression set of the EPDM/
NBR composites was clearly shown in Figure 9. The neat rub-

Zan, A|4778 A25, 20233

HNTs loading (phr)

Figure 8. Rebound resilience of composites made of EPDM, NBR
and HNTs.

ber compound exhibits a lower value in compression set. With
an increase in HNTs content, the rubber composite’s com-
pression set increases. The compression set increases attrib-
utable to the upsurge in the crosslinking density and decrease
in the mobility of polymeric chains of the EPDM/NBR com-
posite and also results in the increase in the stiffness of the
composites.

Abrasion Resistance. The ability of a solid body to with-
stand the gradual erosion of material from its surface due to
scraping, rubbing, or erosive mechanical action is referred to
as abrasion resistance. Figure 10 displays the illustration for
the abrasion loss of the rubber (EPDM/NBR) composites. The
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Figure 10. Abrasion loss of composites made of EPDM, NBR and
HNTs.

figure clearly indicates wear resistance in terms of volume loss
for the EPDM/NBR composites. The abrasion resistance increases
with upsurge in the loading of HNT. Higher the crosslinking
density of the EPDM/NBR vulcanizates was accountable for
better abrasion resistance of the material. The abrasion resis-
tance of the EPDM/NBR composites was dependent on mate-
rials (i.e., rubber matrix, reinforcing filler, curing agent, etc.) and
properties (i.e., resilience, modulus, fatigability, strength and
friction coefficient). The softer rubber material becomes harder
as the crosslinking density rises, which in turn improves the
composite’s resistance to abrasion. The decreased abrasion loss
of the vulcanizates demonstrates that the reinforcing fillers,

HNTs, interact preferentially with the rubber phase. Increased
surface area and enhanced nanotubes-EPDM/NBR interfacial
adhesion, which produce increased abrasion resistance, are most
likely to blame for this improvement. Nanotubes are more
abrasion resistant and adhere better than coarse tubes because
of the wider interface between the nanotubes and the EPDM/
NBR rubber matrix. Ganeche also found similar findings.*

Morphology. The condition of nanoparticle dispersion in an
elastomeric matrix is recognized to be a crucial component in
improving nanocomposites' mechanical characteristics.” The
agglomerated nanofiller reduces mechanical characteristics,
which upsurges the stress concentration in the elastomeric matrix.

Figure 11 shows a scanning electron micrograph (SEM) of
the EPDM/NBR-HNTs composites' tensile fracture surface. In
EPDM/NBR nanocomposites, a considerable quantity of agglom-
eration HNTs has been detected, as shown in Figure 11(a)-(c).
Figure 11(a) shows the uniform distribution of nanotubes on
the rubber material. The inter-facial contact between nanotubes
and EPDM/NBR rubber material is responsible for the uniform
distribution of nanotubes on the rubber material. Nanotubes are
distinct nanofillers with low surface responsibility that make
hydrogen bonding interfacial contact simple. Figure 11(b) shows
that 15 phr HNTs loading in the EPDM/NBR rubber matrix
permits noteworthy dispersion of nanotubes and also upsurges
the inter-facial interaction between nanotubes and rubber mate-
rial, resulting in improved tensile and tear strength, modulus
and hardness properties. At a high loading of HNTs (25 phr,
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Figure 11. SEM micrographs of fractured surfaces of EPDM/NBR-
HNTs: (a) EPDM/NBR-2 phr HNTs; (b) EPDM/NBR-15 phr HNT;
(c) EPDM/NBR-25 phr HNT.
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Figure 11(c)), a substantial amount of agglomerates of nano-
tubes are found in an EPDM/NBR material. This agglomeration
is caused by inadequate dispersion of HNTs over EPDM/NBR
rubber matrix, resulting in a loss in nanocomposites' mechan-
ical properties.* Many debonded HNTs also pulled away from
the EPDM/NBR rubber material, owing to the poor inter-facial
contact between nanotubes and the rubber material. All con-
tents of HNT reinforced EPDM/NBR have not at all pores on
the generated nanocomposites surface, which can be ascribed
to better nanofiller-rubber material interaction. It may be stated
that the EPDM/NBR rubber matrix has a greater dispersion of
HNTs at 15 phr.

Conclusions

The impact of filler loading on the microstructure and char-
acteristics of the resultant compounds was then investigated
using vulcanised EPDM/NBR rubber/HNTs nanocomposites.
It was found that adding HNTSs to rubber compounds sped-up
the cure process by cutting down on the optimal cure and
scorch times, which was followed by a rise in torque output.
The results demonstrated that incorporating HNTs into EPDM/
NBR rubber increased the crosslink density of the material.
The tensile characteristics and abrasion resistance of produced
nanocomposites reflected this reinforcing action of HNTs. The
nanocomposites' increased stiffness and ultimate strength
demonstrated HNTs' potential efficacy on EPDM/NBR rubber
samples. SEM techniques were used to observe the mor-
phology of these findings.
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