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Abstract: Ethylene-propylene-diene monomer/acrylonitrile-butadiene rubber (EPDM/NBR)-modified halloysite nano-
tubes (mHNTs) nanocomposites were prepared by two-roll mixing mill and vulcanization process. The mole percent
uptake of some aromatic (toluene, xylene, benzene and mesitylene), aliphatic (#-hexane, n-heptane, n-octane and n-pen-
tane) and chlorinated (chloroform, carbon tetrachloride and dichloromethane) solvents through mHNT filled EPDM/NBR
nanocomposites has been investigated. The aim of the present work is to investigate the role of the cure characteristics,
mechanical properties, abrasion resistance and swelling resistance in analysing the compatibility between rubber matrix
and nanotubes and the reinforcing effect of mHNT as nanofiller in the EPDM/NBR matrix. The mole percent uptake of
organic solvents via membranes has been explored in detail as a function of mHNT content, type of solvent, and tem-
perature between 23 and 60 °Celsius. The findings revealed that mHNT could reduce scorch and optimum cure time in
EPDM/NBR vulcanizates, as well as play a significant role in strengthening EPDM/NBR vulcanizates. Mechanical prop-
erties and swelling resistance were investigated and were found to increase with the increase of mHNT loading. The
cross-link density values indicated the improved strengthening at 8 phr mHNT filler loading. In the rubber matrix, mHNT
particles form a local filler—filler network at high concentrations. As a result, the composites' mechanical properties were
greatly improved.

Keywords: ethylene-propylene-diene monomer/acrylonitrile-butadiene rubber, modified halloysite nanotube, mechanical

properties, swelling properties.

Introduction

Rubber's reinforcing particulate fillers have been investi-
gated extensively in the past. Carbon black (CB) and silica
(SiO,) are the most commonly used fillers in rubber com-
pounds, especially tyres, due to their high reinforcing prop-
erties based on structure and physical bonding with rubber for
the former and good friction properties with low rolling resis-
tance for the latter."® Several innovative filler systems have
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been researched to overcome the limits and drawbacks of pres-
ent filler systems since the significant rise in nanoscience and
technology.”” Smart materials with great performance and ver-
satility are among the new generation of materials that have
attracted attention. The production of elastomer nanocom-
posites is significant in the production of such materials and
represents one of the most significant areas of current nan-
otechnology and composite science. Their beneficial appli-
cations have sparked in-depth research in both theoretical and
applied fields. Nanofillers like CB, silica, layered silicates, tita-
nium dioxide (TiO,), carbon nanotubes (CNTs), graphene and
polyhedral oligomeric silsesquioxane (POSS) have been added
to different elastomer matrices to provide effective reinforce-
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ment and functional properties for the creation of elastomer
nanocomposites. Due to their multifunctional characteristics,
nanotube-based filler systems stand out among other nano-
composite systems. All elastomer matrices can benefit from
improved mechanical and tribological, thermal, and gas barrier
qualities. This review tries to give a complete grasp of their
structures and properties in the context in which they are dis-
cussed.

Because of their outstanding mechanical properties, increased
thermal properties, and other functionalities, polymer/inor-
ganic materials have gotten a lot of attention.'™'* According to
their geometrical dimension, inorganic nanofillers are clas-
sified as one-dimensional fillers, two-dimensional fillers, and
three-dimensional particles. Furthermore, the shape and struc-
ture of the filler have a considerable impact on the composites'
final performance. Nanofiller-based polymer composites have
emerged as one of the most appealing areas in material
research. Halloysite nanotubes (HNTs) have gotten a lot of
attention in the research community because of some of their
interesting intrinsic features.'* HNTs with primarily hollow

tubular nanostructures and high aspect ratios'*'®

are frequently
employed in composites as an environmentally acceptable nat-
ural nanofiller. Natural HNTs are readily available and sub-
stantially less expensive than alternative nanosized inorganic
fillers."”'®

HNT is a clay mineral made up of kaolin that is abundant in
nature. It's an aluminium silicate with the chemical formula
[ALSi,05(OH),]. It features a hollow tubular structure with an
Al-OH inner surface and a Si-O-Si exterior surface.'””” HNT is
an electrophilic substance due to the presence of Al- in its
structure.?' Halloysite materials have been known for a long
time, but widespread study using HNTs has only lately begun.
HNTs are appropriate for a wide range of applications due to
their excellent mechanical qualities, high aspect ratio, low cost,
good compatibility with various polymer materials, low vol-
ume to weight ratio and high surface area.”>?” Nanocomposites
and enzyme immobilisation,”® gas separation,” water purifi-
cation,* antimicrobial coatings,’ and halogen-free flame retar-
dants™® are just a few of the uses for HNT. HNT was
employed as a reinforcing nanofiller material for green com-
posites by Rooj et al. (2010), and as a nanofiller by Du ez al.
(2008) to promote interfacial bonding in nanocomposites by
Du et al. (2008).3**

As a result, both pristine and modified HNTs can be used as
a potential inorganic filler in polymer matrix to provide excel-
lent mechanical and thermal properties.’®"” Many researchers

have explored the nanocomposites generated by HNT and
many polymers since then, including polypropylene,*® chi-
tosan,* epoxy resin,""* nylon,” polystyrene,* polyethylene,”
polyvinyl alcohol (PVOH),* polyvinyl chloride (PVC),* rub-

bers,*

and so on. HNT has considerable strengthening and
modifying effects on polymers, according to the findings.*
Rubbers researched include natural rubber (NR),***" styrene-
butadiene rubber (SBR),” carboxylated styrene butadiene rub-
ber,” acrylonitrile-butadiene rubber (NBR),** ethylene-propyl-

),>*7 and fluororubber,® among

ene-diene monomer (EPDM
others. The addition of an interfacial modifier to disseminate
HNT in the rubber matrix and improve the interfacial inter-
action between HNT and rubber is a typical feature of these
rubber/HNT composites. Interfacial modifiers that have been
described include a resorcinol and hexamethylenetetramine
(RH) complex,” epoxidized NR (ENR)m® methacrylic acid
(MAA),®" sorbic acid (CH;(CH),CO,H),”* and others. RH and
ENR, interfacial modifiers, have been shown to increase nan-
odispersion and orientation of HNT in rubber matrix in pre-
vious studies,”® They can also create hydrogen and covalent
interactions, which increase the interfacial interaction between
HNT and the rubber matrix.

The rubber matrix and the filler are connected to one other
through physical interactions in rubber-based nanocomposites
without interfacial modifiers, and interfacial covalent bonding
is rarely used. Nanocomposites with significantly better char-
acteristics can be made if the filler is disseminated at the
nanoscale level in the rubber matrix and the interface between
the two phases creates chemical bonding. Because the polar
groups on the surface of HNT particles are smaller than those
on silica, particle agglomeration is less severe. As a result,
HNT disperses in rubber more easily than silica without the
use of an interfacial modifier. Tubular nanoparticles can also
position themselves in the rubber matrix, improving the
mechanical properties of nanocomposites.

The major goal of this research is to investigate into the ben-
efits of using an experimental technique to analyse the com-
patibility and reinforcing effect of HNTs as a filler in an
EPDM/NBR (ethylene-propylene-diene monomer/acrylonitrile
butadiene rubber) matrix. To our knowledge, no research on
the cure, mechanical behaviour, and swelling resistance of
modified-halloysite nanotubes (mHNTs) in an EPDM/NBR
rubber matrix has been published. EPDM is a non-polar, high-
density, saturated rubber with a number of beneficial qualities
such as heat stability, light, ozone, ageing, steam, weather and
water resistance. NBR, on the other hand, is a butadiene and
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acrylonitrile random copolymer. It is one of the most essential
industrial raw materials due to its strong polarity and polar CN
groups.”® However, as compared to EPDM, its mechanical
qualities are inferior. The physico-mechanical properties of
(EPDM/NBR) rubber blends crosslinked with Sulfur/accel-
erator and compatilized by EPDM-g-MA and modified-HNTs
in various ratios were studied. The surface modification of
HNTs or the interfacial modification of composites are the
focus of these studies. RH was used as an interfacial mod-
ification of HNTs in the preparation of modified HNTs (m-
HNTs) and EPDM/NBR/mHNT nanocomposites in this study.
The effects of penetrant size, filler (modified-HNTs) loading,
penetrant type, and temperature on the mole percent uptake of
solvents through EPDM/NBR nanocomposite membranes are
investigated in this study. The dispersion of HNTs has been
intensively examined by field emission scanning electron
microscopy (FESEM) in order to connect the morphology with
the tensile strength. Tensile tests on EPDM/NBR composites
modified with different HNTs filler ratios revealed that the
EPDM/NBR (75/25 phr/phr) blend was the best, with the best
mechanical properties; however, pure EPDMs, both filled and
unfilled, had even better properties.*** This blend composition
composite was chosen to explore the qualities and structures of
the blends.

Experimental

Materials. Ethylene-propylene-diene monomer (EPDM)
rubber, family: terpolymer, Grade: KEP 270, ethylidene nor-
bornene (ENB): 4.5%, ethylene content: 57%, Mooney vis-
cosity (MV) ML(1+4) at 125 °C: 71 M, density: 0.86 g/cm’,
was obtained from Supple Rubber Chemicals Private Limited,
Faridabad, Haryana, India.

The acrylonitrile butadiene rubber (NBR), family: copoly-
mer, Grade: KUMHO KNB 35L, acrylonitrile content (ACN):
34% butadiene content: 66%, density: 0.98 g/cc, MV ML(1+4)
at 100°C: 41 M was obtained from Apar Industries Ltd.,
Mumbai, India.

Halloysite nanotube (HNT) is one of the utmost multipur-
pose nanofillers used in compounding elastomers. It provides
a range of mechanical qualities while also acting as effective
and moderately inexpensive nanofillers (in comparison to car-
bon nanotubes (CNTs)) for increasing the general properties of
rubber mixes. HNTs with formula Al,Si,Os (OH),-2H,0, den-
sity: 2.53 g/em’, molecular weight: 294.19 g/mol was obtained
from Sigma-Aldrich, Puducherry, India.

Z2H, Al46d A6%, 20221

All other ingredients,” zinc oxide (ZnO) added to the elas-
tomer compounds to activate sulphur (crosslinking agent) vul-
canization and thus reduce the vulcanization time, dibenzthiazyl
disulphide (MBTS), tetramethylthiuram disulfide (TMTD) are
used as a vulcanization accelerator to increase the mechanical
and thermal characteristics and ageing resistance of rubber vul-
canizates by increasing the rate of cure, stearic acid used as
accelerator and activator, softener and dispersing agent in rub-
ber compounds, were obtained from Vignesh Chemicals,
Chennai, India and used as obtained.

Ethylene-propylene-diene monomer-grafted-maleic anhydride
(EPDM-g-MA), trademark name: Bondyram® 7001, used as a
compatibilizer, melt flow rate: 7 g/10 min, maleic anhydride
(MH) content: 0.7%, mass density: 0.87 g/cm® was purchased
from Songhan Plastic Technology Co. Ltd., Shanghai City,
China.

The complex of resorcinol and hexamethylenetetramine
(RH) is from Shanghai Meclin Biochemical Technology Co.,
Ltd., China.

Solvents® such as hexane, heptane, octane, pentane, toluene,
xylene, benzene, mesitylene, chloroform, carbon tetrachloride
and dichloromethane used in this investigation were of Merck
grade conquered from Sigma-Aldrich, Puducherry, India.

Surface Modification of HNTs. Because the surfaces of
HNTs are hydrophilic and most polymer surfaces are hydro-
phobic, there is poor compatibility between the two materials.
It is required to change the surfaces of HNTs and improve their
compatibility with polymers. The conditions for surface mod-
ification are provided by the activity of the hydroxyl groups
and Si-O bonds on the surfaces of HNTs. HNT surfaces may
be altered by interactions between modifiers and hydroxyl
groups or through the adsorption and charge-transfer properties
of modifiers on Si-O bonds.

The pristine HNTs were surface-treated by RH complex.
The mass ratio of RH/HNTs was typically 6/100. This was
accomplished by dissolving 0.6 gm of RH complex in 100 cc
of distilled water at 60 °C and stirring until the RH complex
was completely dissolved. The HNTs were then distributed in
a stirred solution for 4 hours at 60 °C. The mixture was filtered
after cooling to room temperature. These modified HNTs were
dried in a vacuum oven for the entire night at 80 °C.”

Characterization of the Modified HNTs Fillers. Through
an immersion test, changes in surface polarity were inves-
tigated. A little amount of filler was added to the surface of a
solvent, in this case water, to conduct the test. Due to their
hydrophilic surfaces, the original HNTs sink right away,
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Table 1. Formulation of the EPDM/NBR Blends Reinforced with HNT and mHNT

Sample Ingredients (phr)

code EPDM NBR HNTs mHNTSs ZnO Stearic acid ~ MBTS TMTD Sulphur
H, 75 25 0 - 4 L5 1.2 1 2.5
H, 75 25 2 - 4 1.5 1.2 1 25
H, 75 25 4 - 4 1.5 1.2 1 2.5
H; 75 25 6 - 4 1.5 1.2 1 25
Hg 75 25 8 - 4 L5 1.2 1 2.5
Hyo 75 25 10 - 4 1.5 1.2 1 25
mH, 75 25 - 0 4 L5 1.2 1 25
mH, 75 25 - 2 4 1.5 1.2 1 2.5
mH, 75 25 - 4 4 1.5 1.2 1 2.5
mHg 75 25 - 6 4 1.5 1.2 1 2.5
mHg 75 25 - 8 4 L5 1.2 1 25
mH,, 75 25 - 10 4 1.5 1.2 1 2.5

whereas the modified fillers should float for a longer period of
time. A water penetration test produced more precise data.
This test involved filling a glass column with 0.02 g of filler
and covering the opening with two layers of a hydrophobic fil-
ter with a pore size of 0.2 um. The column was submerged in
water, and the weight shift brought on by water absorption was
tracked over time.

Preparation of Nanocomposites. In a laboratory scale
open mill mixing mill (two-roll mixer) with a friction ratio of
1.25:1, EPDM, NBR, and mHNTs were mixed. The formu-
lations of different mixes are given in Table 1. An oscillating
die rtheometer (ODR) was used to determine the cure qualities
of the compounded samples at a temperature of 160 °C. After
that, the samples were moulded in an electrically heated-semi-
automated-hydraulic press at a constant pressure of 60 MPa
and a constant temperature of 160 °C. Samples were syn-
thesized with varied HNT loadings and identified as H,, H,,
H,, Hy, Hg, Hy, and similarly, samples were synthesized with
varying mHNT loadings and identified as mH,, mH,, mH,,
mHg, mHg, mH,,. The phr (parts per hundred rubber) of HNT
utilised per 500 g of rubber is indicated by the subscript.

Experimental Techniques. On an oscillating disc rhe-
ometer (ODR), the cure characteristics were assessed. Using
TechPro Rheotech ODR, the cure characteristics (cure rate
index, optimum cure time, scorch time, minimum torque, max-
imum torque and delta torque) of the various nanocomposites
were investigated and are listed in Table 1 (as per ASTM D-
2084). To generate roughly 2 mm thick sheets, compounds

were vulcanised at 160 °C for the optimum cure period in a
hydraulic compression press at 60 MPa.

The tensile properties (tensile strength (TS), elongation at
break (EB), and 100% modulus (M100)) and tear strength
were determined using a universal tensile testing machine
(UTM) (Dak System Inc (model: T-72102), series 7200).
Dumbbell specimens of 6 mm width and 33 mm gauge length
were punched out of a compression moulded sheet using a
dumb-bell shaped die along the mill direction to evaluate the
tensile properties of the nanocomposites. According to ASTM
D-412 and ASTM D-624 standards, tensile characteristics and
tear strength were measured on a UTM at a cross head speed
of 500 mm/min and at room temperature (23 °C). The average
value obtained for five specimens is reported for each nano-
composite.

Hardness of the rubber samples was measured by a Sore A
durometer (hardness tester) following ASTM D-2240 stan-
dard. As per ASTM D-2632 and ASTM D-5963, the rebound
resilience and abrasion resistance of the rubber composite were
determined, respectively.

The morphology of the nanocomposites was analysed by
FESEM (field emission-scanning electron microscopy). The
FESEM was run at a 200 kV accelerating voltage.

A round-edged steel die was used to cut rectangular samples
with curved edges from the vulcanised sheets. A screw gauge
was used to measure the thickness of the sample at numerous
places. These samples were weighed before being immersed in
30 mL of solvent in diffusion bottles. At regular intervals, sam-
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ples were removed from the bottles, the clinging solvent was
gently blotted off the surface, and the samples were instantly
weighed on a very sensitive electronic scale. Weighed samples
were poured into the test vial right away. Weighing was con-
tinued until the swelling reached equilibrium. Weighing must
be done within 30 seconds to avoid errors caused by evap-
oration of the solvent. Mole percent uptake properties were
investigated using different solvents at four distinct tempera-
tures: 23, 40, 50, and 60 °C.

Compression set tests were done utilising the dimensions of
the specimen (diameter: 29 £+ 0.5 mm and thickness: 12+ 0.5
mm) and a compression set test according to ASTM D-395.
Specimens were put between the plates of the compression
apparatus for the compression set test, with a spacer on either
side to allow for bulging rubber when compressed. The bolts
were tightened until the plates were evenly drawn together and
in contact with the spacer. For the test, a quarter (25% or 1/4™)
of the specimen's original height was used. The constructed
compression mechanism was then placed in an air-circulated
oven for 22 hours at 23 and 72 °C. After a predetermined
amount of time in the oven, specimens were taken from the
device and allowed to cool for 30 minutes at room temperature
before being measured for compression set.

C—C,

Compression set, C= %100 (1)

0 S

where, Cy: original height of the rubber compound, C;: com-
pressed height of the rubber compound, Cs: height of the slip
gauge or spacer.

Results and Discussion

Filler Characterization. The water immersion test was
done to determine whether the hydrophobicity has changed. As
anticipated, the untreated HNT powder instantly sank in water;
but, following treatment, some of the substance floated on the
water for a while. This demonstrates the decrease in polarity of
the HNTs following RH modification, but it also shows an
uneven coating, which may be brought on by the inclusion of
filler aggregates in the RH modification process. Figure 1 dis-
plays the results of the water absorption. Both unmodified and
RH-modified HNTs gradually absorbed water, and after a
while, an equilibrium level was reached. However, pure HNTs
absorbed more water than RH modified HNTs, suggesting that
RH modified HNTs are more hydrophobic. This exploratory
study showed that DMS modified HNTs are less polar and

Z2H, Al46d A6%, 20221
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Figure 1. Water absorption of the modified HNTs.

more hydrophobic than the unmodified filler, suggesting that
they might work better with a non-polar rubber matrix.
Cure Characteristics of EPDM/NBR Nanocomposites.
Table 2 summarises the results of the cure characteristics
according to various HNTSs ratios. When HNT or mHNT were
introduced to rubber nanocomposites, it worked as an accel-
erator in the curing process, as evidenced by the reduction in
optimum cure time and scorch time. In mHNT and sulphur-
containing compounds, RH (complex of resorcinol and
hexamethylenetetramine) was found to participate in the cre-
ation of zinc complex, which expedited the rubber curing pro-
cess. However, because the sulphur concentration in the rubber
formula was controlled, the optimal cure time and scorch time
did not vary considerably as HNT content increased. Because
the torque difference only slightly increased when HNT was
added, it had little effect on crosslink density of the rubber
composite. However, the mechanism behind it has yet to be
discovered. The resorcinol-hexamethylenetetramine (RH)
combination is commonly utilised to improve inorganic filler
adherence in polymer matrices. RH has been shown to pro-
mote filler dispersion in addition to enhancing adhesion.” Jia
et al” looked at the relationship between the structure and
characteristics of mHNT/SBR composites made using the
direct blending method. They discovered that RH improved
silicate dispersion and increased interfacial adhesion. These
modified fillers improved the properties of the rubber matrix,
according to rheometric and mechanical data, especially in the
context of HNT in SBR. As a result, RH was introduced
during masterbatch preparation in this section to increase rub-
ber-HNT adhesion. In the rubber sector, RH is commonly
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Table 2. Cure Characteristics of the EPDM/NBR Blends Reinforced with HNT and mHNT Compounds

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, 0.17 0.49 0.32 0.61 3.34 36.63
H, 0.19 0.52 0.33 0.58 3.15 38.91
H, 0.21 0.54 0.33 0.55 3.04 40.16
Hg 0.23 0.57 0.34 0.51 291 41.67
Hg 0.24 0.6 0.36 0.49 2.85 42.37
H, 0.24 0.62 0.38 0.48 2.82 42.74
mH, 0.17 0.49 0.32 0.61 3.34 36.63
mH, 0.21 0.56 0.35 0.52 2.88 42.37
mH, 0.25 0.62 0.37 0.48 2.79 43.29
mHg 0.28 0.68 0.4 0.44 2.54 47.62
mHg 0.3 0.71 0.41 0.43 2.45 49.5
mH,, 0.32 0.73 0.41 0.41 2.41 50

employed as an adhesive. RH was first introduced to nitrile-
(NBR-HMMT)
nanocomposites as an interfacial modification by Liu and Jia ez
al.”" The mechanical properties of the NBR-RH-HMMT nano-
composites were much superior than those of NBR-HMMT

butadiene  rubber-organomontmorillonite

composites, according to the findings. Through interactions
with NBR and modified clay, RH could improve the interface
combination between the rubber and the organoclay. The cur-
ing characteristics of EPDM/NBR-mHNT compounds with
varying mHNT concentrations are shown in Table 2. The opti-
mum cure time, scorch time, cure rate index, minimum torque
(ML), maximum torque (MH), and torque difference (M=
MH-ML) were found to be somewhat altered at all contents of
mHNT. As a result, the alteration of HNT by RH had an effect
on the cure characteristics of EPDM/NBR nanocomposites.
This could be because the amount of RH used to strengthen
EPDM/NBR rubber was significantly higher than the amount
of HNT used to reinforce EPDM/NBR rubber. As a result, the
RH-induced response was considerably stronger than that of
unaltered nanocomposites.

Mechanical Properties of EPDM/NBR Nanocomposites.
Tensile Strength: Figure 2 shows the tensile strength results
of EPDM/NBR-HNTs samples with various HNTs content.
When HNT was introduced to EPDM/NBR, the tensile
strength improved marginally. The addition of mHNT to
EPDM/NBR nanocomposites resulted in an increase in tensile
strength of the EPDM/NBR. Tensile strength of EPDM/NBR-
mHNT nanocomposites improved as mHNT content increased.

The enhanced contact between mHNT and EPDM/NBR rub-
ber matrix, as well as the high aspect ratio of mHNT, which
provided more surface area for the interaction between mHNT
and EPDM/NBR rubber matrix, were deemed to be key con-
tributors in the improvement in tensile strength. This allows
the imparted stress to be effectively transferred to the modifier
(RH) on the HNT's nanotubes. The inclusion of mHNT
enhanced the tensile strength of EPDM/NBR rubber. The fig-
ures clearly demonstrated that as untreated HNT and RH
treated HNT (mHNT) loading increased, tensile strength
increased as well. When compared to the unfilled EPDM/NBR
blend and EPDM/NBR filled with untreated HNT, the nano-
composites filled with mHNT had greater tensile strengths.
When up to 6 phr of mHNT is applied, the tensile strength
increases dramatically to 185 percent. However, nanocom-
posites with the largest amount of untreated HNT showed a
decrease in tensile strength. As painstakingly seen in FESEM,
this was attributed to platelet agglomeration and aggregation,
which led in premature failure. Another reason could be that
fine nanotubes aligned themselves in the direction of the stress,
resulting in an increase in tensile strength. Furthermore, as
compared to an unfilled EPDM/NBR mix, EPDM/NBR filled
with untreated HNT demonstrated a similar optimal HNT
loading of 6 phr and a tensile strength enhancement of up to 83
percent. The mechanical performance of EPDM/NBR blends
was improved after surface treatment of HNT with RH. The
combination of resorcinol and hexamethylenetetramine
adsorbed on the HNT surface caused retention effects among
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Figure 2. Tensile strength of EPDM/NBR blends with HNT and
mHNT composites.

HNT and improved separation. Aluminum hydroxide silicate-
containing groups in the nanotubes introduced polar inter-
actions between HNT and RH substances and non-polar
(EPDM)/polar (NBR) polymer matrices. At greater loadings of
HNT, however, limited functional groups on HNT surfaces
induced selective distribution of HNT into high-polarity
EPDM phases rather than the NBR phase. At 8 phr of
untreated HNT loading in EPDM/NBR rubber matrix, this
resulted in an uneven tensile loading that eventually resulted in
a loss in strength.

Elongation at Break: The elongation at break curves of the
vulcanizates EPDM/NBR, EPDM/NBR-HNT, and EPDM/
NBR-mHNT are shown in Figure 3. The data in Figure 3 show
that as the weight fraction of HNT in the systems was
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Figure 3. Elongation at break of EPDM/NBR blends with HNT and
mHNT composites.
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Figure 4. Tear strength of EPDM/NBR blends with HNT and
mHNT composites.

increased, the extensibility of various rubber compounds
monotonically decreased with increasing elongation at break.
The data in Figure 3 for modified HNTs demonstrate that, up
to 6 phr, the elongation at break of the various rubber com-
pounds gradually increases with the mHNT content. The elon-
gation at break of the nanocomposite was reduced as more
mHNT was loaded into rubber composites. The elongation at
break of the rubbery compound containing 10 phr of mHNT is
slightly higher than the compounds containing 6 phr HNT and
slightly higher than that of neat EPDM/NBR matrices, even
though the increase in mHNT loading from 8 to 10 phr
reduced the elongation at break of the resulting system. Com-
posites' decreased elongation at break is the result of the rigid
mHNT phase's presence in the rubber matrix, which increases
the material's stiffness and strength.

Tear Strength: Figure 4 demonstrates the tear strength of
EPDM/NBR nanocomposites with different amounts of HNT.
The inclusion of mHNT considerably increased the tear
strength of EPDM/NBR composites. The tear pattern of NBR/
montmorillonite (MMT) nanocomposites revealed a succes-
sion of tear ridges parallel to the tear direction, whereas
unfilled NBR showed simple torn patterns, according to Kader

et al.”?

They proposed that the tear path was varied along its
length by uniformly scattered silicate layers and tiny tactoids,
depending on the orientation of the silicate layers. As a result,
there was more resistance to tear propagation. Due to inter-
facial contact and improved dispersion of mHNT compared to
HNT, adding modified nanotubes resulted in better mechanical
characteristics than adding HNT.

100% Modulus: The results of the 100 percent modulus of



Effect of Surface mHNTSs on the Mechanical Properties and Swelling Resistance of EPDM/NBR Nanocomposites 735

1.5
m— HNT
1.4 | & mHNT
1.3
1.2

1.14

100% modulus (MPa)
-

R Gt

0.9

0.8+

0.7

T T T T T

0 2 4 6 8 10
Nanotubes content (phr)

Figure 5. 100% modulus of EPDM/NBR blends with HNT and
mHNT composites.

the EPDM/NBR vulcanizate and its composites are shown in
Figure 5. The 100 percent modulus of EPDM/NBR-HNT
nanocomposites is significantly higher than that of basal
EPDM/NBR blends. The mechanical properties of EPDM/
NBR-mHNT nanocomposites are improved further by adding
modified HNT at 100 percent modulus, tensile strength, and
tear strength. The dispersion of nanotubes in EPDM/NBR
matrix at the nanometer level, as well as the increase in cross-
linking density caused by the reaction of EPDM/NBR and
mHNT during the mixing and wvulcanization processes,
improve the interface properties and facilitate macromolecular
intercalation into nanotubes, can be attributed to the rein-
forcing efficiency. The findings suggested that the high aspect
ratio of nanotubes in nanocomposites and the reaction of RH
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Figure 6. Hardness of EPDM/NBR blends with HNT and mHNT
composites.
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Figure 7. Rebound resilience of EPDM/NBR blends with HNT and
mHNT composites.

on the surface of HNT in rubber matrix could not only rein-
force rubber compounds, but also increase crosslinking density
and improve interfacial adhesion between the EPDM/NBR and
nanotubes, potentially improving the nanocomposites' mechan-
ical properties.

Hardness and Rebound Resilience: After adding mHNT
to the nanocomposites, the hardness values of the nanocom-
posites changed. The Shore A hardness increased by 10 units
with the addition of 10 phr mHNT (Figure 6). The modified
HNT compounds have higher hardness values than the unmod-
ified compounds with the same nanofiller loading. Figure 7
depicts the outcomes of rebound resilience studies. The
rebound resilience did not change significantly, but the hard-
ness increased dramatically with increasing levels of HNT, as
shown in the Figure 7. Greater rebound resilience values are a
common feature of EPDM/NBR rubber blends, and in this
case, the HNT compounds have higher rebound resilience val-
ues due to their lower reinforcing efficiency. In terms of hard-
ness, the rebound resilience of the mHNT filled nanocompounds
is found to be better than the mHNT filled nanocompounds at
the same HNT loading.

Abrasion Resistance: The abrasion property of the nano-
composites was assessed using a DIN type abrasion tester in
accordance with ISO 4649. The average value from three spec-
imens per sample was used to calculate the DIN volume loss
for each sample. For tyres to function safely and have a long
service life, abrasion resistance is essential. The abrasion resis-
tance of rubbers, including thermoplastic elastomers and vul-
canised thermoset rubbers, is measured by a DIN abrasion
tester. A piece of rubber is moved against an abrasive material

Polym. Korea, Vol. 46, No. 6, 2022
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Figure 8. Abrasion loss of EPDM/NBR blends with HNT and
mHNT composites.

or sheet mounted on a rotating drum, commonly known as a
rotary drum abrader, to conduct a DIN abrasion test. Volume
loss in cubic millimetres is used to represent how much mate-
rial will be removed during the abrasion process. A significant
volume loss throughout the test indicates that the material is of
poor quality and durability.

The DIN volume loss was used to determine the abrasion
resistance of EPDM/NBR vulcanizates. Figure 8 illustrates the
volume loss in DIN of EPDM/NBR-HNT and EPDM/NBR-
mHNT vulcanizates with varying HNT concentrations. As the
HNT level in EPDM/NBR-HNT vulcanizates increased, the
volume loss of the vulcanizates decreased. Rubber abrasion is
determined by its resistance to fracture or tearing when it
comes into touch with sharp asperities. The addition of rein-
forcing fillers (such as CB) to traditional composites enhances
abrasion resistance by preventing the polymer matrix from
breaking.” EPDM/NBR-HNT vulcanizates contained tubular
structure HNT morphologies, as previously stated. As a result,
a larger concentration of HNT was more effective at pre-
venting tearing of the EPDM/NBR rubber matrix. At a content
of 10 phr, however, the addition of HNT only reduced EPDM/
NBR DIN volume loss from 189.9 to 138.8 mm’. In the case
of EPDM/NBR-mHNT vulcanizates, the DIN volume loss of
EPDM/NBR was significantly reduced for all mHNT con-
centrations. For unfilled EPDM/NBR rubber blends and
EPDM/NBR having mHNT 2, 4, 6, 8, and 10 phr, DIN volume
loss decreased from 189.9 to 153.4, 141.8, 125.2, 121.3, and
118.8 mm’, respectively. This could be explained by the fact
that mHNT has greater dispersion and distribution in the rub-
ber matrix than EPDM/NBR-HNT, as evidenced by FESEM
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Figure 9. Compression set of EPDM/NBR-mHNT composites at
different temperatures.

data and swelling behaviour, which will be described later. As
a result of the greater RH agent bonding on mHNT particles
compared to HNT particles, the interaction between mHNT
nanofiller and EPDM/NBR rubber matrix was higher.
Compression Set. Figure 9 shows compression set data in
relation to heat exposure period. Compression set, according to
the definition, refers to how much the sample is permanently
deformed. The RH treated HNT samples were chosen for the
compression set because they had the best cure and mechanical
properties. The effects of filler loading and temperature on the
compression set of EPDM/NBR-mHNTs nanocomposite
membranes are studied in this study. As the amount of mHNTSs
in EPDM/NBR nanocomposites increased, so did the com-
pression set, which suggests that the sample seldom returns to
its previous height as more mHNTSs are incorporated into the
EPDM/NBR matrix. This data also suggests that filled mHNTs
composites interact with EPDM/NBR matrix more than
unfilled mHNTSs composites. Because the molecular motion of
bound rubber generated near fillers is severely constrained, the
proportion of EPDM/NBR matrix that contributes to elastic
behaviour is reduced, and compression set increases as a result.
Figure 9 demonstrates that for 10 phr mHNTs-filled EPDM/
NBR composite samples at 70 °C, the compression set greatly
increases after 22 h, and for 0, 2, 4, 6, 8 phr loading samples,
the pattern was similar. The largest compression set was found
in 10 phr mHNTs-filled EPDM/NBR nanocomposites under
the measured temperature settings, and the memory retainable
capacity was even lower than pure blend samples. At the early
design stage, this approach can be utilised to estimate the
safety and reliability design of vibration mount rubber mate-
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rials.

Swelling Resistance. The ability of liquids to swell when
passing across polymeric membranes is a significant regulating
factor in many of their uses. In a range of applications such as
reverse osmosis, pervaporation and food packaging, the swell-
ing resistance of organic liquids through polymers is critical.
The random molecular motion of individual molecules causes
tiny molecules to swell through a polymer membrane. The free
volume within the single rubber or rubber blends matrix, the
nature of the compounds, crosslink density of the polymer
materials, the nature of reinforcing fillers, geometry of the
filler (size distribution, orientation, size, shape, and concen-
tration), the penetrant size, temperature, interaction between
the polymer matrix and reinforcing filler, and the amount of
reinforcement all influence the diffusion process. Fillers play a
big part in the swelling process.

The reason for selecting the RH treated HNT samples for the
swelling resistance is due to its best cure and mechanical prop-
erties. The effects of penetrant size, filler loading, penetrant
type, and temperature on the mole percent uptake of solvents
via EPDM/NBR-mHNTs nanocomposite membranes are
investigated in this study. The formula for calculating mole
percent uptake is as follows:

Mass of solvent sorbed/Molar mass of solven

t) “
100
Mass of polymer

@)

Effect of Filler Loading: Figure 10 depicts xylene sorption
curves through EPDM/NBR-mHNTs nanocomposites with
various mHNT loadings. Because the concentration gradient of

thol% = (

the penetrant in the nanocomposite is substantial, the swelling
continues at a relatively rapid rate of solvent uptake. Due to the
lower concentration gradient of the penetrant molecules, the
rate of solvent uptake decreases. The figure also shows that the
equilibrium uptake falls as the filler loading increases. 6 phr
mHNT had the lowest solvent uptake, while untreated HNT
loaded nanocomposite has the highest. This can be explained
by the fact that after vulcanization, local mobility of the poly-
mer is restricted by nanoscale mHNT reinforcement due to
strong filler-polymer contact, causing the polymer chains to
become less flexible, resulting in reduced sorption behaviour.
The good dispersion of mHNTSs in the rubber matrix is another
cause for the decrease in solvent uptake for the 6 phr mHNT
loaded sample. The homogeneous distribution of mHNTSs in
the rubber matrix restricts the transport of solvent through it as
the amount of mHNTSs increases. The solvent uptake rose mar-

mH,
mH,
mH,
mH,
mH

Mole percent uptake (mol%)

A ¢ 4 pF o
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Figure 10. Mole percent uptake of xylene by different nanotubes
loading at 30 °C.

ginally after 6 phr. This was related to the production of
mHNT agglomerates, which can be seen in FESEM micro-
graphs.

The nanofiller's superior dispersion in the matrix enhances
the surface area of the reinforcing phase, resulting in an excel-
lent improvement in the nanocomposites' solvent resistance
qualities. Figure 15 shows FESEM pictures that support this.
In general, filler dispersion is critical in determining the per-
formance of polymer-based composites. The amount of
mHNTs required to develop an extensive network structure
and show homogeneous distribution is relatively minimal at
low concentrations of mHNTS. As a result, the solvent mol-
ecules are able to move through the matrix with ease. Figure
15(b) also shows that the mHNTSs particles form a local filler-
filler network in the rubber matrix. As a result, solvent mol-
ecules are unable to diffuse through the polymer. The free vol-
ume within the polymer matrix affects solvent molecule
diffusion through the polymer membrane. With the addition of
nanofillers, the free volume within the matrix reduces, result-
ing in a drop in equilibrium solvent uptake. Because the
mHNTs take up the free volume of rubber, the density values
increase as the filler loading increases, as shown in Table 3.
The tortuosity of the route and the lower sorption area in the
polymeric membrane in the presence of fillers can also explain
the decrease in solvent uptake in filled systems.

Effect of the Nature of Solvent: The effect of penetrant
size was investigated using a homologous series of aromatic,
aliphatic, and chlorinated solvents. For the 6 phr mHNT filled
sample, the swelling properties of EPDM/NBR-mHNTSs nano-
composites in different solvents are examined and displayed in
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Table 3. Mole Percent Uptake of Aromatic, Aliphatic and Chlorinated Penetrants of EPDM/NBR Blends Reinforced with HNT

and mHNT Composites at 23 °C, 40 °C, 50 °C and 60 °C

Mole percent uptake (mol%) at 23 °C

Sample Aromatic Aliphatic Chlorinated

code

(Sam) Benzene Toluene Xylene Mesitylene n-pentane n-hexane n-heptane n-octane ?:;gig;g Chloroform te trcaiiﬁg?i de
mH, 3.46 3.18 2.98 2.75 1.52 1.63 1.38 1.27 2.17 2.54 1.97
mH, 3.28 3.07 2.75 2.54 1.35 1.48 1.32 1.17 2.09 242 1.94
mH, 3.17 2.98 2.64 2.42 1.29 1.35 1.24 1.12 2.02 2.38 1.86
mH, 3.03 2.89 2.52 2.28 1.23 1.28 1.17 1.06 1.95 2.32 1.77
mHg 3.05 2.93 2.58 2.34 1.25 1.32 1.19 1.1 1.97 2.35 1.8
mH,, 3.14 2.96 2.67 2.39 1.27 1.36 1.22 1.14 2 2.39 1.83
Sam Mole percent uptake (mol%) at 40 °C

mH, - 321 - - - - - - - - -
Sam Mole percent uptake (mol%) at 50 °C

mH, - 3.54 - - - - - - - - -
Sam Mole percent uptake (mol%) at 60 °C

mH, - 3.68 - - - - - - - - -

Figure 11. The mole percent uptake of solvents through com-
posites shows a predictable tendency. Carbon tetrachloride has
been reported to have a lower equilibrium absorption than
dichloromethane and chloroform in chlorinated solvents. In
aliphatic solvents, n-octane has been reported to have a lower
equilibrium uptake than n-pentane, n-hexane, and n-heptane.
Similarly, the equilibrium absorption of mesitylene in aromatic
solvents has been reported to be lower than that of benzene,
toluene, and xylene. Carbon tetrachloride's, n-octane's, and
mesitylene's high molecular weight and molar volume may
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Figure 11. Mole percent uptake of different solvents through 6 phr
mHNT filled EPDM/NBR nanocomposites.
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have contributed to their reduced equilibrium absorption in
chlorinated, aliphatic, and aromatic solvents, respectively.

In aliphatic solvents, the O, reduces as the molar volume and
length of alkyl chains increase; in aromatic solvents, the O,
drops as the phenyl group increases; and in chlorinated sol-
vents, the O, decreases as the molar volume and length of the
chlorine group increases. Aliphatic solvents have lower solvent
absorption values than aromatic and chlorinated solvents due
to their large molar volume. Many researchers have doc-
umented a drop in Q, as the size of the penetrant increases.”>’®
This is addressed by the free volume theory,”” which states that
a molecule's diffusion rate is highly influenced by the ease
with which polymer chains interchange positions with solvent
molecules. As the penetrant size grows larger, the ease of
exchange decreases, especially in full matrices, resulting in a
decrease in solvent absorption. Another explanation for inad-
equate solvent uptake is the high activation energy required for
a big penetrant molecule.”

Effect of Temperature on Mole Percent Uptake: For the
6 phr mHNTs filler filled EPDM/NBR nanocomposite (mHy),
experiments are conducted at high temperatures (40, 50, and
60 °C) in addition to room temperature to evaluate the effect of
temperature on Qt characteristics. The mHg sample was chosen
for the temperature research because it had the best solvent
resistance at ambient temperature. Toluene was utilised as a
solvent. Temperature has a substantial impact on Q; values, as
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Figure 12. Temperature dependence of the 6 phr mHNT filled
nanocomposites in toluene.

shown in Figure 12. At these temperatures, O, values suggest
an increase in solvent uptake as the temperature rises. The
slope of the linear part is likewise shown to rise with tem-
perature, indicating that the swelling properties are temperature
dependent. This can be attributed to an increase in free volume
as a result of the polymer matrix's increased segmental motion,
as well as the solvent molecules' gain in kinetic energy as a
result of the higher number of collisions at high temperatures.
Swelling is, thus, a temperature-dependent process.

Crosslink Density. The eq. (3) can be used to calculate the
cross-link density.

mol) 1
o2 - L 3)
ClTl) ZJLI;

where, v - crosslink density, M, - Molecular mass between suc-
cessive cross links. The Flory-Rehner equation can be used to
calculate the molecular mass difference between successive
crosslink.”

7pp Vs Vrl 5

= fpisTr 4
In(1-V)+V,+yV?

where, V; - molar volume of the solvent, p, - density of the
polymer, y - interaction parameter of the polymer, and ¥; - vol-
ume fraction of polymer in the solvent-swollen filled com-
pound and is given by following eq.

V=1 5)

o1+ 0,

where, O, is the weight swell of the EPDM/NBR rubber nano-
composites in toluene solvent
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Figure 13. Molecular mass between successive cross links of
EPDM/NBR blends with HNT and mHNT composites.
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Figure 14. Crosslink density of EPDM/NBR blends with HNT and
mHNT composites.

Values of M, and v are given in Figure 13 and 14, respec-
tively. The chart clearly shows that the M, value for mHO is the
highest, indicating that mH, has the highest solvent absorption.
As the M, value drops from mH, to mHg, the crosslink density
of the samples varies. The value of M, drops as the filler load-
ing increases, indicating that the filler polymer interaction
increases with filler loading and hence the maximum solvent
absorption decreases. Because mH, has the highest M, value,
cross-links are far apart, allowing mH, to absorb the most sol-
vent. In addition to the cross-links created by vulcanization, the
nanofillers particles can contribute to the creation of cross-
links. The accessible volume between consecutive cross-links
diminishes as the M, value falls.**®' The diffusion process is
slowed as a result of this. Mc values for different nanofiller
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nanotubes filled EPDM/NBR composites: (a) Hy; (b) mHg; (c) Hyo;
(d) mHy,.

contents are as follows: mH, > mH, > mH, > mH; < mH; <
mH,, for a given solvent. The aggregation of the nanofiller, as
seen in the FESEM micrographs, causes a modest rise in M, at
mHNTs content greater than 6 phr. The crosslink density
increased as the nanofiller concentration in the composites
increased,** with a peak value of 6 phr.

Effect of mMHNT on the Morphology of EPDM/NBR-
mHNT Nanocomposites. Figure 15 shows FESEM images
of EPDM/NBR-HNT (75/25/6), EPDM/NBR/mHNT (75/25/
6), EPDM/NBR-HNT (75/25/10) and EPDM/NBR-mHNT
(75/25/10) nanocomposites. Figure 15(a) shows that EPDM/
NBR-HNT nanocomposites contain a certain amount of HNT
agglomerates. Furthermore, the interfaces between HNTs and
the rubber matrix are visible, and several debonded nanotubes
have been dragged out of the EPDM/NBR rubber matrix. This
shows that HNTs and EPDM/NBR rubber matrix may have a
weak interfacial interaction. In contrast to the EPDM/NBR-
HNT nanocomposite shown in Figure 15(a), the EPDM/NBR-
mHNT nanocomposites shown in Figure 15(b) have fewer
agglomerates and most of the mHNTS particles are uniformly
dispersed at the nanometer scale in the rubber matrix. The
interfaces between mHNTSs and the EPDM/NBR rubber matrix
are also fuzzy, with hardly no debonded mHNTs. These find-
ings imply that RH can boost the interfacial combination abil-
ity of mHNTs and EPDM/NBR rubber matrix, as well as
facilitate their dispersion.

The FESEM micrographs of EPDM/NBR-HNT nanocom-
posites are shown in Figure 15(c). In EPDM/NBR-HNT nano-
composites, it was found that most HNTs were agglomerated,

Z2H, Al46d A6%, 20221

but the interfaces between the HNTs and the EPDM/NBR
were clear and numerous debonded HNTs were discovered,
which is explained by the ineffective interfacial contact
between the filler and the polymer. However, upon modifi-
cation, the HNTs were uniformly distributed throughout the
EPDM/NBR matrix (Figure 15(d)), and there were fewer
agglomerates than in the unmodified HNT-filled nanocom-
posites. Because the filler and matrix had high interfacial con-
tact, the interfaces between HNTs and EPDM/NBR were
therefore undetectable. The improved dispersion and more
HNTs implanted in the EPDM/NBR matrix were responsible
for the modified nanocomposites' greater tensile characteris-
tics. These findings imply that RH not only expands the dis-
tribution of HNTs within the matrix but also expands the
contact between the filler and the polymer at the interface, as
shown by the crosslinking density data.

Conclusions

The sulphur vulcanization reaction of EPDM/NBR rubber
vulcanizates was accelerated by both mHNT and HNT. When
mHNT or HNT were added to EPDM/NBR, the mechanical
characteristics, abrasion resistance, and swelling resistance of
the resultant rubber nanocomposites improved. The abrasion
and swelling resistance of EPDM/NBR nanocomposites
improved more than that of HNT-EPDM/NBR nanocompos-
ites due to surface modification and greater mHNT dispersion.
Mechanical characteristics of EPDM/NBR-mHNT nanocom-
posites improved as mHNT content increased, but mechanical
properties of EPDM/NBR-HNT nanocomposites remained
unaltered when HNT content increased.
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