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Abstract: This research explores the impact of varying concentrations of resorcinol- and hexamethylenetetramine-mod-

ified halloysite nanotubes (RH-HNTs) on the curing behavior, mechanical properties, and swelling resistance of blended 

polymeric matrices (80:20) comprising ethylene propylene diene monomer/styrene butadiene rubber (EPDM/SBR). The 

incorporation of RH-HNTs resulted in enhanced abrasion resistance, hardness, tear strength, compression set, and swell-

ing resistance in the nanocomposites, while simultaneously reducing elongation at break and rebound resilience. The 

fractured surfaces of the EPDM/SBR nanocomposite specimens were examined using FESEM. Notably, the results reveal 

that nanocomposites containing 6 phr of RH-HNTs exhibit significant improvements in both tensile strength and abra-

sion resistance. RH-HNTs reinforced EPDM/SBR at 6 phr showed a 66% increase in stress at 100% elongation due to 

enhanced cross-linking, along with a 143% improvement in tensile strength. Incorporating RH-modified HNTs into 

EPDM/SBR nanocomposites resulted in superior properties compared to those reinforced solely with HNTs across all 

proportions.

Keywords: ethylene propylene diene monomer/styrene butadiene rubber rubber blend, HNTs, resorcinol- and hexam-

ethylenetetramine-modified halloysite nanotubes, mechanical properties, swelling resistance.

Introduction

Currently, there is a significant amount of research focused 

on the development of polymeric materials through the blend-

ing of two or more elastomers.1 In certain instances, these 

approaches offer a notable advantage wherein the resultant 

properties of the blend may exceed those exhibited by the indi-

vidual constituent elastomers. Elastomer blends offer consid-

erable utility across various industrial applications due to their 

enhanced solid-state properties, improved processability, and 

extended service lifespan.2

The primary objective of this research was to develop poly-

mer composites that exhibit heightened strength, characterized 

by a carefully calibrated ratio of filler to matrix specifically tai-

lored for sophisticated engineering purposes. The final composites' 

resistance to swelling and abrasion, mechanical characteristics, and 

length of curing are all greatly impacted by the gradual addition of 

nanotubes to the polymer matrix. Elastomeric blends, especially 

the combinations involving ethylene propylene diene monomer 

(EPDM) and styrene butadiene rubber (SBR), are of particular 

interest. Incorporating SBR into EPDM is anticipated to yield 

substantial enhancements in the abrasion resistance and tensile 
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strength of the EPDM. Furthermore, the utilization of SBR 

addresses challenges such as weak adhesion, limited tear strength, 

and the higher cost associated with EPDM.3-5

The rubber industry has long utilized inorganic fillers; how-

ever, the majority of these fillers, except for carbon black (CB) 

and silica, do not provide substantial reinforcement to rubber 

matrices.6-8 The micron-scale size of the filler particles causes 

a constraint, resulting in insufficient compatibility between the 

rubber matrices and fillers, leading to a weak interfacial bond. 

In recent decades, considerable attention has been directed 

towards incorporating inorganic fillers with nanometer-scale 

dimensions in the rubber field.9-11 Among these nanometerscale 

fillers, layered silicates,12-16 nano silica,17-20 nano calcium car-

bonate,21-23 carbon nanotubes,24,25 and nanographene oxide26

have undergone extensive scrutiny. To create rubber/inorganic 

nanocomposites with exceptional characteristics, it is impera-

tive to consistently achieve effective dispersion on the nanoscale 

and develop strong interfacial contacts.

Halloysite nanotubes (HNTs) represent a unique category of 

natural silicates characterized by their tubular nanostructure, 

sharing the identical chemical composition with kaolinite. This 

distinctive nanotubular architecture emerges from the natural 

transformation of kaolinite layers that fold upon themselves. 

Predominantly, HNTs exhibit a multi-wall structure. Typically, 

their outer diameters, inner diameters, and lengths measure 

around 10-50 nm, 5-20 nm, and 2-4 μm, respectively.27 Cap-

italizing on their specialized chemical composition, geometric 

shape, and surface properties, HNTs have found extensive 

applications in diverse fields, encompassing ceramics, cosmet-

ics, drug delivery, and catalyst carriers.28-32 Notably, our research

team pioneered the integration of HNTs into polymer materials 

as nanoscale fillers. Our initial findings unveiled that these nat-

ural inorganic nanotubes exhibit pronounced reinforcement and 

flame retardant properties in various polymers, including nylon, 

polypropylene, epoxy resin, linear low-density polyethylene, and 

natural rubber.33-38 Earlier reports from our group have briefly 

highlighted the reinforcing effect of HNTs on EPDM/SBR39 and 

HNTs on EPDM/NBR40 composites. However, despite the demon-

strated enhancement of EPDM/SBR nanocomposites using pris-

tine HNT fillers, the introduction of interfacial modifiers in 

these nanocomposites remains unexplored in the literature.

The inherent poor compatibility between HNTs and rubber 

macromolecules makes surface-unmodified HNTs susceptible 

to insufficient dispersion and weak interfacial interaction within 

rubber matrices.41-43 As a result, their potential as a reinforcing 

agent for rubber is limited. To overcome this constraint, enhance 

HNT dispersion within the rubber matrices, and improve HNT 

interaction with the rubber matrix, surface modification of 

HNTs becomes essential. The compound formed by resorcinol 

and hexamethylenetetramine (abbreviated as RH), widely used 

as an adhesive in the rubber industry, has attracted considerable 

attention. Liu and Jia et al.44 introduced RH as an interfacial 

modifier in nitrile-butadiene rubber-organomontmorillonite 

(NBR-HMMT) nanocomposites. Their findings demonstrated 

significantly enhanced mechanical properties in NBR-modified

filler reinforced nanocomposites compared to NBR-unmodified 

filler reinforced composites. This enhancement was attributed 

to RH's ability to strengthen the interfacial bond between the 

rubber and the modified clay.

In this study, we used RH as an interfacial modifier for HNTs, 

leading to the formation of RH-HNTs and the subsequent 

development of EPDM/SBR/RH-HNTs nanocomposites. Our 

research aimed to assess how RH-HNTs and unmodified HNTs

affected the mechanical properties and swelling resistance of 

these nanocomposites.

Experimental

Materials. The materials from several businesses were used     

in this study. Specifically, EPDM-K270 from Mumbai, India's 

Herdillia Unimers Ltd. was used. The raw EPDM-K 270 rubber 

exhibits unique physical properties, with an ethylene content of 

68%, a propylene content of 32%, and an ethylidene norbornene 

content of 4.5%. Its Mooney viscosity at 125 ℃ (ML1+4) is 60,     

while its density stands at 0.86 g/cm3. This rubber demonstrates 

rapid curing, a light color, non-staining characteristics, and a 

notable capacity for accommodating high filler loads.45,46 SBR 

provides cost-effective solutions across a range of sectors. Cho-

sen for this study due to its notably lower cost compared to 

EPDM,47 SBR-1502 sourced from Arihant Reclamation Private 

Limited in Delhi, India, exhibits significant features. These 

comprise a styrene content of 23.5%, a Mooney viscosity 

(ML1+4) of 46 at 100 ℃, and a density measuring 0.93 g/cm3.48     

HNTs were supplied by Subra Chemicals Pvt. Ltd., a repre-

sentative of Sigma Aldrich in Pondicherry, India. HNTs have 

unique properties that define their nature, such as a formula 

weight of 294.19 g/mol. They have a powdery consistency and 

a visual spectrum that goes from white to yellow to beige. 

Notably, HNTs possess a diameter ranging from 30 to 70 nm, 

while their length spans between 1 and 3 microns. The chem-

ical formula that encapsulates their composition is represented 

as H4Al2O9Si2·2H2O.49 The RH used in this study was sourced 
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from Guangzhou Pearl River Rubber Tire Co., Ltd., Guangdong, 

China. Vignesh Chemicals in Chennai, India provided the vul-

canizing agent, accelerators, and activators used in this inves-

tigation, including stearic acid, zinc oxide, sulphur, dibenzothiazole

disulfide (MBTS), and tetramethylthiuram disulfide (TMTD). 

A variety of aromatic, aliphatic, and chlorinated solvents meet-

ing Merck grade standards were obtained from Sigma-Aldrich 

in Pondicherry, India, and used in the research.

HNTs Modification. The molar ratio between resorcinol and       

hexamethylenetetramine is 1:1. To produce RH-HNTs, a spe-

cific quantity of both RH and HNTs was introduced into a 

flask, vigorously stirred for approximately 30 minutes at ambi-

ent temperature, and subsequently heated for 4 hrs at 60 ℃.          

The typical mass ratio of RH to HNTs was 6:100.

Preparation of Nanocomposites from EPDM/SBR Rubber     

Blends. The EPDM/SBR/RH-HNTs nanocomposites were    

produced at 80 ℃ using an open mill mixer with a friction           

ratio/speed ratio of 1:1.4. Mastication of the EPDM was the 

first step in the process, and then it was combined with SBR. 

The mix was systematically supplemented with RH-HNTs and 

curatives to achieve superior homogenization and improved 

dispersion. Table 1 describes the precise compounding com-

position used for the nanocomposites. After mixing, the com-

pounds were allowed to stand for a full day in a dark environment. 

The compound was then formed into 2 mm thick sheets using 

an electrically heated (semi-automated) hydraulic press, which 

followed the ideal curing duration and operated at a pressure of 

30 MPa and a temperature of 160 ℃.

Characterization. The cure properties of the unvulcanized     

rubber compounds were studied using an oscillating disc rhe-

ometer in accordance with ASTM D-2084.50 Tensile and tear 

properties of the composites were measured in accordance with 

ASTM D-412 and ASTM D-624, respectively, using a Dak 

System Inc. 'Series 7200' universal tensile machine equipped with 

the T-72102 attachment.51 The swelling properties of the nano-

composite samples were assessed using the immersion tech-

nique in compliance with ASTM D-471.52 The crosslinking density 

within the rubber composite materials was determined as out-

lined in references.53-58 Hardness, rebound resilience, and abra-

sion resistance of the rubber compounds were evaluated in 

accordance with ASTM D-2240, ASTM D-2632, and ASTM 

D-5963, respectively, using a Shore-A durometer, resiliometer, 

and DIN abrader.59,60 Compression set properties of the rubber 

composite samples were evaluated according to ASTM D-395 

(condition: 25% deflection; 72 h at 70 ℃).61 The fractured sur-     

faces of the polymer (EPDM/SBR) composite samples were 

examined using a Hitachi S-4160 FESEM. To enhance con-

ductivity, a layer of gold was coated on the surfaces under 

investigation, and these samples were analyzed using an accel-

erating voltage typically set at approximately 3 kV.

Results and Discussions

Buoyancy Test for HNTs and RH-HNTs. A floating test     

was conducted by adding a small amount of filler to the sur-

face of the water in order to thoroughly examine differences in 

Table 1. Formulation for EPDM/SBR Blend Reinforced with Unmodified Nanofiller (HNTs) and Modified Nanofiller (RH-HNTs) 

Composites

Surface 
modifier

Sample 
code

Compounds (phr)

EPDM SBR HNTs RH-HNTs Zinc oxide Stearic acid MBTS TMTD Sulphur

H
N
T
s

HNTs0 80 20 0 - 4 1.5 1.2 1 2.5

HNTs2 80 20 2 - 4 1.5 1.2 1 2.5

HNTs4 80 20 4 - 4 1.5 1.2 1 2.5

HNTs6 80 20 6 - 4 1.5 1.2 1 2.5

HNTs8 80 20 8 - 4 1.5 1.2 1 2.5

HNTs10 80 20 10 - 4 1.5 1.2 1 2.5

R
H
-H

N
T
s

RH-HNTs0 80 20 - 0 4 1.5 1.2 1 2.5

RH-HNTs2 80 20 - 2 4 1.5 1.2 1 2.5

RH-HNTs4 80 20 - 4 4 1.5 1.2 1 2.5

RH-HNTs6 80 20 - 6 4 1.5 1.2 1 2.5

RH-HNTs8 80 20 - 8 4 1.5 1.2 1 2.5

RH-HNTs10 80 20 - 10 4 1.5 1.2 1 2.5
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surface polarity. Since water was utilised as the solvent in this 

experiment, it was simpler to examine the medium interac-

tions. The main goal was to distinguish and contrast the mod-

ified hydrophilic fillers' buoyant behaviours with those of the 

original HNTs. Notably, because of their innate hydrophilicity, 

unmodified HNTs sank quickly. On the other hand, the mod-

ified fillers displayed unique properties and remained floated 

on the water's surface. This significant change in behavior 

demonstrates how the RH modification reduced the polarity of 

the nanotubes. Additionally, because filler aggregates were intro-

duced during the modification process, resulting in various 

interactions with water, this behaviour suggests that the fillers 

have an uneven covering.

A bespoke apparatus comprising a glass column with a well-

planned aperture sealed by two layers of a hydrophobic filter 

with a precisely chosen pore size of 0.2 µm was used to con-

duct a second test for water penetration. This was carried out 

to ensure precision and accuracy when gathering data. A dos-

age of 0.02 g of the nanofiller material was administered in this 

regulated setting. This column was submerged in water in its 

current structure. Changes in weight as a result of absorbing water 

were closely observed during the immersion period, providing 

important information on how the filler changed in response to 

its aquatic environment. This thorough method highlighted the 

unique hydrophobic properties of the modified fillers in con-

trast to the original HNTs and provided insightful information 

on the dynamics of the fillers' interaction with water.

A test of the material's hydrophobicity was carried out by 

submerging it in water and looking for any changes. The HNTs 

powder acted as predicted and quickly sank in water when left 

untreated. Nevertheless, some of the particles were still floating 

on the water's surface after the treatment. This modification 

suggests that the polarity of the nanotubes decreased after their 

RH treatment. One possible explanation for the observed uneven 

coating could be the inclusion of filler particles in the modi-

fication process. Figure 1 provides an example of how the water 

absorption data are displayed. RH-HNTs and nanotubes both 

showed a progressive absorption of water over time, ultimately 

reaching an equilibrium state. Notably, compared to pure HNTs, 

the RH-HNTs exhibited less water absorption, suggesting that 

the changed variety is more hydrophobic. This early investi-

gation suggests that RH-HNTs may function better in a non-

polar EPDM/SBR blend matrix because they are less polar and 

more hydrophobic than their original counterparts.

Cure Behaviors. The cure characteristics of rubber play a        

crucial role in determining its performance and applications. 

Proper curing ensures that the rubber material attains its desired 

physical properties, durability, and functionality. The key parame-

ters of cure characteristics are: (a) Minimum torque (ML): The 

least rotational force needed to initiate movement. (b) Maxi-

mum torque (MH): The highest rotational force a system can 

withstand. (c) Delta torque (ΔM): refers to the change or dif-

ference in torque values, indicating variations or adjustments 

in rotational force within a system. (d) Scorch time (ts2): Time 

taken to develop initial stiffness. (e) Optimum cure time (tc90): 

Ideal duration for complete material curing. (f) Cure rate index 

(CRI): Measure of material's curing efficiency.62

The EPDM/SBR-HNTs nanocomposites' ML is visualized in 

Figure 2. When the amount of HNTs and RH-HNTs in rubber 

nanocomposites grows, so does their ML. When nanofillers like 

Figure 1. Water absorption test for HNTs and modified HNTs.

Figure 2. Minimum torque variation in EPDM/SBR nanocomposites.
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HNTs and RH-HNTs are added to rubber nanocomposites, they 

introduce additional interactions and complexity to the material

mixture. When compared to nanocomposites reinforced just 

with HNTs, the performance of those loaded with RH-HNTs is 

superior. The modification of HNTs using RH is expected to 

augment their compatibility with the rubber blend matrix. This 

alteration possesses the potential to enhance the dispersion and 

bonding between RH-HNTs and the rubber blend, consequently 

improving mechanical properties. The targeted modification of 

HNTs into RH-HNTs may lead to stronger interactions with the 

rubber blend chains, providing more effective reinforcement. 

This can result in higher mechanical strength, stiffness, and other 

desirable properties in the nanocomposite material. A more 

uniform dispersion and improved overall characteristics in the 

nanocomposite can result from the RH modification's potential 

to avoid or lessen nanofiller agglomeration.

In Figure 3, the EPDM/SBR-HNTs nanocomposites' MH is 

presented. The MH of the EPDM/SBR nanocomposites increases 

proportionately with an increase in the HNT and RH-HNT 

content. The higher torque values indicate that the resistance of 

EPDM/SBR nanocomposites to mixing and processing is enhanced 

by the inclusion of additional HNTs and RH-HNTs. This is likely

due to the reinforcing nature of the nanotubes, which causes the 

composite to become stiffer and more resistant to deformation, 

necessitating more torque during processing. Compared to 

EPDM/SBR nanocomposites filled with HNTs, those reinforced 

with RH-HNTs have a higher MH.This difference can be due to 

the distinctive characteristics of RH-HNTs, which presumably 

establish stronger interactions with the rubber matrix. Conse-

quently, the composite gains greater rigidity and reduced sus-

ceptibility to deformation, resulting in an elevation of the required 

torque for processing.

Figure 4 shows the ΔM of the EPDM/SBR-HNTs nanocom-

posites. The rubber nanocomposites show an increase in their 

ΔM with an increase in the HNT and RH-HNT content. HNTs 

possess high aspect ratio and surface area. With an increase in 

their presence within the rubber nanocomposites, the interac-

tion between the rubber blend and the HNTs gains heightened 

significance. This increased interaction leads to elevated fric-

tional forces during the curing process, resulting in higher torque. 

This trend in ΔM is consistent with the variations observed in 

both ML and MH. Furthermore, EPDM/SBR nanocomposites 

filled with RH-HNTs perform better than those filled with 

HNTs alone. Chemical modification of RH-HNTs is intended 

to improve their compatibility with the rubber blend matrix. 

This increased cohesion would contribute to a significant 

enhancement in structural integrity, resilience, and durability, 

making the material well-suited for a broader range of demanding 

applications.

Figure 5 illustrates the ts2 of HNTs-reinforced nanocompos-

ites based on EPDM/SBR. In rubber nanocomposites, the ts2

decreases with increasing HNT or RH-HNT content. The pres-

ence of nanofillers, such as HNTs and RH-HNTs, enhances the 

heat-absorbing capability of the rubber matrix. As their con-

centration rises, the overall heat absorption capacity of the 

nanocomposite also increases. This results in a reduction in ts2, 

as the nanofillers efficiently dissipate heat, enabling the vul-

canization process to commence earlier. The modification pro-

cess involves incorporating additional heat-absorbing and heat-Figure 3. Maximum torque variation in EPDM/SBR nanocomposites.

Figure 4. Delta torque variation in EPDM/SBR nanocomposites.
 Polym. Korea, Vol. 48, No. 6, 2024
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dissipating functionalities onto the nanotubes. As a result, RH-

HNTs have an improved ability to absorb and dissipate heat 

compared to regular HNTs.

In Figure 6, the EPDM/SBR-HNTs nanocomposites' t90 is 

presented. With an elevation in the concentration of HNTs and 

RH-HNTs, the EPDM/SBR nanocomposites exhibit a decrease 

in their t90. This phenomenon can be attributed to the increased 

thermal conductivity facilitated by these fillers. During the cur-

ing process, HNTs and RH-HNTs create supplementary chan-

nels for heat transfer, facilitating enhanced interactions between 

the polymer and fillers and accelerating crosslinking. The addi-

tion of RH-HNTs, a modified variant of halloysite nanotubes 

comprising resorcinol and hexamethylenetetramine, leads to a 

decrease in t90 as a result of the distinctive chemical interac-

tions occurring between RH-HNTs and the EPDM/SBR blend. 

Functionalization with resorcinol and hexamethylenetetramine 

improves the compatibility between HNTs and the EPDM/SBR 

blend, promoting swifter diffusion and crosslinking of EPDM/

SBR chains. As a consequence, there is a reduction in t90 and 

an expedited curing process. Compared to EPDM/SBR nano-

composites containing HNTs, the observed decrease in t90 in those 

incorporating RH-HNTs can be attributed to a synergistic com-

bination of variables. These encompass enhanced filler disper-

sion, heightened interfacial interactions, and expedited curing 

kinetics, all facilitated by the resorcinol and hexamethylenete-

tramine modification process. When compared to the pristine 

HNTs, the RH-HNTs provide a more conducive atmosphere 

for crosslinking processes, which results in a synergistic decrease 

in t90. This highlights the significance of surface modification 

in optimizing the curing behavior of nanocomposite materials. 

Figure 7 illustrates the CRI of EPDM/SBR-HNTs nanocom-

posites. It is evident that the CRI of the rubber nanocomposites 

escalates proportionally with the augmentation in the quantities 

of HNTs and RH-HNTs. The incorporation of these fillers 

introduces a notable impact on the CRI of the rubber nano-

composites, stemming from their distinctive characteristics such 

as surface area, reactivity, and their propensity to interact with the

EPDM/SBR matrix. These effects become more pronounced with

higher quantities of these fillers, leading to a greater improve-

ment in the CRI. Specifically, the modification of HNTs through 

resorcinol and hexamethylenetetramine treatment fosters increased 

compatibility between the fillers and the rubber blends matrix. 

This increased compatibility causes the composite to interact 

Figure 5. Scorch time variation in EPDM/SBR nanocomposites.

Figure 6. Optimum cure time variation in EPDM/SBR nanocom-

posites.

Figure 7. Cure rate index variation in EPDM/SBR nanocomposites.
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and disperse more effectively. As a result, the CRI for rubber 

nanocomposites containing RH-HNTs is significantly higher 

than that of those with unmodified HNTs. This intricate inter-

play of enhanced compatibility, modified surface properties, 

and optimized interaction dynamics substantiates the effective-

ness of RH-HNTs in driving superior cure performance within 

the nanocomposite system.

Mechanical Properties. Figure 8 provides a comprehen-      

sive overview of the tensile strength (TS) characteristics dis-

played by the HNTs-EPDM/SBR nanocomposites. The results 

show that TS increases in proportion to the concentration of 

HNTs or RH-HNTs, peaking at 6 phr. Both types of nanotubes 

act as reinforcements, forming strong physical and chemical 

bonds with the rubber chains. This reinforcement greatly improves 

the nanocomposite's overall structural integrity, thereby enhanc-

ing TS. As the concentration of fillers increases, the reinforc-

ing interactions become more prevalent, resulting in a gradual 

enhancement of TS. However, exceeding the 6 phr concentra-

tion leads to a decrease in TS. The probability of filler aggre-

gation or clustering inside the polymer matrix is higher with 

higher filler concentrations. This aggregation causes the mate-

rial to become weaker and more concentrated under stress, which

lowers TS. Excessive filler loading not only fosters aggregation

but also disrupts polymer-filler interactions, impeding the 

polymer's ability to undergo proper deformation and stress dis-

tribution. This disruption further contributes to the reduction in 

TS.63 Comparing the results, rubber nanocomposites filled with 

HNTs exhibit a 109% increase in TS compared to EPDM/SBR 

vulcanizate. Similarly, those filled with RH-HNTs demonstrate 

a remarkable improvement of 143% over the corresponding 

vulcanizate. Interestingly, rubber nanocomposites filled with 

RH-HNTs exhibit a 16% increase in TS at a filler loading of 

6 phr compared to those filled with HNTs. The compatibility 

of the HNTs and the rubber blend matrix is improved when 

HNTs are modified with RH. Stronger interfacial contacts are 

encouraged by this enhanced compatibility, which makes the 

stress transfer between the nanotubes and the EPDM/SBR 

matrix more effective.64 Consequently, RH-HNTs exhibit supe-

rior reinforcement capabilities in EPDM/SBR nanocompos-

ites, resulting in higher TS compared to unmodified HNTs.

The elongation at break (EB) properties of the EPDM/SBR-

based HNT-reinforced nanocomposites are shown in Figure 9. 

It is clear that a decrease in the EB of the rubber nanocom-

posites is correlated with an increase in HNT and RH-HNT 

concentrations. This trend can be due to the stiffening effect result-

ing from the incorporation of these filler materials into the 

EPDM/SBR matrix. As the filler concentrations rise, the over-

all stiffness and rigidity of the nanocomposite increase, reduc-

ing its susceptibility to significant deformation before reaching 

the point of fracture.65 Remarkably, in terms of EB, polymer 

nanocomposites containing RH-HNTs outperform those filled 

uniquely with HNTs. The improved compatibility of RH-HNTs 

with the rubber blend matrix is accountable for the observed 

improvements in stress transfer and load distribution. The enhanced 

interfacial interactions between the modified filler and the rub-

ber chains are crucial in mitigating the decrease in EB, enabling 

the nanocomposites to exhibit slightly better performance in 

their ability to undergo deformation before fracturing.66

Figure 8. Tensile strength variation in EPDM/SBR nanocomposites.

Figure 9. Elongation at break variation in EPDM/SBR nanocom-

posites.
 Polym. Korea, Vol. 48, No. 6, 2024
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Figure 10 illustrates the stress at 100% elongation (M100) of 

the HNTs-reinforced nanocomposites based on EPDM/SBR. 

Up to 6 phr, the M100 of rubber nanocomposites rises corre-

spondingly with the HNT and RH-HNT concentrations. This 

increase is mainly attributed to the reinforcing action of the 

RH-HNTs and HNTs within the matrix, which improves the 

nanocomposites' stiffness and load-bearing ability. More rein-

forcing components engage with the polymer chains as the filler 

level rises, improving stress distribution and resistance to 

deformation. Consequently, there is an overall elevation in the 

M100, signifying increased material resistance to stretching. 

However, beyond this threshold, the M100 begins to decline. 

Factors such as filler aggregation and excessive loading con-

tribute to this decline. Compared to EPDM/SBR compounds, 

the M100 of nanocomposites based on EPDM/SBR reinforced 

with 6 phr of HNTs shows a 52% increase. Meanwhile, the 

M100 of rubber nanocomposites reinforced with 6 phr of RH-

HNTs exhibits an impressive 66% enhancement over the cor-

responding vulcanizate. Conversely, at a filler loading of 6 phr, 

the M100 of EPDM/SBR nanocomposites with RH-HNTs shows 

a 9% increase compared to nanocomposites reinforced with an 

equivalent amount of HNTs. It's noteworthy that rubber nano-

composites with RH-HNTs have a greater M100 than those 

with only HNTs. This is probably because the alteration of HNTs 

led to better interfacial bonding and increased compatibility.

Figure 11 demonstrates the tear strength (TAS) characteris-

tics of the HNTs-reinforced nanocomposites based on EPDM/

SBR. The increase in TAS associated with higher loadings of 

HNTs and RH-HNTs is a result of the reinforcing effect that 

these fillers have on the rubber nanocomposites. The incorpo-

ration of these nanotubes improves the overall toughness and 

resistance of the composite to tearing. The fillers serve as obsta-

cles impeding the spread of cracks and tears, thereby significantly 

enhancing the tear resistance of the nanocomposites.67 With an 

escalation in filler concentration, a greater number of reinforc-

ing elements disperse throughout the polymer matrix, resulting 

in a proportional increase in TAS. Rubber nanocomposites contain-

ing 10 phr of HNTs exhibited a remarkable 72% improvement 

in TAS compared to the base vulcanizate. Similarly, the TAS 

of rubber nanocomposites incorporating 10 phr of RH-HNTs 

exhibited a remarkable improvement of 91% over the corre-

sponding vulcanizate. However, at a higher filler content of 10 

phr, the TAS of rubber nanocomposites incorporating RH-

HNTs demonstrated an 11% increase compared to nanocom-

posites filled with an equivalent amount of HNTs. This mod-

ification likely improves the compatibility between the EPDM/

SBR rubber blend and RH-HNTs, fostering stronger interfacial 

interactions. The enhanced bonding at the interface facilitates 

superior stress transfer and more efficient load distribution when 

the material is subjected to tearing forces.68 As a result, the 

nanocomposites reinforced with RH-HNTs exhibit an even 

higher TAS compared to those reinforced with HNTs. 

Hardness and Rebound Resilience. The hardness of rub-     

ber nanocomposites provides information about the material's 

resistance to deformation or indentation when force is applied, 

as well as its stiffness and resilience under stress.69 Conversely, 

rebound resilience (RR) characterizes the capacity of a rubber 

nanocomposite to revert to its original form and energy after 

Figure 10. Stress at 100% elongation variation in EPDM/SBR 

nanocomposites.
Figure 11. Tear strength variation in EPDM/SBR nanocomposites.
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deformation, such as compression. This demonstrates how the 

material may store and release energy throughout cycles of 

deformation. Importantly, there is an inverse correlation between 

these properties: an increase in hardness generally results in a 

decrease in RR.70 This is attributed to stiffer materials storing 

more energy during deformation, leading to a less efficient rebound 

and recovery. Figures 12 and 13 show the rubber-HNTs nano-

composites' hardness and RR, respectively. Rubber nanocom-

posites become harder when HNTs and RH-HNTs are added 

because of the reinforcing effect that these nanotubes have. 

These nanotubes increase the nanocomposites' overall stiffness 

and rigidity, which raises their hardness levels. However, this 

increase in hardness is accompanied by a reduction in RR. The 

enhanced stiffness of the nanocomposites contributes to a higher

capacity to store deformation energy and a slower release of 

energy during rebound, leading to decreased RR. Compared to 

EPDM/SBR base compounds, the hardness of nanocomposites 

based on EPDM/SBR reinforced with 10 phr of HNTs exhib-

ited a 9% enhancement, while the RR decreased by 24%. Sim-

ilarly, the hardness of rubber nanocomposites filled with 10 phr 

of RH-HNTs showed a 15% improvement over the corresponding 

vulcanizates, with a RR decline of only 22%. The hardness of 

rubber nanocomposites increases with the addition of nanofill-

ers because the fillers create a more rigid structure, enhancing 

the material's resistance to deformation. However, this increased 

rigidity results in lower rebound resilience, as the material becomes 

less able to recover its original shape after deformation. This 

effect is observed in nanocomposites filled with pristine HNTs. 

In contrast, the rebound resilience of nanocomposites filled 

with RH-HNTs is improved by the modifier. The modification 

enhances the compatibility between the nanofillers and the rub-

ber matrix, allowing for better energy dissipation and more effective 

stress transfer. As a result, the material retains more of its elas-

ticity, leading to improved rebound resilience despite the increase 

in hardness.

Abrasion Resistance. Abrasion resistance (AR) describes     

the capability of rubber composites to withstand surface wear, 

erosion, or damage caused by rubbing, scraping, or frictional 

forces.71 A higher abrasion resistance indicates that these com-

posites can maintain their structural integrity and surface quality

even under conditions of repeated contact and mechanical stress, 

demonstrating greater durability and resistance to wear and tear.72

The abrasion loss seen in the rubber-HNTs nanocomposites is 

Figure 12. Hardness variation in EPDM/SBR nanocomposites.

Figure 13. Rebound resilience variation in EPDM/SBR nanocom-

posites.

Figure 14. Abrasion loss variation in EPDM/SBR nanocomposites.
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shown in Figure 14. Upon the incorporation of HNTs and RH-

HNTs into rubber blend, there is a notable decrease in abrasion 

loss up to a concentration of 6 phr. Beyond this point, the reduc-

tion in abrasion loss becomes less pronounced. The incorpo-

ration of HNTs or RH-HNTs led to a sharp decline in abrasion 

loss up to 6 phr. This decline is probably the result of enhanced 

reinforcing within the composite and improved filler-matrix 

interactions. As the filler concentration rises, it establishes a 

more effective barrier against abrasive forces, diminishing the 

material's vulnerability to wear and abrasion. The increased resis-

tance is a consequence of the improved load-bearing capacity 

and stress distribution provided by the fillers, resulting in a notable 

reduction in abrasion loss. The production of filler agglomer-

ates may be responsible for the modest decrease in abrasion loss 

observed with additional HNTs beyond the 6-phr threshold. 

These agglomerates can create stress concentration points, poten-

tially causing localized wear and contributing to a slight increase 

in abrasion loss. Additionally, at higher filler loadings, the over-

all properties of the EPDM/SBR nanocomposites might reach a 

plateau or experience a marginal decrease, leading to a more grad-

ual change in abrasion loss. The AR of rubber nanocomposites 

containing 6 phr of HNTs improved, resulting in a decreased 

abrasion loss of 28% compared to that of EPDM/SBR vulca-

nizate. Similarly, the AR of nanocomposites containing 6 phr 

of RH-HNTs exhibited a significant enhancement, leading to a 

36% decrease in abrasion loss over the corresponding vulcani-

zate. Additionally, the AR of rubber nanocomposites containing

6 phr of RH-HNTs showed an 11% decrease compared to those 

with HNTs filler loading at the same proportion. The enhanced 

AR noted in rubber nanocomposites strengthened with RH-

HNTs may stem from the modification of HNTs with RH. The 

improved interface facilitates better stress distribution and load 

transfer when the material is subjected to abrasive forces. Con-

sequently, the nanocomposites reinforced with RH-HNTs exhibit 

reduced wear and abrasion compared to those containing unmod-

ified HNTs, signifying enhanced durability and performance in 

applications where resistance to wear is crucial.

Compression Set. Figure 15 presents the compression set       

(CS) characteristics of the HNTs-reinforced nanocomposites 

based on EPDM/SBR. The observed rise in CS in rubber blend 

nanocomposites following the incorporation of HNTs or RH-

HNTs could be explained by the fillers' interaction with the EPDM/

SBR matrix. As the filler content increases, the nanocomposites 

may undergo reduced flexibility and increased stiffness, result-

ing in a diminished capacity to recover their original shape after 

compression.73 The fillers restrict the movement of macromo-

lecular chains, hindering their ability to return to their initial 

state, thereby leading to a higher CS. Compared to rubber 

nanocomposites containing HNTs, those including RH-HNTs 

were found to have a greater CS. This difference could be the 

consequence of multiple causes. The interaction between the 

fillers and the EPDM/SBR blend matrix may alter as a result 

of the modification of HNTs with RH, which could affect the 

polymer's elasticity and ability to rebound after compression. 

Furthermore, a higher CS in the nanocomposites including 

RH-HNTs could be the consequence of less effective recovery 

brought about by the increased stiffness supplied by the mod-

ified fillers. The escalating CS observed corresponds to a decreas-

ing trend in EB and RR with the addition of both fillers. This 

link implies that the material's capacity to recover from defor-

mation and maintain its original shape decreases with increasing 

filler content of HNTs or RH-HNTs, which lowers EB and RR 

values. Additionally, the growing CS indicates that the nano-

composites are less capable of returning to their initial state 

after being subjected to compressive forces, further indicating 

a decline in their performance. Nanocomposites with low CS 

values ensure reliable performance and longevity, making them 

well-suited for demanding industrial and engineering applica-

tions.74,75

Swelling Resistance. The information shown in Table 2     

describes the mole percent uptake (MPU) of EPDM/SBR-HNTs 

nanocomposites in various solvents, including aliphatic, chlo-

rinated, and aromatic solvents, all of which were measured at 

23 ℃. Remarkably, there is a consistent reduction in the MPU     

of benzene observed in the composites reinforced with HNTs 

Figure 15. Compression set variation in EPDM/SBR nanocom-

posites.
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compared to the unfilled EPDM/SBR blend. Integrating HNTs 

into the polymer matrix creates a physical barrier that impedes 

the diffusion and infiltration of benzene molecules into the 

nanocomposite structure. There is less benzene uptake as a result 

of this barrier effect, which limits the interaction between sol-

vent molecules and polymer chains. Furthermore, a denser and 

less permeable network may form as a result of the enhanced 

compatibility and dispersion of HNTs within the polymer matrix, 

which would further reduce solvent uptake. Overall, the pres-

ence of HNTs hinders the solvent's ability to interact and swell 

the polymer, leading to the observed decrease in MPU of ben-

zene. This consistent behavior is likewise evident across other 

aromatic solvents, as well as within aliphatic and chlorinated 

solvent environments. In terms of aromatic solvents, the trend 

follows the sequence: benzene exhibits the highest value, fol-

lowed by toluene, xylene, and finally mesitylene with the low-

est value. This trend can be attributed to the molecular weights 

of the solvents. Benzene, with the lowest molecular weight 

among the mentioned solvents, has relatively weaker intermo-

lecular forces. Consequently, it can permeate the polymer matrix 

more readily, resulting in an increased MPU. Toluene, xylene, 

and mesitylene, with progressively higher molecular weights, 

experience stronger intermolecular forces and are less prone to 

penetrate the polymer matrix, resulting in a decreasing trend in 

MPU across these solvents. The molecular weight influences 

the solvents' ability to interact and diffuse within the polymer 

nanocomposite, thereby contributing to the observed trend in 

their MPU.

As far as aliphatic solvents go, the pattern is as follows: n-

pentane has the highest value, n-hexane is next, n-heptane is 

the next, and n-octane has the lowest value. The steady growth 

in these solvents' molecular size and chain length is responsi-

ble for the observed trend in aliphatic solvents. The liquids' 

molecular size and complexity grow as the carbon chain length 

goes from n-pentane to n-octane. This higher molecular size 

and complexity lead to stronger intermolecular forces such as 

van der Waals forces, which result in reduced penetration and 

uptake within the polymer matrix. As a result, the MPU falls 

as the aliphatic solvent's chain length grows. In a similar manner, 

the progression of chlorinated solvents is as follows: Dichloro-

methane holds the highest value, followed by Chloroform, and 

finally, among the listed solvents, carbon tetrachloride exhibits 

the lowest value. Dichloromethane, being the smallest and sim-

plest among the chlorinated solvents, possesses weaker inter-

molecular forces and can readily interact with the rubber blend 

matrix, leading to a higher MPU. Chloroform and carbon tet-

rachloride, with progressively larger and more complex molec-

ular structures, experience stronger intermolecular forces that 

limit their penetration into the rubber blend matrix. This leads 

to a decreasing trend in MPU from dichloromethane to chlo-

roform to carbon tetrachloride. In other words, the trends observed 

in both aliphatic and chlorinated solvents can be owing to vari-

ations in their molecular weights. In aliphatic solvents, the increas-

ing molecular weight from n-pentane to n-octane corresponds 

to stronger intermolecular forces, leading to reduced penetra-

tion into the polymer matrix and a decrease in MPU. Similarly, 

in chlorinated solvents, the ascending molecular weights from 

dichloromethane to chloroform to carbon tetrachloride result in 

Table 2. MPU of Rubber-HNTs Nanocomposites at 23 ℃

HNTs 
loading

MPU (mol%) of aromatic, aliphatic and chlorinated penetrant

Benzene Toluene Xylene Mesitylene n-pentane n-hexane n-heptane n-octane Dichloromethane Chloroform
Carbon 

tetrachloride

HNTs0 3.95 3.57 3.46 3.03 2.42 2.34 2.28 2.24 5.42 4.56 2.26

HNTs2 3.65 3.28 2.71 2.46 2.16 2.02 1.95 1.87 4.86 4.17 1.94

HNTs4 3.63 3.25 2.67 2.39 2.03 1.98 1.81 1.75 4.62 4.17 1.86

HNTs6 3.59 3.17 2.63 2.36 1.96 1.95 1.83 1.72 4.56 4.08 1.75

HNTs8 3.58 3.14 2.65 2.35 1.94 1.92 1.86 1.80 4.54 4.03 1.77

HNTs10 3.52 3.09 2.59 2.28 1.92 1.87 1.78 1.74 4.42 3.86 1.76

RH-HNTs2 3.60 3.17 2.58 2.38 2.06 1.92 1.85 1.75 4.75 3.96 1.85

RH-HNTs4 3.52 3.14 2.55 2.29 1.94 1.88 1.72 1.58 4.48 3.84 1.76

RH-HNTs6 3.45 3.08 2.48 2.17 1.82 1.80 1.65 1.54 3.88 3.78 1.58

RH-HNTs8 3.41 3.02 2.44 2.15 1.78 1.78 1.62 1.53 3.79 3.75 1.55

RH-HNTs10 3.38 2.98 2.42 2.11 1.76 1.75 1.60 1.50 3.75 3.73 1.52
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progressively stronger intermolecular forces, causing a dimin-

ishing trend in MPU due to limited interaction with the poly-

mer matrix.

A consistent pattern persists in rubber nanocomposites con-

taining RH-HNTs. Particularly noteworthy is the fact that the 

MPU observed in rubber/RH-HNTs nanocomposites outper-

forms that of their HNTs-filled counterparts across all solvent 

scenarios. The altered properties of the RH-HNTs are respon-

sible for the rubber/RH-HNTs nanocomposites' enhanced per-

formance, as demonstrated by their decreased MPU in comparison 

to those reinforced with HNTs. The modification process, involving 

resorcinol and hexamethylenetetramine, likely improves the 

compatibility and interaction between RH-HNTs and the rub-

ber blend matrix. This improved interaction reduces the avail-

able pathways for solvent penetration and diffusion within the 

nanocomposite structure. As a result, the modified RH-HNTs 

establish a more efficient barrier against solvent uptake, result-

ing in the observed lower MPU and showcasing the enhanced 

resistance of the nanocomposites to solvent-induced swelling.

Crosslinking Density. The crosslinking density (CLD) in      

rubber nanocomposites signifies the degree of chemical bonds 

between polymer chains, exerting an influence on material proper-

ties. Figure 16 visually represents the CLD within the rubber-

HNTs nanocomposites. The presence of HNTs or RH-HNTs 

can be attributed to their function as efficient crosslinking sites, 

which causes an increase in CLD. The presence of fillers intro-

duces additional sites that enhance interactions between poly-

mer chains, facilitating the formation of chemical bonds and 

crosslinks. This strengthens the polymer structure and improves 

its mechanical properties. Fillers may also catalyze bonding 

reactions, further promoting these connections. The denser net-

work structure enhances the material's mechanical and physical 

properties. The alteration of RH-HNTs may account for the higher 

CLD seen in EPDM/SBR nanocomposites reinforced with RH-

HNTs rather than HNTs. The fillers' reactivity is expected to be 

increased by the alteration with resorcinol and hexamethy-

lenetetramine, enabling more successful crosslinking with the 

EPDM/SBR matrix. The increased CLD seen in the nanocom-

posites containing RH-HNTs is a result of this increased cross-

linking activity. The CLD is a pivotal factor influencing various 

mechanical properties. An elevated CLD gives rise to a sturdier 

and more unified network structure, thereby fostering enhance-

ments in key mechanical attributes such as TS and TAS, hard-

ness, swelling resistance and AR. By limiting the mobility of 

macromolecular chains, the quantity of crosslinks acts as a restrain-

ing factor, strengthening the material's resistance to external 

forces and deformation. This orchestrated interplay leads to the 

manifest improvements witnessed across these mechanical 

properties. In essence, the augmented CLD instills a heightened 

level of organization and cohesion within the polymer matrix. 

Morphology. The fractured surfaces of the tensile specimens,     

including gum rubber, blend with 6 phr HNTs, blend with 10 

phr HNTs, blend with 6 phr RH-HNTs, and blend with 10 phr 

RH-HNTs, are shown in the FESEM micrographs in Figure 17.

Figure 17(a) shows the base rubber compound, which is made 

by reactive extrusion with sulphur and vulcanizing chemicals. 

While not immediately obvious, the FESEM images in Figure 

17(b) appear to display the presence of HNTs on the fracture sur-

face. In comparison to the sample with 6 phr, the nanocom-

posite containing 10 phr of unmodified HNTs displays disrupted 

continuity, likely due to the occurrence of larger-sized aggre-

gates (as depicted in Figures 17(b) and (c)). The strong contrast 

between the extremely hydrophilic qualities of HNTs and the 

distinctly hydrophobic qualities of the surrounding matrix is 

what causes this disruption. The discrepancy becomes more appar-

ent in the FESEM pictures, which show a discernible space 

between the enclosing matrix and the aggregated HNTs, under-

scoring inadequate interfacial connectivity. As was previously 

mentioned, this impaired connection seriously jeopardises overall 

mechanical properties. The evident lack of effective bonding 

contributes to reduced TS, potentially resulting in diminished 

performance in load-bearing applications. These FESEM micro-

graphs provide valuable insights into the morphology of nano-

composites and their interfacial characteristics. They help in 

comprehending the relationship between structure and proper-

ties, thereby facilitating the design of enhanced rubber nano-
Figure 16. Crosslinking density variation in EPDM/SBR nanocom-

posites with HNTs and RH-HNTs fillers.
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composites. Most importantly, a discernible stress concentration 

phenomenon arises from the absence of interfacial interaction 

in composites, aggravating intrinsic material deficiencies. Thus, 

cohesive forces clearly decrease, which results in a drop in mate-

rial characteristics. Because of the increased hydrophobicity 

brought about by this treatment, nanocomposites containing 

RH-modified HNTs exhibit a notable absence of this interfa-

cial bonding deficit. Better particle dispersion is made possible 

by RH-modified HNTs' enhanced hydrophobicity, as shown in 

Figures 17(d) and (e). In addition to improving dispersion, surface 

treatment causes the aggregate size to decrease, which increases 

the cohesiveness of the material and increases its mechanical 

integrity overall. In contrast to unmodified HNTs, where sig-

nificant aggregates impede interfacial interaction, RH modifi-

cation ensures well-dispersed, smaller HNT aggregates. This 

all-encompassing improvement goes beyond particle distribu-

tion, cultivating a unified composite structure that supports better 

mechanical properties. It highlights the connections between 

aggregate size, dispersion, surface treatment, and overall mate-

rial performance. Ultimately, the surface-modified HNTs estab-

lish a synergistic interplay of factors, culminating in nanocomposites

with robust mechanical properties and reinforcing the signifi-

cance of precise surface engineering in advancing composite 

materials.

Conclusions

The fabrication of EPDM/SBR nanocomposites involved the 

incorporation of both HNTs and RH-HNTs using an open mill 

mixer, followed by sulfur vulcanization. The subsequent exam-

ination of these nanocomposites revealed significant insights, 

leading to the following comprehensive conclusions:

1. The incorporation of HNTs to the EPDM/SBR nanocom-

posites yields multifaceted benefits. It enhances reinforcement, 

accelerates crosslinking reactions, and advances curing effi-

ciency. As a result, the nanocomposites exhibit elevated torque 

values, an improved CRI, and reduced both ts2 and t90. This 

amalgamation of effects directly contributes to the remarkable 

enhancement of the curing features of the nanocomposites.

2. The augmentation of TS and M100 within the EPDM/

SBR nanocomposites, up to a filler loading of 6 phr of HNTs, 

stems from a harmonious synergy of factors. These include 

heightened reinforcement and the efficient distribution of stress 

across the nanocomposite structure. However, as HNTs loading 

surpasses this threshold, the potential for aggregation arises, 

leading to compromised dispersion and subsequent degrada-

tion in mechanical performance. Through strategic modification, 

RH-HNTs foster robust interfacial adhesion, thus reinforcing 

the mechanical attributes beyond that achievable by unmodi-

fied HNTs. Remarkably, the TS and M100 of RH-modified 

HNTs-loaded nanocomposites escalated by a substantial 143% 

and 66%, respectively, in comparison to their counterparts con-

taining unmodified HNTs.

3. The escalation of TAS, hardness, and AR within the rubber

nanocomposites, with an increased HNTs content, underscores 

the influence of enhanced reinforcement and reduced mobility 

of polymer chains. Conversely, the decrement in EB, RR, and 

MPU arises due to impeded chain movement and the stiffness 

introduced by fillers. RH modification acts as a key factor in 

enhancing interfacial bonding between nanotubes and the rub-

ber matrix, leading to better dispersion and more effective load 

transfer. This orchestrated enhancement encompasses not only 

particle distribution but also imparts a cohesiveness to the compos-

ite structure, thereby amplifying overall properties.

Figure 17. Fracture surfaces of rubber and nanocomposites con-

taining HNTs and RH-modified HNTs under tensile testing: (a) rub-

ber blends; (b) 6 phr HNTs; (c) 10 phr HNTs; (d) 6 phr RH-HNTs; 

(e) 10 phr RH-HNTs filler-reinforced EPDM/SBR nanocomposites.
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4. The progressive elevation in CS with escalating HNTs 

content can be attributed to the inherent compromise in poly-

mer chain mobility and the concomitant increase in stiffness. 

While RH modification accentuates various properties, its impact 

on nanocomposite flexibility may influence CS. Favorably, a 

lower CS emerges as an indicator of exceptional resistance to 

deformation over prolonged durations, emphasizing its signif-

icance for enduring performance.

5. These nanocomposites offer significant advantages for the 

automotive and construction industries, where enhanced mechani-

cal properties and resistance to environmental factors are essential. 

Specifically, the improved durability and mechanical performance 

of these blends make them well-suited for applications in seals, 

gaskets, and vibration dampers.
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