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Abstract: Natural rubber/ethylene-propylene-diene monomer (NR/EPDM) rubber blends of composition 75/25 with 0, 

2, 4, 6, 8, and 10 phr (parts per hundred rubber) halloysite nanotubes (HNTs) were prepared by two-roll mill. The effect 

of HNTs on the cure characteristics and mechanical properties of the NR/EPDM nanocomposites were studied. The effect 

of HNTs loading on the morphological, physical, swelling resistance and compression set of nanocomposites based on 

NR/EPDM was also investigated. Tensile strength tests revealed that the HNTs-reinforced NR/EPDM composite could 

resist 84% greater strength to break than the NR/EPDM blend without reinforcement. The introduction of HNTs into the 

NR/EPDM rubber matrix induced a rough morphology in the fracture surface, and a well-dispersed structure was 

obtained with the inclusion of up to 8 phr of HNTs, according to the morphological analyses. 

Keywords: natural rubber/ethylene-propylene-diene monomer, halloysite nanotubes, mechanical properties, swelling 

resistance, morphology.

Introduction

Blending two rubbers is an effective way to increase qual-

ities that aren’t inherent in a single rubber. The adhesion 

between the components determines the qualities of any blend. 

Despite the fact that the majority of the mixes are thermo-

dynamically incompatible, many have been discovered to be 

technologically important.1-3 When natural rubber (NR) is stretched, 

it can crystallise. Stress-induced crystallisation can be utilised 

to increase modulus and deformation resistance, preventing 

defects from propagating. Ethylene-propylene-diene monomer 

(EPDM) rubber, on the other hand, comprises saturated hydro-

carbon backbones, which provide excellent weathering, oxidation, 

and chemical resistance.4-5 Compounds with good ozone and 

chemical resistance and reduced compression set have been 

created by combining NR with EPDM and other diene rubbers.

NR is frequently added to EPDM to increase the tack qualities 

of the material.6 Because EPDM chains have different unsat-

urated bonds than NR chains, this combination may have poor 

curing qualities. These two rubbers, NR and EPDM, are non-

polar and incompatible.7 Each of them possesses certain 

advantageous physical and chemical characteristics that, when 

combined, would provide useful commercial products. As a 

result, ethylene propylene diene monomer-grafted-maleic anhy-

dride (EPDM-g-MA) is utilised as a compatibilizer to com-

pensate for this weak point.8-10 The mechanical properties of 

the blend will also be greatly impacted by the phases' adhesion. 

The compatibilizer is utilised because it plays a crucial part in 

achieving the required properties of the compositions through 
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the process that blends these incompatible polymers.11-13 The 

interfacial adhesion was increased by a number of experi-

ments. Some of these included modifying the EPDM so that 

the mix would be compatible with it after being exposed to 

reactive chemicals like maleic anhydride during the peroxide 

initiation process, halogenating the EPDM in solution, and 

using accelerators that were more soluble in the EPDM phase.14-

16 Unfortunately, there are very few research examining immis-

cible polymer mixes with solid particle-stabilized surfaces. 

Immiscible polymer blends can now be made compatible eco-

nomically by adding inorganic nanoparticles. It has been demon-

strated that the nanoparticles may significantly absorb at the 

blend’s interface, which enables them to stabilise it.17-18

Fillers are being incorporated into polymeric materials to 

improve their qualities for end-use applications, according to 

researchers.19-20 In most cases, nanometer-sized inorganic fill-

ers are used as reinforcing elements in polymers. Because of 

its high surface area, high aspect ratio (i.e., length/thickness or 

length/diameter ratio), low density, and presence of functional 

groups on the surface, the reinforcing effect can be achieved at 

lower filler concentrations than micron-sized fillers. Because 

the strength and modulus of gum rubber are relatively low, 

elastomers are reinforced with hard and soft materials to achieve 

practical use of rubber products.21-22 Carbon black, silica, and 

fibres are common fillers in the rubber industry.23 Traditional 

fillers, on the other hand, are needed in high quantities (30-

60%) to provide the best qualities for the final applications. As 

a result, nano-sized inorganic particles have gotten a lot of 

attention in the rubber sector.24-25 Organic/inorganic hybrid 

nanocomposites are often made from naturally occurring clays 

and minerals having at least one dimension in the nanometer 

range (1-100 nm). Nanoclays are commonly employed in elas-

tomers because they may fine-tune their surface chemistry by 

adding functional groups.26-27 Nanosized graphene and carbon 

nanotubes (both functionalized and nonfunctionalized) rein-

forced rubber are a promising new class of advanced materials 

in the rubber sector for increasing electrical conductivity as 

well as mechanical qualities.28-30

Halloysite nanotubes (HNTs) are aluminosilicates having a 

hollow micro and nanotubular structure comparable to carbon 

nanotubes that occur naturally. Its high mechanical strength 

and Young’s modulus (≈1 TPa) make it a unique and adaptable 

material for polymer nanocomposites preparation. The hydrated 

form (with interlayer spacing of 10 Å) of layered halloysite 

with the formula Al2Si2O5(OH)4·2H2O and the anhydrous form 

(with interlayer spacing of 7 Å) of layered halloysite with the 

formula Al2Si2O5(OH)4 are the two forms of layered halloysite 

nanotubes. Because of its unusual structure and the presence of 

functional groups on its surface, it can be used in both biological 

and nonbiological applications. Anticorrosion agents, thermal 

resistance, cargo for biomaterials, prospective drug delivery 

vehicle, immobilisation matrix, and polymerization processes 

are only a few of the applications of HNTs in the polymeric 

sector.31-34 Several attempts have been made recently to use 

various kinds of nanoscale reinforcements to create a rubber 

compound based on NR/EPDM mixes that has the requisite 

mechanical qualities. The impact of organoclay on the shape 

and mechanical characteristics of NR/EPDM blends with vary-

ing content ratios was described by Alipour et al.35 They dis-

covered a 40% rise in tensile modulus when 7 phr of organoclay 

is added to the NR/EPDM (75/25 phr/phr). The aim of the 

present work is to study the cure characteristics, mechanical, 

abrasion resistance and morphology of NR/EPDM/EPDM-g-

MA blends reinforced with HNTs with special reference to the 

effects of HNTs content. The behaviour of the composites in 

different solvent was also examined.

Experimental

Materials. All mixing ingredients were used as received.

Rubber materials: Natural rubber (NR: Ribbed Smoked     

Sheets (RSS)-1, ML(1+4) 100 ℃ - 57 M, density - 0.9125 g/cm3,     

ash content - 0.58% and nitrogen content - 0.63%) and eth-

ylene-propylene-diene monomer (EPDM) rubber (KEP-270, 

ML(1+4) 125℃ - 60 M, ethylene content - 68 wt%, termonomer     

content (ethylidene norbornene) - 4.5% and density - 0.86 g/cm3)

were procured by Asian Rubber Pvt. Ltd., Ambattur, Chennai, 

India and Supple Rubber Chemicals Pvt. Ltd., New Delhi, 

India, respectively. 

Reinforcement: Halloysite nanotubes (family: kaolin clay),     

linear chemical formula: Al2Si2O5(OH)4·2 H2O, molecular 

weight: 294.19 g/mol, diameter × length: 30-70 nm × 1-3 µm 

was obtained from Sigma-Aldrich, Puducherry. 

Rubber Chemicals: Activator (stearic acid and zinc oxide),     

accelerators (mercaptobenzothiazyl disulphide - MBTS, tetrameth-

ylthiuram disulphide - TMTD), zinc diethyldithiocarbamate

(ZDC) and 2-mercaptobenzothiazole - MBT) and vulcanizing 

agent (sulphur) were obtained from Vignesh Chemicals Pvt. 

Ltd., Ambattur, Chennai, India.

Compatibilizer: Ethylene-propylene-diene rubber grafted with    

maleic anhydride (EPDM-g-MA), with the trademark Bondyram®

7001, was purchased from Songhan Plastic Technology Co. 
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Ltd., Shanghai City, China with melt flow rate (MFR) of 7 g/10 

min (ASTM D D1238), mass density of 0.87 g/cm3 (ASTM D792)

and MAH content of 0.7%. 

Swelling Chemicals: Aromatic solvents (benzene, mesi-     

tylene, toluene and xylene), aliphatic solvents (n-pentane, n-

heptane, n-hexane and n-octane) and chlorinated solvents 

(chloroform, dichloromethane and carbon tetrachloride) employed 

in this study were supplied by Sigma-Aldrich, Puducherry.

Preparation of Nanocomposites. An open-mill mixer was      

used to produce the NR/EPDM mixes with varying filler load-

ings. Mastication and blending of each polymer were done 

individually between mill rolls at room temperature, according 

to the formulas in Table 1. The NR rubber was masticated for 

around 5 minutes in a two-roll mill, then EPDM-g-MA and 

EPDM were added for another 5 min on the same mill, fol-

lowed by the vulcanization components. HNTs were added 

five minutes after the components were added, and the nano-

composite was stirred for five to fifteen minutes. Depending 

on the filler loading, the compounding time for each composite 

was kept at 20-30 min. The composites were vulcanised in a 

hydraulic press (platen size: 15×15 cm) at a pressure of 60 MPa, 

at a temperature of 160 ℃, and for an optimum cure period.

Characterization. Cure characteristics: The cure properties     

of the unvulcanized rubber samples were assessed using an 

oscillating disc rheometer at 160 ℃ in accordance with ASTM         

D2084 (ODR). 

Tensile strength, elongation at break and 100% modulus: A 

die cutter was used to cut dumbbell-shaped and un-nicked 90-

degree test shaped samples from the moulded sheets. The com-

posites were tensile tested in accordance with ASTM D412-C 

using a universal testing machine (UTM) (series: 7200, make: 

Dak System Inc., model: T-72102) at 23 ℃ and 500 mm/min          

cross-head speed.36 Using the aforementioned equipment and 

testing circumstances, tear characteristics were determined 

according to ASTM D624-B. For each series of studies, at least 

five samples were evaluated to provide a high level of con-

fidence.

Hardness and abrasion resistance: The shore A durometer 

hardness tester was used to assess hardness in accordance with 

ASTM D2240. Based on ASTM D5963, an abrasion resistance 

test (Zwick abrasion tester) was performed. A vertical rebound 

resilience tester was used to measure rebound resiliencein 

accordance with ASTM D2632.37-38

Crosslink Density: The crosslink density of rubber spec-     

imens was measured on the basis of the immersion techniques 

(equilibrium solvent-rubber swelling) measurements (toluene 

uptake for 72 h at 23 ℃) by applying the Flory–Rehner equa-     

tion.39-42

(1)

where, Mc is the molar mass of the polymer between cross-

links, Vs is the molar volume of the solvent (106.3 mL/gmol), 

ρp is the density of the polymer, Vr is the volume fraction of 

polymer in the solvent-swollen filled compound, χ is the inter-

action parameter of the polymer (0.25),43 and Vr is given by 

following eq.44

(2)

where, Qm is the weight swell of the NR/EPDM-HNTs nano-

composites in toluene.

The degree of crosslink density (v) is given by eq. (3):

(3)

Swelling Resistance Property: The equilibrium immer-    

sion swelling method was used to assess swelling resistance, 

which is expressed as mole percent uptake in a swollen state. 

Rubber samples were swollen in different chemicals/solvents 

(benzene, mesitylene, toluene, xylene, n-pentane, n-heptane, n-
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Table 1. Formulation of NR/EPDM-HNTs Compounds

Sample 
code

Compounds (phr)

NR EPDM EPDM-g-MA HNTs Zinc oxide Stearic acid MBTS TMTD Sulphur

H0 75 25 5 0 4 1.5 1.2 1 2.5

H2 75 25 5 2 4 1.5 1.2 1 2.5

H4 75 25 5 4 4 1.5 1.2 1 2.5

H6 75 25 5 6 4 1.5 1.2 1 2.5

H8 75 25 5 8 4 1.5 1.2 1 2.5

H10 75 25 5 10 4 1.5 1.2 1 2.5
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hexane, n-octane, chloroform, dichloromethane and carbon tet-

rachloride) at ambient temperature (23 ℃) for 3 days and then          

removed from the solvent and the rubber surface solvent was 

blotted off rapidly with help of tissue paper. The rubber sam-

ples were immediately weighed on an analytical balance. The 

mole percent uptake Qt was determined using the formula.

(4)

where, Mt is the mass of the specimen after 3 days of immer-

sion, M0 is the initial mass of the specimen and MW is the 

molecular weight of the solvent.

Compression Set: Using an assembled apparatus, the test       

was conducted at both ambient and high temperatures. Accord-

ing to ASTM D395, a compression set test was performed. 

The compressive stress was calculated at 25% of the original 

thickness. The constructed device was aged in a dry-air cir-

culating oven for 22 hours at 70 ℃ for elevated temperature          

testing. The recovery % of rubber material in terms of com-

press thickness is referred to as compression set. It is calculated

using eq. (5).

Percentage of compression set, C% = ×100 (5)

where, A0 is the original thickness of the specimen, A1 is the 

specimen thickness after removed from the compression device 

and As is the spacer bar thickness which is used.

SEM Microscopy: A field emission-scanning electron micro-      

scope (FE-SEM) type Hitachi S-3400 operating at a voltage of 

30 kV was used to examine the tensile fracture surface. The 

goal was to get a concept of the mechanism of fracture. To 

avoid electrical charge during examination, the fracture ends of 

the tensile specimens were mounted on stubs and sputter coated 

with a thin layer of gold.

Results and Discussions

Figures 1(a-f) show the curing behaviours of NR/EPDM-

HNTs nanocomposites containing various concentrations of 

HNTs. The presence of HNTs and its loading on the curing 

behaviours of the NR/EPDM-HNTs nanocomposites can be 

investigated using these figures. The maximum torque (Mh) of 

the NR/EPDM-HNTs nanocomposites progressively increases 

as the concentration of HNTs in the nanocomposites increases, 

as shown in Figure 1(a). A Mh represents the stiffness or shear 

modulus of test specimens that have undergone complete vul-

canization at the curing temperature. The inclusion of HNTs, 

which has a stronger limitation on the molecular motion of the 

macro molecule or tends to impose additional flow resistance, 

was the cause of the enhancement Mh of the HNTs filled nano-

composites.45 This reflects the material’s rigid filler HNT’s 

reinforcing action, which increases the modulus and hardness 

of the NR/EPDM-HNTs nanocomposite. 

The minimum torque (Ml) is another significant factor that 

affects the rubber compound’s viscosity. Figure 1(b) shows the 

Ml of NR/EPDM-HNTs composites. The reinforcing effect of 

HNTs nanofiller and its interaction with the macromolecular 

chains of the polymer matrix could explain the increase in vis-

cosity of the rubber compounds with varying HNTs content 

seen in Figure 1(b). This is most likely owing to the EPDM-

g-MA compatibilizer and other additives present. The flow 

ability of the NR/EPDM-HNTs composites decreases as the 

HNTs concentration increases, resulting in an increase in Ml. 

The interfacial interaction between the nanotubes and the rub-

ber matrix chains is improved due to the presence of HNTs 

with a high aspect ratio in the rubber composite. When more 

HNTs are introduced to the NR/EPDM matrices, the effect 

becomes more dramatic. The mobility of NR/EPDM rubber 

chains is limited by physical interactions between scattered HNTs 

and rubber matrix molecular chains. Therefore, the resistance 

of the rubber compound against flow (Ml) progressively increases 

with HNTs content.

Figure 1(c) depicts the delta torque of several samples. As 

the concentration of HNTs in the rubber vulcanizate is raised, 

the delta torque (∆M), which is a measure of crosslink density 

of the rubber nanocomposite, also increases. The higher ∆M in 

the NR/EPDM nanocomposite with HNTs implies an increase 

in compound crosslink density with HNTs loading. These find-

ings show that HNTs have a strengthening impact in the NR/

EPDM nanocomposite while also causing a more efficient cur-

ing process in the rubber compound. The existence of positive 

and negative ions on the inner and outer surfaces of HNTs 

scattered in the rubber matrix contributes to the latter function 

of HNTs in the rubber composite. Similar findings have been 

made regarding ∆M, which measures the difference in shear 

modulus or stiffness between test specimens that have been 

fully vulcanised and those that have not, as measured at the lower 

end of the vulcanizing curve. The cross-link density is indirectly 

correlated with the ∆M.46 Consequently, it may be said that the 

addition of HNTs has improved cross-linking.47

The scorch time (ts2), optimum cure time (t90), and cure rate 

index (CRI) of NR/EPDM-HNTs nanocomposites are shown 
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in Figures 1(d)-(f) respectively. Scorch time is an important 

parameter of cure behavior that influences the processing of 

rubber composites. As the amount of HNTs in the NR/EPDM-

HNTs composites increase, the ts2 and t90 of the composites 

dropped. The existence of positive and negative ions on the 

surfaces of HNTs, as well as their large surface area, could 

explain the variation in ts2. Figure 1(d) shows that the inclusion 

of HNTs reduced the ts2 of the NR/EPDM-HNTs composites, 

with the ts2 steadily decreasing as the amount of HNTs in the 

nanocomposites increased. The results show that including 

HNTs into the NR/EPDM matrices decreased the t90 of the 

nanocomposites. HNTs have been used in polymer composites 

not only as reinforcement agents to improve mechanical char-

acteristics, but also as curing accelerators. The presence of 

Figure 1. Cure behaviors of NR/EPDM-HNTs composites: (a) Mh; (b) Ml; (c) ∆M; (d) tS2; (e) t90; (f) CRI
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HNTs in rubber compounds results in a greater cure rate and 

earlier crosslinking activation, according to these figures. Adding

HNTs to rubber composites with a constant amount of EPDM-

g-MA compatibilizer, on the other hand, has resulted in an 

increase in overall curing qualities.

Figures 2(a-c) show the change in mechanical characteristics 

of NR/EPDM-HNTs nanocomposites as a result of tensile test-

ing. As shown in Figure 2(a), increasing the content of HNTs 

in the NR/EPDM-HNTs nanocomposites gradually raises the 

tensile strength of the nanocomposites up to 8 phr before 

decreasing. Because of interactions between the rubber blend 

and HNTs, a higher crosslinking density, and the stiffening 

effect of HNTs, the introduction of HNTs resulted in a higher 

tensile strength.48 Figure 2(a) further shows that adding the 

optimum loading of HNTs, which was around 8 phr, increased 

the tensile strength of the rubber blend matrix by up to 84%. 

The dependence of tensile strength augmentation with HNT 

concentration declines above 8 phr loading, and nano-rein-

forcement effectiveness becomes negligible. Tensile strength 

increased at a relatively fast rate at beginning (below 8 phr of 

HNT), but when HNT concentration increased (above 8 phr of 

HNT), this rate diminished, resulting in a downward trend in 

tensile strength. The creation of HNT agglomerations, which 

caused filler–filler interaction growth (confirmed by FE-SEM 

observation displayed in Figure 11), appears to have harmed 

the tensile strength enhancement. The findings revealed that 

until HNTs are finely disseminated into the polymer matrix in 

random orientation, the maximum improvement in tensile 

strength may be reached with their incorporation. Because of 

the decreased interfacial interaction induced by improper dis-

persion of HNTs, agglomeration of HNTs at higher loading 

reduces the enhancing impact of HNTs.

The influence of HNTs on the elongation at break of NR/

EPDM-HNTs nanocomposites is shown in Figure 2(b). The 

elongation at break of NR/EPDM-HNTs rubber nanocomposites 

rises up to 8 phr with increasing HNT concentration before 

decreasing. The incorporation of HNTs into the NR/EPDM 

rubber matrix improves nanocomposites' elongation at break. 

Both tensile strength and elongation at break increased when 

the matrix/HNTs interactions were favourable and the HNTs 

content was low. The elongation at break of the NR/EPDM-HNT

nanocomposites was significantly reduced as the concentration 

of HNTs in the formulation increased, which can be attributed 

to the stiff HNTs' restrictions in chain mobility and flexibility 

of the rubber matrix.49-50 The nanocomposites made of NR and 

EPDM have significantly increased flexibility and tensile strength.

A physical barrier against a break is thought to be formed by 

the homogeneous distribution of HNTs throughout the rubber 

matrix, increasing the resistance to breaking. These findings 

suggest that the intercalation of rubber molecules into the gal-

leries of HNT, even if each tube of the HNTs is not entirely 

Figure 2. Mechanical characteristics of NR/EPDM-HNTs compos-

ites: (a) Tensile strength; (b) elongation at break; (c) M100
 Polym. Korea, Vol. 47, No. 4, 2023
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delaminated, can effectively improve the strength and toughness 

as well as the stiffness of NR/EPDM nanocomposites.

Figure 2(c) shows the variance in stress at 100% elongation 

(100% modulus, M100) for NR/EPDM-HNTs nanocomposites 

as a function of HNT concentration. These findings revealed 

that the change in stress at 100% elongation with HNT loading 

followed the same pattern as the tensile strength trend. M100 

in nanocomposites increased up to 8 phr as the HNT content 

in the composites increased, then declined. This characteristic 

increased with HNT content, peaked at 6-8 phr, and then began 

to decline. The uniform distribution of HNTs in the rubber 

matrix, as evidenced by FE-SEM morphological investigations, 

the rigidity of the HNTs, and the interaction between rubber 

matrix and HNTs all contributed to the rise in M100 of NR/

EPDM-HNTs composites, even at low HNT concentrations.51-52

Because of the formation of aggregates, nanofiller dispersion 

in rubber matrix is low at 10 phr. As a result, the interaction 

between the HNTs nanofiller and the NR/EPDM rubber matrix 

was reduced, and the M100 was reduced.

Figure 3 shows a plot of tear strength of NR/EPDM-HNT 

composites. The tear strength of the NR/EPDM nanocomposites 

increased when the amount of HNT in the compound was 

increased. The tear strength of the composite reinforced with 

10 phr HNT was 53.41 N/mm, compared to 38.96 N/mm for 

the control sample (H0). In most rubber matrixes, the tear pro-

cess is divided into two stages: fracture initiation in crack-free 

regions and crack propagation to the failure point. For deter-

mining the influence of nanomaterials on rubber tear, both 

methodologies, including fracture initiation and crack prop-

agation, should be examined. Several tear strength characteristics 

(induced stiffness, restricted rubber chain mobility, etc.) that 

contribute to the increased tear strength of elastomers filled 

with nanofillers should also be considered. Furthermore, some 

nanofillers can act as reactive fillers by increasing the cross-link 

density of the rubber matrix and establishing a suitable filler–

matrix interaction. The inclusion of nanofillers has also been 

linked to a reduction in crack propagation rate. The observed 

trend for tear strength, on the other hand, revealed that tear 

strength variables such as fine uniform dispersion of HNTs, 

high cross-link density, better HNT–rubber phase interaction, 

and low crack propagation rate are prominent, enhancing tear 

strength. It is clear that the HNTs loaded NR/EPDM nano-

composites' H2, H4, H6, H8, and H10 had tear strengths that 

were, respectively, 11, 18, 26, 36, and 37% higher than those 

of their corresponding control H0. Similar results are obtained 

in 8- and 10-phr filler-filled nanocomposites.

Figure 4 depicts the effect of HNTs loading on the hardness 

of the NR/EPDM nanocomposites. Hardness values rise mono-

tonically with HNT content, as may be shown. These findings 

revealed that the change in hardness value with HNT loading 

followed the same pattern as the tear strength trend. The hard-

ness of nanocomposites was substantially dependent on the 

HNT loading at low HNT concentrations, but this dependency 

gradually diminished as the HNT concentration increased. The 

intrinsic stiffness of HNTs, higher cross-link density, and the 

physical interaction between HNTs and rubber all contributed 

to the rise in hardness with increasing HNT content. These can 

limit the segmental motions of rubber chains, lowering the 

energy dissipation capabilities of nanocomposites and, as a 

result, preventing needle penetration, which is used to deter-

mine the degree of hardness.

As illustrated in Figure 5, the NR/EPDM-HNTs composite's 

Figure 3. Tear strength of NR/EPDM-HNTs composites. Figure 4. Hardness of NR/EPDM-HNTs composites.
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rebound resilience decreases as the concentration of HNTs 

nanofiller increases. According to ASTM D945, resilience is 

defined as the ratio of energy expended on deformation recovery 

to the energy necessary to cause the distortion. The flexibility 

of molecular chains is related to resilience; the more flexible 

the molecular chains are, the stronger the resilience.

Figure 6 shows the abrasion resistance of NR/EPDM-HNTs 

nanocomposite samples as a measure of the solid material’s 

ability to withstand the progressive volume reduction from its 

surface by mechanical action. The abrasion resistance of the 

NR/EPDM nanocomposite samples was found to drop some-

what as the HNTs content was increased, going from 37.29 mm3

for the control NR/EPDM mix to 26.21 mm3 for the composite 

containing 10 phr of HNTs. This suggested that the NR/EPDM 

rubber matrix with higher reinforcement had better abrasion 

resistance against wear, which is an indirect indication of more 

cross-links and good interactions between the rubber matrix 

and HNTs. HNTs supported a portion of the applied load during 

the abrasion test, resulting in a reduction in penetration into the 

polymer surface and only allowing micro-plowing and/or micro-

cutting processes to occur.53

Figure 7 shows the estimated Mc and crosslink density val-

ues for NR/EPDM-HNTs composites. Mc values in HNTs-filled 

systems are lower than in unfilled rubber matrix, indicating a 

smaller molar mass between crosslinks, and Mc decreases as 

HNTs content increases. The accessible volume between adja-

cent cross-links reduced as the value of Mc decreased. The sol-

vent uptake mechanism is hampered by the reduction in volume. 

As demonstrated in the FE-SEM micrographs, the modest rise 

in Mc at HNTs concentration more than 8 phr is attributable to 

the nanofiller aggregation. The estimated crosslink density 

graphs supported this claim. The crosslink density increased as 

the nanofiller concentration in the composites increased, with 

a peak value of 8 phr. There was a decrease in crosslink den-

sity when the HNTs content was greater than 8 phr.

Rubber and other materials must maintain their dimensional 

stability when used in real-world conditions, which frequently 

involve purposeful or unintentional interaction with solvents 

and chemicals. The influence of HNTs loading on the swelling 

behaviour of the NR/EPDM-HNTs rubber nanocomposites in 

terms of mole percent uptake (Qt) was explored in this study, 

and the findings are shown in Figure 8. The mole percent uptake 

of four aromatic (mesitylene, xylene, toluene, and benzene), 

four aliphatic (n-octane, n-heptane, n-hexane, and n-pentane) 

and three chlorinated solvents (carbon tetrachloride, chloroform, 

and dichloromethane) through NR/EPDM-HNTs nanocom-

posites in the temperature of 23 ℃ (ambient) were examined     

in the present work, with special reference to the effects of the 

HNTs loading and solvent size. 

Figure 5. Rebound resilience of NR/EPDM-HNTs composites.
Figure 6. Abrasion loss of NR/EPDM-HNTs composites.

Figure 7. Mc and crosslink density of NR/EPDM-HNTs composites.
 Polym. Korea, Vol. 47, No. 4, 2023
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The effect of HNTs content on mesitylene uptake is seen in 

Figure 8. It was discovered that gradually increasing the amount 

of HNTs resulted in a decreased mole percent uptake. The 

addition of 8 phr of HNTs into the NR/EPDM rubber matrix 

caused a notable reduction in the solvent uptake of the NR/

EPDM-HNTs nanocomposites. The decrease in solvent uptake 

suggests that HNTs dilute and constrain the rubber matrix, lim-

iting the extensibility of rubber chains generated by swelling.54

Furthermore, the scattered structure of HNTs in rubber matrix, 

as well as interfacial interactions between the aluminols and 

silanols of HNTs with the matrix, limited solvent penetration.55

The solvent uptake increased marginally after 8 phr. The cre-

ation of HNT agglomerates, as seen in the FE-SEM micro-

graphs, was the reason for this. Different solvents (xylene, 

toluene, benzene, n-octane, n-heptane, n-hexane, n-pentane, 

carbon tetrachloride, chloroform, and dichloromethane) showed 

similar trends in mole percent uptake.

The influence of penetrant size on the mole percent uptake 

of four aromatic solvents through sulphur cured NR/EPDM-

HNTs composites is shown in Figure 9(a). The graph shows 

that the trend is in the following order: benzene > toluene > 

xylene > mesitylene. The effect of penetrant size on the mole 

percent uptake of four aliphatic solvents via the same nano-

composites is shown in Figure 9(b). The graph shows that the 

tendency is in the following order: n-pentane > n-hexane > n-

heptane > n-octane. The effect of penetrant size on the mole 

percent uptake of four chlorinated solvents through NR/EPDM 

rubber-HNTs nanocomposites is shown in Figure 9(c). The 

graph shows that the tendency is dichloromethane > carbon 

tetrachloride > chloroform in that order. With the exception of 

chloroform, which displays a lower mole percent uptake increase 

at equilibrium (Qt) levels than expected, the observations are in 

the correct order of the typical influence of the solvent’s molecular 

Figure 8. Mole percent uptake of mesitylene by different nanotubes 

loading.

Figure 9. Mole percent uptake of different solvents through HNT 

filled NR/EPDM nanocomposites: (a) aromatic solvents; (b) ali-

phatic solvents; (c) chlorinated solvents.
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mass on mole percent uptake. Dichloromethane has the max-

imum uptake due to the solubility parameter’s supremacy over 

the solvent’s molecular mass during penetration. The smaller the 

discrepancy, the superior is the similarity of a polymer com-

pounds toward the solvent.

More chemical crosslinks between elastomer chains in the 

vulcanizate with greater HNT loading, as found in curing tests 

(Figure 1(c): delta torque), may contribute to the observed 

reduction in mole percent uptake by preventing rubber mol-

ecules from being surrounded by solvent molecules.56 As a 

result, a higher number of crosslinks turns the rubber matrix 

into a stiffer material that is less susceptible to solvent pen-

etration. The increased amount of crosslinking causes a steady 

decrease in mass swell as HNTs loading increases. The geometry 

of the filler (size, shape, size distribution, concentration, and 

orientation), the characteristics of the filler, the properties of 

the rubber matrix, and the interaction between the rubber 

matrix and the filler all influence the mole percent uptake of 

solvent via a composite.57 The nanocomposites' mole percent 

absorption is significantly lower than that of the unfilled NR/

EPDM rubber matrix. The concentration of free space available

in the polymer matrix to accommodate the penetrant molecule 

determines the penetrant solvent’s uptake.58 The incorporation 

of HNT limited the availability of these free spaces, limiting 

the rubber matrix’s segmental mobility and creating a tortuous 

path for solvent molecules to transport through the nano-

composites.

Compression set is the ratio of elastic to viscous components 

of a rubber response to a particular deformation, and it assesses 

the ability of cured rubber to restore its original shape after the 

deforming force is withdrawn.59-60 The compound with the 

lowest compression set has the best elasticity and, as a result, 

the lowest viscosity. The ability of samples to keep their elas-

ticity under stress is determined by the compression set. Figure 

10 shows that the compression set values for filled systems are 

greater, indicating a loss in elasticity due to the better interaction 

between the rubber matrix and the filler. Due to the filler–filler 

network formation, compression set increases as a function of 

filler loading, reaching a maximum at 8 phr of HNTs content 

and decreasing at higher loading. The lower the compression 

set %, in general, the better. Compression set is a crucial char-

acteristic of industrial rubber products notably sealants.

To investigate the effect of HNTs on the fracture surface 

morphology of NR/EPDM-HNTs nanocomposites, and FE-SEM 

micrographs of the elastomer blend control sample encoded as 

H0, composites with 8 phr of HNTs sample encoded as H8, and 

composites with 10 phr of HNTs sample encoded as H10 are 

illustrated in Figure 11(a-c). The rough fracture surface of H8

(Figure 11(b)) in comparison with H0 (Figure 11(a)) was illus-

trative of good interactions between rubber matrix and HNTs, 

likely attributed to the penetration of the elastomer chains into 

the cluster of HNTs with no observable agglomeration.

FE-SEM micrographs confirmed the good dispersion of 

HNTs throughout the polymer matrix, where HNTs appeared 

as white cylindrical particles in FE-SEM micrographs. It seems 

that HNTs were predominately located in the NR phase which 

appears darker gray than the EPDM phase owing to its higher 

density. The higher dispersion of HNTs in the NR phase could 

be related to the lower Mooney viscosity of NR in comparison 

with the EPDM phase. Through the addition of HNTs in the NR 

phase, the viscosity ratio of the binary blend could approach unity 

owing to the rise in the viscosity of NR phase.61 As the viscosity 

ratio approaches unity, the minor phase, that is, EPDM here, 

reaches a minimal size domain62 due to the improved interface 

between the two phases evidenced by FE-SEM images.

As reported in the literature, HNTs can be uniformly and 

readily dispersed in elastomer matrices as compared to other nat-

ural silicate counterparts such as montmorillonite and kaolin-

ite.63-64 This is as a result of the specific array of HNT lumens, 

including straight tube-like morphology, anomalous charge 

distribution, low hydroxyl density on the surfaces, and unique 

crystal structure. Even though the dispersion morphology of 

both the 8 phr and 10 phr based nanocomposites was more or 

less equal, there was some minor agglomeration formation of 

the HNTs in the 10 phr formulation (Figure 11(c)), which can 

be indicative of stronger interaction between HNTs as com-

pared to the interaction between HNT and elastomer matrix.65

Figure 10. Compression set of NR/EPDM-HNTs composites.
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Conclusions

In this study, HNTs were employed to improve the overall 

performance of NR/EPDM/EPDM-g-MA/HNTs nanocompos-

ites for engineering applications. To this end, the effect of HNTs 

loading on the cure characteristics, mechanical, physical, and 

swelling properties of NR/EPDM/EPDM-g-MA/HNTs nano-

composites was investigated in detail. HNTs-reinforced rubber 

samples displayed a slower crosslink rate with more rough 

fracture surface indicating an effective interaction between the 

elastomer chains and HNTs and fine dispersion of HNTs, par-

ticularly below 8 phr of HNTs that was confirmed by FE-SEM. 

The incorporated HNTs were able to provide superior pro-

tection of the NR/EPDM/EPDM-g-MA/HNTs nanocomposites 

against solvents exposure owing to the penetration hindrance 

provided by the fine dispersion of the HNTs and improved rub-

ber/HNT interactions. The tensile strength, hardness and abra-

sion resistance of NR/EPDM were also substantially enhanced 

by the HNTs incorporation at the cost of a slight but significant 

reduction in the rebound resilience. The considerable improve-

ment in the cure torques, curing times, swelling behavior, abra-

sion resistance, tensile strength, hardness and tear strength of 

NR/EPDM nanocomposites indicated that the incorporation of 

appropriate levels of HNT nanofillers in NR/EPDM and other 

similar elastomers is a very appealing platform to transform 

such elastomers into good performance materials for a range of 

engineering applications used in demanding environments.
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