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ABSTRACT 
Conductive elastomers have significant technological promise in the current world. 

The work focuses on the fabrication of high-performance conductive rubber 

composites by integrating natural rubber with a combination of carbon-based 

conductive fillers and ionic liquid-modified fillers. Unlike traditional metallic 

conductors, these elastomers offer advantages such as easy processability, flexibility, 

and cost-effectiveness. 

The primary objective of this work is to enhance the electrical properties of natural 

rubber, focusing on improving interfacial interaction and dispersion of hybrid fillers 

within the rubber matrix. This is achieved through the incorporation of ionic liquid 

modification and the utilisation of two distinct processing techniques. The chosen 

carbon-based fillers include conductive carbon black, carbon nanotubes, and reduced 

graphene oxide. 

The comprehensive investigation includes experimental and theoretical analysis, 

exploring dielectric, electrical and mechanical properties. The study probes into the 

reinforcement mechanisms of fillers in the rubber matrix, examining physical and 

chemical interactions. Viscoelastic properties and solvent transport characteristics are 

thoroughly examined, and the EMI shielding efficiency of the composites is 

measured. Thermal stability is evaluated via thermogravimetric analysis, with 

experimental findings compared to kinetic models to unveil underlying mechanisms. 

Additionally, this research involves the synthesis and characterisation of laboratory-

synthesised thermally reduced graphene oxide. A comparative analysis is conducted 

on the properties of the natural rubber hybrid filler system, with carbon nanotubes 

and conductive carbon black, alongside both laboratory-synthesised and purchased 

reduced graphene oxide. 

In essence, this work contributes to the advancement of conductive elastomers, 

shedding light on their potential applications as electromagnetic interference 

shielding devices. The findings offer a glimpse into the future of flexible, efficient, 

cost-effective conductors. 

Keywords: Natural rubber, Conductive elastomer, Conductive fillers, Dielectric 
       permittivity, EMI shielding



 

 

 സം´ഹം 

ഇţെė േലാകė്, കćക്Șീവ് എലാേǾാമȖകൾ�് വളെരയധികം 

Ɓാധാനvơć്. കാർബൺ അധിഷ് ഠിത കćക്Șീവ് ഫിƾȖകȏം അേയാണിക ്

ലികyിഡ ് ഉപേയാഗിÌ പരിഷ് �രിË ഫിƾȖകȏം Ɓ�തിദė റƒറിൽ 

സംേയാജിżിË്, മികË Ɓകടനơȑ കćകȘ്ീവ് റƒർ സംƲ�Æȏെട 

നിർƫാണമാണ് ഈ ഗേവഷണėിെű ഉേĹശം. പരƤരാഗത െമȘാലിക ്

കć�Ȗകളിൽ നിţ് വvതvǯമായി, കćക്Șീവ് എലാേǾാമȖകൾ �റè 

ചിലവ,് വഴ�ം, എȏżơȑ േƁാസǻബിലിȘി ĔടÆിയ  ണÆൾ വാ§ാനം 

െചƵŤ.  

Ɓ�തിദė റƒറിňȑിൽ ൈഹƕിഡ ് ഫിƾȖകൾ തƫിƹȑ ഇെŮറാ�ൻ, 

ഡിɎർഷൻ എţിവ െമËെżëĘţതിൽ ǖļ േകŚീകരിË്, Ɓ�തിദė 

റƒറിെű ൈവദwത  ണÆൾ വർļിżി�ക എţതാണ ് ഈ 

ഗേവഷണėിെű Ɓാഥമിക ല�vം. അേയാണിക് ലികyിഡ് ഉപേയാഗിച് 

പരിഷ്കരിË ഫിƾȖകȏെടƲം, രć് വvതvǯ േƁാസǻിംഗ് സാേÂതിക 

വിദvകȏെട ഉപേയാഗėിƺെടƲം ഇതിനായി ǖമി�Ť. തിരെèëė 

കാർബൺ അധിǦിത ഫിƾȖകളിൽ കćക്Șിവ ് കാർബൺ Ƙാ�്, കാർബൺ 

നാേനാടxƏകൾ, െറഡxസ്ഡ് ´ാഫീൻ ഓൈɋഡ് എţിവ ഉൾെżëŤ. 

സമ´മായ ഈ ഗേവഷണėിൽ Ɓ�തിദė റƒർ സംƲ�Æȏെട 

 ണÆȏെട പരീ�ണാĦകǁം ൈസļാŋികǁമായ വിശകലനം 

ഉൾെżëŤ. ƁധാനമാƲം സംƲ�Æȏെട ഇലേ�ാ മാഗ് െനȘിക ്

ഇെűർെഫെറൻസ് (ഇ. എം. ഐ.) ഷീൽഡിംഗ് കാരv�മതƲെട പഠനǁം 

വിശകലനǁം െചയ് തിïć് . �ടാെത, ലേബാറîറിയിൽ ഉത്പാദിżിË െറഡxസ്ഡ ്

´ാഫീൻ ഓൈɋഡിെű സyഭാവ വിശകലനം ഉൾെżëĘകƲം െചƵŤ. 

കാർബൺ നാേനാടxƏകȏം കćകȘ്ിവ ് കാർബൺ Ƙാ�ം ഉൾെżëėിയ 

Ɓ�തിദė റƒർ സംƲ�Æളിൽ ഇവ സമനyയിżിച്, അവƲെട 

 ണÆെള�റിË് താരതമv വിശകലനǁം നടėിയിരി�Ť. സാരാംശėിൽ, 

കാരv�മǁം െചലവ് �റèĔമായ ഇ. എം. ഐ. ഷീൽഡിംഗ് 

ഉപകരണÆȏെട നിർƫാണėിനായി ഈ ഗേവഷണ Ɓബŝėിൽ 

ƁതിപാദിËിരി�ţ   കćക്Șിവ ്എലാേǾാമȖകൾ ഉപേയാഗി�ാǁţതാണ.് 
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Preface 

The main focus of the work is the fabrication of conductive elastomer composites 

using natural rubber (NR) integrated with carbon-based conductive fillers, and ionic 

liquid (IL) modified fillers, with the primary goal of enhancing the electrical 

properties of NR. A comprehensive analysis of the dielectric and electrical properties 

of these composites is conducted, evaluating their potential as electromagnetic 

interference (EMI) shielding devices. Furthermore, the study explores the mechanical 

properties, examining the reinforcement mechanism of fillers in the NR matrix 

through physical and chemical interactions. Viscoelastic properties and solvent 

transport characteristics of the composites are examined. The thermal stability of the 

composites is assessed using thermogravimetric analysis. Experimental findings are 

compared with kinetic models to gain insights into the underlying mechanisms. 

Additionally, laboratory-synthesised thermally reduced graphene oxide is prepared 

and characterised. A comparative analysis is performed on the properties of the NR 

hybrid filler system, incorporating both carbon nanotubes (CNT) and conductive 

carbon black (CCB) with laboratory-synthesised reduced graphene oxide (syTRGO) 

and commercially available reduced graphene oxide (RGO). 

In Chapter 1, a concise exploration is undertaken on conductive elastomers, 

specifically focusing on NR and diverse carbon-based conductive fillers. A 

comprehensive literature review explores the incorporation of conductive fillers in 

NR composites. Additionally, the discussion extends to the motivation behind the 

present research and identifies areas of gap within the existing literature. 

Chapter 2 discusses the materials and fabrication methods used for making NR 

composites. The specifications of conductive fillers and IL employed for the present 

study are discussed. The detailed procedure for synthesising thermally reduced 

graphene oxide (syTRGO) and fabrication of NR composites are included. It also 

details the characterisation techniques used to analyse the properties of fillers and 

NR composites. 

Chapter 3 discusses the curing characteristics of NR composites filled with carbon-

based conductive fillers and IL-modified fillers. The characterisation of the IL-
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modified fillers and the filler-incorporated composites are also discussed. 

Rheological analysis on the NR composites suggests the reinforcement effect of 

rubber matrix in the presence of filler. 

Chapter 4 discusses the mechanical properties, morphological analysis and dynamic 

mechanical properties of NR filled with carbon-based conductive fillers and IL-

modified fillers. Experimental and theoretical studies of the mechanical properties 

were done. 

Chapter 5 focuses on the dielectric properties, EMI shielding effectiveness and DC 

and AC conductivity of the NR hybrid filler systems. These properties are evaluated 

in terms of the homogeneous dispersion of fillers and the physicochemical interfacial 

interactions established between the fillers and the polymer matrix. 

Chapter 6 focuses on the solvent transport properties of NR hybrid filler systems as 

a function of filler concentration and its comparison. Experimentally obtained 

transport data are evaluated using different kinetic models. 

Chapter 7 evaluates the thermal degradation stability of NR hybrid filler systems 

using thermogravimetric analysis (TGA) and discusses the thermal degradation 

mechanisms using various kinetic models. 

Chapter 8 explores the morphological and structural characteristics of thermally 

reduced graphene oxide, which is synthesised in the laboratory using Hummer's 

method (syTRGO). Also, the characterisation and properties of the syTRGO-

incorporated NR/CCB-CNT hybrid filler systems are discussed in detail. 

The thesis concludes by summarising the findings derived from both experimental 

and theoretical analysis of the properties of NR composites, as discussed across 

multiple chapters. Finally, the future outlook of the current research work is also 

presented. 
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Conductive elastomers hold significant technological promise in the current 

world. Their advantages include easy processability, flexibility, and cost-effectiveness 

compared to traditional metallic conductors, which are heavy and prone to corrosion. 

The flexibility of conducting elastomers makes them ideal for applications in 

electronic devices, where they can serve as gaskets to prevent electromagnetic 

interference (EMI) radiation leakage and function as materials for shielding against 

microwaves. (1–5) Conductive elastomers are utilised in touch control switches, low-

temperature heaters as antistatic materials, and various energy storage devices such as 

supercapacitors, batteries, and fuel cells. Their adjustable piezoresistive properties and 

flexibility render them compatible for producing flexible electrodes, pressure-sensitive 

sensors, transducers, and actuators. (6–9) Insulating rubbers can attain conductivity by 

creating a consistent network of conducting fillers within the rubber matrix. Frequently 

employed conducting fillers include carbon nanotubes, graphene, carbon dots,  metal 

fillers and their oxides, and conductive carbon black (CCB). (10–17) 

Natural rubber latex-based composites are utilised in tissue engineering, drug delivery, 

dentistry, wound healing and antibacterial applications. In the electronics industry, 

rubber-based materials are used to seal and insulate various components of machines 

and instruments.  Natural rubber (NR) reinforced with conductive fillers offers 

improved electrical and thermal conductivity and additional advantages of bendability, 

stretchability and tear strength under frequent elastic deformations. Rubber composites 

are used to make electronics gaskets, insulations for electrical wires, deep sea cables 

and electronic components designed to endure intense vibrations and pressure, as 

encountered in applications like washing machines, automotive engine seals, and belts. 

A combination of good elasticity, mechanical hysteresis, dynamic properties, abrasive 

resistance, tear and tensile strength makes rubber composites an inevitable factor in 

the tire and automotive industries and other engineering applications. (18) High-

performance tires for race cars, buses and aircraft are also made from NR. Other 

conductive rubber composite-based products include antivibration mounts, drive 

couplings, springs, bearings, rubber bands and adhesives. Many NR composites 

incorporated with graphene,(19) natural fibres,(20) CNT,(21)  and CB(22)  are 

potential choices for strain sensors. The high flexibility and sensitivity of NR 

composites are also appropriate for wearable sensors.   
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The main focus of the work is the fabrication of conductive elastomer composites 

using natural Rubber (NR) integrated with carbon-based conductive fillers and ionic 

liquid (IL) modified fillers, with the primary goal of enhancing the electrical properties 

of NR. 

1.1. Natural rubber  
1.1.1. History 

Natural rubber, also known as cis- polyisoprene, is an elastomer obtained as latex from 

the tree species Hevea brasiliensis. NR is the homopolymer of 2-methylbuta-1,3-diene 

(isoprene), the empirical formula is C5H8 and has cis 1-4 configuration. It is a straight-

chain polymer with high molecular weight and has a density of 0.93g/cm3.  

Figure 1.1 Classification of rubber 

Intrinsic properties of NR include oil resistance, low gas permeability, wet grip, rolling 

resistance, tensile and tear properties and resistance to heat build-up. Also, it can 

recover its original dimension after deformation in compression or tension. The 

characteristic viscoelastic properties of elastomers enable their use in tyres, damping, 

and shock absorption. Rubber exhibits excellent toughness under dynamic or static 

stresses, impermeability to air and water and high resistance to solvents and chemicals. 

Another classification of rubber is called synthetic rubber. Synthetic rubber is an 

artificial elastomer created from petroleum by-products, serving as an alternative to 

NR.  The most important synthetic rubbers are nitrile-butadiene rubber (NBR), 

• Styrene-Butadiene Rubber (SBR) 
• Polybutadiene Rubber (BR)  
• Polyisoprene Rubber (IR) 
• Ethylene-Propylene-Diene Monomer 

(EPDM) 
• Butyl Rubber (IIR)  
• Chloroprene Rubber (CR)  
• Silicone Rubber  
• Fluoroelastomers (FKM) 

Classification of rubber 

Natural rubber Synthetic rubber 
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styrene-butadiene rubber (SBR), butadiene rubber, butyl rubbers and silicones. Figure 

1.1 presents the classification of rubber. 

1.1.2. Processing technique 

Natural rubber latex is collected from the rubber tree through tapping. The addition of 

acid coagulates the latex, and further processing steps are carried out after air-drying 

the resulting mass. This involves mastication to break down polymer molecules and 

mixing with various additives, ultimately enhancing rubber properties and broadening 

its applicability. Subsequently, the viscous rubber mass undergoes shaping through 

extrusion or molding. Finally, crosslinks are introduced during the curing process. The 

process of selecting and adding the optimum number of various additives to the rubber 

matrix in order to achieve desired chemical and physical properties is called 

compounding. Internal mixers or mill mixers are used for conventional rubber 

compounding. Various ingredients, such as curing agents, accelerators, activators, 

antioxidants, plasticizers and fillers, are added to the rubber during compounding. 

Table 1.1 presents the list of compounding ingredients used in elastomers.  

Commonly used curing agents are sulfur, peroxides and metal oxides. Curing 

introduces carbon-carbon, carbon-sulfur and sulfur-sulfur bonds in the rubber matrix 

and a three-dimensional network is formed by the polymer chains.  Accelerators are 

employed to decrease the curing time by enhancing the rate of curing. Accelerators are 

classified as primary and secondary accelerators. Accelerators belonging to the group 

of thiazoles and sulfenamides are primary accelerators. Secondary accelerators are 

used to activate primary accelerators, and guanidines, thiurams, and dithiocarbamates 

belong to the class of secondary accelerators. Another group of rubber compounding 

ingredients are activators, which are the organic or inorganic chemicals that boost the 

curing of rubber.  Antidegradants are used during rubber compounding to slow down 

the ageing of rubber and to prevent degradation due to ozone, oxygen, light and 

heat.(23) Antidegradants also include antiozonants, specifically added to prevent 

rubber degradation by ozones. Rubber processing oils are added as plasticizers during 

mixing to reduce the viscosity and improve flow characteristics of rubber. Processing 

oils also helps to disperse filler homogeneously in the rubber matrix. Some specific 

purpose ingredients, such as dyes, odorants, retarders, blowing agents, etc., are also 

added during rubber compounding for definite applications.
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Table 1.1- Compounding ingredients for NR 

Compounding ingredients Class Examples Function 

Vulcanising agents Sulfur compounds Sulfur Increase crosslinking 

Peroxides Dicumyl peroxide 

Accelerators Primary Sulphanamides, Thiazoles Speed up the vulcanisation process  

Secondary Dithiocarbamates, Thiurams, Guanidines 

Activators Inorganic Zinc Oxide, Magnesium Oxide Promote cross-linking of polymer 

chains      Organic fatty acids Stearic acid 

Fillers Black Carbon black Reinforce 

Enhance properties 

Reduce cost 

Non black Silica, ZnO 

Conducting Metals, CNT 

Plasticizers Mineral oils Parafinic oil 

Naphthenic oil, Aromatic oil 

Increase softness or flexibility  

Aid in the breakdown of the 

elastomer, Reduce crystallization, 

Increase dispersion 

Esters Phthalates 

Sebacates, Adipates 

Antidegradants Antioxidants Amines, Phenolics, Quinolines Prevent degradation due to oxidation, 

ozone and heat  Antiozonants Waxes, p-phenylenediamine derivatives 

Retarders Organic acids Benzoic acid, Maleic acid Slow down vulcanisation 

Processing Aids Oils and waxes Pine tar, Mineral oil, Phenolic resins, 

Petroleum resins 

Improve processing characteristics 

5
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Both synthetic rubbers and NR are vulcanised to improve the crosslinking of chains. 

Processing technique employed, the nature and properties of incorporated filler have a 

major role in determining the final properties of rubber composites. Apart from filler 

characteristics, the dispersion of filler in rubber matrix and filler-rubber interfacial 

properties are also important factors in influencing the properties of final rubber 

compound. All these factors make rubber composite suitable for multifunctional 

applications. Table 1.2 presents the widely used elastomers and their characteristics. 

1.2. Fillers  
There are many conventional and novel types of filler that can reinforce and expand 

the properties of elastomers. Table 1.3 lists the different classes of fillers and their 

properties. 

Silica, nano clay, conducting fillers like carbon black (CB), carbon nanotubes (CNT), 

and graphene are generally used for the fabrication of rubber composites. Silica is a 

non-black, widely used conventional filler. These reinforcing fillers can boost the 

mechanical properties of NR, such as elastic modulus, fracture toughness, fracture 

strength, abrasion resistance and friction properties. It minimises rolling resistance and 

enhances wet traction of tire tread compounds better than CB. Hydrophilic nature of 

silica creates a significant filler-filler network and fails to form a strong filler-

elastomer network with the nonpolar matrix. (24,25) Moreover, silica requires a long 

processing time and consumes high energy. Another class of widely used fillers in the 

rubber industry are nanoclays, which are layered mineral silicates like montmorillonite 

(MMT), bentonite, kaolinite, hectorite and halloysite nanotubes(HNT). Clay or 

modified clay-filled composites have enhanced flame and barrier retardant properties, 

storage modulus, accelerated vulcanisation process, high crosslinking density, and 

superior mechanical properties. (26–30) Also, an optimum amount of iron or nickel 

nanoparticles can be included in the rubber matrix to form magnetic composite 

materials with improved rheometric and physico-mechanical properties that depend on 

the type and concentration of magnetic filler. (31) 

1.2.1. Conducting fillers  

Conducting fillers are added to polymers to enhance the thermal and electrical 

conductivity of polymer composites. The electrical conductivity of the elastomer 

composites depends on the resistivity of incorporated fillers. 

6
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Table 1.2- Elastomers and characteristics 

Elastomers Abbreviation Important properties Service  

temperature range 
Applications 

Natural 

Natural Rubber NR Elasticity and resilience, High tensile 

strength, Good abrasion resistance, 

Poor resistance to oil and ozone 

-50°C to +70°C Tires, Adhesives, Gloves, Insulation,

Automotive parts, Medical devices, 

Surgical gloves, Pacifiers, Cloths 

Synthetic Rubber 

Styrene-Butadiene    

Rubber 

SBR Abrasion resistance, Moderate 

resistance to oils and chemicals, 

Water swell resistance, Compression 

set 

-40°C to 100°C Seals integrated into hydraulic brake

systems. Cutting boards, Gaskets, 

Shoe soles 

Nitrile  

Butadiene Rubber 

NBR Excellent oil resistance, Good 

abrasion resistance 

-30°C to

+100°C

Automotive gaskets and seals, O-rings, 

Engine hoses, Surgical gloves 

Polyurethane PU High load-bearing capacity, 

Excellent abrasion resistance, Wide 

range of hardness options, Good 

resistance to oils and solvents  

-40°C to +90°C Building and construction, Insulation,

Coatings, Adhesives, Sealants, 

Medical devices, Technical laboratory 

equipment 
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Ethylene 

Propylene Diene 

Monomer 

EPDM Excellent weather resistance, 

Resistant to acids and alkalis, 

Superior noise and thermal insulation 

properties 

-40°C to +120°C Roofing sealants, Hoses, Seals

Butyl Rubber IIR Low permeability to gas and 

moisture, High resistance to weather, 

heat, ageing, chemical exposure, 

abrasion, flexing and tearing. 

-55°C to +105°C Inner tubes, Sport balls, Sealants,

Additive in diesel and petroleum fuels 

Chewing gums 

Neoprene 

(Chloroprene) 

CR Moderately resistant to petroleum 

oils and weather, Low compression 

set, Excellent resilience and abrasion 

resistance, Resistance to flex 

cracking  

-40°C to +135°C Adhesives corrosion-resistant coatings.

High-pressure gaskets, Belts, Window 

and door seals. 

Silicone rubber Q Chemically inert, Biocompatible, 

Resistant to extreme temperatures, 

fire and weather 

-84°C to +232°C Gloves, Respiratory masks, Implants,

Medical products, Baby care items, 

Cosmetic applicators, Food containers  

Viton  

(Brand name -

DuPont) 

FKM Durable, Exceptional temperature 

stability, Swell in fluorinated 

solvents, High cost  

-20°C to +205°C Aircraft engines, Automotive fuel

handling systems, Fuel system seals, 

Gaskets, O-rings, Aerospace, Military 
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Conductive fillers can act as the channels for the transport of electrons through the 

insulating matrix. Commonly used conducting fillers are carbon, metal, and metal-

coated fillers.  

1.2.2. Carbon black 

Carbon black (CB) is produced from hydrocarbons or natural gas by partial 

combustion or thermal decomposition. The conductivity of CB-incorporated polymer 

composites depends on the type of carbon black, filler loading, size and structure of 

the particles. CB, along with its high reinforcing ability, possesses the advantage of 

low cost and easy availability. Viscoelastic properties of rubber are tremendously 

influenced by CB, and it is important for designing rubber compounds for tires, power 

transmission belts and vibration isolation mountings. (32,33) 

Farida et al. (34) studied the effect of CB composition in NR compound and found a 

transition of amorphous structure to the semi-crystalline form with increasing CB 

loading. Homogeneous dispersion of filler in NR is obtained by open mill mixing. The 

study of carbon black filled NR composites gives insight into the nature of filler-filler 

and filler-polymer interactions.  

1.2.3. Graphite 

Graphite is the stable crystalline form of elemental carbon, constituting stacked layers 

of carbon. Its unique structure and high thermal conductivity make it an effective 

reinforcing filler, leading to improved stiffness and heat resistance in NR. Swelling 

measurements of graphite incorporated NR  showed that the volume fraction of natural 

rubber in the swollen gel, the interaction parameter, and the crosslink density 

decreased by increasing graphite loadings. (35) Cheng et al. (36) studied the flame 

retardant and thermal properties of NR composites with expandable graphite (EG) 

microcapsules. In-situ polymerisation and boron nitride doped organic shell of EG 

increases the compatibility and thermal conductivity of NR. 

1.2.4. Carbon nanotubes (CNT) 

Carbon nanotubes (CNT) (single walled carbon nanotubes (SWCNT) or multi walled 

carbon nanotubes (MWCNT) are well studied fillers in rubber composites. CNT 

exhibit remarkable characteristics such as high electrical and thermal conductivity and 

tensile strength. Utilizing CNT as fillers in rubber composites improves their electrical, 

thermal, and mechanical characteristics. 

9
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Table 1.3- Different classes of fillers used in elastomers 

Classification Examples Properties 

Reinforcing fillers Carbon black Furnace black 

Thermal black 

Channel black 

Lamp black 

High tensile strength 

Abrasion resistance 

Non-black fillers Silica 

ZnO 

Talc 

Kaolin clay 

Impart unique properties like colour, permeability and oil resistance 

Reduction of cost 

Inert fillers Calcium Carbonate 

Barium sulfate 

Aluminium trihydrate 

Reduction of cost 

Dimensional stability 

Conducting fillers Carbon nanotubes 

Graphene 

Metal fillers 

Liquid metal fillers 

Metal coated fillers 

High mechanical properties at low loadings 

Barrier properties 

Electrical properties 

Introduction 
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However, CNT tends to agglomerate in rubber matrix due to the van der Waals force 

of attraction, resulting in low performance of the composites. Nevertheless, the 

structure of CNT allows extensive chemical functionalisation in order to prevent 

agglomeration and ensure uniform dispersion in any polymer matrix. CNT possesses 

a high aspect ratio and surface area that provides stress transfer in composites. 

MWCNT can decrease the volume resistivity of NR at a lower percolation threshold. 

MWCNT can form conductive pathways in the composites, but at higher filler loading, 

the Payne effect causes the breakdown of filler-filler network. CNT forms a conduction 

network in epoxidised natural rubber (ENR) also.  CNT loaded rubber exhibit high 

electrical conductivity than neat or CB- filled rubber matrix.  The reinforcing effect of 

CNT is attributed to its high aspect ratio. These properties make CNT an excellent 

choice for fillers in polymer composites. High Young’s modulus and electrical and 

thermal properties are obtained in the case of SBR, acrylonitrile butadiene rubber 

(NBR), ENR and silicone rubber in the presence of CNT when it is used as such or 

after chemical modification.(37–40) The exceptional mechanical strength and 

flexibility, make CNT-reinforced NR composites highly suitable for developing 

anthropomorphic prosthetic foot. This composite exhibits high tensile strength of 6.02 

MPa, better wear resistance, storage modulus of 200-7500 MPa and loss moduli of 

500-1413 MPa. They also have high heat energy dissipating capacity. (41) CNT

incorporated NR composites can be made used for large deformation monitoring

sensors. Also, the resistance-strain sensitivity developed can be used to monitor the

strain load of rubber isolation bearing used in seismic protection systems.(42)

1.2.5. Graphene 

Graphene possesses high surface area, improved mechanical properties, high electrical 

and thermal conductivity, and good gas barrier performance. Uniform dispersion of 

graphene in rubber matrix also imparts these properties to rubber composites. More 

excellent graphene-rubber interaction will bring about the best of NR composites. 

Electrically and thermally conductive elastomers with good mechanical performance 

can be prepared by incorporating graphene as filler. (43) Graphene networks also have 

the ability to overcome the poor thermal conductivity of NR. Graphene has a 

reinforcing effect on elastomers by inducing fast strain-induced crystallization. 

Besides, higher crystallinity and the planar structure enable more interaction with the 

11
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matrix. Superior mechanical properties, weathering resistance and electrical properties 

make graphene/elastomer composites suitable for potential applications in various 

fields. (44–46)  

The addition of even 0.1 phr reduced graphene oxide (RGO) in NR resulted in a 14% 

improvement in stress at 700% elongation. Likewise, the thermal conductivity reached 

0.236 W/(m. K) with an enhancement of 36%. (47) Natural rubber/graphene 

composites can be used to fabricate flexible ultrasensitive and wearable strain sensors 

by simple and low-cost methods. These sensors exhibited good compression 

performance and can detect various human activities. (48) Graphene nanosheets can 

also increase the electrical conductivity by four orders of magnitude and thermal 

conductivity by 50% compared to pure NR. Similarly, good thermal stability and an 

obvious increase in mechanical properties are also observed. Graphene networks 

constructed in the NR matrix improve the tensile and dynamic storage modulus. At a 

low percolation threshold of 0.21 vol%, electrical conductivity improved several 

orders. Excellent strain sensitivity and repeatability can be used to detect cyclic 

movements of human joints, which makes it suitable for fabricating sensitive and 

stretchable strain sensors. (49) 25 wt% of graphene loading has improved the thermal 

conductivity of NR to 0.891 W/(m.K), along with good mechanical and antistatic 

properties. Such types of NR composites are suitable for thermal management devices. 

(50) 

1.2.6. Metal fillers 

Solid metal fillers in elastomer composites offer advantages like low density, low cost 

and easy processing.(51) Particle fillers separate from each other in the composite 

upon stretching and cause the lowering of electrical conductivity. Carbon-based fillers 

offer better oxidative resistance and higher mechanical strength over conventional 

metal fillers. However, metal filler incorporated elastomers are more sensitive to 

mechanical deformation.  

1.2.7. Liquid metal fillers 

Apart from solid metal fillers, liquid metal fillers are also broadly employed in 

fabricating elastomer composites. Liquid metal fillers tend to break into microdroplets 

in the elastomer upon mixing. These droplets can deform along with the matrix, which 

enables them to retain the high conductivity of elastomer composites at high strains. 

Liquid metal fillers increase the toughness of composites by propagating the tears in 
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the matrix. However, liquid metal limits the applicability of composites as sensors due 

to its insensitivity to strain. Commonly used liquid metal fillers include gallium based 

liquid metal alloys like EGaIn a mixture of 75% Gallium and 25% Indium. (52,53)   

1.2.8. Metal coated fillers 

Pure ferromagnetic materials are highly inert to elastomeric matrices. Metal coating 

on carbon fillers like CB and CNT provides a promising route to combine both 

magnetic property and reinforcement in rubber matrix. Metals like iron and nickel have 

high permeability, low remanent magnetization and high saturation magnetization. 

Iron and nickel coated CB filler simultaneously imparts ferromagnetic property and 

reinforcement in NR.(54) However, metal coated CB lowers the mechanical properties 

in NR compared to neat CB and it is more compatible with NR than SBR. Similarly, 

nickel coated carbon fibre incorporated in silicone rubber is conducive to 

electromagnetic shielding interference applications. (55) Copper coated carbon fibre 

increases thermal and electrical conductivity in silicon rubber. (56)  

1.2.9. MXenes 

MXene is a newly emerged category of stacked two-dimensional (2D) layered 

materials comprising early transition metal carbides and/or nitrides, with the general 

formula of Mn+1Xn (M being an early transition metal, and X being carbon or 

nitrogen). MXene possesses high conductivity, biocompatibility and large surface 

area. (57) MXene (Ti3C2Tx) nanosheet incorporated NR serves as an excellent choice 

for EMI shielding materials due to the formation of lightweight, hydrophobic 

conductive elastomer composites. MXene/NR system containing 60% MXene with a 

thickness of 65.6 μm demonstrates exceptional EMI shielding efficiency at 47.8 dB. 

Even after undergoing water immersion for 15 days and enduring 6000 bending cycles, 

the film maintains an EMI shielding efficiency of 32.8 dB, indicating high durability. 

(58) 6.71 vol% of MXene exhibits electrical conductivity of 1400 S m−1 and EMI

shielding efficiency of 53.6 dB. The interconnected network of MXenes in the NR

favours efficient electron transport and load transfer at low filler content. (59)

1.3. Conducting hybrid fillers in natural rubber (NR) 
Integrating hybrid fillers in a rubber matrix is an excellent technique to produce high-

performance polymer materials by combining two or more fillers. Hybrid fillers can 

include a combination of conventional fillers or chemically or physically modified 
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fillers.(60) Incorporating hybrid filler system in rubber matrix gives the chance to 

utilise the synergistic effect of combining fillers. Proper selection and pairing of fillers 

is an essential factor in developing final composite material with desired properties. 

Many of the study reports reveal that the hybrid fillers can perform well better than the 

single filler system.(61) Rubber composites with hybrid filler of CB, silica, CNT and 

various other carbon allotropes have been thoroughly studied. The synergistic effect 

of the combination of fillers in an elastomer matrix can preserve the superior properties 

of all fillers and can complement each other. 

High-performance damping material suitable for seismic application was prepared 

using hybrid NR nanocomposites. Organically modified MMT was added to NR 

containing MWCNT, which showed improved mechanical properties. In this work, 

low-quantity MWCNT was added to enhance the mechanical properties of NR, and 

then different quantities of expanded organo-modified montmorillonite (EOMt) were 

added to tune the properties.(62) Organically modified clay-CB hybrid filler in NR can 

influence the properties of NR compounds. Replacement of CB by modified nano clay 

induces the dispersion of CB in NR matrix. The incorporation of nanoclay decreases 

the activation energy of the networking process. Thus, strong interactions are formed 

between CB, nanoclay and NR.(63) Synergistic effects of CB and expanded nanoclay 

in NR are used in the model tire truck formulation. Stearic acid-modified nanoclay 

helps in the intercalation of rubber between the silicate layers of nanoclay, resulting in 

the enhancement of mechanical properties and decrease of rolling resistance at reduced 

CB loading.(64) The cut tensile strength, tear strength and thermal ageing resistance 

of NR vulcanisates with CB and clay is increased as the clay/CB ratio is decreased 

owing to the higher reinforcing efficiency of CB than clay.(65) In 2010, Liu et.al.(66) 

reported that the reinforcement of NR by the integration of CB/organoclay hybrid filler 

is because of the synergistic effect of hybrid filler network as revealed by DMA and 

tensile tests. The storage modulus increases with hybrid filler content. Maximum value 

of G' is obtained for composite with 15 phr CB and 10 phr nanoclay. Drop of tan δ 

peak height for the same indicates strong filler- rubber interaction and reinforcing 

ability of hybrid filler. In 2012, Thimmaiah et.al.(67) optimized the amount of 

metakaolin  in NR/CB system by studying thermal and mechanical properties. 

Metakaolin acts as a non-reinforcing filler in NR and lacks filler matrix interaction.  
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NR/Silica/MWCNT hybrid nanocomposites can provide better properties due to the 

synergistic effect of both fillers. In the absence of agglomeration of both fillers, 

NR/Silica/MWCNT hybrid nanocomposites exhibited decreased scorch and curing 

temperatures and increased elongation at break, tensile strength and fatigue. Addition 

of cheaper silica like reinforcing filler into NR composites with expensive CNT fillers 

helps to reduce the cost of nanotube-based composites without compromising the 

improved mechanical properties. Silica has further advantages such as reduced heat 

build-up, enhancements in tear strength and improved adhesion of compounds in 

multi-component products. (69) 

Dual phase hybrid filler system of carbon and silica could control and tailor the 

dielectric and microwave absorption properties of NR composites. Hybrid filler was 

synthesised by the impregnation of conventional CB in various amounts of silica sol 

which helped regulate the quantitative ratio of two phases within the fillers.(70) 

Incorporation of silica in CNT filled NR composites results in better dispersion of CNT 

and exhibits improved mechanical stiffness, tensile strength, increased modulus and 

electrical conductivity at low CNT loading itself. But a slight reduction in the tear 

resistance under dynamical loading is observed. Height of the peak corresponding to 

glass transition temperature (~-60o C) is decreasing with CNT content and value of G' 

at high temperature is sensitive to CNT content ; both indicates the increasing  effect 

of CNT- rubber interface with CNT content.(71) ENR containing 25 mol% epoxide 

groups having nanoclay (NC) and CB fillers exhibited synergistic mechanical and 

dynamic mechanical property developments. Later, the influence of hybrid 

microstructures and CB-NC interfaces upon the electrical and mechanical properties 

of ENR was verified.(72) Organo modified kaolin/ silica hybrid filler was used in 

NR/polybutadiene (BR) blend and rubber-filler interaction increased as the organo 

modified kaolin content is increased. Tensile strength, tear strength, flux resistance 

and elongation at break show definite improvement, and there is a reduction in heat 

buildup, while tensile modulus shows a slight decrease.(73) 

1.3.1.  Graphene and carbon nanotubes (CNT) 

The combination of graphene and CNT increased the mechanical properties of NR and 

thereby expanded the versatility of NR composites in practical applications. Hybrid 

filler system developed a compact network of physical interactions which act as 

sacrificial bonds that absorb energy prior to material failure. The substantial energy 
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dissipation not only enhances fracture toughness and tensile strength but also inhibits 

the rate of crack growth in NR composites. Compact hybrid filler network comprising 

of π-π interactions is conducive for high performance devices that demands long term 

sustainability.(74) Tangled structure of CNT in host matrix leads to the failure to 

construct a conductive network which in turn elevates the percolation threshold. The 

synergistic effect of this hybrid filler augments the electrical and mechanical properties 

of various elastomers(75) and unlocks an array of applications like tunable strain 

sensors.(76)  Hybrid filler network of graphene and CNT was used for toughening of 

NR aiming practical applications that require long term sustainability of materials 

employing modified latex mixing method to ensure homogeneous dispersion of fillers.  

Physical interactions in this network has lower bond energy and has high heat 

dissipation leading to the increase in fracture toughness and tensile strength and 

suppression of crack growth rate in NR/GE (graphene)/CNT composites.(77) 

Piezoresistance based sensors can be fabricated by tailoring the piezoresistivity of 

elastomers by incorporating hybrid nanofillers. A combination of a few layers of 

thermally reduced graphite oxide (TRGO) and MWCNT in NR exhibits nonlinear 

piezoresistive behaviour depending on the nanostructure of the hybrid filler 

system.(78)  Synergistic effect of reduced graphene oxide and CNT was also found to 

impart solvent sensing to NR. TRGO sheets can induce polarity and reduces the 

interactions between CNT and lead to sensing of aromatic solvents.(79) TRGO and 

MWCNT has interconnected percolation network in rubber matrix. The morphology 

and structure of fillers are found to play a prominent role in the electrical and 

piezoresistive behaviour of nanocomposites. Thus the tailored combination of platelet 

type graphene and rod shaped MWCNT can be used to fabricate piezoresistive- based 

sensors.(80) 

1.3.2. Conductive carbon black (CCB) and carbon nanotubes (CNT) 

Comparative study of properties of NR composites with CB as primary filler with fixed 

amount and CCB and CNT as secondary filler with varying amounts shows increased 

viscosity, vulcanisation rate, hardness, crosslink density, and modulus, thermal and 

electrical conductivities by sacrificing elasticity.  CB/CNT hybrid composites have 

greater strength and rebound resilience than CB/CCB composites, provided both have 

similar hardness. CCB increased the tensile and tear strengths at lower filler loading, 

while CNT does not have any significant effect on strength. (81)  
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NR/CNT/CCB hybrid elastomer systems exhibited improved optimal conductivity at 

a particular CNT-CCB composition due to the high electron tunnelling when CNT 

encapsulates are bridged by CCB aggregates. Three dimensional filler network was 

formed at low percolation threshold due to the reduced inter particle gap between CNT 

and CCB.(82) Employing ultrasonic assisted latex mixing process for the fabrication 

of NR/CB/ hydroxyl MWCNT composites ensured uniform dispersion of CNT in the 

rubber matrix, resulting in synergistic reinforcing effect. Increase in the elastic 

modulus, storage modulus and complex viscosity of the rubber composites was 

observed while shear thinning index decreased as the CNT contents increased. 

Mechanical properties, compression stress and crosslink density reached maximum 

when weight ratio of CNT/CB was 20:5. (83)  

1.4. Properties of NR- hybrid filler composites 
1.4.1. Electrical properties 

Natural rubber cannot conduct electricity without any assistance as its electrons are 

tightly bound. Addition of conducting fillers like CB, CNT or metallic fillers impart 

electrical properties to NR. Electrical conductivity of NR is in the range 10-9 – 10-15 

S/m. CB has a conductivity of 104-105 S/m. The addition of CB boosts the conductivity 

of NR by several orders.(84)  

Conducting single fillers or hybrid fillers form a continuous conductive network in 

rubber matrix above the threshold concentration. Continuous network enables less 

hindered transport of electrons across the rubber matrix. This filler network can also 

upgrade the electrical conductivity by a quantum mechanical phenomenon called 

tunnelling. The percolation threshold is the minimum quantity of filler required to 

establish a three-dimensional conductive filler network in the polymer matrix. 

Percolation value is influenced by the filler type, size, geometry and state of dispersion. 

DC conductivity of rubber composites is frequency independent and can be determined 

from DC resistance measurements using multi probe method. AC current is frequency 

dependent and is determined by impedance spectroscopy. Volume resistivity provides 

a direct assessment of charge transport within the bulk of the material, while surface 

resistivity measures transport along the surface of the material. Volume resistivity of 

composites can be measured using two probe method and using below equation, 

𝜌𝜌𝑣𝑣 = 𝑅𝑅𝑣𝑣  𝑆𝑆
ℎ
     (1.1)
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where 𝑅𝑅𝑣𝑣 rhomic resistance between electrodes, h is the sample thickness between 

electrodes, S is the cross-sectional area of measuring electrodes. The inverse of volume 

resistivity gives the dc conductivity. 

Study of hybrid filler system of CNT and graphite in NR shows that infinite conductive 

network formation of CNT and graphite aided in increased conductivity and dielectric 

constant. However, continuous network formation could be achieved only when 

graphite was added over 20 phr and CNT 3 phr. They proposed a partly connected 

"dead arm" structure for NR composites with hybrid filler concentration lower than 

optimal level. (85) CNT/ZnO hybrid filler system provides high electrical conductivity 

compared to the CNT/NR. This can be attributed to the electrostatic interaction 

between ZnO and CNT with the optimum amount of 3 phr ZnO, giving a finer 

distribution of CNT in the matrix. (86) Conductive epoxidized NR composites with 

nano structures of MWCNT and few layer graphene (FLG) also exhibits high electrical 

properties along with mechanical properties. The π-π interactions between fillers and 

rubber filler interactions decreased the electrical percolation threshold by 70%. (87) 

1.4.2. Dielectric properties  

The dielectric constant of a material is defined as the ratio of the electrical permeability 

of the material and the electric permeability of the vacuum. NR is inherently dielectric. 

NR composites incorporated with hybrid fillers (conducting or dielectric) enables to 

control its dielectric properties by varying the ratio and type of fillers. The focus is to 

develop dielectric elastomer with high dielectric constant and low dielectric loss (tan 

δ). Dielectric characteristics are measured using an impedance analyser in varying 

frequency ranges at a constant voltage. 

A novel hybrid filler system containing silicon and carbon obtained from biomass 

gives enhanced electrical properties when incorporated in NR. This filler system 

attained improved interfacial and dipole polarizability, which resulted in high 

dielectric constant of the rubber composite.(88) Other hybrid systems of biological 

origin that improve the dielectric constant include sisal/coir hybrid fibre,(89), sisal-oil 

palm hybrid biofibre.(90) Hybrid conductive fillers found to enhance the dielectric 

properties include porous reduced graphene oxide and molybdenum sulphide 

(MoS2),(91) modified bentonite clay/carbon black,(92) CNT and zinc particles,(86)  

MWCNT decorated with nanosilica. (93) 
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1.4.3. Microwave absorption and EMI shielding 

Electromagnetic interference (EMI) is an undesirable property exhibited in electronic 

and telecom devices, which adversely affects the electronic performance of the 

devices, causes economic loss and has a negative impact on human health. Pure NR is 

transparent to electromagnetic radiation. The addition of conducting and/or magnetic 

fillers in the matrix helps fabricate high-performance shielding materials. Pristine CNT 

have poor microwave absorption which can be overcome by the designing of hybrid 

filler system with various metal oxide compounds. Synergetic effect of one 

dimensional MWCNT and two-dimensional molybdenum disulphide (MoS2) showed 

excellent microwave absorption capacity in NR composites. The reflection loss 

exhibited is 9.2 and 21.9 times stronger than the MWCNT or MoS2 alone filled NR 

composites.(94) Another hybrid filler combination of CNT with nickel oxide (NiO) 

can improve the microwave absorption properties of NR. The core shell structured 

CNT-NiO fabricated by modified atomic layer deposition method attains a reflection 

loss of -43.6 dB in natural rubber composites. This improvement in microwave 

absorption can be attributed to the multiple interfacial polarization, higher impedance 

matching and multiple reflection and scattering.(95) Magnetite- Titania hybrid 

containing natural rubber composite could attain maximum microwave attenuation of 

28.1 dB for 1 vol% of hybrid filler dispersed in NR. This hybrid system also possesses 

the advantage of high tensile strength and thermal stability.(96)  Hybrid system of 

thermally reduced graphene and ionic liquid (1-ethyl-2,3-dimethyl imidazolium 

bis(trifluoromethylsulfonyl)imide modified CNT filled NR matrix is able to attain a 

reflection loss -30 dB at 2 mm thickness.(97)  

1.4.4. Mechanical properties 

NR composites have high tensile strength, tear strength, resilence and compression set. 

In addition to that, it also possesses impact resistance, abrasion resistance and vibration 

damping. Rubber can also be adhered to metal and other rigid materials. Vulcanisation 

imparts structural stability, strength and resilience to rubber. Reinforcing fillers like 

clay, silica and CB in optimum amounts can help to attain superior mechanical 

properties of composites without compromising their processability and applicability. 

Reinforcing nanofillers like layered silicates, spherical nano silica, CNT, bio 

nanofillers, graphene and GO possess some advantages over reinforcing microfillers 

like clay, CB and silica. Nano filler reinforced composites offer high hardness, 
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modulus, antiaging and gas barrier properties than micro filler reinforced rubber 

composites.(98) Polymer chains of NR align themselves in the direction of 

deformation and forms crystalline microstructure known by the phenomenon of strain 

induced crystallisation. High strength and toughness of NR can be accounted to this 

phenomenon. (99) Graphene derivative hybrid nanocomposites in NR establishe 

unique microstructures that improve the properties of the system. (100) Combination 

of CB with natural fibres like palm kernel seed shell and sand box seed shell reinforces 

effectively and also provides environment friendly alternative to conventional fillers. 

(101) Alumina coated graphene oxide hybrid fillers produced by electrostatic self-

assembly method forms an interconnected filler network in NR matrix. This filler

system could attain a tensile strength of 25.6 MPa at a filler loading of 18 vol %. (102)

1.4.5. Dynamic mechanical analysis

Dynamic mechanical analysis gives storage modulus, loss modulus and loss factor

values. Storage modulus represents recoverable or elastic energy; loss modulus

represents energy loss by dissipation. At low temperature, NR is in glassy state

characterised by high storage modulus attributed to the semi-crystalline nature

followed by the rubbery plateau. Introduction of hybrid fillers can enhance the storage

modulus of NR. Hybrid filler system of CNT and graphite in NR could increase the

storage modulus, lower the glass transition temperature and damping. This is due to

the synergetic effect of CNT and graphite to increase the chain flexibility and elasticity

of polymer chains. Moreover, stronger interface formation facilitates lower energy

dissipation also. (85) The extent of reinforcement of the filler system on the polymer

matrix can be deducted from the peak height of plot of tan δ versus temperature. Filler

–filler and rubber- filler interaction can be further analysed from the strain sweep plot

of storage modulus against strain amplitude. As the strain increases, filler –filler

networks start to break down leading to decrease in storage modulus. This is observed

for nano clay –jute fibre and CNT modified jute fibre hybrid system.(103,104)

1.4.6. Solvent transport

Rubber composites possess unique ability to resist the diffusion of solvent molecules.

This property makes the rubber composites suitable candidate for barrier applications.

The transport of molecules of various organic solvents are studied extensively.

Addition of hybrid fillers cause dramatic effect on the transport properties of polymer

composites. Hybrid filler network formed in the polymer hinders the solvent transport
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by providing a tortuous path for diffusing solvent molecules. Uniformly dispersed 

fillers decrease the major amount of total voids in the rubber matrix. This is further 

aided by the stronger rubber-filler interaction. Extent of filler network formation, 

dispersion and dimension of fillers have major role in altering the transport properties 

of composites. The transport/sorption behavior of rubber composites are studied using 

various organic solvents such as toluene, xylene, and benzene at various filler loadings. 

Marble sludge/silica and marble sludge/ rice husk derived silica hybrid fillers are 

developed from industrial and agricultural waste. NR reinforced with this system 

provides enhanced swelling characteristics. Solvent absorption is highly restricted in 

hybrid NR composites. Highly dispersed hybrid filler system creates strong crosslinks 

in the system.(105) Transport properties of sisal coir/hybrid fibre reinforced NR 

composites are studied in benzene, toluene and xylene. Addition of bonding agents to 

these composites has increased the restriction of solvents in the system. Furthermore, 

increase in fibre content and penetrant size also diminish the solvent uptake. 

1.4.7. Thermal stability 

Unvulcanised rubber is unstable for a wide range of temperatures. Vulcanisation 

enhances the thermal stability of the rubber matrix. Thermal stability of the samples 

can be studied by thermogravimetric analysis (TGA) in a wide temperature range from 

30ºC to high temperature such as 600ºC or 900ºC by varying heating rate in N2 or O2 

atmosphere. TGA plots include weight loss versus temperature and its derivative plots. 

TGA also helps to calculate activation energy for thermal degradation of rubber 

composites. Hybrid filler incorporation on the NR matrix can improve the thermal 

stability. Porous reduced graphene oxide and molybdenum disulphide hybrid 

conductive filler system is effective in improving the thermal stability.(106) Hybrid 

filler system of CNT modified with silver nanoparticles improved the thermal 

resistance of composites. Weight loss curves of the composites show two 

decomposition steps. The first step of degradation is in the N2 atmosphere, and it marks 

the degradation of low molecular weight additives and NR molecules. Second 

degradation step in the O2 atmosphere is anticipated to be due to the degradation of 

hybrid filler and ZnO activator. Degradation of functional groups in the hybrid filler 

gives an additional degradation step in thermogram.(107) The weight of residue 

present is directly proportional to the amount of filler in reinforced composites. 
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1.5. Modification of fillers using ionic liquids 
Ionic liquids (IL) are salts which exists as liquids below 100°C or even at room 

temperature. Ionic liquids consist of organic cations and inorganic anions.  They are 

characterised by the low viscosity, low toxicity, nonflammability, nonvolatility, high 

chemical and thermal stability. High ionic conductivity of ionic liquids is exhibited up 

to their decomposition temperature.  Ionic liquids maintain small lattice enthalpies and 

significant entropy changes that are justified by their large size and conformational 

flexibility. Consequently, the liquid state of ionic liquid is thermodynamically 

favorable. (108,109) Ionic liquids are widely used as green reagents in chemical 

synthesis, catalysis, separation and electrochemistry. The first room temperature ionic 

liquid, [EtNH3][NO3] was discovered in 1914. (110)  Later, binary ionic liquids made 

from mixtures of aluminium (III) chloride and N-alkylpyridimium or 1,3- 

dialkylimidazolium chloride was discovered. The melting point and properties of 

binary ionic liquids depends upon its components and ionic species present. The ability 

to tune properties like polarity, hydrophilicity/hydrophobicity gives its name 'designer 

solvents'. Ionic liquids are also known by the name of molten salts, neoteric solvents 

and ionic fluids. Ionic liquids can be formulated according to the requirement by the 

suitable choice of ions. Regularly, used ionic liquid cations are alkylammonium, 

dialkylimidazolium and N-alkyl pyridinium.(111). Frequently used anions include 

inorganic anions like halides, tetrafluoroborates, hexafluorophosphates and organic 

anions like methane sulfonate and bis(trifluoromethylsulfonylimides). (112,113)  

Ionic liquids have been used for the surface modification of CB (114–117), CNT (118–

122), graphene (97), and GO(123,124). This helps to improve their dispersion in 

elastomer matrix which in turn creates a superior balance among mechanical, thermal 

and electrical properties to fabricate multifunctional advanced materials. Ionic liquid-

modified CB and CNT improves flexibility, filler dispersion, electrical conductivity 

and even piezoresistive response as a result of the improved rubber-filler interaction. 

The presence of ionic liquids also influences the cure kinetics of rubber composites. 

Ionic liquids can refine the ZnO dispersion in the elastomer matrix and can accelerate 

sulfur vulcanisation of NBR and NR. Alkylimidazolium ionic liquids also catalyses 

crosslinking reactions at interface.(120)  Further, more imidazole based ionic liquids 

can be exploited in the fabrication of blend composites also. (125) NR/ bromobutyl 
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rubber (BIIR) blends with butyl imidazole and CNT significantly enhance the tensile 

strength and delivers self-healing properties. Ionic liquid acts as a physical crosslinker 

for the BIIR phase and offers non-covalent bonds that are responsible for the self-

healing properties of materials .(126)  

1.5.1.  Ionic liquid modified carbon nanotubes 

Chemical modification of carbon nanotubes by imidazolium based ionic liquid (1-

ethyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)) enhances the 

mechanical properties (tensile strength, hardness and abrasion resistance) and 

electrical properties (dielectric constant and conductivity) of SBR composites. Ionic 

liquid modified CNT also improves the EMI shielding effectiveness and separation 

performance of SBR composites.(118,127,128)  Microstructural conductive network 

formation and uniform dispersion of CNT improves the interfacial interaction of filler 

and rubber chains and this accounts for the enriched properties of rubber composites. 

IL modified CNT can be integrated in natural rubber latex as well. Imidazolium-based 

ionic liquids (1-ethyl-3-methylimidazolium bromide and 1-hexyl-3-

methylimidazolium bromide) homogeneously distribute CNT in latex and facilitate 

improved fatigue resistance and mechanical properties. (119) The ionic liquid-carbon 

nanotube interaction can be better understood using various characterisation 

techniques. Raman spectroscopy is a widely used powerful and non-destructive 

technique for the characterisation of graphitic structural materials. Raman 

spectroscopy can be employed to study the physical interactions arising between ionic 

liquid and CNT. Raman spectra confirm the physical modification of nanotubes 

without any chemical deterioration.(122,129–132) Furthermore, it proves that the 

chemical structure of CNT is intact after modification and hence surface modification 

by ionic liquid is purely physical in nature. Generally, two strong peaks are observed 

for both pristine and modified CNT; the G band around 1600 cm-1 and D band around 

1300cm-1. G band is attributed to the in-plane vibrations of graphitic wall and D band 

originates from the defects in the graphitic structure. Radial breathing mode (RBM) 

around 100-200 cm-1 is also observed in the spectra of carbon nanofillers. IL 

modification also induces a subtle shift of 3-4 cm-1 for D and G bands with no 

emergence of new vibrations. The upshift may be due to the cation–π interactions 

and/or perturbation of π-π stacking of multiwall of the tubes. Raman spectra provide 

another parameter called the D/G intensity ratio to assess the structure of pristine and 
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modified CNT. The D/G intensity ratio serves as an indicator for assessing the degree 

of crystallinity and purity of nanotubes. This also indicates the structural defects when 

both D and G peaks have similar intensity. Modified CNT shows a decreased D/G 

intensity ratio, which supports surface modification without any structural destruction. 

Cations of AMICL can interact with π- electrons of graphtic structure in CNT, and this 

results in enhanced properties of rubber composites.(133) Ionic liquid employed in 

butadiene-styrene elastomer filled with CNT shortened the optimal vulcanisation time 

and decreased the vulcanisation temperature compared to ZnO containing rubber 

compound. A considerable increase in the crosslink density of vulcanisates is also 

observed.(114)  

1.5.2. Ionic liquid modified carbon black 

The ionic liquid can be employed to modify carbon black in order to produce 

conducting polymer composites. Ionic liquid ensures homogeneous dispersion and 

better interface interaction of filler and elastomer matrix. Imidazole based ionic liquid, 

1-allyl-3-methyl imidazolium chloride (AMICL) modified CB exhibited enhanced

dispersion in elastomers.

Conductive rubber composites are made use as strain sensors or stretchable conductors

based on their response to external stimuli. Ionic liquid modification overcomes the

stiffness effect associated with CNT filled elastomers and aids the construction of

conducting composites with improved flexibility and electrical conductivity conducive

for the fabrication of small strain sensors.1-decyl-3-methyl imidazolium chloride is

employed for the modification of CCB and it is loaded in SBR to fabricate composite

with tuneable electrical- strain behavior. Here, the alignment of CNT aggregates was

extended during stretching, reaching maximum conducting strain and heightened

sensitivity at small strains. The tuneable electrical strain behaviour enables the

efficient use of conducting composites as stretchable conductors and /or small strain

sensors.(116)

1.5.3. Ionic liquid modified graphene

Ionic liquid modification of graphene can be done by simple technology such as solid

grinding. Ionic liquid (1-allyl-3-methylimidazolechloride) can be used to modify

graphene oxide to develop environment friendly tire tread materials with high wear

resistance. Hydrogen bonding and π-cation interaction between graphene oxide and

ionic liquid creates a strong interface in rubber vulcanisate. (134) Ionic liquid modified 
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GO gives excellent mechanical and healing performance in carboxylated nitrile rubber 

(XNBR).(135) Ionic liquid modified graphene incorporated natural rubber has yet not 

been reported. 

1.6. Motivation of work 
Conductive elastomers represent a promising class of materials with diverse 

applications, including microwave absorption, EMI shielding, piezoresistivity, flexible 

electronics, wearable technology, soft robotics, and medical devices in bio-sensing and 

prosthetic technology. Their flexibility, low cost, and ease of processing make them a 

compelling alternative to traditional metal counterparts in EMI shielding. While metals 

have proven effective in this role, they have drawbacks such as limited corrosion 

resistance, high processing costs, and substantial weight. Insulating elastomers are 

transformed into conductive or semiconducting materials through the strategic 

integration of conducting fillers. This versatile approach allows for the fine-tuning of 

polymer properties, enabling customisation to meet specific application requirements. 

These tailor-made materials find extensive use in diverse fields of electronics.  

Natural rubber is an insulating material with good flexibility, low cost, and easily 

available. Introducing conducting fillers can significantly change the applicability of 

NR. Carbon black is a conventional reinforcing filler used to improve the mechanical 

properties of NR. Employing conductive carbon black (CCB) filler is economical, and 

can also impart conductivity in NR. Nano-dimensional CNT and graphene are also 

used as conducting fillers. Ionic liquid modification on these fillers can strengthen the 

rubber-filler interphase, leading to enriched properties. 

In this work, hybrid filler NR composites are fabricated with a focus on high-

performance conducting rubber composites for EMI shielding applications. 

Synergistic effect of conducting hybrid fillers could help to attain the goal.  The 

challenge of this work is to improve the interfacial interaction and dispersion of hybrid 

filler in rubber matrix. Combination of fillers can reduce the aggregation and result in 

the formation of a continuous conducting network through the interaction of functional 

groups present on the surface of fillers. Also, chemical modifications of the fillers and 

the processing techniques adopted can enhance the filler dispersion.  For this, ionic 

liquid modification and two types of processing techniques are employed. Theoretical 

studies on the experimental analysis give better insight into the underlying rubber-
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filler and filler-filler interactions. A comprehensive analysis of the dielectric and 

electrical properties of these composites is conducted, evaluating their potential as 

EMI shielding devices. Knowing the challenges in fabrication and its application, we 

have prepared hybrid fillers of CCB-CNT, CCB-CNT-RGO, and ionic liquid modified 

fillers incorporated NR using two-step processing. A comparative analysis is 

performed on the properties of the NR hybrid filler systems. 

1.7. Gap areas 

• Development of economical and environment-friendly conducting NR

composites.

• Attainment of homogeneous dispersion of filler in the matrix to get a

continuous conducting pathway.

1.8. Objectives of the work 
The main objective of the research work is to develop conducting NR composites 

incorporated with hybrid fillers. Although many studies have been carried out in this 

field, our aim is to utilise the synergistic effect of hybrid filler to enhance the 

conductivity of the NR matrix. Various strategies are adopted to get a homogeneous 

dispersion of nanosized filler with a continuous conducting network. The objectives 

are: 

1. Synthesis of conducting fillers such as reduced graphene oxide (RGO) using

Hummer’s method.

2. To prepare NR/CCB and NR/hybrid filler systems using RGO, CNT and CCB by

employing two-step processing and analysis of the properties.

3. Modifying filler surface using ionic liquid, 1-ethyl-3-methylimidazoliumchloride

and its characterization using spectroscopic and microscopic methods.

4. Preparation of NR hybrid filler systems using laboratory synthesised RGO and

analysis of properties.

5. Preparation of modified filler incorporated NR hybrid systems and its

characterisation.

6. To study cure, dielectric, mechanical, viscoelastic, solvent transport and thermal

properties of the fabricated systems. Theoretical studies of the experimental data

by applying various models.

7. To investigate the properties in terms of the EMI shielding application.
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1.9. Scope of the work 
Conductive elastomers will benefit significantly in the electronic industry, sensors, 

actuators, intelligent clothes, artificial muscles and dielectric materials.  It has been 

proved that the conducting fillers can create an electrical pathway by the formation of 

filler-filler networks within the rubber matrix.  In the present work, conducting hybrid 

fillers are incorporated in the NR matrix and attained composites with high EMI 

shielding and mechanical and thermal stability. It is found to be a potential material 

for application in electronics domain. 
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Materials, Fabrication Methods and Characterisation 

Techniques 

Summary 

This chapter discusses the materials and fabrication methods for making natural 

rubber (NR) hybrid filler systems. The specifications of conductive fillers and ionic 

liquid employed for 

the present study are 

discussed. The 

detailed procedure 

for synthesising 

thermally reduced 

graphene oxide 

(syTRGO) and 

fabrication of NR 

composites are 

included. It also 

details the

characterisation 

techniques used to 

analyse the properties of fillers and NR hybrid filler systems. 
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2.1. Materials 
2.1.1. Natural rubber (NR) 

Natural rubber (NR) is obtained as latex from the Hevea Brasiliensis tree. It is 

composed of cis-1,4-polyisoprene, which is a stereoregular polymer derived from the 

monomer isoprene. Notably, NR possesses a glass transition temperature (Tg) of            

-71°C and an approximate molecular weight of 1.5 x 106 g/mol. (1) For the present

study, NR, specifically the ISNR 20 variant, was purchased from the Rubber Research

Institute of India (RRII) in Kottayam, Kerala. Other contents in the NR include dirt,

ash, volatile mass and nitrogen in the percentages 0.20, 1, 0.80 and more than 0.60,

respectively. Figure 2.1 shows the chemical structure of NR.

Figure 2.1-Structure of NR 

2.1.2. Conductive fillers  

2.1.2.1. Conductive carbon black (CCB)  

Continental Carbon India Limited (CCIL) in Uttar Pradesh, India, generously supplied 

the conductive carbon black (CCB). The specific properties of this CCB are iodine 

number 240±10 mg/g, B.E.T surface area 260±10 m2/g, ash content of less than 0.60 

wt.%, and density 320 ± 20 kg/m3. 

2.1.2.2. Carbon nanotubes (CNT) 

Multiwalled carbon nanotubes (CNT) were purchased from Ad-Nano Technologies 

Pvt Ltd, Karnataka, India. It has a purity greater than 99%, a diameter ranging from 

10-15 nm, a length of ~ 5µm, and a surface area close to 400 m2/g.

2.1.2.3. Reduced graphene oxide (RGO)

Carborundum Universal Limited in Kakkanad, Kerala, India, gifted the thermally

reduced graphene oxide (RGO) powder. RGO is a black, fluffy powder with fewer

than 15 layers. It has a bulk density of 0.01g/cm3 and oxygen content under 7%. Its

lateral dimensions are roughly 8-10 microns, and BET surface area ranges from 200-

240 m2/g.
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2.1.2.4. Thermally reduced graphene oxide (syTRGO) 

Thermally reduced graphene oxide (syTRGO) was prepared in the laboratory. Details 

of the preparation method are given in section 2.2.1. Figure 2.2 shows the expected 

schematic structure of syTRGO. 

Figure 2.2-Schematic structure of thermally reduced graphene oxide 

2.1.3. Ionic liquid 

For the present work, the ionic liquid employed was 1-ethyl-3-methylimidazolium 

chloride, commonly referred to as EMIC. This product was procured from Sigma-

Aldrich. 

Figure 2.3-Structure of EMIC 

EMIC is a colourless and odourless viscous liquid that remains in the liquid state at 

room temperature. Its molecular weight is 146.62 g/mol, with the chemical formula 
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being C6H11ClN2, and it solidifies in the temperature range 77 to 79°C. Figure 2.3 is 

the structure of EMIC. 

2.1.4. Materials for the synthesis of thermally reduced graphene oxide 

(syTRGO) 

Materials used for the synthesis of thermally reduced graphene oxide (syTRGO) is 

presented in Table 2.1. 

Table 2.1-Materials for the synthesis of syTRGO 

Ingredients Manufacturers, State/ Country 

Natural graphite flakes (mwt- 12.01g/mol) Sigma-Aldrich, Germany 

Sulphuric acid (H2SO4) Fisher Scientific, India 

Potassium permanganate (KMnO4) Spectrum, India 

Hydrogen peroxide (H2O2) 30% w/v Merck, India 

Sodium nitrate (NaNO3) Spectrum, India 

Dialysis membrane 

Mwt cut-off 12000-14000 

HiMedia, India 

2.2. Fabrication methods 
2.2.1. Synthesis of thermally reduced graphene oxide (syTRGO)  

Graphene oxide (GO) was synthesised from natural graphite flakes using Hummer's 

method. (2) In this procedure, graphite flakes (3g, 1 wt. equiv.), sodium nitrate 

(NaNO₃)(1.5g, 0.5 wt. equiv.) and concentrated sulfuric acid (H₂SO₄)(72 ml) were 

stirred together for 15 minutes. Subsequently, potassium permanganate (KMnO₄)(15g, 

5 wt. equiv.) was added gradually, ensuring the temperature remained below 20°C. 

The mixture was then placed in a water bath set at 35°C and continuously stirred for 2 

hours. 125 ml of water was slowly introduced, and the temperature was raised to 95°C 

for an additional hour. Then, 225 ml of water and hydrogen peroxide (H₂O₂) were 

added. To remove sulfate ions, the reaction mixture was washed with 5% hydrochloric 

acid (HCl). A dialysis membrane was employed to neutralise the pH of the solution. 

Ultimately, the mixture was centrifuged, and the resultant material was dried at 60°C 

overnight, yielding brown sheets of GO. The scheme for the synthesis of GO is given 

in Figure 2.4. 
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To produce reduced graphene oxide, the dried GO samples were placed in a crucible 

and then subjected to heating in a muffle furnace at 200°C for 2 hours. This procedure 

ensured the efficient reduction of GO. (3,4) 

Figure 2.4-Scheme of synthesis of GO 

2.2.2. Ionic liquid modification of fillers 

Ionic liquid modification of the filler was performed by grinding the filler and ionic 

liquid in an agate mortar for 30 minutes. Subsequently, ethanol was added to the 

mixture, followed by sonication for 30 minutes. The resulting mixture was then 

subjected to overnight drying at 60°C in a hot air oven. Ionic liquid-modified 

composites were prepared with a filler-to-ionic liquid ratio of 1:1 and 1:3. 

2.2.3. Compounding procedure of NR hybrid filler systems 

NR hybrid filler systems were fabricated using a Brabender (Plastograph EC Plus, 

GmbH & CO. KG, Duisburg, Germany) under specific conditions: 8 minutes at 100°C 

and a rotation speed of 60 rpm. Following this, curatives were incorporated using an 

open two-roll mill maintained at ambient temperature, and the entire mixing process 

was completed in 15 minutes. The order of addition of filler in the composite 

fabrication process varied depending on the specific composite being produced. The 

fabrication of NR hybrid filler systems was carried out by mixing NR, fillers and 

curatives in various compositions (as given in Table 2.2). In the sample designations, 

'N' stands for natural rubber and 'B' signifies conductive carbon black (CCB).  



Chapter 2 Material, Fabrication methods… 

39 

NR/CCB systems were given designations NB0, NB5, NB10, NB15 and NB20, and 

the numbers (0, 5, 10, 15 and 20) represent the weight percentage of CCB in the 

respective composite. 

Table 2.2-Formulation of NR hybrid filler systems 

Ingredient Quantity 

Natural rubber (NR) 100 

Conductive carbon black (CCB) 5, 10, 15, 20 

Multi-walled carbon nanotubes (CNT) 0.5, 1, 3, 5 

Ionic liquid  1, 3 

Reduced graphene oxide (RGO) 1 

Synthesised thermally reduced graphene oxide (syTRGO) 1 

Zinc oxide (ZnO) 5 

Stearic acid (C18H36O2) 3 

N-cyclohexyl-2-benzothiazolesulpenaimde (CBS) (C13H16N2S2) 1.3

2-Mercapto benzothiazole (MBT) (C7H5NS2) 0.1 

Sulfur 2.8 

NR/CCB-CNT hybrid filler systems were labelled NB20C0.5, NB20C1, NB20C3, and 

NB20C5. In these notations, 'C' indicates multi-walled carbon nanotubes (CNT). 

Specifically, the samples NB20C0.5, NB20C1, NB20C3, and NB20C5 incorporated 

20 phr CCB along with 0.5, 1, 3, and 5 phr CNT, respectively. 

For the production of the NR/ILCCB system, IL-modified CCB was incorporated into 

the NR matrix. The samples were labelled as NB20IL1 and NB20IL3. Here, 'IL' stands 

for the ionic liquid used, and the numbers (1 and 3) denote the ratio of the ionic liquid 

to the CCB in the composite. Both samples contain 20 phr of CCB. The CCB to IL 

ratio for NB20IL1 is 1:1, while for NB20IL3, the ratio is 1:3. 

All the NR/CCB-ILCNT hybrid filler systems contain 20 phr of CCB with varying 

amounts of ILCNT. Specifically, the samples NB20C3IL1 and NB20C3IL3 each have 

3 phr of CNT, with CNT to IL ratios of 1:1 and 1:3, respectively. Likewise, the samples 

NB20C5IL1 and NB20C5IL3 each have 5 phr of CNT, with IL to CNT ratios of 1:1 

and 1:3, respectively. 

NR/CCB-CNT-RGO hybrid filler systems were labelled NB20C1R1 and NB20C5R1. 

In these labels, 'R' signifies reduced graphene oxide (RGO). Specifically, both samples 
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incorporate 20 phr CCB and 1 phr RGO, but NB20C1R1 contains 1 phr CNT, whereas 

NB20C5R1 has 5 phr CNT. 

NR/CCB-CNT-syTRGO hybrid filler systems were designated as NB20C1syR1 and 

NB20C5syR1. In these labels, 'syR' represents the laboratory-synthesised thermally 

reduced graphene oxide (syTRGO). These samples contain 20 phr CCB and 1 phr 

syTRGO. However, NB20C1syR1 and NB20C5syR1 include 1 and 5 phr CNT, 

respectively. 

Compounded NR samples were moulded in a compression moulding hydraulic press 

(Santosh Rubber Machinery PVT.LTD.) at 150°C and pressure close to 120 bar. The 

optimum cure time (T90) for the moulding of each sample was obtained from the 

rheograph. 

2.3. Characterisation techniques 
2.3.1. Characterisation of fillers and composites 

2.3.1.1. X-ray diffraction (XRD) analysis  

X-ray diffraction analysis of the samples was done using a Bruker AXS D8 Advance

model equipped with a Cu Kα source. Key parameters included a 1.5406 A°

wavelength and 0.028° resolution. This technique provides insight into the crystalline

structure of the carbonaceous fillers.

2.3.1.2. Scanning electron microscopy (SEM)

Structural characteristics of the hybrid filler systems were examined using scanning

electron microscopy (SEM), specifically the Jeol 6390LA/OXFORD XMX N model,

which operated within an accelerating voltage range of 0.5 to 30 kV and offered a

magnification capacity of up to 300,000x. SEM analysis of the tensile fracture surface

of rubber composites is carried out by ASTM E982-10. Additionally, a high-resolution

image of the samples was taken using a field emission scanning electron microscope

(FESEM), employing the ZEISS GeminiSEM 300 instrument. This device worked

within an acceleration voltage spectrum of 0.02 - 30 kV and provided a remarkable

magnification range from 12x to 2,000,000x.

2.3.1.3. Transmission electron microscopy (TEM)

The dispersion of fillers within the NR matrix was examined using transmission

electron microscopy (TEM) on a JEOL-JEM 2100 instrument from Japan, operating

at an accelerating voltage of 200 kV. For sample preparation, an ultra-microtome
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(Leica Ultracut UCT) was employed. This allowed for the precise cryo-cutting of the 

specimens into ultrathin sections, which were then placed on 300 mesh copper grids 

for examination, all at ambient room temperature. The examination procedure of TEM 

for rubber composites is based on the general ASTM standards for electron microscopy 

ASTM E7-19. 

2.3.1.4. Raman spectroscopy 

Raman spectroscopy is used to study the defects and ordering in the carbon structures. 

Analysis was conducted on fillers at room temperature on a WITec alpha300 RA 

Raman microscopy system with a 532 nm DPSS (diode-pumped solid-state) laser for 

enhanced spectral resolution.  

2.3.1.5. X-ray photoelectron spectroscopy (XPS) 

The surface chemistry of GO and syTRGO was examined using X-ray photoelectron 

spectroscopy (XPS) on a PHI 5000 VersaProbe II system by ULVAC-PHI Inc., USA. 

This equipment featured a micro-focused, monochromatic Al-Kα X-ray source (200 

μm, 15 KV) with a photon energy of 1486.6 eV. Comprehensive assessments included 

a broad survey of spectra, set at 50W power and 187.85 eV pass energy, and high-

resolution scans for significant elements tuned to 46.95 eV pass energy. XPS will offer 

a detailed elemental and bonding state analysis of the carbonaceous filler surface. 

2.3.1.6. Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared (FT-IR) spectroscopy, a fundamental tool in analysing 

molecular structures and interactions, was employed to study the fillers and NR hybrid 

filler systems. FT-IR spectra of the modified fillers were acquired using Nicolet iS5 

(Thermo Fischer Scientific) spectrometer with KBr pellets of spectroscopic grade. The 

NR hybrid filler systems were explicitly analysed in the attenuated total reflectance 

(ATR) mode, ensuring a comprehensive view of the various functional groups present 

in the NR hybrid filler systems. ASTM E168 - 16 covers the general procedures for 

infrared spectroscopy. Measurements were taken at a resolution of 4 cm-1, covering a 

frequency range between 4000 and 400 cm-1 with 32 scans. All acquired spectra were 

baseline-corrected to eliminate any potential instrumental or background variations. 

2.3.1.7. Ultraviolet-visible spectroscopy 

Jasco-V-730 UV-visible spectrophotometer was employed to investigate the oxidative 

and reductive transformations of graphite and GO. For this, sample dispersions were 
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prepared in water using a bath sonicator and subsequently scanned within a 200 to 800 

nm wavelength range. 

2.3.2. Analysis of properties of NR hybrid filler systems 

2.3.2.1. Cure characteristics  

Cure properties of the composite specimens were evaluated with a Moving Die 

Rheometer (Rheoline MDR 100). ASTM D5289-95 is commonly employed to assess 

the vulcanisation properties of rubber compounds using a rotorless rheometer. This 

instrument was calibrated to operate at a precise temperature of 150°C. A frequency 

of 167 Hz was maintained alongside a deformation angle set at 0.5°. Three critical 

parameters were closely monitored throughout this evaluation: the minimum torque, 

denoted as ML; the peak torque, referred to as MH; and the time it takes for the sample 

to reach 90% of its total curing, labelled as T90. 

2.3.2.2. DC conductivity 

Keithley 2450 Source Meter, a sophisticated instrument integral for electrophysical 

measurements, was employed to systematically procure current-voltage (I-V) plots of 

the NR composite specimens. Each specimen was prepared with dimensions of 1cm x 

1cm. Measurements were conducted at ambient room temperature, in the voltage range 

of 0 to 5 V. A precise step voltage of 0.05 V was adopted. These I-V curves offer 

quantitative insight into the electronic behaviour of the NR under varying voltage 

conditions. The DC (direct current) conductivity (𝜎𝜎) of the samples was determined 

using the slope of the I-V curves, considering the length l and area of cross-section A 

of the sample. 

𝜎𝜎 =  𝑙𝑙
𝐴𝐴

× (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝐼𝐼 − 𝑉𝑉 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) (2.1) 

2.3.2.3. Dielectric studies 

Dielectric analysis used the Wayne Kerr Electronics-6500B series Precision 

Impedance Analyzer. It is operated in the frequency sweep mode from 20 Hz to 30 

MHz at room temperature. From the composite sheets, disc-shaped samples with 12 

mm diameter and 2 mm thickness were used for the analysis. During the evaluation, 

essential parameters such as capacitance (C), impedance (Z), and dielectric loss 

tangent (tan δ) were carefully measured and plotted against the frequency spectrum. 

Representation of complex permittivity for materials is commonly given as 
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ε =  ε′ − jε″ (2.2) 

where ε' represents the real part of dielectric permittivity, indicating the ability of the 

material to store energy in an alternating field, and ε" represents the dielectric loss 

factor, which signifies the ability of the material to dissipate energy. The real part of 

dielectric permittivity (ε') can be determined by using the capacitance (C) of the sample 

and the sample's thickness (t). The equation used for this determination is as follows:  

ε′ =  C.t
Aεo

(2.3) 

where A represents the electrode's area and ε₀ is the permittivity of air, approximately 

equal to 8.854 x 10-12 F/m.  

Loss tangent, also known as the dissipation factor, is the ratio of the imaginary part of 

the dielectric permittivity (ε") to the real part. It can be expressed as: 

Tan𝛿𝛿 = ε"
ε′

 (2.4) 

AC conductivity (σac) was calculated using the equation, 

σac  = 2πf. εo. ε"     (2.5) 

where f is the frequency, εo is the permittivity of air (8.854 x 10-12 F/m) and ε" is the 

imaginary part of dielectric permittivity (ε' x tan δ). 

2.3.2.4. Mechanical properties 

Tensile properties were determined in accordance with the ASTM D 412-06a Tension 

with Extensometer standard. Dumbbell-shaped specimens were tested at room 

temperature and a 500 mm/min crosshead speed. Five samples from each composite 

sheet are tested. 

2.3.2.5. Dynamic mechanical analysis 

Viscoelastic properties of the samples were examined utilising a temperature sweep 

approach with a Dynamic mechanical analyser (DMA Q800 V20.26 Build 45). 

Rectangular specimens were analysed in tension mode at a frequency of 1 Hz in the 

temperature range -80° to +80°C, with a controlled heating rate of 5°C/min. Dynamic 

mechanical properties were determined by following the general guidelines of ASTM 

D4065-12, which refer to the dynamic mechanical properties of plastics and rubber. 
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2.3.2.6. Electromagnetic interference (EMI) shielding.  

Electromagnetic interference (EMI) shielding capabilities of the rubber composite 

samples were gauged using a two-port PNA network analyser (Agilent E8362B, with 

a frequency range of 10 MHz-20 GHz). This analyser was integrated with a Keycom 

waveguide, operating specifically in the X-band region (from 8.2 to 12.4 GHz). By 

tracing the scattering parameters of the specimens, we deduced the total shielding 

effectiveness using prescribed equations.  

EMI shielding effectiveness of the samples can be expressed in terms of total shielding 

effectiveness (𝑆𝑆𝑆𝑆𝑇𝑇). From the perspective of classical electromagnetic wave theory, 

𝑆𝑆𝑆𝑆𝑇𝑇 of the composite samples can be defined logarithmically. It is quantified as the 

ratio of the power incident on the sample (PI) to the power that ultimately transmits 

through it (PT). 

𝑆𝑆𝑆𝑆𝑇𝑇 = −10 log 𝑃𝑃𝐼𝐼
𝑃𝑃𝑇𝑇

  (2.6) 

Total shielding efficiency is the sum of shielding by absorption (SEA), reflection (SER) 

and multiple reflections (SEM). SEM can be neglected in all practical applications when 

SET > 10 dB. This occurs due to the growing absorption of reflected waves from the 

internal surface when shield thickness is greater than the skin depth. (5) In this context, 

total shielding efficiency can be expressed as, 

𝑆𝑆𝑆𝑆𝑇𝑇 = 𝑆𝑆𝑆𝑆𝐴𝐴 + 𝑆𝑆𝑆𝑆𝑅𝑅 (2.7) 

Total shielding effectiveness (SET in dB) and reflective shielding effectiveness of the 

composite surface (SER in dB) can be obtained by the following equations. 

𝑆𝑆𝑆𝑆𝑇𝑇 = −10 log𝑇𝑇, where 𝑇𝑇 = �𝑃𝑃𝐼𝐼
𝑃𝑃𝑇𝑇
� =  |𝑆𝑆21|2 (2.8) 

𝑆𝑆𝑆𝑆𝑅𝑅 = −10 log(1 − 𝑅𝑅), where 𝑅𝑅 = �𝑃𝑃𝑅𝑅
𝑃𝑃𝐼𝐼
� =  |𝑆𝑆11|2 (2.9) 

Vector network analyser (VNA) provides the complex scattering parameters S11 and 

S21, which are the representatives of reflected, absorbed and transmitted power. S11 is 

the forward reflection coefficient, and S21 is the forward transmission coefficient.  
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Absorptive shielding effectiveness (SEA in dB) was calculated from SET and SER. 

𝑆𝑆𝑆𝑆𝐴𝐴 = 𝑆𝑆𝑆𝑆𝑇𝑇 − 𝑆𝑆𝑆𝑆𝑅𝑅        (2.10) 

2.3.2.7. Transport studies 

The transport behaviour of samples in toluene was studied at room temperature. 

Circular-shaped samples were immersed in 20 ml toluene and taken in closed diffusion 

bottles. The weight and thickness of the samples before immersing in solvent were 

measured and recorded. The weight of the samples was taken in specific intervals until 

equilibrium swelling was reached. Each weighing was completed within 30 seconds 

to minimise the error due to the evaporation of solvent during weighing. The mol % 

uptake of solvent per unit mass of polymer, Qt of the samples was computed using the 

following equation, 

𝑄𝑄𝑡𝑡 (%) =  (𝑚𝑚𝑡𝑡− 𝑚𝑚𝑜𝑜) 𝑀𝑀𝑆𝑆⁄
𝑚𝑚𝑜𝑜

× 100 (2.11) 

where 𝑚𝑚𝑡𝑡 is the mass of the sample at the time t of immersion and 𝑚𝑚𝑜𝑜 is the mass of 

the sample before immersion in solvent. 𝑀𝑀𝑆𝑆 is the molecular mass of solvent. Here, 

the molecular mass of toluene is 92.14g/mol. Diffusion coefficient of the composites 

is calculated from the equation derived from second Fickian law. (6) 

𝐷𝐷 = 𝜋𝜋 � ℎ𝜃𝜃
4𝑄𝑄∞

�
2

        (2.12) 

where h is the thickness of the sample, θ is the slope of the initial linear portion of the 

plot of Qt (%) against t1/2, and 𝑄𝑄∞the equilibrium absorption. Permeability coefficient 

(P) of toluene in the composites is determined using the following equation,

𝑃𝑃 = 𝐷𝐷. 𝑆𝑆      (2.13) 

where D is the diffusion coefficient and S is the sorption coefficient. The sorption 

coefficient is calculated from the following equation,  

𝑆𝑆 =  𝑚𝑚∞
𝑚𝑚𝑂𝑂

 (2.14) 

where 𝑚𝑚∞ is the mass of the solvent absorbed at equilibrium and 𝑚𝑚𝑂𝑂 is the mass of 

the sample before immersion in solvent. 

2.3.2.8. Swelling studies and crosslink density  

Swelling index indicates the swelling resistance of the rubber composites and is 

obtained using equation, 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖( %) = 𝑊𝑊1−𝑊𝑊𝑂𝑂
𝑊𝑊𝑂𝑂

 × 100     (2.15) 

where 𝑊𝑊1 and 𝑊𝑊𝑂𝑂 are weight of the samples after swelling and before swelling in 

toluene. Swelling behaviour of rubber composites can also be analysed from the 

swelling coefficient value (∝), which is an index of the ability with which the samples 

swell and is given by following equation,  

∝= �𝑊𝑊∞−𝑊𝑊𝑂𝑂
𝑊𝑊𝑂𝑂

� × � 1
𝜌𝜌𝑆𝑆
�                                    (2.16) 

where 𝑊𝑊∞ is the weight of the sample at equilibrium swelling in solvent, 𝑊𝑊𝑂𝑂 is the 

weight of the samples before swelling and 𝜌𝜌𝑆𝑆 is the density of the solvent used. Here 

density of toluene used is 0.866g/cm3. 

Toluene swelling method defined in ASTMD-0471-16a was used to determine the 

crosslink density of the samples. Circular-shaped samples are weighed and allowed to 

swell in toluene until equilibrium. Then, after weighing, swelled samples are air-dried 

for 72 hours to measure the de-swollen weight. The apparent crosslink density value 

is given by 1
𝑄𝑄

, where Q is the swell ratio and is given by the following equation, 

𝑄𝑄 = 𝑊𝑊1−𝑊𝑊𝑂𝑂
𝑊𝑊𝑂𝑂

(2.17) 

Actual crosslink density of the samples is calculated using the Flory-Rehner equation 

(7)  

𝑣𝑣 = ln�1−𝑉𝑉𝑟𝑟𝑟𝑟�+𝑉𝑉𝑟𝑟𝑟𝑟+𝜒𝜒𝑉𝑉𝑟𝑟𝑟𝑟2

−2𝜌𝜌𝑟𝑟𝑉𝑉𝑠𝑠𝑉𝑉𝑟𝑟𝑟𝑟
1 3�

(2.18) 

where Vrf is the volume fraction of rubber in the solvent- swollen filled sample, χ is 

the interaction parameter given by Equation 2.19 (8), ρr is the density of the polymer 

and Vs is the molar volume of solvent. Here molar volume of toluene is 106.3cm3/mol.  

𝜒𝜒 =  𝛽𝛽 +  Vs
𝑅𝑅𝑅𝑅

 �𝛿𝛿𝑝𝑝 − 𝛿𝛿𝑠𝑠�
2
                                     (2.19)

where 𝛽𝛽 is the lattice constant (0.34), R is the universal gas constant, T is the 

temperature, 𝑎𝑎𝑎𝑎𝑎𝑎 𝛿𝛿𝑝𝑝 and 𝛿𝛿𝑠𝑠 are the polymer and solvent solubility parameters, 

respectively.  

2.3.2.9. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of the samples was performed in alignment with ASTM 

E1131-08, a standard test method for compositional analysis by thermogravimetry. 

TGA was conducted using the STA7200 Thermal Analysis System from Hitachi. 
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Samples weighing around 7 mg were placed in an aluminium pan and subjected to a 

temperature range of 30° to 580°C. It is also conducted at varying heating rates, i.e.,10, 

15, and 20 °C per minute, all under a consistent nitrogen flow rate of 100 ml per 

minute. 
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Chapter 3 

Cure Properties and Characterisation of Fillers and NR Hybrid 

Filler Systems 

Summary 
This chapter discusses the cure properties of natural rubber (NR) hybrid filler systems 

incorporated with carbon-based conductive fillers and ionic liquid (IL) modified fillers. The 

characterisation of 

the ionic liquid-

modified fillers and 

the filler-

incorporated 

composites is also 

discussed. FTIR 

and Raman 

spectroscopic 

analysis confirmed 

the IL modification 

of fillers. 

Morphological 

analysis of the 

fillers was done using SEM. IR spectroscopic analysis helps identify the functional groups in 

NR hybrid filler systems. Rheological analysis on the NR hybrid filler systems suggests the 

reinforcement effect of rubber matrix in the presence of filler. 
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3.1. Introduction 
Curing process involves the crosslinking of polymer chains, forming a three-

dimensional network that defines the structural integrity of the composite. Curing, 

also known as vulcanisation, is the process in a which plastic rubber compound 

changes into the highly elastic final product through physical and chemical reactions 

at high temperature and pressure. Among the many curatives used for natural rubber 

(NR), sulfur and peroxide are commonly used. Sulfur curing is a complex process 

which requires a combination of activators and accelerators to introduce crosslinking 

in NR chains. This results in the formation of monosulfidic, disulfidic and 

polysulfidic crosslinks between macromolecular chains that contribute to the 

enhancement of properties. The presence of conductive fillers impacts the 

crosslinking density and, in turn, alters the properties of the NR composite. The 

analysis of cure kinetics enables the optimisation of properties of NR hybrid filler 

systems. Cure characteristics involve cure time (T90), minimum torque (ML), 

maximum torque (MH), and torque difference (∆M). Minimum torque is the measure 

of stiffness of the composite before curing, and maximum torque is the measure of 

stiffness after vulcanisation.  This chapter also deals with the characterisation of 

fillers and NR hybrid filler systems using various microscopic and spectroscopic 

techniques and also discusses the curing properties of NR compounds. 

3.2. Theoretical models applied for cure characteristics 
3.2.1. Westlinning-Wolff equation 

Westlinning-Wolff (1) equation can be used to analyse the extent of rubber-filler 

interaction. The equation is presented below, 

∝𝑓𝑓  =
∆𝑀𝑀𝑓𝑓
∆𝑀𝑀𝑔𝑔

−1

𝑧𝑧
(3.1) 

where ΔMf and ΔMg are the rheometric torque differences between maximum and 

minimum torque values (MH-ML) for filled composites and unfilled NR, respectively, 

and z is the weight fraction of filler in composites. The ∝𝑓𝑓 is the filler specific 

constant which is determined by filler structure in the vulcanisate after possible 

structure breakdown during mixing and vulcanisation (1). 
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3.3. Results and discussion 
3.3.1. Characterisation of fillers 

Figure 3.1-FTIR spectra of fillers (a) CNT and CCB (b) IL, ILCNT and ILCCB 

Figure 3.1 (a and b) presents the FTIR spectra of unmodified CCB and CNT and 1-

ethyl-3-methylimidazoliumchloride modified CCB and CNT. FTIR of CNT and 

CCB has O-H stretching band around 3400 cm-1, and peaks in the range of 1300-950 

cm-1, corresponding to the C-O bonds. (2)  FTIR spectra of IL, 1-ethyl-3-
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methylimidazoliumchloride (inset of Figure 3.1(b))  displays a prominent peak 

around 3400 cm-1 assigned to the O-H stretching vibration, which is characteristic of 

quarternary ammonium salts. (3) The other vibration peaks present in the spectra of 

IL are at 1633cm-1 corresponding to the stretching of the N=C bond, 1564 cm-1 

corresponding to the vibration of the positively charged nitrogen atom, 1174 cm-1 

corresponding to the C-C stretching vibration of alkyl chain of IL and the peak at 

1034 cm-1 corresponds to the N-C ring stretching vibration. (4,5) The appearance of 

these peaks in the FTIR spectra of IL modified CCB and CNT confirms that the 

fillers are modified by IL. 

Figure 3.2-Raman spectra of fillers 

Figure 3.2 presents the Raman spectra of CCB, CNT, and IL modified CCB and 

CNT. The modification process exhibits notable changes in the structural and 

vibrational characteristics of both IL modified CNT, and IL modified CCB. A blue 

shift is observed in the D band, indicating alterations in the sp3 carbon content. In the 

case of IL modified CNT, there is an increase in the intensity of the G band, 

highlighting changes in the graphitic structure. Additionally, the sharp and 

distinguished peaks associated with CCB undergo broadening upon modification, 

suggesting a modification-induced impact on its crystalline structure. These 
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spectroscopic changes signify the successful modification of CNT and CCB by 

1-ethyl-3-methylimidazoliumchloride.

Figure 3.3-SEM images (a) CCB (b) IL modified CCB 

Figure 3.4-SEM images (a) CNT (b) IL modified CNT at 200 Kx and (c) IL 

modified CNT 400 Kx magnifications 

Figure 3.3 (a) and (b) present the SEM images of unmodified CCB and 1-ethyl-3-

methylimidazolium chloride modified CCB. SEM images suggest that the IL 

modification has not affected the spherical morphology of CCB. The high degree of 

c

a   b a    b

a b 
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aggregation is observed in the case of unmodified CCB. However, it decreases upon 

IL modification due to the interaction between functional groups on the surface of 

CCB and IL. Figure 3.3 (b) indicates that the IL modification has reduced the CCB 

aggregation due to the presence of IL molecules at the surface of CCB. Figure 3.4 

(a) presents the SEM image of unmodified CNT, and (b) and (c) presents the 1-ethyl-

3-methyl-imidazolium chloride modified CNT at lower and higher magnifications.

SEM images clearly depict the difference in morphology of CNT upon modification.

Figure 3.4 (b) shows the reduced length of the modified CNT resulting from the

grinding and sonication process used for IL modification. Figure 3.4 (c) shows the

fused CNT tubes upon IL modification. Increased thickness of the walls of CNT

suggests IL modification on the surface of CNT.

3.3.2. Characterisation of NR hybrid filler systems

Figure 3.5-ATR spectra of (a) NR/CCB systems 

ATR has been used to characterise the NR hybrid filler systems for evaluating the 

filler interaction (6,7) and composition. (8,9) Figure 3.5 (a-e) gives the ATR spectra 

of NR hybrid filler systems with different filler systems. The characteristic peaks of 

NR are weak =C-H stretching peak at 3036 cm-1, asymmetric CH3 stretching peak at 

2955 cm-1, CH2 vibrational peaks at 2914 cm-1 (asymmetric stretching), 2848 cm-

1(symmetric stretching), C=C stretching peak at 1660 cm-1, C-H deformation peaks 

of CH3 (asymmetric deformation) and CH2 at 1375 cm-1and 1446 cm-1 respectively, 
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=C-H out of plane bending peak at 833 cm-1 and CH2 rocking peak at 726 cm-1. (10) 

Characteristic peaks of NR are identified in the ATR spectra of all NR/filler 

composites. 

Figure 3.5-ATR spectra of (b) NR/CCB-CNT composites and (c) NR/ILCCB 

systems 
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Figure 3.5-ATR spectra of (d) NR/CCB-ILCNT and (e) NR/CCB-CNT-RGO hybrid 

filler systems 

Table 3.1-Density (g/cm3) of NR hybrid filler systems 
NR/CCB 

composites 

NR/CCB-CNT 

composites 

NR/ILCCB 

composites 

NR/CCB-ILCNT 

composites 

NR/CCB-CNT-

RGO composites 

NB0 0.96 NB20C0.5 1.04 NB20IL1 1.04 NB20C3IL1 1.07 NB20C1R1 1.04 

NB5 0.99 NB20C1 1.05 NB20IL3 1.05 NB20C3IL3 1.05 NB20C5R1 1.06 

NB10 1 NB20C3 1.05 NB20C5IL1 1.07 

NB15 1.02 NB20C5 1.06 NB20C5IL3 1.06 

NB20 1.04 
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The density of all NR composite systems is presented in Table 3.1. Unfilled NR has 

a density of 0.96 (g/cm3). Incorporation of inorganic fillers has increased the 

composite density for all filler systems than unfilled NR.  

3.3.3. Cure properties   

3.3.3.1. NR/CCB systems  

Torque profile during curing indicates crosslinks in the system formed by the rubber-

rubber and rubber-filler interaction. Figure 3.6 is the torque–time plot of the unfilled 

and CCB filled NR composites. Torque experienced by the samples is increasing 

linearly with an increase in filler. As the filler incorporation increases, the rubber 

composites have a tendency for reversion. Reversion occurs when crosslinks formed 

during vulcanisation start to break down. (11) Table 3.2 shows the cure 

characteristics of NR/CCB systems. Minimum torque (ML), maximum torque (MH) 

and cure time (T90) of the rubber samples are increasing with respect to CCB filler 

content. High surface area of CCB enables the entanglement of rubber chains into its 

surface and reducing mobility. This, in turn, increases the ML and MH, which is an 

indication of physical crosslinks in the system. (12) Torque difference, ΔM gradually 

increases from 10.29 dNm for unfilled NR to 17.02 dNm for 20 phr CCB filled NR. 

This shows the improvement in rubber-filler interaction and directly correlates to the 

crosslinks in the system. Maximum torque values demonstrate the extent of rubber–

filler interaction. Westlinning-Wolff equation (Equation 3.1) provides the value ∝𝑓𝑓 , 

that can be used to analyse the extent of rubber-filler interaction. The ∝𝑓𝑓 values of 

NR/CCB systems are given in Table 3.2. It is found to be increasing as a function of 

filler loading, which is an indication of the improved polymer-filler interaction. 

Table 3.2-Cure characteristics of NR/CCB systems 

Sample ML (dNm) MH (dNm) ΔM T90(min) ∝𝒇𝒇 

NB0 0.12 10.41 10.29 6.14 - 
NB5 0.17 11.66 11.49 6.89 2.45 
NB10 0.21 13.07 12.86 6.94 2.75 
NB15 0.25 15.08 14.83 7.05 3.38 
NB20 0.36 17.38 17.02 7.57 3.92 
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Figure 3.6-Torque-time curves of NR/CCB systems     

3.3.3.2. NR/CCB-CNT hybrid filler systems 

Figure 3.7-Torque-time curves of NR/CCB-CNT hybrid filler systems 

Figure 3.7 is the torque–time plot of the NR/CCB-CNT hybrid filler systems. 

Torque of composites filled with CCB-CNT hybrid filler is found to be higher in the 

presence of CNT. Table 3.3 shows the effect of CCB-CNT hybrid filler in the cure 

characteristics of NR composites. Minimum and maximum torque increases upon the 
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addition of CNT. CNT has a high aspect ratio, consequently the contact surface area 

of matrix and the filler increases. Highest MH is obtained for NB20C5, which 

indicates increased rubber-filler interaction and torque difference reflects the 

increased crosslinks in the composites due to rubber-filler interaction. These values 

markedly increase after 1 phr addition of CNT. This indicates the increased network 

density of rubber after CNT addition. Cure time of NB20C1, NB20C3 and NB20C5 

are around 7 min, while NB20C0.5 has a lower value of 5.74 min. Here, CCB-CNT 

hybrid filler loading has negligible effect on the cure time of the composites. The ∝𝑓𝑓 

values obtained from torque of NR hybrid filler systems are given in Table 3.3.  It 

signifies the extent of rubber-filler interaction in the composites. The ∝𝑓𝑓 values are 

increasing after 1 phr CNT addition. The ∝𝑓𝑓value obtained for NR/CCB-CNT hybrid 

filler systems indicates that the hybrid filler system of CCB and CNT has made 

better interaction with the NR matrix. 

Table 3.3-Cure characteristics of NR/CCB-CNT hybrid filler systems 

Sample ML (dNm) MH (dNm) ΔM T90 (min) ∝𝒇𝒇 

NB20C0.5 0.51 13.25 12.74 5.74 1.40 
NB20C1 0.46 18.32 17.86 7.53 4.24 
NB20C3 0.57 20.54 19.97 7.64 5.03 
NB20C5 0.85 22.62 21.77 7.57 5.58 

3.3.3.3. NR/1-ethyl-3-methylimidazolium chloride modified CCB (NR/ILCCB)               

     systems 

Figure 3.8 depicts the cure curves of NR/ILCCB systems. It demonstrates that 

NB20IL1 exhibits a higher torque than NB20IL3. Cure parameters such as ML, MH, 

∆M and T90 of NR/ILCCB systems are presented in Table 3.4. Minimum torque 

value recorded during the curing process indicates the initial resistance to flow or the 

stiffness of the material. In NB20IL3, as the IL content is higher, the initial resistance 

to flow is higher than NB20IL1. Maximum torque is the indication of the material's 

viscosity or resistance to further deformation. ∆M represents the torque change or the 

overall torque response of the material during curing. NB20IL1 has the highest ∆M 

value, indicating a significant shift in torque during curing. NB20IL1 and NB20IL3 



Chapter 3 Cure Properties and Characterisation… 

59 

exhibit higher maximum torque values than NB0, indicating increased viscosity or 

resistance to further deformation due to the interaction between IL and CCB. These 

samples also have higher T90 values compared to NB0, as it requires more time for 

optimum curing. Imidazolium based IL can enhance the dispersion of fillers in the 

NR matrix. (13)  Carbon black surface is characterised by  oxygen-containing 

chemical groups such as  lactons, phenolic, carboxylic and ketonic, which can form 

bonds with IL.(14,15) Another possibility is the π-π interaction of CCB and IL.  

Figure 3.8-Torque-time curves of NR/ILCCB systems 

Table 3.4-Cure characteristics of NR/ILCCB systems 

Sample ML (dNm) MH (dNm) ∆M T90 (min) ∝𝒇𝒇 
NB20IL1 0.07 14.32 14.25 9.46 2.06 
NB20IL3 0.11 10.52 10.41 12.07 0.05 

3.3.3.4. NR/ CCB-1-ethyl-3-methylimidazolium chloride modified CNT 

      `(NR/CCB-ILCNT) hybrid filler systems 

Cure curves of NR/CCB-ILCNT hybrid filler systems are given in Figure 3.9. 

NB20C5IL3 demonstrates the high torque value with a CNT: IL ratio of 1:3. In 

general, the torque increases with CNT loading and CNT: IL ratio, except for 

NB20C3IL3. Table 3.5 presents the cure parameters of NR/CCB-ILCNT hybrid 

filler systems. In the presence of IL modified CNT, the minimum and maximum 
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torque decreases for hybrid filler incorporated NR. This can be attributed to the 

plasticizing effect of the IL in the NR matrix. In general, a decrease in cure time is 

observed for NR/CCB-ILCNT systems, which means that the IL accelerate the 

vulcanisation process. Notably, the torque increases as a function of the weight 

percentage of CNT owing to the interaction of functional groups on the surface of 

CNT and IL. Moreover, IL has reduced the chance of adsorption of curatives and 

accelerators on the surface of fillers and thereby aided in curing process. (16) 

Figure 3.9-Torque-time curves of NR/CCB-ILCNT hybrid filler systems 

Table 3.5-Cure characteristics of NR/CCB-ILCNT hybrid filler systems 

Sample ML 

(dNm) 
MH 

(dNm) 
∆M T90 (min) ∝𝒇𝒇 

NB20C3IL1 0.06 10.66 10.60 9.00 0.16 
NB20C3IL3 0.16 7.90 7.74 7.64 -1.27
NB20C5IL1 0.24 9.31 9.07 6.46 -0.58
NB20C5IL3 0.20 11.13 10.93 6.02 0.29
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3.3.3.5. NR/CCB-CNT-RGO hybrid filler systems 

Figure 3.10 is the cure profile of NR/CCB-CNT-RGO hybrid filler systems, which 

illustrates the effect of hybrid filler on the rubber matrix.  The ML, MH and T90 of the 

samples were determined and presented in Table 3.6. Presence of RGO enhances the 

torque values of NR due to filler-filler and rubber-filler interactions. 

Figure 3.10-Torque-time curves of NR/CCB-CNT-RGO hybrid filler systems 

Table 3.6-Cure characteristics of NR/CCB-CNT-RGO hybrid filler systems 

Sample ML (dNm) MH (dNm) ∆M T90(min) ∝f 

NB20C1R1 0.73 14.2 13.47 9.15 1.71 

NB20C5R1 1.36 16.47 15.11 8.28 2.27 

An increase in the minimum torque values indicates the number of physical 

crosslinks, which enhances the stiffness of the composite. Conversely, the maximum 

torque and torque difference represent the increased crosslink density resulting from 

the interaction between the rubber and hybrid fillers. Table 3.6 displays the ∝f 

values of hybrid filler systems. The ∝f values are found to be higher than IL 

modified system which signifies the greater degree of interaction between rubber 

matrix and filler. Generally, π-π interaction of sp2 hybridised carbon atoms of RGO 
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layers causes stacking of graphene layers. However, in composites, these van der 

Waals interactions between the RGO layers and CNT can create a conductive 

network in the NR matrix, which can improve the cure kinetics. The functional 

groups on the surface of CCB, CNT and RGO lead to the formation of a filler-filler 

network. The expected interactions between the hybrid filler system of CCB, CNT 

and RGO are represented schematically in Figure 3.11.  Consequently, the contact 

surface area of the filler and NR increases and is reflected in the  ∝f values.  

Figure 3.11-Schematic representation of filler interaction in NR/CCB-CNT-RGO 

hybrid filler systems  

3.4. Comparative analysis of cure properties 

Table 3.7-Cure characteristics of NR hybrid filler systems 

Sample ML (dNm) MH (dNm) ∆M T90 (min) 

NB0 0.12 10.41 10.29 6.14 
NB20 0.36 17.38 17.02 7.57 

NB20C5 0.85 22.62 21.77 7.57 
NB20IL1 0.07 14.32 14.25 9.46 

NB20C5IL3 0.20 11.13 10.93 6.02 
NB20C5R1 1.36 16.47 15.11 8.28 

Table 3.7 compares cure characteristics of NR hybrid filler systems with different 

filler systems. Rheograph analysis reveals the torque response during curing. Cure 

time of all filled composites is higher than unfilled NR except for NB20C5IL3. This 

can be attributed to the fact that the fillers like CCB, CNT and RGO can act as 
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physical barriers to the penetration of curing agents into the NR matrix. This slows 

down the curing process and results in a longer cure time for composites. (17) 

Torque experienced by filled composites is higher than the unfilled NR. Hybrid filler 

system of CCB-CNT has the highest torque values. This increase in torque value 

indicates the formation of filler-filler and polymer-filler networks. The nanosize and 

high aspect ratio of CNT allow increased contact surface area and improved 

interfacial interactions with NR. (18)  CNT can also act as a nucleating agent and 

results in enhanced cross link density, leading to high torque of composites.  

3.5. Conclusion 
Characterisation of conductive and IL modified fillers were carried out to understand 

the extent of modification using ionic liquid. FTIR, Raman, and SEM analysis 

confirmed the successful modification of CNT and CCB using 1-ethyl-3-

methylimidazolium chloride. Characterisation of NR hybrid filler systems using 

ATR helped identify the functional groups in the NR matrix.  Cure characteristics 

revealed that the incorporation of fillers has improved the torque experienced by the 

composites. Maximum torque value is obtained for CCB-CNT filler system due to 

filler-filler and filler-matrix interaction. The torque difference obtained for ionic 

liquid modified filler and CCB-CNT-RGO filler systems is higher than NB0.  
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Chapter 4 

Morphology, Mechanical and Dynamic Mechanical Properties 

of NR Hybrid Filler Systems 

Summary 
This chapter discusses the mechanical properties, morphological analysis and dynamic 

mechanical properties of natural rubber (NR) hybrid filler systems filled with carbon based 

conductive fillers and ionic 

liquid (IL) modified fillers. 

Theoretical predictions of 

mechanical modulus were 

made using the Rule of 

mixtures, Einstein, Guth 

and Kerner model. Also, 

Nicolais-Narkis, Kunori-

Geil and Turcsanyi models 

are employed to compare 

experimental and 

theoretical values of the 

tensile strength of the composites. DMA showed that the hybrid filler network of CCB and CNT 

effectively restricted molecular chain mobility, resulting in a higher storage modulus. CNT-CCB 

hybrid system also shows improved tensile strength, and the highest tensile strength is exhibited 

by the incorporation of 20 phr CCB. Viscoelastic studies and the examination of various 

parameters, such as the volume fraction of the constrained region, the degree of entanglement, 

and the reinforcing efficiency, were employed to understand the interactions between the rubber 

matrix and filler in the composites.  

A part of this chapter is published in the Journal of Applied Polymer Science. Vol. 139., 

No.47., Pages e53197, 2022. https://doi.org/10.1002/app.53197 

https://doi.org/10.1002/app.53197
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4.1. Introduction  
Study on the static and dynamic physical properties of rubber is essential because of 

the elastic and viscous nature. Elastomers are widely used as shock absorbers or 

damping materials. Therefore, an insight into the mechanical and viscoelastic 

properties is relevant in designing products for various applications. In the present 

study, NR is reinforced with conducting fillers such as CCB, CNT and RGO. This 

chapter provides the effect of these conducting fillers on the mechanical and dynamic 

mechanical properties of NR as a function of filler weight percentage, filler 

modification and hybrid systems. 

4.2. Theoretical models applied for various studies 
4.2.1. Mechanical properties 

The modulus of NR hybrid filler systems is evaluated theoretically and compared with 

experimental findings using the following models.  

4.2.1.1. Rule of mixtures model  

Rule of mixtures model is used for the prediction of the modulus of composite by the 

incorporation of fillers. The equation employed is given below, 

𝐸𝐸 = 𝐸𝐸𝑚𝑚 (1 + 𝜑𝜑)                                                             (4.1) 

where E is the modulus of composites, 𝐸𝐸𝑚𝑚 is the modulus of the unfilled NR and 𝜑𝜑 is 

the volume fraction of filler. 

4.2.1.2. Einstein model  

Einstein model (1) is developed by introducing an adhesion parameter to the rule of 

mixtures model, which is 2.5 for spherical fillers. Einstein assumed the dilute 

suspension and perfect adhesion between the spherical filler and matrix of the 

composite. This model is expressed as the following equation, 

𝐸𝐸 = 𝐸𝐸𝑚𝑚 (1 + 2.5𝜑𝜑)                                                           (4.2) 

4.2.1.3. Guth model 

Guth model (2) is extensively used for analysing the mechanical properties of 

composites reinforced with spherical fillers. Guth model considered filler-filler 

interaction and assumed that at higher concentration, the modulus of composites can 

be expressed as a power series in 𝜑𝜑 as given below (3),  

𝐸𝐸 = 𝐸𝐸𝑚𝑚 (1 + 𝛼𝛼1𝜑𝜑 + 𝛼𝛼2𝜑𝜑2 + 𝛼𝛼3𝜑𝜑3 + ⋯)                                          (4.3) 
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where 𝛼𝛼1, 𝛼𝛼2, 𝛼𝛼3 etc. are numeric factors that depends on the shape and interaction 

between fillers. For spherical particles 𝛼𝛼1 = 2.5 and it expresses the independent 

action of filler particles up to 10 vol% of filler concentration. At higher 

concentration,𝛼𝛼2, 𝛼𝛼3, 𝛼𝛼4 etc., represent mutual interaction among pairs, triplets and 

quadruplets of filler particles respectively.  

4.2.1.4. Kerner model 

Kerner model (4) is used with spherical fillers, and it takes into account the Poisson’s 

ratio of matrix. It is used for rigid particles incorporated polymer matrix featuring some 

adhesion. Kerner model assumes a homogeneous distribution of spherical filler 

particles surrounded by a uniform layer of the matrix. Kerner equation is given by, 

𝐸𝐸 =  𝐸𝐸𝑚𝑚 �1 + � 𝜑𝜑
1−𝜑𝜑

� �15 (1−𝑣𝑣)
8−10𝑣𝑣

��                                                        (4.4) 

where ν is the Poisson’s ratio and is 0.4999 for NR (5). 

4.2.1.5. Nicolais-Narkis model 

Nicolais-Narkis (6) model is employed for the theoretical prediction of tensile strength 

of composites using the equation given below 

𝜎𝜎 = 𝜎𝜎𝑚𝑚 (1 − 𝑘𝑘𝜑𝜑2/3)                                                   (4.5) 

where 𝜎𝜎 is the tensile strength of the composite and  𝜎𝜎𝑚𝑚  is the tensile strength of the 

unfilled NR and k is the stress concentration factor. As the k values decreases the 

adhesion between filler and polymer matrix increases (7). 

4.2.1.6. Kunori-Geil model  

The equation for Kunori and Geil (8) model is given by, 

𝜎𝜎 = 𝜎𝜎𝑚𝑚 (𝑒𝑒−𝑎𝑎𝑎𝑎)                                                              (4.6) 

Kunori and Geil model relates the tensile strength of the composites to a 

proportionality constant “a,” which is the stress concentration parameter. Increased 

“a” value indicates improved adhesion between filler and matrix. 

4.2.1.7. Turcsanyi model 

Turcsanyi  model (9) calculates the tensile stress in composites using the equation 

given below, 

𝜎𝜎 = 1−𝜑𝜑
1+𝐴𝐴𝐴𝐴

𝜎𝜎𝑚𝑚 𝑓𝑓(𝜑𝜑) (4.7) 

The value of A in this method is 2.318 for both face-centred cubic and hexagonal close 
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packing. By applying this equation to different polymer/filler systems, the researchers 

found that the best fit was an exponential function, which was expressed as the 

equation given below,  

𝜎𝜎 = 𝜎𝜎𝑚𝑚  1−𝜑𝜑
1+2.5 𝜑𝜑

 𝑒𝑒𝐵𝐵𝐵𝐵       (4.8)

The parameter B in this equation represents the interfacial properties and was 

determined through fitting. 

4.2.2. Dynamic mechanical properties 

4.2.2.1. Coefficient βf 

Coefficient βf is introduced for the indication of effectiveness of fillers on the moduli 

of the composites (10). βf is calculated using following equation, 

𝛽𝛽𝑓𝑓 =  
𝐸𝐸′𝑔𝑔 
𝐸𝐸′𝑟𝑟  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐸𝐸′𝑔𝑔 
 𝐸𝐸′𝑟𝑟  𝑔𝑔𝑔𝑔𝑔𝑔 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

(4.9) 

where Eg′ and Er′ are the storage modulus values in the glassy and rubbery regions of 

the composites respectively. 

4.2.2.2. Volume fraction of the constrained region  

For linear  viscoelastic behaviour, the energy loss fraction of the composites is given 

by the following equation (11), 

𝑊𝑊 =  𝜋𝜋 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝜋𝜋 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡+1

                                  (4.10) 

where the dynamic viscoelastic data gives the energy loss fraction W at the tan δ peak 

as given below, 

 𝑊𝑊 =  (1−𝐶𝐶)𝑊𝑊𝑜𝑜
1−𝐶𝐶𝑂𝑂

(4.11) 

where C is the volume fraction of the constrained region, (1-C) is the volume fraction 

of the amorphous region, 𝑊𝑊𝑜𝑜 is the energy loss fraction of the unfilled NR and 𝐶𝐶𝑂𝑂 is 

the volume fraction of the constrained region in the pure polymer. 𝐶𝐶𝑂𝑂 is taken as 0 for 

gum vulcanizate. The fraction of the constrained region of the composite can be 

calculated by modifying the above equation as follows, 

𝐶𝐶 = 1 − (1−𝐶𝐶𝑂𝑂)𝑊𝑊
𝑊𝑊𝑂𝑂

(4.12) 
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4.2.2.3. Entanglement density 

Interaction between NR matrix and fillers can be calculated from the rubbery region 

using the given equation for entanglement density, 

𝑁𝑁 =  𝐸𝐸𝑟𝑟
𝜑𝜑𝜑𝜑𝜑𝜑

                                                             (4.13) 

where 𝐸𝐸𝑟𝑟 is the modulus at Tg+ 30 in K, 𝜑𝜑 is the front factor and 𝜑𝜑 = 1, R is the gas 

constant and T is Tg+ 30 in K. 

4.2.2.4. Reinforcing efficiency 

Reinforcing efficiency of filler in polymer matrix is calculated from the following 

equation,(12)   

𝐸𝐸𝑐𝑐 =  𝐸𝐸𝑚𝑚 �1 + 𝑟𝑟 𝑉𝑉𝑓𝑓�                                                  (4.14) 

𝐸𝐸𝑐𝑐 and 𝐸𝐸𝑚𝑚 are the storage modulus values of filled composites and unfilled NR 

respectively, r is the reinforcing efficiency of fillers and 𝑉𝑉𝑓𝑓 is the volume fraction of 

filler. 

4.3. Results and discussion 
4.3.1. NR/CCB systems 

4.3.1.1. Mechanical properties and morphological analysis 

Mechanical properties such as tensile strength, elongation at break (%), and modulus 

at 100, 200, and 300 % elongation of NR/CCB systems are given in Table 4.1. The 

tensile strength of NR/CCB systems has increased significantly due to filler-filler and 

filler-matrix interactions(13). CCB aggregates, after mixing, disperse into the polymer 

matrix and reinforce the NR by forming a filler network. Reinforcement of CCB in 

NR based on physical, mechanical and dynamic filler rubber interactions. The 

hydrodynamic interaction between rigid CCB aggregates and NR molecules where 

rigid fillers increase the stiffness and lead to significant local strains which can 

reinforce the matrix and improve the mechanical properties of NR/CCB systems. (14) 

In addition, the physical interaction between CCB chains and NR molecules also 

contribute to the reinforcement of NR matrix. The high surface area of carbon black 

allows the adsorption of rubber chains, which leads to more rubber–filler interactions. 

Adsorbed rubber chains occur in a glassy state around spherical CCB particles. (15) 

Consequently, the improved contact area of filler and rubber at the interface results in 

the enhanced physical properties of NR/CCB systems. (16,17) The surface of CCB is 
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characterised by the presence of oxygen functionalities such as lactons, phenols and 

carboxylic groups. Chemical interactions happen when the acidic groups on the CCB 

surface react with the basic functional groups on the surface of the rubber. (18) The 

double bonds in the CCB react with S atoms, olefins and radicals of rubber to form 

chemical bonds and result in reinforcement. (19) The dynamic reinforcement is 

explained by the slippage postulation by Dannenberg in 1966. (20) Slippage on the 

rubber chains and CCB interface redistributes the strain and prevents the molecular 

rupture of the matrix. The interface slippage phenomenon occurs under stress and is a 

proposed reinforcement mechanism under strain. 

Elongation at the break of the samples is gradually decreased with CCB filler loading. 

Modulus at 100, 200, and 300% elongation are gradually increasing with an increase 

in filler loading due to the increased rubber-filler interaction. Figure 4.1 shows the 

possible physical and chemical interactions of CCB and NR chains. 

Table 4.1-Mechanical properties of NR/CCB systems 

Figure 4.2 shows the SEM image of the tensile fracture surface of NR/CCB systems. 

CCB can act as stress transferring agents in the matrix. Consequently, it necessitates 

high crack propagation energy to fracture the NR/CCB systems, as evidenced by the 

presence of the matrix fracture lines in the tensile fracture surfaces (21). Also, 

homogeneous dispersion of filler is seen in the SEM images. HRTEM images of 

NR/CCB systems provide an insight into the distribution of CCB in NR matrix and are 

presented in Figure 4.3. TEM images of B20 show a homogeneous distribution of 

CCB in the rubber matrix. 

Sample Elongation 

at break 

(%) 

Tensile 

strength 

(MPa) 

Modulus 

at 100% 

(MPa) 

Modulus 

at 200% 

(MPa) 

Modulus 

at 300% 

(MPa) 

NB0 1184 ±22 17.1 ±0.9 0.9 ±0.01 1.4 ±0.01 2.0±0.00 

NB5 1126 ±47 23.2 ±0.5 1.1 ±0.02 1.7 ±0.03 2.4 ±0.04 

NB10 991 ±49 22.4 ±0.5 1.2 ±0.04 2.0 ±0.05 3.0 ±0.07 

NB15 913 ±10 23.7 ±0.6 1.4 ±0.02 2.5 ±0.04 3.8 ±0.09 

NB20 893 ±25 26.3 ±0.9 1.6 ±0.02 2.9 ±0.04 4.5 ±0.08 
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Figure 4.1-Schematic representation of interactions between CCB and NR 

Figure 4.2-SEM of tensile fracture surface (1000 x) of (a) NB0 (b) NB5 (c) NB10 

(d) NB15 (e) NB20

a       b 

c   d 

e 
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Figure 4.3-HRTEM images of NB20 at (a) low and (b) high magnifications 

Theoretical models such as the Rule of mixtures, Einstein, Guth and Kerner have been 

applied to predict the mechanical properties of filler reinforced elastomer composites. 

Filler characteristics like particle geometry, dimension, surface area, and distribution 

in polymer matrix influence the mechanical properties of composites. Hence, 

properties of fillers are also considered in these theoretical models while predicting 

composite properties. Experimentally and theoretically predicted modulus values of 

NR/CCB systems are given in Figure 4.4. Experimental values are lower than the 

moduli predicted by Rule of mixtures and Einstein model. Kerner model predicts lower 

modulus values than experimental results, while the Guth model is in good agreement 

with experimental values. Agreement of theoretical predictions using Guth model with 

experimental values suggests filler-filler interaction as well as filler-matrix interaction 

even up to a higher concentration of filler, ie, 20 phr. Guth model also considers the 

increase in viscosity of matrix due to filler addition and its uniform dispersion(22). 

Theoretical predictions of tensile strength using Nicolais-Narkis, Kunori-Geil, and 

Turcsanyi models and experimental values are compared in Figure 4.5. Theoretically 

predicted tensile strength is lower or almost same as that of experimental results. Stress 

concentration factor, k obtained for NR/CCB systems is -0.85, which indicates strong 

adhesion between spherical CCB and NR matrix. Nicolais-Narkis model is based on 

the assumption that there is a lack of adhesion between filler particle and polymer 

matrix. In that case, filler particles cannot endure the stress, and the stress is completely 

carried by the polymer matrix. Then, the stress concentration parameter will be 1.21. 

a      b 
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However, when strong adhesion exists between filler and polymer matrix the stress 

concentration parameter will be less than 1.21 (23).  
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Figure 4.4-Theoretical comparison of modulus as a function of volume fraction of 

CCB in NR/CCB systems 

Figure 4.5-Theoretical comparison of tensile strength as a function of volume 

fraction of CCB in NR/CCB systems 
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4.3.1.2. Dynamic mechanical analysis (DMA) 

Storage modulus (E′) is an indication of the segmental mobility and also signifies the 

energy stored in a viscoelastic material. At low temperatures, restricted molecular 

motion leads to higher storage modulus. Also, higher viscosity at low temperature 

leads to very small free volume in the polymer matrix, which consecutively results in 

negligible segmental motion. As the temperature increases, polymer chains exhibit 

high mobility; therefore, storage modulus decreases with temperature. The region 

where an increase in free volume of the polymer matrix is higher than the volume 

expansion of molecules marks the glass transition. Glass transition region illustrates 

the change of the polymer matrix from a glassy restricted state to a more elastic rubbery 

state. In the glass transition region, the chain dynamics of the NR matrix are changed 

when various relaxations of long chains of NR come into action. This causes high 

dissipation of energy indicated by the tan δ peak. Storage modulus values exhibit a 

sudden drop in the glass transition region and continue as a plateau in the rubbery 

region. The molecular motions in the glassy region are confined to vibrational and 

rotational motions. In the rubbery region, rapid viscosity drop with increasing 

temperature leads to segmental motion, causing low energy dissipation and storage 

modulus. Filler incorporation can enhance the storage modulus and reduce energy 

dissipation by restricting the chain mobility of the polymer matrix.  

Storage modulus and loss tangent of NR/CCB systems are presented in Figure 4.6 (a) 

& (b), respectively. Storage modulus decreases with an increase in temperature in the 

range of -60°C to -30°C, where the transition from a glassy to rubbery state occurs. 

Storage modulus values at 25°Care 1.99, 2.45 and 7.07 MPa for unfilled NR, 10 and 

20 phr CCB filled NR, respectively. This is attributed to the hindered chain mobility 

of polymer segments due to the adsorption of NR molecules on the CCB surface. This 

is associated with the reinforcing ability of filler. As the reinforcing activity of filler 

increases, chain mobility decreases and thereby, storage modulus increases (24). In the 

rubbery zone, unfilled NR exhibits low energy dissipation, and increases with filler 

loading. The energy dissipation or damping in the glass transition region is caused by 

the polymer component. Hence, it decreases with filler incorporation, while in the 

rubbery zone, damping increases with filler loading.  
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Figure 4.6-(a) Storage modulus and (b) Loss tangent of NR/CCB systems 

Loss tangent (tan δ) represents the viscous response of the material and is given by the 

ratio of dynamic loss modulus (E″) and dynamic storage modulus (E′) (tan δ = E″
E′

). Tan

δ peak value varies with polymer matrix and filler. However, tan δ, in general, 

represents the dissipation of energy due to the internal friction and molecular motions. 

Tan δ peak occurs in the transition region where the viscoelastic material changes from 

a glassy to a rubbery state. The constraints of chains in the glassy region can cause less 
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damping, which increases upon passing through glass transition temperature. Again, 

the damping is decreased, and the molecular chains are free to move in the rubbery 

state. The extent of reinforcement in the filled composites can be understood from the 

peak height of the tan δ plots (25). Damping gradually decreases after filler addition, 

indicating better reinforcement at the filler-matrix interface. The broadening and 

reduced magnitude of damping peak is an indication of restricted mobility of NR 

chains due to the inclusion of CCB fillers and broader distribution of chain relaxations 

in NR. 

Different theoretical parameters are employed to analyse the DMA data of the 

NR/CCB systems. The coefficient, βf of the composites are calculated to analyse the 

effectiveness of the filler in the polymer matrix. Calculated βf values are given in 

Table 4.2. The low value of βf indicates the higher effectiveness of filler. βf values 

decrease with filler content, and NB20 has the lowest βf value signifying the highest 

effectiveness of the filler. Immobilisation of NR polymer chains occurs on the surface 

of CCB particles. Quantitative estimation of volume fraction of constrained region is 

important to understand the role of confined polymer chains in improving the 

mechanical properties of NR/CCB systems. The constrained region in the composites 

can be estimated from the decrease in the height of tan δ peaks. Estimated values of 

constrained regions are given in Table 4.2. There is a linear relationship between 

volume fraction of constrained region and amount of filler incorporated. Increasing 

volume fraction of constrained region, C with increasing CCB in the NR composites 

suggests improved interfacial interaction between CCB surface and NR chains. 

Polymer confinement in the surface of CCB filler particles leads to restricted chain 

mobility, which in turn results in enhanced reinforcement of composites. 

Table 4.2-Various theoretical parameters from DMA analysis 

Sample βf N (mol/dm3) C r 

NB0 1.00 0.10 x10-2 - 

NB10 0.50 0.15 x10-2 0.0275 0.71 

NB20 0.08 0.45 x10-2 0.0596 11.53 

Another parameter to understand the interaction between polymer and the filler is 

given by the entanglement density denoted by N. The degree of entanglement in rubber 
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composites can be measured using various techniques, including rheological 

measurements and dynamic mechanical analysis. The entanglement density, which 

describes the number of entanglements per unit volume of the material, is a key 

parameter that affects the mechanical behaviour of the composite. Table 4.2 gives the 

values of N in mol/dm3. The N values are found to increases with increase in 

concentration of CCB in the NR matrix, indicating the progressive enhancement in 

interfacial interaction with respect to filler loading. Larger N values are an indication 

of the strong interfacial interaction (26). Increased storage modulus values of NB20 as 

shown in Figure 4.6 (a) is further confirmed from the computed N value. Reinforcing 

efficiency of the filler can also be understood from the DMA data, which is presented 

in Table 4.2, and there is a 15% enhancement when the CCB content is increased from 

10 to 20 phr.    

4.3.2. NR/CCB-CNT hybrid filler systems  

4.3.2.1. Mechanical properties and morphological analysis 

Mechanical properties such as density, tensile strength, elongation at break % and 

modulus at 100, 200, and 300 % elongation of NR/CCB-CNT hybrid filler systems are 

given in Table 4.3. The highest tensile strength of NR/CCB-CNT is 24 MPa for 

NB20C1. Elongation at break of composites decreases with filler loading. Modulus 

values at 100, 200 and 300 % elongation gradually increase for all composites, 

indicating the increased filler-rubber interaction.  

Table 4.3-Mechanical properties of NR/CCB-CNT hybrid filler systems 

Sample Elongation 

at break 

(%) 

Tensile 

strength 

(MPa) 

Modulus 

at 100% 

(MPa) 

Modulus 

at 200% 

(MPa) 

Modulus 

at 300% 

(MPa) 

NB20C0.5 639 ±43 21.4 ±0.3 2.1 ±0.04 3.9 ±0.08 6.5±0.19 

NB20C1    699 ±7 24.0 ±0.1 2.2 ±0.06 4.0±0.13 6.6±0.24 

NB20C3    629 ±8 22.3 ±0.4 2.5 ±0.01 4.8 ±0.01 7.8±0.06 

NB20C5 561 ±33 21.3 ± 0.5 3.1 ±0.06 6.1±0.05 9.7±0.04 

Figure 4.7 shows the theoretical comparison of tensile strength as a function of the 

volume fraction of CNT of NR/CCB-CNT hybrid filler systems.  Theoretically 

predicted tensile strength using Nicolais-Narkis and Turcsanyi model is in agreement 
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with experimental results for NB20C0.5 and NB20C3. Stress concentration factor, k, 

obtained using Nicolais-Narkis model is -0.94, which indicates strong adhesion 

between filler particles and NR matrix. However, experimental tensile strength values 

of NB20C1 and NB20C5 show slight deviations from theoretical model predictions.  

Figure 4.7-Theoretical comparison of tensile strength as a function of volume 

fraction of CNT of NR/CCB-CNT hybrid filler systems 

Figure 4.8-SEM of tensile fracture surface of (a) NB20C0.5 (b) NB20C1         

(c) NB20C3 (d) NB20C5
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Figure 4.8(a-d) presents the SEM images of the tensile fracture surface of NR/CCB-

CNT hybrid filler systems. Matrix fracture lines are seen upon the incorporation of 

CCB-CNT filler, which indicates the resistance of NR matrix to crack propagation due 

to the presence of a hybrid filler system. 

Figure 4.9-HRTEM images of (a & b) CNT (c & d) NB20C3 and (e & f) NB20C5 at 

different magnifications 

Figure 4.9(a) shows the TEM images of unmodified CNT at different magnifications. 

Figure 4.9(b) marks the inner diameter as 9.05nm and outer diameter as 17.58 nm and 

shows the inner walls of multiwalled carbon nanotubes. Figure 4.9 (c-f) shows the 

HRTEM images of NB20C3 and NB20C5 at low and high magnifications. TEM 

images clearly show the CNT tubes distributed among the CCB aggregates. Figure 

4.9 (c) and (d) show higher concentrations of the CCB aggregates, while (e) and (f) 

show an increase in the concentration of CNT tubes that forms an extensive network 

with CCB aggregates. The network formation of CNT and CCB is evident in TEM 

images. 
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4.3.2.2. Dynamic mechanical analysis (DMA) 

Storage modulus of NR hybrid filler systems in the temperature range of -70°C to 

+70°C is illustrated in Figure 4.10 (a). Higher storage modulus is obtained for

NB20C1 at low temperatures. At higher CNT, the storage modulus decreases due to

the probable agglomeration of nanofillers in the matrix. However, the modulus of

higher CNT loading composites is still much higher than unfilled NR. As the

temperature increases, an abrupt drop in modulus is obtained with the transition from

glassy to rubbery state. Figure 4.10 (b) presents the plot of tan δ against temperature.

Tan δ peak shows that the glass transition temperature shifts to higher temperatures

for hybrid filler NR composites. The damping peak of all hybrid filler composites is

around -25°C while the tan δ peak of NB20 is at -38°C (Figure 4.10 (b)). Also, a

noticeable decrease in peak height and broadening of peaks are observed upon the

incorporation of fillers.  This is attributed to the restricted mobility of polymer chains

in composites in the glass transition region. (27,28) At low temperatures, the modulus

values are high because the spherical CCB and tubular CNT effectively restrict the

motion of polymer chains. Storage modulus of the hybrid systems at ambient

temperature increases proportionally with CNT content (inset of Figure 4.10(a)).

Table 4.4-Various theoretical parameters from DMA analysis 

Sample βf N (mol/dm3) C r 
NB20C1 0.14 2.93 x10-2 0.18 18.94 
NB20C3 0.14 4.09 x10-2 0.22 30.27 
NB20C5 0.06 9.05 x10-2 0.27 63.04 

Table 4.4 presents the calculated βf values of NR/CCB-CNT hybrid filler systems 

which give the effectiveness of filler. Lower βf indicates the higher efficiency of filler 

in the NR matrix. NB20C1 and NB20C3 have similar βf values. However, a further 

increase in the CNT has decreased the βf value.  Quantitative estimation of the volume 

fraction of constrained region is important to understand the role of confined polymer 

chains in improving the mechanical properties of NR hybrid filler systems. Decrease 

in the height of the 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 peak gives the extend of the constrained region. The 

calculated volume fraction of constrained region, C, is presented in Table 4.4. The 

filler content increases, the constrained region in the NR matrix increases. This 

indicates the increased interfacial interaction of the hybrid filler network and rubber 



Chapter 4 Morphology, Mechanical and Dynamic… 

81 

chains. The homogeneous network of CNT and CCB is able to immobilize polymer 

chains on the surface, giving a more constrained region. Volume fraction of 

constrained region also depends on the nature of the polymer and polymer–filler 

interaction. (10)  

Figure 4.10 (a) Storage modulus [Inset: Storage modulus above 0°C] and (b) loss 

tangent of NR/CCB-CNT hybrid filler systems 
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Figure 4.11 shows the linear relationship between the volume fraction of the 

constrained region and the amount of CNT. Entanglement density values, N, are 

presented in Table 4.4, which also support the enhancement of interfacial interaction 

with filler loading. N value gives an insight into the extent of entanglement between 

NR and hybrid fillers and is found to be higher for 5 phr CNT and 20 phr CCB 

containing composite due to the strong hybrid filler network-matrix interaction.  

Reinforcing efficiency, r of the composites is also presented in Table 4.4. The r values 

also suggest the increasing reinforcement offered by the hybrid filler network. The 

CNT and CCB effectively form a strong interface with the NR matrix. This is 

supported by the βf and r values. Volume fraction of constrained region calculated 

from the decreasing height of tan 𝛿𝛿 peak also supports the observation that increasing 

the strength of hybrid filler-matrix interface. The volume of constrained region shows 

45.5% increase for 5 phr CNT compared to 1 phr. Similarly, degree of entanglement 

increases by approximately 209% and reinforcing efficiency increases by 233% for 

NB20C5. 

0 1 2 3 4 5

0.15

0.20

0.25

0.30

 Volume fraction of constrained region
 Linear fit

V
ol

um
e 

fr
ac

tio
n 

of
 c

on
st

ra
in

ed
 r

eg
io

n

Amount of CNT (phr)

y= 0.02079 x +0.15914
R2 = 0.98397 

Figure 4.11-Linear variation of volume of constrained region with amount of CNT 

in NR/CCB-CNT hybrid filler systems 
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4.3.3. NR/1-ethyl-3-methylimidazolium chloride modified CCB (NR/ILCCB) 

            systems 

4.3.3.1. Mechanical properties and morphological analysis  

Table 4.5-Mechanical properties of NR/ILCCB systems 

Sample Break 

strain 

 (%) 

Tensile 

strength 

(MPa) 

Modulus at 

100% 

(MPa) 

Modulus at 

200% 

(MPa) 

Modulus at 

300% 

 (MPa) 

NB20IL1 886 ± 29 15.92 ± 0.08  1.19 ± 0.1 2.09 ± 0.16 3.17 ± 0.24 

NB20IL3 1119 ± 6 15.52 ± 0.34 0.80 ± 0.04 1.31 ± 0.05 1.92 ± 0.08 

Table 4.5 presents the mechanical properties of NR/ILCCB systems. IL modified CCB 

incorporated NR has lower tensile modulus owing to the plasticising action of IL. (29)  

Modulus values at 100, 200 and 300 % elongation represent the stiffness or elasticity 

of the material. The composite sample NB20IL3 consistently exhibits lower modulus 

values, indicating lower stiffness. The break strain represents the maximum strain the 

material can undergo before failure or breaking. NB20IL3 exhibits the highest break 

strain percentage (1119 ± 6%) and possess good flexibility and stretchability. 

Theoretical prediction of tensile strength of composites using the Nicolais-Narkis, 

Knori-Geil and Turcsanyi model and comparison with experimental values are 

presented in Table 4.6. Theoretically, predicted tensile values are close to the 

experimentally determined values. Nicolais-Narkis model gives a correlation 

coefficient of 0.99 with a k value of 0.22. Knori-Geil model offers a correlation 

coefficient of 0.99 with K value of 0.40. Turcsanyi model parameter B less than 1 

suggests insufficient adhesion at the interface of the filler and matrix, whereas the 

value between 1 and 3 indicates a certain degree of interfacial adhesion between the 

filler and matrix. (30) The Turcsanyi model parameter obtained for NR/ILCCB 

systems is 2.73, which indicates the adhesion between ILCCB filler particles and the 

NR matrix.  

Figure 4.12 presents the FESEM images of NB20IL3. Tensile surface morphology of 

NB20IL3 shows that the stress transfer is not concentrated in any particular area. This 

suggests that the ionic liquid modification has facilitated a uniform distribution of 
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CCB, which in turn reduce the localised failure during the application of stress. This 

is possible through the homogenous dispersion of IL modified CCB in NR. 

Table 4.6-Theoretical comparison of tensile strength (MPa) of NR/ILCCB systems 

Sample Experimental Nicolais-
Narkis model 

Knori-Geil 
model 

Turcsanyi 
model 

NB20IL1 15.92 15.79 15.83 15.76 
NB20IL3 15.52 15.63 15.60 15.66 

Figure 4.12-FESEM images of tensile fracture surface of NB20IL3 

4.3.3.2. Dynamic mechanical analysis (DMA) 

Figure 4.13(a) illustrates the storage modulus of NR/ILCCB systems. It demonstrates 

a gradual increase in storage modulus with ionic liquid modification and filler loading. 

Inset of Figure 4.13 specifically displays the storage modulus values at room 

temperature, indicating a direct increase with modified CCB. Tan delta is a measure 

of the efficiency with which a material or system dissipates energy in the form of heat. 

Tan delta peaks of NR/ILCCB systems are given in Figure 4.13 (b). The tan delta of 

rubber composites with fillers represents the mobility of macromolecules within the 

polymer matrix and the occurrence of phase transitions in the polymer system. (24) 

The addition of fillers can affect the viscoelastic behaviour of the polymer matrix, 

owing to the interaction between polymer chains and the filler particles. This can result 

in changes in the mobility and dynamics of the macromolecules, leading to variations 

in the occurrence and temperature range of these phase transitions.  

Theoretical parameters obtained from storage modulus values are presented in Table 

4.7. Calculations of various parameters such as the coefficient "βf," volume fraction of 

the constrained region, and estimation of entanglement between filler and matrix, as 
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well as reinforcement efficiency, which helps to analyse the viscoelastic behaviour of 

composites. The constant βf indicates that the effectiveness of filler has increased as   

the amount of IL increased in the NR composites. The entanglement density and 

reinforcing efficiency are also increased in NB20IL3. This indicates the improved 

interfacial interaction between filler and NR matrix. Volume fraction of constrained 

region shows a slight decrease as the ILCCB content is increased. 

Figure 4.13-(a) Storage modulus [Inset: Storage modulus above 0°C] and (b) Loss 

tangent of NR/ILCCB systems 
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Table 4.7-Various theoretical parameters of DMA analysis 

Sample βf N (mol/dm3) C r 
NB20IL1 0.26 0.62 x 10-2 7.11 x 10-2 7.35 
NB20IL3 0.19 0.94 x 10-2 6.62 x 10-2 18.06 

4.3.4. NR/CCB-1-ethyl-3-methylimidazolium chloride modified CNT (NR/CCB-

ILCNT) hybrid filler systems 

4.3.4.1. Mechanical properties and morphological analysis 

Table 4.8 presents the mechanical properties of NR/CCB-ILCNT hybrid filler 

systems. Ionic liquid modification of CNT and CCB has a detrimental effect on the 

tensile strength of the NR matrix. The ionic liquid acts as plasticiser in the NR 

composites and can cause a reduction in the tensile modulus. The modulus at 100, 200 

and 300 % elongation represent the stiffness or elasticity of the material. Modulus 

values at different elongations are highest for NB20C5IL3, indicating superior 

stiffness and resistance to deformation.  

Table 4.8-Mechanical properties of NR/CCB-ILCNT hybrid filler systems 

Sample Elongation 

at break 

(%) 

Tensile 

strength 

(MPa) 

Modulus at 

100% 

(MPa) 

Modulus at 

200% 

(MPa) 

Modulus at 

300% 

(MPa) 

NB20C3IL1 706 ± 47 11.7 ± 0.68 1.34 ± 0.03 2.40 ± 0.05 3.66 ± 0.06 

NB20C3IL3 642 ± 41 11.7 ± 0.68 1.558 ± 0.02 2.92 ± 0.02 4.54 ± 0.02 

NB20C5IL1 631 ± 52 10.52 ± 0.85 1.39 ± 0.04 2.61 ± 0.04 4.02 ± 0.03 

NB20C5IL3 588 ± 60 11.18 ± 0.34 1.72 ± 0.05 3.15 ± 0.06 4.82 ± 0.07 

Comparison of the experimental results with theoretical models helps in a better 

understanding of the underlying filler-polymer interaction. Effective filler polymer 

interaction is essential for reinforcement and improved physical properties of NR. 

Figure 4.14 presents the comparison of experimental tensile strength with theoretical 

models. Theoretically predicted tensile strength values are close to the experimental 

data obtained for the NR composite. Nicolais-Narkis model predicts the tensile 

strength with a correlation coefficient 0.99. The Knori-Geil model also predicts the 

tensile strength values close to experimentally determined values with a correlation 

coefficient of 0.99. the Turcsanyi model parameter B, has a value of 1.08, suggesting 

adhesion of filler and NR matrix. 
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Figure 4.14-Theoretical comparison of tensile strength as function of volume 

fraction of filler 

Figure 4.15-FESEM images of tensile fracture surface of NB20C5IL3 

FESEM images of the tensile fracture surface of NR/CCB-ILCNT hybrid filler 

systems are shown in Figure 4.15(a) and (b). It is mentioned that IL can shield the 

CNT molecules from π-π interaction, which can lead to the formation of 

agglomerates.(31) The presence of individual CNT tubes in the NR matrix, as observed 

in the FESEM images, indicates that the filler is uniformly dispersed and distributed 

throughout the composite. Additionally, the fracture surface morphology, as depicted 

in Figure 4.16, shows uniform stress transfer across the membrane. This suggests the 

absence of CNT or CCB agglomerates, further indicating the successful dispersion and 

distribution of the fillers within the composite. Uniform stress transfer is desirable as 
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it ensures the load is effectively distributed and shared among the reinforcement 

elements. Figure 4.17 shows the HRTEM images of NB20C3IL3. The uniform 

distribution of CCB and CNT is evident from the morphological analysis. The 

presence of IL has decreased the CCB agglomeration in the matrix. 

Figure 4.16-SEM images of tensile fracture surface of (a) and (b) NB20C3IL3; (c) 

and (d) NB20C5IL1 

Figure 4.17-HRTEM images of NB20C3IL3 (a) high and (b) low magnifications 

a       b 

c                      d 

a   b 
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4.3.4.2. Dynamic mechanical analysis (DMA) 

Figure 4.18(a) illustrates the storage modulus values of NR/CCB-ILCNT hybrid filler 

systems plotted against temperature. The composite NB20C5IL3 exhibits the highest 

storage modulus among the tested compositions. For the composite material 

containing 5 phr of ILCNT at a CNT to IL ratio of 1:3, the storage modulus at -70°C 

is 6763 MPa. Conversely, for the composite with a CNT to IL ratio of 1:1, the storage 

modulus is slightly lower, 6726 MPa.  

Figure 4.18-(a) Storage modulus [Inset: Storage modulus above 0°C] and (b) Loss 

tangent of NR/CCB-ILCNT hybrid filler systems 
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The inset of Figure 4.18 (a) clearly shows the storage modulus values above 0°C. The 

storage modulus increases linearly with the amount of CNT and IL at room 

temperature. Also, NB20C5IL3 exhibits the highest storage modulus values. Figure 

4.18-(b) shows the loss tangent of NR/CCB-ILCNT hybrid filler systems plotted 

against temperature. The intensity of the loss tangent peak decreases with increasing 

amount of CNT. At 3 phr of ILCNT loading, a significant decrease is not observed 

despite increasing the filler to IL ratio from 1:1 to 1:3. However, a considerable change 

in peak intensity is observed when the amount of ILCNT is increased to 5 phr.  

Theoretical parameters computed from DMA data are presented in Table 4.9. A lower 

βf value is obtained for NB20C5IL3, which suggests improved effectiveness and 

dispersion of fillers in the NR matrix. Entanglement density and volume of constrained 

regions are increasing with CNT and IL content. This shows the enhanced interaction 

of CCB and IL modified CNT with NR matrix. Reinforcing efficiency has decreased 

by 17% for NB20C3IL1. However, NB20C5IL3 has increased by 69% compared to 

unfilled composites. 

Table 4.9-Various theoretical parameters of DMA analysis 

Sample βf N (mol/dm3) C r 
NB20C3IL1 0.19 0.99 x 10-2 7.63 x 10-2 27.72 
NB20C3IL3 0.16 1.03 x 10-2 7.45 x 10-2 22.91 
NB20C5IL1 0.18 1.20 x 10-2 1.01 x 10-2 30.54 
NB20C5IL3 0.11 1.92 x 10-2 1.06 x 10-2 46.93 

4.3.5. NR/CCB-CNT-RGO hybrid filler systems  

4.3.5.1. Mechanical properties and morphological analysis   

Mechanical strength of the composites was evaluated after hybrid filler incorporation. 

Mechanical properties of the composites are presented in Table 4.10. The combination 

of three reinforcing fillers is expected to improve the mechanical strength of the 

matrix. The combination of CCB, CNT and RGO has reinforced the NR matrix 

effectively. However, there is no remarkable change in tensile strength with an 

increase in the weight percentage of CNT. Modulus values at 100, 200 and 300% 

elongation are higher for NB20C5R1 than NB20C1R1. Filler characteristics such as 

the nature of filler, concentration, orientation, filler-matrix interaction, filler-filler 

wettability and aspect ratio play a significant role in determining the mechanical  
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properties of the composites. (32) Various theoretical models are applied to predict the 

mechanical properties by considering the above-mentioned factors. Nicolais-Narkis 

model suggests that the area fraction scales in proportion to the volume fraction raised 

to the power of two-thirds. When the stress concentration factor decreases, the 

adhesion between the filler and the polymer matrix increases. This is because a lower 

stress concentration factor leads to more uniform stress distribution throughout the 

material, reducing the probability of stress concentrations at the interface between the 

filler and the matrix. Turcsanyi model proposed a direct method for calculating the 

tensile stress in unfilled and filled polymers. This method also relates the tensile 

strength of the composite material with volume fractions to describe the composition 

dependence of the tensile strength.  

Table 4.10-Mechanical properties of NR/CCB-CNT-RGO hybrid filler systems 

Sample Elongation at 
break (%) 

Tensile 
strength 
(MPa) 

Modulus 
at 100% 
(MPa) 

Modulus 
at 200% 
(MPa) 

Modulus 
at 300% 
(MPa) 

NB20C1R1 872 ± 38.9 21.57 ± 0.34 1.48 ± 0.02 2.7 ± 0.02 4.23 ± 0.02 

NB20C5R1 909 ± 34.8 21.55 ± 0.61 2.1 ± 0.01 4.0 ± 0.03 6.5 ± 0.07 

Theoretical prediction of tensile strength by the Nicolais-Narkis, Knori-Geil and 

Turcsanyi model and experimental tensile strength values are presented in Table 4. 

11. Theoretical values exhibit only minor deviations from the experimental results,

indicating that the hybrid filler network effectively reinforces the NR matrix. The k

value of the Nicolais-Narkis model is -0.94, which suggests a better reinforcement

mechanism.

Table 4.11 – Experimental and theoretical prediction of tensile strength (MPa) of 

NR/CCB-CNT-RGO hybrid filler systems 

Sample Experimental Nicolais-Narkis 
model 

Knori-Geil 
model 

Turcsanyi 
model 

NB20C1R1 21.57 ± 0.34 21.35 20.58 21.13 
NB20C5R1 21.55 ± 0.61 21.76 21.14 21.93 

SEM images of the tensile fracture surface of NB20C1R1 at different magnifications 

are shown in Figure 4.19(a) and (b). RGO sheets are visible in Figure 4.19 (a) which 
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is marked in circle. Figure 4.19 (c) and (d) show the FESEM images of the tensile 

fracture surface of NB20C5R1 at different magnifications. 

Figure 4.19-(a) and (b)-SEM images of tensile fracture surface of NB20C1R1 

Figure 4.19-(c) and (d)-FESEM images of tensile fracture surface of NB20C5R1 

Figure 4.19 (e-g)-HRTEM images of NB20C1R1 at different magnifications 

Notably, Figure 4.19 (d) reveals the presence of tubular CNT incorporated in the 

composite marked in a circle. The fracture topography appears to be influenced by the 

structure and reinforcing qualities of the fillers. Through morphological analysis, it has 

been determined that the hybrid fillers are successful in transferring stress within the 

matrix. The presence of surface roughness in the images suggests that the composites 
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have a denser crosslinking. Furthermore, the rougher section morphology corresponds 

to stronger mechanical properties. (33) Figure 4.19 (e-g) shows the TEM images of 

NB20C1R1 at different magnifications. CCB aggregates and CNT tubes are seen in 

the TEM images. The individual RGO sheets are also clearly visible at low and high 

magnifications. 

4.3.5.2. Dynamic mechanical analysis (DMA) 

Figure 4.20(a) demonstrates the variation of storage modulus with temperature from          

-70°C to 70°C for NB20C1R1 and NB20C5R1.

Figure 4.20 –(a) Storage modulus [Inset: Storage modulus above 0°C] and 

(b) Loss tangent of NR/CCB-CNT-RGO hybrid filler systems
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The glassy region is characterised by higher storage modulus owing to the restricted 

mobility of the polymer chains. The reinforcement imparted by the hybrid fillers 

increased the storage modulus at temperatures above 0°C. Combination of three hybrid 

filler systems has created a strong and stiff interface in the NR matrix, resulting in 

increased storage modulus. In the glass transition region, the mobility of the polymer 

chains increases, leading to a significant decrease in storage modulus. The rubbery 

region shows minimum storage modulus. However, in the rubbery region a 

pronounced increase in storage modulus is observed at higher CNT loading as the 

percentage of CCB and RGO remains the same. Loss tangent or damping of the 

composites can be described as the ratio of the viscous to elastic response of a 

viscoelastic material. Tan δ associates with the damping due to the vibration and 

molecular segmental dynamics of polymer chains. Moreover, the area under the tan δ 

peak is directly proportional to the molecular mobility and energy dissipation ability. 

Tan δ plot of the hybrid filler systems is given in Figure 4.20 (b). Hybrid fillers 

dispersed in the NR matrix restrict the polymer chain mobility and decrease the tan δ 

value. In the present study, NB20C5R1 has lower tan δ value and diminished area 

under the tan δ curve; lower tan δ signifies the higher energy storage potential and 

elastic response of the composites. Tan δ plot helps to identify the glass transition 

temperature (Tg) of the composites. Tg identified from Figure 4.20 (b) is -33.28 and   

-39.51°C for NB20C1R1 and NB20C5R1 respectively. Natural rubber is reported to

have the highest damping factor because of the inherent motions of the isoprene

backbone. (34) Addition of fillers can reduce the damping significantly due to the

restriction in the segmental mobility. Tan δmax obtained at Tg is used to locate the

damping or loss factor, whichis observed at 1.48 and 1.18 for NB20C1R1 and

NB20C5R1, respectively. The better dispersion and improved interfacial interactions

of the hybrid filler system in polymer matrix are reflected in the DMA plots. Hybrid

filler network in composites effectively restricts the segmental mobility of polymer

chains through strong intermolecular interactions.

Impact of fillers on the modulus of composites can be assessed through the utilisation

of the coefficient βf, which is presented in Table 4.12. A lower βf value indicates that

the filler is reinforcing the NR matrix. The βf has decreased from 0.6 to 0.1 upon

increasing the concentration of CNT. This indicated that the hybrid filler system is
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effectively dispersed in the rubber matrix, and interfacial interactions increased upon 

the addition of CNT. To better understand the role of confined polymer chains in 

improving the mechanical properties of NR composites, it is important to 

quantitatively estimate the volume fraction of the constrained region. The amount of 

constrained region can be determined by the decrease in the height of the tan δ peak. 

Table 4.12 shows that the volume fraction of the constrained region increases in the 

presence of hybrid fillers, indicating the strong interfacial interaction of hybrid fillers 

with the rubber chain. Network formation of CCB, CNT and RGO immobilizes the 

polymer chains on the surface, leading to a larger constrained region. Entanglement 

density, N refers to the level of interaction and interlocking between polymer chains 

and are presented in Table 4.12. Computed N suggests the strong interfacial 

interaction with hybrid fillers and NR matrix. Degree of entanglement depends on the 

characteristics of the polymer matrix and the filler materials. Higher N value signifies 

a greater extent of entanglement between the NR chains and the filler system. Ternary 

filler system in NR matrix is effective in improving interfacial interaction as a result 

of immobilisation of more NR chains on the surfaces of CCB and CNT particles. The 

spherical surface of CCB and high aspect ratio of CNT allows more surface interaction 

with NR chains. The layered structure of RGO also facilitates interaction with NR 

chains. Another parameter to understand the filler-rubber interaction from storage 

modulus data is the reinforcing efficiency. Table 4.12 presents the calculated values 

of reinforcing efficiency, r for the fillers used in the composites and obvious increase 

is obtained for NB20C5R1 than NB20C1R1.  Reinforcing efficiency of fillers refers 

to their ability to improve the mechanical properties of the composite, and it depends 

on various factors, such as their shape, size, surface area, and interfacial interaction 

with the rubber matrix. It is proportional to its modulus relative to that of the rubber 

matrix (i.e., Ec/Em). From the equation, it is clear that as the modulus of the filler 

increases, the reinforcing efficiency also increases and vice versa. The obtained DMA 

data indicates that several parameters, such as the effectiveness of the filler, the volume 

fraction of the constrained region, the degree of entanglement, and the reinforcing 

efficiency, support the fact that the hybrid filler network effectively enhances the 

interfacial interaction and reinforces the natural rubber matrix.  
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Table 4.12-Various theoretical parameters from DMA analysis 

Sample βf N (mol/dm3) C r 
NB20C1R1 0.60 0.40 x10-2 2.92 x10-2 7.35 
NB20C5R1 0.10 0.93 x10-2 7.12 x10-2 18.06 

4.4. Comparative analysis of properties 
Table 4.13 presents the comparison of mechanical properties of NR incorporated with 

various filler systems. 

Table 4.13-Comparative analysis of mechanical properties of NR hybrid filler 

systems 

Sample Elongation 
at break (%) 

Tensile strength 
(MPa) 

Modulus 
 at 100% (MPa) 

Modulus at 
300%(MPa) 

NB0 1184 ±22 17.1 ±0.9 0.9 ±0.01 2.0±0.00 

NB20 893 ±25 26.3 ±0.9 1.6 ±0.02 4.5 ±0.08 

NB20C1    699 ±7 24.0 ±0.1 2.2 ±0.06 6.6±0.24 

NB20C5 561 ±33 21.3 ± 0.5 3.1 ±0.06 9.7±0.04 

NB20IL1 886 ± 29 15.92 ± 0.08  1.19 ± 0.1 3.17 ± 0.24 

NB20C3IL3 642 ± 41 11.7 ± 0.68 1.558 ± 0.02 4.54 ± 0.02 

NB20C5R1 909 ± 34.8 21.55 ± 0.61 2.1 ± 0.01 6.5 ± 0.07 

Introduction of a hybrid filler system has increased the tensile strength of NR matrix. 

The tensile strength of unfilled NR is 17 MPa, while CCB filler alone could increase 

the tensile strength to 53%. Modulus at 300% elongation is increased significantly 

from 4.5 to 9.7 MPa when 5 phr CNT is added to NB20. Ionic liquid modification has 

a detrimental effect on the tensile strength of the NR matrix. The ILCCB is effective 

in reinforcing NR than ILCNT-CCB filler system. The average tensile strength of 

CCB-CNT-RGO filler composites is 21.5 MPa which is approximately 27% higher 

than that of unfilled NR. Incorporation of carbon and boron nitride nanotubes as 

reinforcements in NR reports an 11.07% and 8.01% increase in the tensile strength 

respectively. (35) Elongation at break (%) is higher for NB20C5R1 than all other filler 

composites. 

Table 4.14 presents the storage modulus of NR hybrid filler systems at 25℃. DMA 

analysis provides insights into the viscoelastic behaviour of the composites.  The 

storage modulus of NB20 is measured at 7.07 MPa. Previous studies on vulcanised 
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NR  incorporating 20 phr of CB report a storage modulus of approximately 5 MPa at 

25°C. (36) Also, the room temperature storage modulus of NR filled with 15 phr of 

multi-walled carbon nanotubes alone is reported to reach only 6.11 MPa, which is 

600% higher than unfilled NR. (37)  In our study, a combination of 20phr CCB and 5 

phr CNT could achieve a 1543% increase in storage modulus than unfilled NR. 

NB20C5 composite exhibits highest modulus than IL modified composites. Storage 

modulus of all hybrid filler reinforced composites is higher than unfilled NR at room 

temperature. IL modified fillers could achieve only a 478% and 473% increase in 

storage modulus for NR/ILCCB and NR/CCB-ILCNT systems respectively. 

Table 4.14-Comparative analysis of storage modulus of NR hybrid filler systems at 

25°C 

Sample Storage modulus (MPa) 

NB0 1.99 
NB20 7.07 

NB20C5 32.7 
NB20IL3 11.5 

NB20C5IL3 26.5 
NB20C5R1 11.4 

4.5. Conclusion 
Present chapter discusses the mechanical, morphological and dynamic mechanical 

properties of NR hybrid filler systems. The enhanced tensile strength and tensile 

modulus confirmed the reinforcement effect of CCB in the NR matrix. Ionic liquid 

modification of fillers has shown improvements in modulus at various strains. The role 

of ionic liquid in preventing CNT and CCB agglomeration has resulted in 

homogeneous dispersion of fillers in NR. Morphological analysis of the tensile fracture 

surface supports the same. The combination of CCB, CNT and RGO synergistically 

enhances the properties in the NR matrix.  
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Chapter 5 

Dielectric and EMI Shielding Properties of NR Hybrid Filler 

Systems 

Summary 

This chapter focuses on the dielectric properties, electromagnetic interference (EMI) shielding 

effectiveness, and DC conductivity of the natural rubber (NR) hybrid filler systems. These 

properties are evaluated in terms of the homogeneous dispersion of fillers, as well as the 

physicochemical interfacial interactions established between the fillers and the polymer matrix. 

Moreover, the role of ionic liquids as potential modifiers in enhancing the dielectric and 

conductive properties of the hybrid filler systems is discussed. Also, AC conductivity data 

obtained from the dielectric investigations is analysed through the framework of Jonscher's 

Universal Power Law. NR/CCB-CNT-RGO hybrid filler systems exhibit the highest EMI SE of 

33.8 dB in the 9-10 GHz frequency range. Ionic liquid modified CNT imparts conductivity to the 

NR with high conductivity in 10-3. NR composites fabricated are suitable for commercial EMI 

shielding applications. 

A part of this chapter is published in the Journal of Applied Polymer Science. Vol. 139., 

No.47., Pages e53197, 2022. https://doi.org/10.1002/app.53197 

https://doi.org/10.1002/app.53197
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5.1. Introduction 

Dielectric permittivity of NR composites refers to the ability of the material to store 

electrical energy when subjected to an electric field. It characterises the polarisation 

response of the material. Electromagnetic interference (EMI) shielding property refers 

to the effectiveness of a material or structure in attenuating or blocking 

electromagnetic (EM) radiation and preventing its interference with electronic devices 

or systems. NR composites integrated with conductive fillers can exhibit enhanced DC 

conductivity. DC conductivity of NR composites is significantly influenced by the 

filler characteristics such as nature, amount, and dispersion of conductive fillers within 

the rubber matrix.  

5.1.1. Theoretical models for dielectric studies 

Dielectric permittivity obtained from the impedance analyser can be used to calculate 

the AC conductivity of the NR composites. The  AC conductivity data is fitted with 

Jonsher Universal Power Law(1)  by the least square method. 

𝜎𝜎(𝜔𝜔) = 𝜎𝜎𝐷𝐷𝐷𝐷 + 𝐴𝐴𝜔𝜔𝑠𝑠      (5.1) 

where σ(ω) is the measured frequency dependent AC conductivity. The equation takes 

into account the frequency-dependent behaviour of the conductivity,  𝜎𝜎𝐷𝐷𝐷𝐷 representing 

the frequency-independent DC observed in the initial plateau region. The constant A 

reflects polarizability and is temperature-dependent, while 𝜔𝜔 represents the angular 

frequency and s is the exponent. The exponent value 1 corresponds to an ideal Debye 

dielectric dipolar type, while 0 represents an ideal ionic type crystal (2). 

5.2. Results and discussion 
5.2.1. NR/CCB systems 

Impedance analysers measure the frequency dependence of electrical properties, 

offering insight into the electrical relaxation behaviour of conducting elastomers. 

Frequency dependence of the dielectric constant (ε', real part of dielectric permittivity) 

with the CCB loading in NR is given in Figure 5.1(a). Dielectric permittivity of NR 

increases with the increase in the percentage of CCB. Dielectric permittivity at 100 Hz 

is 4.01 for unfilled NR and 46.3 for 20 phr of CCB incorporated NR. Moreover, at 

1000 Hz, the dielectric constant values are 3.93 and 43, respectively, for NB0 and 

NB20.  
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Figure 5.1-Frequency dependent (a) dielectric permittivity and (b) dielectric loss of 

NR/CCB systems 

In NR composites, the dielectric permittivity typically depends on factors such as filler 

loading, filler type, the applied external electric field frequency, and temperature. As 

the filler loading increases, the dielectric permittivity of the composites generally 

increases due to enhanced polarization effects. Different types of polarizations can 

contribute to dielectric permittivity, including electronic, atomic, dipolar or 

orientational, and interfacial polarizations. (3,4) Electronic polarization occurs due to 

the displacement of electrons within the material when an external electric field is 
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applied. This kind of polarization is rapid and usually occurs at very high frequencies. 

Atomic polarization arises from the relative displacement between positive and 

negative ions in the material. When an electric field is applied, the ionic cores move, 

leading to a rearrangement, which, in turn, leads to this type of polarization. (4,5) 

Atomic polarization is fast, and it happens at somewhat lower frequencies than 

electronic polarization. Meanwhile, dipolar or orientation polarization arises from the 

alignment of permanent dipoles within the composites. In an external electric field, the 

polar molecules tend to align themselves with the field, resulting in orientation 

polarization. This process is slower and generally occurs at even lower frequencies. 

Space charge polarization or interfacial polarization is also known as Maxwell- 

Wagner Sillar (MWS) polarization and is prominent in composite or heterogeneous 

materials where there are interfaces or boundaries between two distinct materials or 

phases. When an external electric field is applied, charges accumulate at these 

interfaces, leading to polarization. (6) Interfacial polarizations have the longest 

response time. (7) Interfacial and orientation polarizations are also affected by the filler 

concentrations and distributions in composites. As filler concentration varies, it can 

alter the number of interfaces and their distribution or the volume of polar domains, 

which in turn can affect the overall dielectric response of the composite material. The 

response time for interfacial and dipolar polarization is longer compared to atomic and 

electronic polarizations. This makes them more significant in enhancing the dielectric 

constant under real-world application conditions. (8) The surface modifications on the 

filler particles make the orientational and interfacial polarizations relevant in NR 

hybrid filler composite systems. (9) Hence, by adjusting the filler concentrations, one 

can potentially tailor the dielectric properties of the composite to specific 

requirements. 

Stockmayer (10) has identified dipoles and their relaxation behaviour in cis- 

polyisoprene based on vibration orientations. Normal mode relaxation or β relaxation 

corresponding to the parallel dipoles to the long chain is observed at low frequency 

owing to its longer time scale. Segmental mode relaxation or α relaxation related to 

the movement of local segments is observed at high frequency because of the shorter 

time scale. Broadened or shifted α relaxation peaks in filled composites may be 

associated with a change in glass transition temperature (11).  
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The dielectric constant directly depends on the polarizability of the material. The 

nature of interactions between rubber chains and CCB filler is still discussed and 

debated widely. The nature of interactions is found to be mainly physical. However, 

the mixing and curing of rubber chains with carbon black fillers can also introduce 

some covalent bonds. The surface area, aggregate structure and surface chemistry of 

carbon black affect the interfacial interactions with polymer chains (12).  

Increased ε' suggests the increased conductivity of the composite. The increase in ε' of 

NB20 suggests the establishment of a continuous conduction pathway in the rubber 

matrix. At a lower percentage of filler, the aggregate distance is large, and as the 

distance decreases, polarizations like Maxwell-Wagner-Sillar polarizations come into 

play (13). Dielectric permittivity gradually decreases as the frequency is increased; the 

effect is prominent for NB20. Dielectric relaxation of orientation polarization explains 

the variation of dielectric permittivity at a higher frequency. At higher frequencies, the 

dipoles are out of phase while they are oriented in the alternating electric field, leading 

to a decrease in dielectric permittivity. The returning of dipoles to original random 

orientation take time more than the oscillating electric field, which result in energy 

absorption and dissipation as heat (14). In Figure 5.1(b), the variation of dielectric 

loss (ε″, the imaginary part of dielectric permittivity) of NR/CCB systems with 

frequency across different filler loadings is depicted. The data clearly demonstrates 

that dielectric loss amplifies with an increase in filler loading, irrespective of the 

frequency. This enhancement in loss, especially at higher CCB loadings, points to a 

rise in the conversion of electrical energy to thermal energy, as indicated by the 

amplified dielectric loss (15). NB20 offers a superior balance with high dielectric 

constant and moderate dielectric loss. For capacitor applications, where a balance 

between high dielectric constant and minimal dielectric loss is essential, NB20 is 

preferable. Figure 5.2 (a) & (b) shows the frequency dependence of the real part of 

impedance (Z′) and imaginary part of impedance (Z″) of different filler loadings. 

Regardless of filler loading, Z′ gradually decreases with increasing frequency and 

levels off at higher frequency. However, for higher filler loading, Z′ is decreased and 

levelled off at a lower frequency. At lower frequencies, Z′ increases up to 10 phr and 

then starts decreasing for higher loading. Impedance is not frequency dependent at 25 

phr filler loading. Impedance signifies the resistive part of the system in an AC circuit. 
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Impedance analysis shows that the system exhibits higher conductivity at high CCB 

loading. The imaginary part Z″ indicates the reactance, which is the resistance to the 

flow of current due to the capacitive or inductive nature of the NR/CCB composite, 

which is found to be lower at a higher percentage of CCB. At higher frequencies, it is 

independent of the filler loading. This is because of the electron hopping mode of 

conduction, which is more significant at higher frequencies. 
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Relaxation phenomena depend on the chemical crosslinks present in the viscoelastic 

NR as well as the physico-chemical interaction between NR and CCB. Crosslinking 

of polymers results in intermolecular chain restraint, which has a decisive role in the 

segmental dynamics of the polymeric matrix in composites (16). Conductive fillers 

like CCB can impart hydrodynamic interactions and complex physical and chemical 

interactions between solid filler surface and polymer matrix (17).  

Figure 5.3-AC conductivity of NR/CCB systems 

Figure 5.3 shows the deviation of AC conductivity with increasing frequency at 

various filler loadings of CCB in NR. AC conductivity of all composites increases with 

frequency, and maximum conductivity is observed for the 20 phr CCB system. AC 

conductivity gradually increases for NR/CCB systems up to 15 phr CCB, and a 

remarkable improvement in conductivity is obtained at 20 phr. The formation of a 

continuous conductive filler pathway in a polymer matrix causes a dramatic increase 

in conductivity for 20 phr filler loading. The experimental data was analysed using the 

Jonsher Universal Power law through the least squares method. This power law aligns 

well with the experimental observations, and the computed exponent values are 

tabulated in Table 5.1. Exponent values that fall between 0 and 1 suggest a hopping 

mode of conduction. (18) Figure 5.4 shows the schematic representation of the 

conductive network formation of CCB aggregates in the NR matrix. Frequency 

dependent AC conductivity is due to the dipolar orientations and Maxwell-Wagner-
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Sillar polarizations at the filler matrix interface. In addition to the interfacial 

interactions, the AC conductivity of composites also depends on several other factors: 

the conductivity of filler, dimension, nature, and orientation of filler in the polymer 

matrix. 

Table 5.1- Frequency exponent of NR/CCB systems 

Sample s 
NB0 0.92 
NB5 0.93 
NB10 0.98 
NB15 0.94 
NB20 0.77 

Figure 5.4-Schematic representation of conductive network formation of CCB 

aggregates in NR 

Investigation of EMI shielding in composites is conducted in the frequency range of 

GHz, which aligns with the frequency requirements of commercial EM shielding 

devices. These shielding factors are commonly expressed in terms of shielding 

effectiveness (SE). Most EM radiation falling on the shielding material is either 

reflected or absorbed by the material. (19) Shielding by reflection is contributed by the 

surface reflection (SER) from free charge carriers in the system and by multiple 

reflections (SEM) from the adjacent conducting layers. Shielding by reflection 

primarily occurs at the initial interface between the air and the shielding material. 

When EM radiation passes through the thickness of the material, absorption takes 

place. The absorbed EM waves within the shielding material are converted into heat. 
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This absorption process involves the dissipation of energy through ohmic losses in 

induced currents, losses associated with magnetic or dielectric polarizations, and 

hysteresis losses. Consequently, heat is generated within the composite material. The 

EM wave reflected from the second interface travels back to the first interface, leading 

to the occurrence of multiple reflections. These reflections can further contribute to 

the overall shielding effectiveness of the material. (20) 

Figure 5.5-(a) SET and (b) SEA and SER of NR/CCB systems 
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Additionally, the presence of a hybrid filler in the polymer matrix can create multiple 

interfaces within the composite material. This enhanced interface structure can 

improve the EMI shielding effectiveness of the material. When the EM wave interacts 

with a dielectric material, it induces dipole, ionic, electronic, and /or space charge 

polarizations within the material that align with the applied electric field. (21) Figure 

5.5 (a) presents the plot of total shielding effectiveness (SET) against frequency for 

NR/CCB filled systems. The total shielding effectiveness increases with respect to 

CCB loading.  At 9.3 GHz frequency, the values obtained for NB10 and NB20 are 14 

and 19, respectively. This is lower than the commercial requirement for EMI shielding 

devices.   The conductive filler network of CCB imparts some degree of EMI shielding 

property. The contribution of absorption and reflection in shielding of EMI is 

understood from Figure 5.5 (b). The SEA values are higher than SER for all 

composites, suggesting that most of the EM radiations are absorbed by the composite 

material. 

DC conductivity of the NR/CCB systems with varying CCB content is given in Table 

5.2. A higher DC conductivity can be correlated with greater reflection of EM radiation 

and, thereby enhancing the EMI SE. Formation of conductive network in polymer 

matrix due to the enhanced filler dispersion can improve the EMI SE. Also, the 

formation of conductive pathways can decrease the dielectric constant at low 

frequencies. As the CCB concentration increases, DC conductivity also increases. An 

increase in the conductivity of composites at higher concentration indicates the 

development of conductive network by the aggregates of CCB. Classical percolation 

theory (22) is applied to the DC conductivity data to estimate the electrical percolation 

threshold value of the NR/CCB systems. The scaling or power law equation is given 

by, 

𝜎𝜎 = 𝜎𝜎𝑜𝑜(𝜑𝜑 − 𝜑𝜑𝐶𝐶)𝑡𝑡                                                          (5.2) 

where σ is the conductivity of the composite, φ is the volume fraction of the filler, φC 

is the electrical percolation threshold value and t is the critical exponent. The best 

linear fit of power law on the electrical data is given in Figure 5.6. The percolation 

threshold of CCB is 0.154 volume fraction and critical exponent is 5.4.  The low 

percolation threshold value of CCB suggests the formation of continuous conductive 

network in the NR matrix. 
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 Table 5.2-DC conductivity values of the NR/CCB systems 
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Figure 5.6-Best fit curve of power law of NR/CCB systems 

5.2.2. NR/CCB-CNT hybrid filler systems 

Figure 5.7 presents the frequency dependence of dielectric permittivity in relation to 

the CCB-CNT filler loading in NR. CCB-CNT hybrid filler systems enhance the 

dielectric permittivity of NR. Dielectric permittivity increases with filler loading as 

CNT loading increases from 0.5 phr to 1 phr, which is typical of conductive filler 

incorporated polymer composites. Increased permittivity is attributed to interfacial 

polarizations at heterogeneous phases with different electric conductivities. (23) Apart 

from MWS polarizations, space charge polarizations also play a role in enhancing 

dielectric constant. At low concentration of fillers, the isolated conducting fillers in 

insulated matrix results in low electron polarization due to the low chance of separation 

of charges. Meanwhile, at higher filler concentrations, electrons tunnel through the 

adjacent conducting fillers and lead to the separation of charges. This, in turn, increases 

the polarizations and results in a high dielectric constant. There is a remarkable 

increase in permittivity, which reaches a value of 1801 at low frequency for 1 phr 

Sample Conductivity (S/m) 
NB10 2.00 x10-9 
NB15 1.62 x10-8 
NB20 4.01 x10-8 



Chapter 5 Dielectric and EMI Shielding Properties… 

111 

CNT. Below 104 Hz, the dielectric permittivity of NB20C3 and NB20C5 is lower than 

NB20C1, which is 998 and 1340, respectively. At higher filler loading, a higher 

concentration of conductive filler can cause the formation of the continuous 

conductive network in the NR matrix. This allows the continuous migration of 

electrons, leading to the lower dielectric constant. However, as the frequency 

increases, the contribution of dielectric polarizations to the dielectric constant 

decreases for NB20C1, resulting in decreased dielectric constant than NB20C3 and 

NB20C5. (24) As the frequency increases, the dielectric permittivity shows a steady 

increase with filler loading. As the frequency gradually increases, the dielectric 

constant decreases for the NR composites due to the lower contribution of interfacial 

polarizations. The observed enhancement in dielectric permittivity is attributed to the 

polarization mechanisms within the elastomer matrices filled with conductive 

material. Factors influencing the dielectric permittivity in these elastomers are (a) the 

intrinsic dielectric properties of both the polymer matrix and the filler, (b) the micro-

capacitors formed within the matrix, and (c) the polarizations at the interfaces. 

Variation of ε″ of NR/CCB-CNT systems with frequency at different filler loadings is 

given in Figure 5.7(b). Dielectric loss is the measure of electrical energy loss as 

thermal energy in the conduction pathways of hybrid filler systems. Dielectric loss 

increases with filler loading and decreases with frequency for NB20C0.5 and NB20C1. 

For composites with 3 and 5 phr CNT loading, dielectric loss shows different 

behaviour. It reduces with frequency and increases at a higher frequencies. Dielectric 

loss of NB20C3 and NB20C5 lowers even below NB20C1 between 103 and 106 Hz. 

NB20C3 and NB20C5 possess high dielectric permittivity and lower dielectric loss. 

Leakage currents within the conductive pathways of the composites explain the 

dielectric loss and the AC conductivity. The hybrid filler system introduces 

heterogeneity into the composites, leading to many filler-polymer interfaces with 

varying permittivity. This heterogeneity results in Maxwell-Wagner Sillar 

polarizations at lower frequencies, causing an increase in dielectric permittivity. The 

accumulation of free charges at these interfaces leads to interfacial polarizations, 

which account for the high dielectric permittivity observed at lower frequencies, which 

decreases with frequency. At higher frequencies the dipoles are unable to orient 

themselves according to the oscillating electric field. The time taken by the oscillating 
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dipoles to return to its original orientation is larger than that of alternating electric 

field. Thus, due to the dielectric relaxation of orientation polarization, an oscillating 

electric field cannot influence dipole rotation at higher frequencies. Here, the energy 

absorbed is dissipated as heat. 

Figure 5.7-Frequency dependent (a) dielectric permittivity and (b) dielectric loss of 

NR/CCB-CNT hybrid filler systems 

Frequency dependence of the real part of impedance (Z′) and the imaginary part of 

impedance (Z″) of different filler loadings are depicted in Figure 5.8(a & b. At lower 
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for NB20C3 and NB20C5.  That is, at higher frequencies impedance decreases 

proportionally to filler loading. Correspondingly, imaginary impedance values are 

almost the same for NB20C3 and NB20C5 in the frequency range of analysis. Also, it 

is slightly higher than NB20C1 at a lower frequency. However, at high frequencies, 

the imaginary part of impedance proportionally decreases with frequency. Impedance 

values are found to be decreasing with increasing frequency in the investigated 

frequency range for all composites.  

Figure 5.8-Frequency dependence of a) real part of impedance (Z′) and (b) 

imaginary part of impedance (Z″) NR/CCB-CNT hybrid filler systems 
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Impedance represents the resistive part of the system in an AC circuit. A decrease in 

impedance with filler loading suggests the formation of a conductive network of CCB 

and CNT in the matrix. Charge carrier transport inside the conducting elastomer matrix 

is through an electron hopping mechanism. This phenomenon is more significant at 

higher frequencies. This mechanism is responsible for the levelling off of impedance 

at higher frequency.  

Figure 5.9-AC conductivity of NR/CCB-CNT hybrid filler systems 

Figure 5.9 shows the variation of AC conductivity with increasing frequency at 

different filler loadings of NR/CCB-CNT hybrid filler systems. As mentioned earlier, 

the leakage current within the conductive network of the composites is responsible for 

the AC conductivity. NR/hybrid filler system shows a significant increase in AC 
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calculated exponent values are given in Table 5.3. The exponent values in the range 

0<s<1 indicate the hopping mode of conduction. The Maxwell- Wagner-Sillar 

polarizations at the interface affect the conduction mechanism. In the applied electric 

field, mobile charge carriers accumulate at the interface. Charge carriers are forced to 

drift large distances at low frequencies. At lower frequency the conductivity is 

independent of frequency, leading to the DC plateau limit, while conductivity 

increases exponentially at higher frequencies, according to Aωs (25). 

EMI shielding performance of hybrid filler composites is measured in the X-band 

frequency as it is important in modern wireless communication devices. The plot of 

SET against the frequency of NB20C3 and NB20C5 is given in Figure 5.10 (a). Total 

shielding effectiveness increases up to 11 GHz when CNT loading increases from 3 to 

5 phr. Moreover, total SE exceeds 22 dB in the investigating frequency range. Thus, 

both hybrid composites satisfy the requirement for commercial EMI shielding 

applications (20 dB).  Shielding mechanism of polymer composites is more intricate 

compared to that of homogeneous conductive materials due to several reasons. 

Polymer composites present greater number of interfaces and a larger surface area for 

EM wave interaction (26). Effectiveness of EMI shielding depends on various factors, 

including the conductivity, dielectric properties, thickness, and frequency of the 

shielding materials. The conductivity, aspect ratio, dispersion, and loading of fillers all 

impact the overall shielding performance (27).  Hybrid filler network formed by 

combining CNT and CCB provides additional free electrons, thereby facilitating high 

EMI shielding. Interconnected network of CNT and CCB also provides a large 

interface area for the interaction of EM radiation. Shielding effectiveness of polymer 

composites can be either due to the absorption mechanism (SEA) or the reflection 

mechanism (SER).  SET, SEA and SER of polymer composites at 9.3 GHz are given in 

Figure 5.10 (b).  Increasing CNT content has caused more loss of EM radiation 

through absorption rather than reflection. Creation of conducting pathways in NR 

matrix by CNT-CCB hybrid system converts inherently dielectric elastomer to suitable 

candidate for EMI shielding devices. Interfacial polarizability and multiple conduction 

pathways generated in the composite matrix aid in the shielding of interacting EM 

radiation. DC conductivity values of the NR/CCB-CNT hybrid filler systems are given 

in Table 5.3. NR composites with 20 phr CCB have conductivity of 4.01x10-8S/m due 
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to the conductive network formed by the CCB aggregates in the NR matrix. 

Conductivity increases with CNT loading and is found to be 1.41x10-6 S/m to  

8.83x10-4 S/m, respectively, for 0.5 phr to 5 phr CNT. Thus, the presence of CNT helps 

in the formation of an effective conductive network in the matrix. CNT is able to 

connect the CCB aggregates in the NR matrix to form a conductive pathway. Figure 

5.11 shows the schematic representation of a conductive network of CCB-CNT hybrid 

filler in NR matrix. 

Figure 5.10-(a) SET and (b) SEA and SER of NR/CCB-CNT hybrid filler systems 
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Table 5.3-DC conductivity values and frequency exponent of the NR/CCB-CNT 
hybrid filler systems 

Figure 5.11-Schematic representation of conductive filler network formation of 

CCB-CNT in NR matrix 

5.2.3. NR/1-ethyl-3-methylimidazolium chloride modified CCB (NR/ILCCB) 

systems 

Variation of ε′ with the frequency of NR/ILCCB systems is presented in Figure 

5.12(a). In general, as is commonly observed, the dielectric permittivity of all 

composites decreases with increasing frequency. For ILCCB loading at two different 

ratios, the dielectric permittivity values are nearly identical. Ionic liquid modified CCB 

enhance the dielectric permittivity of NR by increasing the polarizability of the NR 

matrix and the dispersion of CCB. Distinct interphases are formed within the matrix 

through the combination of a hybrid filler network and ionic liquid modification. 

Charges accumulate at these interphases, leading to the emergence of Maxwell-

Wagner-Sillar polarizations. All the aforementioned factors collectively contribute to 

the enhancement of dielectric permittivity. The variation of ε" with frequency is 

illustrated in Figure 5.12(b). The ε" decreases with frequency for both composites as 

Sample Conductivity (S/m) s 
NB20C0.5 1.41 x 10-6 0.90 
NB20C1 1.32 x 10-5 0.78 
NB20C3 1.18 x 10-4 0.85 
NB20C5 8.83 x 10-4 0.82 
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expected. However, NB20IL3 has a lower ε" at a higher frequency than NB20IL1. The 

higher imaginary part of the dielectric permittivity is contributed by the loss factors 

arising from the contributions of DC conductance (ε"DC), interfacial polarizations 

(ε"MW), and dipole orientations (ε"D). (28) Mathematical relationship can be 

represented as, 

ε" =  ε"𝐷𝐷𝐷𝐷 + ε"𝑀𝑀𝑀𝑀 + ε"𝐷𝐷 (5.3) 

Figure 5.12-Frequency dependent (a) dielectric permittivity and (b) dielectric loss of 

NR/ILCCB systems 
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AC conductivity values of NR/ILCCB systems are plotted against frequency in Figure 

5.13. AC conductivity of ILCCB reaches near 0.07 S/m in the investigated frequency 

range of 10 to 107 Hz. Here, NB20IL1 exhibited higher conductivity than NB20IL3. 

This is due to the formation of more conductive filler networks in NB20IL1 than 

NB20IL3, leading to the increase in leakage current at high frequency.  In the literature, 

AC conductivity in the order of 10-4-10-3 S/cm has been reported for epoxidized NR 

containing 50 mol% epoxide and 15-20 phr of CCB. Matchawet et al.(29) obtained 

AC conductivity in the order of 10-8-10-7 S/cm at a frequency of 1 MHz for NR 

nanocomposites with 7.5 g of nanofibrillated cellulose.(30) Ionic liquid modification 

enables the creation of an interconnected conductive network of CCB in the NR 

matrix. The non-covalent interaction of the cationic part and aromatic π electrons of 

ionic liquid and π electrons of CCB reduces the chance for agglomeration of filler 

particles. Consequently, the dispersion of filler and its interaction with NR increases. 

Experimental data was analysed using Jonsher power law, and the exponents are given 

in Table 5.4. Frequency exponents are less than 1 and suggests hopping mode of 

conduction. 

Figure 5.13-AC conductivity of NR/ILCCB systems 
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both NB20IL1 and NB20IL3 within the frequency range under investigation. At 

11GHz, the lowest total SE of nearly 20.3 dB is shown by ILCCB containing NR 

composites. The higher AC conductivity obtained for the composites can be related to 

the enhanced EMI shielding ability of composites.  

Figure 5.14-(a) SET and (b) SEA and SER of NR/ILCCB systems 
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increased conducting pathway enhances the electrical conductivity of the composite 

material. As a result, the composite exhibits higher AC conductivity. Also, the 

presence of IL and CCB in the composite introduces a large surface area, which allows 

for better interaction with incoming electromagnetic waves. This increased surface 

area enhances the absorption and scattering of EM waves, leading to higher 

electromagnetic interference shielding effectiveness. These composite acts as a barrier 

and effectively attenuates the EM waves, and thus possess the potential for EMI 

shielding devices. Presence of ionic liquid also plays a significant role in the EMI 

shielding of NR composites. It can act as a dispersant, facilitating the uniform 

dispersion of CCB within the NR matrix. This promotes better interfacial adhesion 

between filler and NR, enhancing the overall conductivity. The contribution of 

absorption and reflection in EM shielding is given in Figure 5.14(b). The plot clearly 

depicts that the absorption and reflection have almost equal contributions to the 

shielding of EM radiation.  DC conductivity values of the composites are tabulated in 

Table 5.4. The conductivity values for NB20IL1 and NB20IL3 were observed to be 

in the range of 10-6S/m. The observed conductive behaviour can be attributed to the 

chain-like structures formed by CCB filler particles. IL modification on CCB further 

creates extensive conductive networks in NB20IL1 and NB20IL3. Schematic 

representation of interaction of IL and CCB is given in matrix is given below Figure 

5.15. 

Figure 5.15- Schematic representation of interaction IL and CCB in NR 

Table 5.4 -DC conductivity values and frequency exponent of NR/ILCCB systems 

Sample Conductivity (S/m) s 
NB20IL1 5.33 x 10-6 0.38 
NB20IL3 3.08 x 10-6 0.45 

Ionic liquid molecules   CCB   IL dispersing CCB 
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5.2.4. NR/CCB-1-ethyl-3-methylimidazolium chloride modified CNT (NR/CCB-

ILCNT) hybrid filler systems 

Figure 5.16-Frequency dependent (a) dielectric permittivity and (b) dielectric loss of 

NR/CCB-ILCNT hybrid filler systems 
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increases from 3 to 5 phr, the dielectric permittivity increases subsequently. For 

NB20C3IL1 and NB20C3IL3, the permittivity increases with increasing amount of IL. 

However, for 5 phr CNT loading, variations in the amount of IL have minimal impact 

on dielectric permittivity. This enhancement in permittivity is attributed to the micro 

capacitor networks in the rubber matrix formed as a result of Maxwell-Wagner-Sillar 

polarizations (31).  For NB20C5IL1 and NB20C5IL3, dielectric loss remains 

relatively consistent even though the amount of IL is varies. Importantly, the dielectric 

loss for composites at 3 phr ILCNT is less than that of the 5 phr ILCNT-loaded 

counterparts at frequencies under 10 KHz. A distinctive transition in behaviour is 

noted for the NB20C5IL3 composite around the 10 KHz mark: after this frequency, 

dielectric loss begins to decline and falls lower than that of NR composites with 3 phr 

ILCNT loading. However, NB20C3IL3 exhibits comparatively higher ε' with a 

combination of lower ε''. 

Figure 5.17-AC conductivity of NR/CCB-ILCNT hybrid filler systems 

Figure 5.17 depicts the AC conductivity of NR/CCB-ILCNT hybrid filler systems 

against frequency. Modified CNT incorporated NR system shows a remarkable 

increase in AC conductivity. At 107 Hz, NB20C5IL1 and NB20C5IL3 show 

conductivity of 0.75 S/m and 0.69 S/m, respectively.  Plateau region of the plot up to 

105 Hz signifies the DC current. However, at higher frequency, a dramatic increase in 
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conductivity is observed. IL modified CNT and CCB form conductive pathways in the 

NR matrix which results in high AC conductivity. It can be explained in terms of the 

hopping mechanism, which is found to be higher for IL modified CNT.  (32) The 

interconnected network of CNT allows hopping and tunnelling of charge carriers along 

the direction of the external electric field.(33) Also, the presence of  strong π-π 

interaction between the aromatic imidazolium rings of ionic liquid and CNT can cause 

high conductivity.(34) Ionic liquid modification decreases the nanoscopic gap between 

tubes and results in the formation of percolating networks that indicate the 

homogeneous distribution of CNT and CCB in NR. This percolating network also 

allows easy movement of charge carriers across the matrix. (35) AC conductivity 

values are analysed using Jonscher power law by considering the initial DC plateau. 

Frequency exponent values are given in Table 5.5. All the values are less than 1. 

Table 5.5-DC conductivity values and frequency exponent of NR/CCB-ILCNT 
hybrid filler systems 

Sample Conductivity (S/m) s 

NB20C3IL1 1.31 x 10-3 0.50 

NB20C3IL3 1.3 x 10-3 0.69 

NB20C5IL1 2.24 x 10-3 0.33 

NB20C5IL3 2.83 x 10-3 0.29 

The total shielding effectiveness of the NR/CCB-ILCNT hybrid filler systems are 

recorded and plotted against frequency which is presented in Figure 5.18(a). The SET 

values increase as a function of ILCNT within the frequency range under investigation. 

At 11GHz, NB20C5IL3 exhibits a SET of 26.4 dB. The higher AC conductivity 

obtained for the composites indicates of the enhanced EMI shielding ability of 

composites.  NB20C5IL1 and NB20C5IL3 exhibit conductivity of 0.75 S/m and 0.69 

S/m, respectively, at a frequency of 107 Hz. Ionic liquid modified filler can form a 

more continuous conducting pathway for electron transport. This increased conducting 

pathway enhances the electrical conductivity of the composite material. As a result, 

the composite exhibits higher AC conductivity. Figure 5.18(b) illustrates the 

contribution of absorption and reflection in EMI shielding. NB20C3IL1 

predominantly relies on absorption for EM shielding. However, when the amount of 
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IL is increased, the contribution from reflection becomes dominant due to the 

formation of conducting pathway. When the concentration of CNT is increased, the 

significance of the absorption process in EMI shielding also increases. This implies a 

direct correlation between the amount of CNT and EMI shielding effectiveness 

through absorption. 

Figure 5.18-(a) SET and (b) SEA and SER of NR/CCB-ILCNT hybrid filler systems 

DC electrical conductivity data is tabulated in Table 5.5. When ILCNT and CCB are 
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profound impact on improving conductivity compared to modified CCB. NB20C5IL1 

exhibits a conductivity of 2.24 x 10-3 S/m, while NB20C5IL3 shows an increased 

conductivity of 2.83 x 10-3 S/m with CNT to IL ratio of 1:3. These findings indicate 

that the incorporation of 5 phr of CNT leads to further improvement in conductivity. 

In NR/CCB-ILCNT hybrid filler systems, the presence of ILCNT facilitates the 

formation of extensive conducting pathways, as evidenced by the data. The obtained 

DC conductivity values are in agreement with the AC conductivity data.  

5.2.5. NR/CCB-CNT-RGO hybrid filler systems 

Figure 5.19-Frequency dependent (a) dielectric permittivity and (b) dielectric loss of 

NR/CCB-CNT-RGO hybrid filler systems 
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Frequency dependence of dielectric constant and dielectric loss of NR/CCB-CNT-

RGO hybrid filler systems is given in Figure 5.19. The ε' and ε'' decreases with 

frequency for NB20C1R1 and NB20C5R1.  ε' is higher for NB20C5R1 than 

NB20C1R1 at investigated frequency range. Increasing the CNT from 1 to 5 phr causes 

subsequent increase in ε' also. The ε'' is also proportional to CNT loading. Dielectric 

permittivity of NR composites arises due to different polarizations at the molecular 

level: dipolar, electronic, ionic and space charge polarizations. At lower frequencies, 

all polarizations contribute to the dielectric permittivity, resulting in a higher value. 

However, at higher frequencies, some polarizations may not be able to align with the 

frequency, causing a reduction in the dielectric permittivity. 

Figure 5.20-AC conductivity of NR/CCB-CNT-RGO hybrid filler systems 

Figure 5.20 gives the AC conductivity of the hybrid filler systems. Inset of the plot 

depicts the variation of AC conductivity of NB20C1R1 with frequency. The 

investigated frequency range exhibits an increase in AC conductivity with increasing 

frequency. NB20C5R1 has attained AC conductivity value of 0.1 S/m at 107 Hz. 

Specifically, the AC conductivity demonstrates a more rapid increase at higher 
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dependent AC component is seen, which is associated with the relaxation processes of 
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localised electric charge carriers on the filler surface. (36) The AC conductivity data 

obtained from experiments was analysed using the Jonsher Universal Power Law (1) 

equation, which was fitted to the data using the least square method. The exponent 

values obtained from the analysis are presented in Table 5.6, with values in the range 

of 0<s<,1 indicating a hopping mode of conduction. The results show that the Jonsher 

Universal Power Law equation satisfactorily explains the experimental data. 

Figure 5.21 -(a) SET and (b) SEA and SER of NR/CCB-CNT-RGO hybrid filler 

systems 
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EMI shielding of hybrid filler systems is investigated in the GHz range of frequency 

and is found to be in the range of commercial requirement of EMI shielding 

devices.(37) Figure 5.21(a) shows the SET values in dB of NR/CCB-CNT-RGO 

hybrid filler systems against frequency in GHz.  Total SE of composites is increasing 

with filler loading in the investigated frequency range. Higher SET values observed are 

37.4 and 35.3 dB at 12GHz for NB20C5R1 and NB20C1R1, respectively. Also, at 10 

GHz, 33.8 and 32.9 dB is the total SE for NB20C5R1 and NB20C1R1, respectively. 

This EMI SE value is found to outperform some of the previously reported NR based 

composites with the same amount of CNT(38), CNT composite foams(39),  a blend 

NR and ENR with CB(40), a hybrid system of CNT with non-carbon filler silica and 

a hybrid system of graphene with magnetic filler. (41) EMI shielding properties are 

directly related to the conducting network of fillers. Highly interconnected filler 

network permits increased interaction between EM radiation and conducting particles, 

which leads to increase in microwave (MW) absorption via electron transport through 

the conducting network. Thus, composites with higher AC conductivity show higher 

SET values. Interaction of RGO sheets, CCB and CNT allows the formation of multiple 

conducting pathways in the polymer matrix, which subsequently helps in improving 

the attenuation of EM radiation. Figure 5.21(b) illustrates the role of absorption and 

reflection in the EMI shielding effectiveness of the composites. The data prominently 

indicates a higher tendency for absorption of EM radiation. The pronounced absorption 

can be attributed to the synergistic effect of CNT, RGO and CCB hybrid filler systems. 

High surface area of the fillers can provide more interfaces for the interaction and 

dissipation of EM waves. Also, the enhanced charge carrier mobility in materials like 

CNT can result in increased interaction with the EM radiation, leading to its 

absorption. The layered structure of RGO and the tubular structure of CNT can cause 

multiple internal reflections of the EM waves, increasing the path length of these 

waves within the material. This extended interaction increases the chances of energy 

absorption. Also, RGO and CCB can contribute to dielectric loss of the EM energy. 

All these factors could lead to enhanced EMI shielding primarily through absorption.  

DC electrical conductivity data is given in Table 5.6. NB20C5R1 has high 

concentration of CNT. The well dispersed conductive fillers and their synergistic effect 

enhanced the electrical conductivity. Moreover, the π electrons present in CCB, CNT 
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and RGO layers also contribute to DC conductivity. Homogenous distribution of filler 

can create a conductive network of CCB aggregates, CNT and RGO layers. Schematic 

representation of the filler network is provided in Figure 3.12 (Chapter 3). 

Table 5.6-DC conductivity of NR/CCB-ILCNT hybrid filler systems 

Sample Conductivity (S/m) s 
NB20C1R1 2.28 x 10-7 0.83 
NB20C5R1 8.99 x 10-5 0.47 

5.3. Comparative analysis of properties 
Dielectric permittivity of the NR hybrid filler systems increases gradually with filler 

incorporation. NR composites with IL modified fillers and hybrid filler systems of 

CCB, CNT and RGO have permittivity in the range of 104 – 106. The total EMI SE and 

DC conductivity values of the different systems of fillers are given in Table 5.7. The 

shielding effectiveness is gradually increasing with the modification of fillers. The 

commercial requirement for EMI shielding devices is satisfied by all hybrid filler 

systems. NB20C5R1 has the highest EMI SE of 33.8 dB in the frequency range of 9-

10 GHz. However, DC conductivity is highest for NB20C5IL3 in the order of 10-3, 

which has an EMI SE of 26.2 dB. The shielding efficiency of a material is associated 

with the improved connectivity of conducting particles in the matrix rather than the 

overall conductivity. So NB20C5R1 has higher EMI shielding than NB20C5IL3 even 

though conductivity is higher for the latter. DC conductivity also shows notable 

improvement with hybrid filler systems. 

Table 5.7-Comparative analysis of EMI SE and DC conductivity of NR hybrid filler 

systems 

Sample EMI SE in 9-10 GHz (dB) DC conductivity (S/m) 
NB20 18.9 4.01 x 10-8 

NB20C5 26.9 8.83 x 10-4 
NB20IL1 20.7 5.33 x 10-6 

NB20C5IL3 26.2 2.83 x 10-3 
NB20C5R1 33.8 8.99 x 10-5 

5.4. Conclusion 
Dielectric permittivity of composites increases with the incorporation of conducting 

fillers. The investigation of EMI shielding effectiveness shows that NR/CCB-CNT-
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RGO hybrid filler systems with 5 phr CNT have the highest EMI SE of 33.8 dB in the 

frequency range of 9-10 Hz. Ionic liquid plays a significant role in dispersing and 

stabilizing CNT within the composite, promoting better interfacial adhesion, and 

enhancing the conductivity of composites. DC conductivity is found to be higher for 

NB20C5IL3 in the order of 10-3, which has an EMI SE of 26.2dB. For most NR 

systems, EMI shielding is primarily achieved through absorption. However, the 

presence of IL in the NR matrix increases the contribution of reflection to EMI 

shielding. In brief, the hybrid filler system makes NR highly suitable for commercial 

EMI shielding applications. 
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Chapter 6 

Transport Properties and Kinetic Studies of NR Hybrid Filler 

Systems 

This chapter focus on the solvent transport properties of natural rubber (NR) hybrid 

filler systems as a function of filler concentration and its comparison. Experimentally 

obtained transport data 

are evaluated using 

different kinetic models 

such as first-order 

kinetics, Higuchi, 

Korsemayer-Peppas, 

and Peppas-Sahlin 

models. Matrix-filler 

interactions are obtained 

from swelling studies 

and is evaluated using 

Kraus, Cunnen-Russel 

and Lorenz- Park plots. 

Incorporation of IL modified fillers and hybrid filler of CNT, CCB and RGO 

effectively restricts the diffusion of solvent molecules through the NR matrix. 

A part of this chapter is published in the journal Express Polymer Letters. Vol. 17., No.10., 

Pages 1070-1080, 2023, DOI: 10.3144/expresspolymlett.2023.80 
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6.1. Introduction 
The transport properties of solvents in polymer composites are related to the 

distribution and reinforcement of fillers in the matrix. These are widely used as food 

packaging materials owing to their intrinsic qualities such as corrosion resistance, 

lightweight, and enhanced mechanical and thermal properties. (1) Incorporation of 

chemically modified fillers in polymer can improve the production of highly efficient 

membranes for pervaporation, ultrafiltration, reverse osmosis and gas separation. (2–

8) 

Natural rubber (NR) based polymer composites are widely used in the automotive, 

construction, and electrical industries and various engineering applications. 

Modifying rubber matrix by adding various fillers generates exciting changes in the 

properties of composites, including transport properties. Carbonaceous fillers such as 

carbon nanotubes (CNT), graphene, carbon black (CB), carbon fibres, etc., are used 

extensively in NR. Among the carbon nanofillers, graphene and its derivatives can 

refine the barrier characteristics of elastomer composites. Graphene-loaded 

fluoroelastomer shows decreased swelling rates in acetone compared to CB-filled 

fluoroelastomer composite. (9) Similarly, a hybrid filler combination of graphene 

with zinc oxide in NR shows the capacity to resist chemical attack. The mol % 

uptake for hybrid filler composites shows a remarkable decrease of 41.67% for 

kerosene, 4.44% decrease for diesel and 50% for polymethylsilane (PMS) and water, 

respectively, compared to CB-filled NR as control. (10) The incorporation of a 

hybrid filler system is effective in restraining the solvent penetration through the 

polymer matrix. (11) CNT/clay hybrid filler system improves the crosslink density of 

nitrile rubber (NBR)/NR blends. (12)  

Theoretical understanding of the transport phenomena in rubber composites is 

beneficial in advanced research as well as in the fabrication of composite 

membranes. Empirical and semi-empirical mathematical models give a theoretical 

perspective of experimental transport data. This helps to elucidate the transport 

mechanism of solvents through the rubber matrix.  
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6.2. Theoretical models for transport and swelling studies 
6.2.1. Kinetics of transport properties 

Various theoretical models are employed for the kinetic analysis of transport 

properties of toluene in NR hybrid filler systems filled with hybrid fillers. This helps 

to provide a foundation for understanding the mechanisms involved. We have 

analysed the mode of transport and then employed first-order kinetics, Higuchi, 

Korsemayer-Peppas, and Peppas-Sahlin models to evaluate the transport properties.   

6.2.1.1. Mode of transport 

The mode of transport is analysed using the following equation, 

𝑙𝑙𝑙𝑙𝑙𝑙 𝑄𝑄𝑡𝑡
𝑄𝑄∞

= log 𝑘𝑘 + 𝑛𝑛 log 𝑡𝑡 (6.1) 

where 𝑄𝑄𝑡𝑡 is the solvent uptake at time t, and 𝑄𝑄∞ is the equilibrium solvent uptake. 

The constants n and k are determined from the linear portion of the plot 𝑄𝑄𝑡𝑡 versus √𝑡𝑡  

through power regression analysis. The value of k depends upon the structural 

characteristics of polymer and polymer-solvent interaction, and n indicates the 

transport mechanism.  

6.2.1.2. First-order kinetics 

The first-order kinetic equation (13) is given below, where k is the first-order rate 

constant. 

𝑙𝑙𝑙𝑙𝑙𝑙𝑄𝑄𝑡𝑡 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑄𝑄∞ − 𝑘𝑘 𝑡𝑡
2.303

(6.2) 

6.2.1.3. Higuchi model 

The Higuchi model proposed that diffusion is based on Fick's law and depends on the 

square root of time. This model is based on the following hypothesis:(14) 

(a) diffusion is one dimensional

(b) the diffusing particles are much smaller than matrix systems

(c) diffusivity is a constant

(d) matrix swelling and diffusion are constant

Higuchi model is simplified as,
Qt
Q∞

= 𝑘𝑘ℎ 𝑡𝑡1/2  (6.3) 
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where 𝑘𝑘ℎ is the Higuchi dissolution constant. Higuchi dissolution constant decreased 

linearly with increase in filler loadings.  

6.2.1.4. Korsemeyer – Peppas model 

Korsemeyer – Peppas (15) model helps to analyse the transport mechanism by the 

following exponential equation,  

Qt
Q∞

= 𝑘𝑘 𝑡𝑡𝑛𝑛  (6.4) 

where k is the kinetic constant, and n is the diffusional exponent that indicates the 

transport mechanism.  

6.2.1.5. Peppas-Sahlin model 

Peppas-Sahlin model is based on the theory that the transport mechanism has 

diffusional and relaxational contributions, which are additive in nature. (16)  Peppas-

Sahlin (17) equation is given by, 

Mt
M∞

= 𝑘𝑘 1𝑡𝑡𝑚𝑚 + 𝑘𝑘2 𝑡𝑡2𝑚𝑚 (6.5)

where first and second term indicates the Fickian contribution and the case-II 

relaxational contribution. The diffusion exponent 'm' characterises purely Fickian 

diffusion in a controlled release device of any geometrical shape. Previous works on 

transport mechanisms of polymeric systems have shown that k1> k2 implies 

diffusion-controlled mechanism, k1< k2 implies matrix-controlled mechanism, and 

k1= k2 implies a combination of diffusion-controlled and matrix-controlled 

mechanisms (18). 

6.2.2. Theoretical prediction of rubber-filler interaction from swelling studies 

Extent of interaction between rubber matrix and fillers can be analysed using Kraus 

(19), Cunneen-Russel (20) and Lorenz-Park (21) equations.  

6.2.2.1. Kraus model 

Kraus equation is given below, 
𝑉𝑉𝑟𝑟0
𝑉𝑉𝑟𝑟𝑟𝑟

= 1 −𝑚𝑚 � 𝑓𝑓
1−𝑓𝑓

�           (6.6) 
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where Vro is the volume fraction of rubber in the solvent-swollen gum vulcanizate, m 

is the  polymer-filler interaction parameter, f is the volume fraction of filler and Vrf  is 

the volume fraction of rubber in the solvent-swollen filled vulcanizate and is given 

by the Ellis and Welding equation (22) given below, 

𝑉𝑉𝑟𝑟𝑟𝑟 =
𝑑𝑑−𝑓𝑓𝑓𝑓
𝜌𝜌𝑝𝑝

𝑑𝑑−𝑓𝑓𝑓𝑓
𝜌𝜌𝑝𝑝

+ 𝐴𝐴𝑆𝑆𝜌𝜌𝑆𝑆

(6.7) 

where d is the deswollen weight of the sample, f is the weight fraction of filler, w is 

the initial weight of the sample, 𝜌𝜌𝑝𝑝 is the density of the polymer, 𝜌𝜌𝑆𝑆 is the density of 

solvent, and 𝐴𝐴𝑆𝑆 is the amount of solvent absorbed. Plot of 𝑉𝑉𝑟𝑟0
𝑉𝑉𝑟𝑟𝑟𝑟

 against 𝑓𝑓
1−𝑓𝑓

 gives a 

straight line whose slope m gives the direct measure of reinforcement by fillers. 

6.2.2.2. Cunneen-Russel model 

Cunneen-Russel equation is, 

𝑉𝑉𝑟𝑟0
𝑉𝑉𝑟𝑟𝑟𝑟

= 𝑎𝑎𝑒𝑒−𝑧𝑧 +  𝑏𝑏         (6.8) 

Plot of 𝑉𝑉𝑟𝑟0
𝑉𝑉𝑟𝑟𝑟𝑟

 against 𝑒𝑒−𝑧𝑧, where z is the weight fraction of filler, gives a straight line 

with slope a and intercept b. 

6.2.2.3. Lorenz and Park Model 

Lorenz and Park equation(21) is given by, 

𝑄𝑄𝑓𝑓
𝑄𝑄𝑔𝑔

= 𝑎𝑎𝑒𝑒−𝑧𝑧 +  𝑏𝑏                (6.9) 

where Q is the amount of solvent imbibed per unit weight, f and g refer to filled and 

gum rubber vulcanizates, a and b are the constants that depend on the filler activity, 

and z is the weight fraction of filler in the rubber composites. 
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6.3. Results and discussion 
6.3.1. NR/CCB systems  

6.3.1.1. Transport properties  

The solvent uptake of polymer composites depends on the characteristics of fillers, 

temperature, morphology, type of solvent, free volume and processing conditions. 

(23)   

Transport of solvents in polymers is also affected by crosslink density, free volume 

and structure of polymer. Polymer chain segmental motions have a significant 

influence on the processes associated with the diffusion of molecules through the 

polymer matrix. Variation in polymer composition and structure directly affects the 

free volume content and distribution, which in turn affects the transport of matter. 

The transport processes are interdependent with polymeric structure and segmental 

motion of polymer chains. (24) 

Figure 6.1–Sorption curves of NR/CCB systems 

Transport properties of NR/CCB systems are analysed in toluene. The effect of filler 

on the solvent uptake of NR is depicted in Figure 6.1. Solvent absorption initially 

increases rapidly owing to the high concentration gradient of the solvent molecules 

in the NR matrix. Then, the sorption approaches equilibrium, as indicated by the 

plateau region of the sorption curve. From the plot of mol % uptake of toluene 

against t1/2, it is clear that the solvent uptake of NR/CCB systems decreases 
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significantly as a function of weight percentage of filler. This can be described in 

terms of the formation of filler- filler and matrix- filler networks, which hinders the 

diffusion of solvent molecules. Diffusion coefficient and permeability coefficient 

values of the CCB loaded composite systems are given in Table 6.1. The diffusion 

coefficient gives the rate of diffusion of solvent molecules into the polymer matrix. 

The diffusion coefficient value decreases linearly with filler loading. Polymer- filler 

interaction has decreased the availability of free voids, thereby restricting the solvent 

diffusion through matrix. Sorption involves the initial penetration of solvent 

molecules and their diffusion across the rubber matrix. (25) Hence, the sorption 

coefficient depends on the solvent-rubber interaction. The permeability coefficient 

has both contributions from diffusion and sorption. Decreasing permeation 

coefficient with filler loading also suggests the improved filler-matrix interaction 

with increasing CCB content. Interaction of filler and rubber restricts the solvent 

swelling by the formation of crosslinks, which in turn reduces the segmental mobility 

of rubber chains. The decreased flexibility of the chains and the reduction in the 

number of voids in the matrix hinder the diffusion of solvent molecules. 

Table 6.1 -Diffusion coefficient, permeability coefficient and parameter n of 

NR/CCB systems 

Sample D (cm2/s) P (cm2/s) n 

NB0 2.14 x 10-6 7.45 x 10-6 0.62 
NB5 1.96 x 10-6 6.29 x 10-6 0.62 
NB10 1.74 x 10-6 5.18 x 10-6 0.63 
NB15 1.45 x 10-6 3.86 x 10-6 0.64 
NB20 1.22 x 10-6 3.08 x 10-6 0.61 

The mode of transport is evaluated for the NR composites using Equation (6.1) and 

the n values are computed and tabulated in Table 6.1. The n value is between 0.5 and 

1 for all composites, indicating the non-Fickian mode of transport. (26) For the non-

Fickian mode, the chain relaxation is much slower than the solvent penetration. High 

degree of restriction produced by the filler particles reduces the segmental mobility 

of rubber matrix. (27) Thus, the polymer matrix requires more time for rubber chain 

rearrangement in response to swelling stress to accommodate solvent molecules. 

Moreover, incorporated CCB particles diffuse into the crosslinked polymer chains 

and restrict chain relaxation. 
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6.3.1.2. Kinetic studies 

Various kinetic models are applied to the experimental transport data for a better 

understanding of the transport mechanism. The model constants and correlation 

coefficients are presented in Table 6.2.  

Table 6.2-Correlation coefficients and kinetic model constants of NR/CCB systems 

Sample NB0 NB5 NB10 NB15 NB20 

First order kinetics K 0.0136 0.0134 0.0132 0.0163 0.0155 

R2 0.8287 0.8390 0.8814 0.8861 0.8907 

Higuchi model kh 0.0519 0.0518 0.0511 0.0512 0.0508 

R2 0.8236 0.8226 0.8255 0.8201 0.8216 

Korsemayer-Peppas model K 0.1824 0.1814 0.1759 0.1807 0.1820 

N 0.2753 0.2760 0.2790 0.2745 0.2716 

R2 0.9741 0.9878 0.9879 0.9864 0.9714 

Peppas-Sahlin model k1 19.7668 13.3063 12.6867 11.5134 19.8209 

k2 -20.2244 -13.8480 -13.1724 -12.0388 -20.3471

M -0.0131 -0.0214 -0.0211 -0.0242 -0.0137

R2 0.9821 0.9816 0.9829 0.9847 0.9891 

Figure 6.2-Model fitting of solvent permeation of NB20 using Higuchi, Korsmeyer- 

Peppas and Peppas-Sahlin models 
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First-order kinetic equation was applied, and the constant k is calculated. Correlation 

coefficient (R2) obtained suggests that solvent diffusion in NR/CCB systems does not 

follow first-order kinetics. Peppas-Sahlin model fits well for the solvent diffusion of 

NR/CCB systems. In Peppas- Sahlin theoretical prediction, the k1 values of all 

compositions are greater than k2. The constant k1 decreases with CCB addition up to 

15 phr. NB20 has a k1 value higher than NB0. The constant values obtained suggest a 

diffusion-controlled transport mechanism in all samples. The chemical potential 

gradient drives fickian diffusion of solvent molecules in the composites. Theoretical 

predictions of solvent permeation of NB20 using Higuchi, Korsemayer-Peppas and 

Peppas-Sahlin models are depicted in Figure 6.2. 

6.3.1.3. Rubber-filler interactions 

Degree of interaction between rubber matrix and CCB  can be analysed using Kraus 

(19), Cunneen-Russel (20) and Lorenz-Park (21) equations. Kraus plot is given in 

Figure 6.3(a). According to Kraus model, reinforcing fillers have negative slope. 

(28) 𝑉𝑉𝑟𝑟0
𝑉𝑉𝑟𝑟𝑟𝑟

 signifies the extent of swelling restriction of the rubber matrix owing to the 

presence of incorporated filler. Here, as the CCB loading increases, the solvent 

uptake of the samples decreases. Consequently, the Vrf value increases leading to 

reduction in 𝑉𝑉𝑟𝑟0
𝑉𝑉𝑟𝑟𝑟𝑟

 values as a function of CCB loading. Kraus plot gives a negative 

slope, signifying the reinforcement effect of CCB on the rubber matrix. Cunneen-

Russel and Lorenz and Park plots of NR/CCB systems are given in Figure 6.3 (b). 

Positive slope indicates the reinforcement effect of filler in rubber matrix. 

Incorporation of CCB renders positive slope of Cunneen-Russel plot, which again 

supports the fact that filler effectively interacts with rubber matrix.[22] The 
𝑄𝑄𝑓𝑓
𝑄𝑄𝑔𝑔

 values 

indicate the rubber-filler interaction. A decrease in 
𝑄𝑄𝑓𝑓
𝑄𝑄𝑔𝑔

 with filler loading signifies a 

greater extent of filler-matrix interaction. The Lorenz-Park plot of 
𝑄𝑄𝑓𝑓
𝑄𝑄𝑔𝑔

 against 

𝑒𝑒−𝑧𝑧 gives a straight line with a positive slope of 1.9267 and a y-intercept of - 0.9116 

for NR/CCB systems 
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Figure 6.3-(a) Kraus (b) Cunneen-Russel and Lorenz and Park plots of NR/CCB 

systems 

6.3.1.4. Swelling index and crosslink density 

The swelling index (%) and swelling coefficient (∝) of NR/CCB systems are 

presented in Table 6.3. The swelling index (%) and swelling coefficient (∝) decrease 

linearly with an increase in filler loading, indicating the swelling restriction in the 

filled composites. Filler network formation restricts the movement of solvent 

particles through the polymer matrix. Swelling values give an insight into the 
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crosslink density of samples. CCB aggregates occupy the free volume of NR matrix 

resulting in the decrease in the voids in rubber matrix. The incorporation of fillers 

offers a tortuous path for diffusing solvent molecules. Thus, the solvent uptake of the 

filled composites decreases. The volume fraction of rubber in solvent-swollen 

composites (Vrf), apparent crosslink density (𝟏𝟏
𝑸𝑸

) and crosslink density (𝒗𝒗) of 

NR/CCB systems are presented in Table 6.3. The extent of crosslinking can be 

deducted from the Vrf values of the composites. Vrf values are gradually increasing 

with the filler loading, pointing towards the better interaction of rubber-filler and the 

formation of crosslinks. Apparent crosslink density values given by 1
𝑄𝑄

 also support 

the same. Similarly, the crosslink density of the composites also increases constantly 

with filler loading. It further supports the reinforcement effect of CCB in NR matrix. 

The values of crosslink density indicate the physical and chemical crosslinks in the 

system, such as sulfidic linkages, filler-filler and filler-rubber interactions. (29) 

Table 6.3- Swelling index (%), swelling coefficient (∝), volume fraction of rubber 
in solvent-swollen composites (Vrf), apparent crosslink density (𝟏𝟏

𝑸𝑸
) and crosslink 

density (𝒗𝒗) of NR/CCB systems 
Sample Swelling 

index (%) 
Swelling 

coefficient, ∝ 
Vrf 𝟏𝟏

𝑸𝑸
𝒗𝒗 (g/mol/cm3) 

NB0 340 3.92 0.2119 0.29 7.28 ×10-5 

NB5 318 3.67 0.2147 0.31 7.49 ×10-5 

NB10 293 3.38 0.2208 0.34 7.98 ×10-5 

NB15 263 3.03 0.2322 0.38 8.91 ×10-5 

NB20 248 2.86 0.2347 0.40 9.14 ×10-5 

6.3.2. NR/1-ethyl-3-methylimidazolium chloride modified CCB (NR/ILCCB 

hybrid filler systems 

6.3.2.1. Transport properties 

Sorption curves of NR composites with IL modified CCB is given in Figure 6.4. The 

initial rate of sorption is almost similar for both NB20IL1 and NB20IL3. Then, the 

sorption decreased tremendously for NB20IL3, where the ratio of IL is increased. 

Sorption involves the initial penetration of solvent molecules and the dispersion of 

toluene molecules across the rubber matrix. IL modified CCB thus decreases the 
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transport of toluene molecules through the NR matrix. The key factor contributing to 

the reduced sorption capacity is the increased crosslink density imparted by IL 

modification. 

Figure 6.4 – Sorption curves of NR/ILCCB systems 

Table 6.4 -Diffusion coefficient, permeability coefficient and parameter n of 
NR/ILCCB systems 

Sample D (cm2/s) P (cm2/s) n 
NB20IL1 6.45 x 10-7 1.53 x 10-6 0.54 
NB20IL3 7.33 x 10-7 1.48 x 10-6 0.51 

The diffusion coefficient and permeability coefficient values are given in Table 6.4. 

Chemical interactions of filler and NR increased upon IL modification and caused a 

reduction in the diffusion of solvent molecules through the matrix. The analysis of 

the transport mechanism gives the parameter n, which is 0.54 and 0.51 for NB20IL1 

and NB20IL3, respectively. This indicates non-Fickian mode of transport. Here, the 

rate of permeation of solvent molecules and polymer chain relaxation are similar. 

The presence of ionic liquid decreases the molecular chain relaxation of polymer 

chains. (27) 
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6.3.2.2. Kinetic studies 
Table 6.5-Correlation coefficients and kinetic model constants of NR/ILCCB 

systems 

Figure 6.5- Model fitting of solvent permeation of NB20IL3 using Higuchi, 

Korsmeyer- Peppas and Peppas-Sahlin equations 

Table 6.5 presents the model constants and the correlation coefficients obtained by 

comparing experimental transport data with various kinetic models. Higher 

correlation coefficient values determine the best fit kinetic model. The Peppas-Sahlin 

model gives the best fit for the experimental data. Here, k1<k2, which suggests 

matrix-controlled transport of solvent molecules in IL-modified systems. Figure 6.5 

gives the model fitting of solvent permeation of NB20IL3. 

Sample NB20IL1 NB20IL3 
First order kinetics K 0.0137 0.0185 

R2 0.9744 0.9784 
Higuchi model kh 0.0762 0.0813 

R2 0.9730 0.9543 
Korsemayer-Peppas 

model 
K 0.0825 0.0869 
N 0.5041 0.5249 
R2 0.9959 0.9985 

Peppas-Sahlin model k1 -0.3249 -0.1091
k2 0.3450 0.1737 
M 0.1604 0.2147 
R2 0.9975 0.9988 
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6.3.2.3. Swelling index and crosslink density 

Table 6.6- Swelling index (%), swelling coefficient (∝), volume fraction of rubber 
in solvent-swollen composites (Vrf), apparent crosslink density (𝟏𝟏

𝑸𝑸
) and crosslink 

density (𝒗𝒗) of NR/ILCCB systems 

Sample Swelling index
(%) 

Swelling coefficient 
∝ 

Vrf 
𝟏𝟏
𝑸𝑸

𝒗𝒗 (g/mol/cm3) 

NB20IL1 207 2.39 0.2619 0.48 1.17×10-4

NB20IL3 248 2.86 0.2186 0.40 7.80×10-5

The swelling parameters of IL modified CCB incorporated NR composites are given 

in Table 6.6. As the percentage of IL in the filler increases, the swelling index (%) 

and swelling coefficient (∝) also increase due to the enhanced chemical interaction. 

The apparent crosslink density was measured as 1/Q, and the crosslink density 

estimated using the Flory-Rehner equation decreased as the amount of ionic liquid 

increased in filled NR composites.  

6.3.3. NR/CCB-CNT hybrid filler systems 

6.3.3.1. Transport properties  

Figure 6.6 – Sorption curves of NR/CCB-CNT hybrid filler systems 

Transport properties of NR-CCB/CNT hybrid filler systems are examined in toluene. 

Figure 6.6 presents the sorption curves of hybrid filler-incorporated NR matrices. It 
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shows the rapid increase in toluene absorption, which then attains equilibrium as 

indicated by the plateau region. As the phr of CNT increases the solvent uptake 

decreases significantly. It can be attributed to the hybrid filler network formation of 

spherical CCB and CNT. This observation aligns with findings related to solvent 

transport in NR systems filled with halloysite nanotubes. (10) A schematic 

representation detailing the proposed hybrid filler network consisting of CCB and 

CNT is presented in Figure 6.7. Table 6.4 presents the diffusion coefficient and 

permeability coefficient values of the NR/CCB/CNT hybrid filler systems. The 

diffusion coefficient gives the rate of diffusion of solvent molecules into the polymer 

matrix. Diffusion coefficient value decreases linearly with CCB-CNT loading. 

Polymer-filler interaction has reduced the availability of free voids, thereby 

restricting the solvent diffusion through the matrix. 

Figure 6.7- Schematic illustration of hybrid filler network of CCB and CNT in NR 

matrix 

Furthermore, the aspect ratio of CNT is high, and it offers a more tortuous path for 

the diffusion of solvent molecules compared to the NR/CCB system. Figure 6.8 

illustrates the tortuous path of diffusing solvent molecules in the NR/CCB-CNT 

hybrid filler systems. Permeability coefficient values decrease steadily with an 

increase in filler concentration. Permeation coefficient is decreased further upon the 

introduction of CNT to the single filler system. This is due to the improved filler-

matrix interaction and the formation of crosslinks, which creates a hindrance to 

solvent transport. 

CNT in NR matrix CNT-CCB network in 

NR matrix 
CCB aggregates in the 

NR matrix 
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Table 6.4 -Diffusion coefficient, permeability coefficient and parameter n of 

NR/CCB-CNT hybrid filler systems 

Sample D (cm2/s) P (cm2/s) n 

NB20C0.5 1.16 x 10-6 2.79 x 10-6 0.62 
NB20C1 1.10 x 10-6 2.66 x 10-6 0.62 
NB20C3 1.01 x 10-6 2.23 x 10-6 0.62 
NB20C5 0.90 x 10-6 1.88 x 10-6 0.62 

The mode of transport of the composites is analysed, and n values are computed and 

presented in Table 6.4. The n value is 0.62 for all NR/CCB-CNT hybrid filler 

systems, indicating the non-Fickian mode of transport. (26) Hybrid filler network of 

CCB and CNT restricts the mobility of NR by physically restricting the movement of 

polymer chains. The presence of a CCB and CNT hybrid filler network thus restricts 

the deformation of NR and reduces its swelling capacity upon the penetration of 

solvent molecules. Thus, a reduced response of NR chains to the swelling stress 

occurs.  

6.3.3.2. Kinetic studies 

Constants of various kinetic models are given in Table 6.5. Peppas-Sahlin model fits 

well for the solvent diffusion of NR/CCB-CNT hybrid filler systems. In the Peppas- 

Sahlin model, the k1 values of all compositions are greater than k2. NR/CCB-CNT 

hybrid filler systems have almost similar k1 values. The constant values obtained 

Figure 6.8. 

Schematic 

illustration of 

tortuous path of 

diffusing molecules 

in NR/CCB-CNT 

hybrid filler systems 
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 suggest a diffusion-controlled transport mechanism in all samples. Fickian diffusion 

of solvent molecules in the composites is driven by the chemical potential gradient. 

Model fitting of solvent permeation of NB20C3 using Higuchi, Korsemayer-Peppas 

and Peppas-Sahlin models are depicted in Figure 6.9 

Table 6.5- Correlation coefficients and kinetic model constants of NR/CCB-CNT 

hybrid filler systems 

Sample NB20C0.5 NB20C1 NB20C3 NB20C5 
First order Kinetics K 0.0156 0.0151 0.0148 0.0146 

R2 0.8595 0.8621 0.8766 0.8727 
Higuchi model kh 0.0293 0.0293 0.0290 0.0291 

R2 0.9595 0.9656 0.9691 0.9523 
Korsemayer- Peppas model K 0.2189 0.2240 0.1544 0.1546 

N 0.2379 0.2341 0.2716 0.2716 
R2 0.9846 0.9833 0.9863 0.9808 

Peppas-Sahlin model k1 19.7565 19.7498 19.7363 19.9999 
k2 -20.2367 -20.2425 -20.2549 -20.0001
M -0.0136 -0.0138 -0.0139 -0.0046
R2 0.9844 0.9868 0.9872 0.9864 

Figure 6.9 - Model fitting of solvent permeation of NB20C3 using Higuchi, 

Korsmeyer-Peppas and Peppas-Sahlin equations 
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6.3.3.3. Rubber-filler interactions 

Figure 6.10-(a) Kraus (b) Cunneen-Russel and Lorenz and Park plots of NR/CCB-

CNT hybrid filler systems 

Figure 6.10 (a-b) presents the Kraus, Cunneen-Russel and Lorenz-Park plots of 

NR/CCB-CNT hybrid filler systems. Kraus plot of NR/CCB-CNT systems also gives 

a negative slope, suggesting the synergistic effect of hybrid filler system on the NR 

matrix. Well-dispersed CCB aggregates and hybrid filler networks of CCB and CNT 
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create stronger interfaces in the NR matrix. This leads to the restriction of solvent 

absorption in the NR. NR/CCB-CNT, hybrid filler systems, yield a positive slope of 

3.6423 and y-intercept of -2.3649. A higher value of constant a and a lower value of 

constant b indicates the extent of polymer-filler interaction. (30)  The value of 

constant 'a' increased for hybrid filler incorporated NR than single filler system, 

suggesting the enhanced polymer-filler interaction for the hybrid system. Higher 

differences between constant values 'a' and 'b' point towards the distinguished filler-

rubber interaction. 

6.3.3.4. Swelling index and Crosslink density 

Swelling index (%) and swelling coefficient (∝) of NR/CCB/CNT hybrid filler 

systems are presented in Table 6.6. Both swelling index (%) and swelling coefficient 

(∝) decrease linearly with an increase in filler loading, indicating the swelling 

restriction in the filled composites. Hybrid filler network formation restricts the 

movement of solvent particles through the polymer matrix. Swelling values give an 

insight into the crosslink density of samples. CCB and CNT fillers occupy a free 

volume of the NR matrix, decreasing the voids in the rubber matrix. Incorporation of 

fillers offers tortuous path for diffusing solvent molecules. Thus, the solvent uptake 

of the filled composites decreases. 

Table 6.6 -Swelling index (%), swelling coefficient (∝), volume fraction of rubber in 
solvent-swollen composites (Vrf), apparent crosslink density (𝟏𝟏

𝑸𝑸
) and crosslink 

density (𝒗𝒗) of NR/CCB-CNT hybrid filler systems 

Sample Swelling 
index (%) 

Swelling 
coefficient,∝ 

Vrf 𝟏𝟏
𝑸𝑸

𝒗𝒗(g/mol/cm3) 

NB20C0.5 240 2.77 0.2404 0.42 9.64 ×10-5 

NB20C1 238 2.75 0.2410 0.42 9.70 ×10-5 

NB20C3 220 2.54 0.2527 0.45 1.08 ×10-4 

NB20C5 211 2.43 0.2575 0.47 1.13 ×10-4 

The volume fraction of rubber in solvent-swollen composites (Vrf), apparent 

crosslink density (𝟏𝟏
𝑸𝑸

) and crosslink density (𝒗𝒗) of NR/CCB-CNT hybrid filler 

systems are summarised in Table 6.6. The extent of crosslinking in the composites 
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can be inferred from the Vrf values, which show a gradual increase with respect to 

CNT. This suggests improved interaction between the rubber and filler, along with 

crosslink formation. Similarly, the apparent crosslink density values obtained from 1
𝑄𝑄

 

measurements also support this. The crosslink density of the NR/CCB/CNT hybrid 

filler systems was consistently enhanced as a function of CNT, providing further 

evidence of a synergistic effect from the combination of hybrid fillers within the NR 

matrix. 

6.3.4. NR/CCB-1-ethyl-3-methylimidazolium chloride modified CNT 

(NR/CCB-ILCNT) hybrid filler systems 

6.3.4.1. Transport properties  

Transport behaviour of NR/CCB-ILCNT hybrid filler systems is depicted in Figure 

6.11. The sorption of NR composites with 3 phr CNT does not vary with an increase 

in IL content. However, sorption decreases evidently for 5phr CNT-loaded 

composites. Also, the initial solvent uptake is lower for 5 phr CNT incorporated 

composites. Toluene uptake on NR composites decreases as the ratio of IL increases 

from 1:1 to 1:3. 

Figure 6.11 – Sorption curves of NR/CCB-ILCNT hybrid filler systems 

Diffusion and permeability coefficient values of NR/CCB-ILCNT are summarised in 

Table 6.7.  
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These values agree with the obtained sorption behaviour; both decrease with 

increasing filler concentration. Analysis of the mode of transport gives the n value of 

0.62. This suggests a non-Fickian mode of transport of solvent molecules across the 

polymer matrix. 

Table 6.7 - Diffusion coefficient, permeability coefficient and parameter n of 

NR/CCB-ILCNT hybrid filler systems 

6.3.4.2. Kinetic studies 

Transport data of the NR/CCB-ILCNT hybrid filler systems are compared to various 

kinetic models. The model constants and the correlation coefficient values are 

presented in Table 6.8. The R2 values indicate that the Peppas-Sahlin model best fits 

experimental transport data. The model fitting curve of experimental transport data 

of NB20C5IL3 with first-order kinetics, Higuchi, Korsemayer-Peppas and Peppas-

Sahlin models are given in Figure 6.12. 

Table 6.8- Correlation coefficients and kinetic model constants of NR/CCB-ILCNT 

hybrid filler systems 

Sample D (cm2/s) P (cm2/s) n 
NB20C3IL1 6.67 x 10-7 1.62 x 10-6 0.52 
NB20C3IL3 6.16 x 10-7 1.44 x 10-6 0.50 
NB20C5IL1 5.06 x 10-7  1.34 x 10-6 0.51 
NB20C5IL3 4.72 x 10-7 9.26 x 10-7 0.54 

Sample NB20C3IL1 NB20C3IL3 NB20C5IL1 NB20C5IL3 
First order 

Kinetics 
k 0.0180 0.0178 0.0199 0.0242 
R2 0.9798 0.9809 0.9853 0.9788 

Higuchi model kh 0.0960 0.0987 0.1056 0.1072 
R2 0.9985 0.9981 0.9987 0.9974 

Korsemayer- 
Peppas model 

k 0.0928 0.0953 0.1030 0.0897 
n 0.5088 0.5092 0.5437 0.4802 
R2 0.9984 0.9981 0.9966 0.9978 

Peppas-Sahlin 
 Model 

k1 -0.1323 -0.0431 -0.1407 -0.5324
k2 0.2001 0.1298 0.2373 0.5372
m 0.2022 0.2335 0.1879 0.1486
R2 0.9987 0.9981 0.9991 0.9987
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Figure 6.12- Model fitting of solvent permeation of NB20C5IL3 using Higuchi, 

Korsmeyer- Peppas and Peppas-Sahlin equations 

6.3.4.3. Swelling index and crosslink density 

Swelling index (%) and swelling coefficient (∝) values are presented in Table 6.9. 

NB20C3IL1 has the lower swelling index and swelling coefficient (∝). Crosslink 

density values calculated are in agreement with the result as mentioned above. 

NB20C3IL1 has the highest crosslink density which has least swelling index and 

swelling coefficient. This may be attributed to the effective filler network formed by 

the IL-modified CNT and CCB.   

Table 6.9 - Swelling index (%), swelling coefficient (∝), volume fraction of rubber 
in solvent-swollen composites (Vrf), apparent crosslink density (1

𝑄𝑄
) and crosslink 

density (𝑣𝑣) of NR/CCB-ILCNT hybrid filler systems 
Sample Swelling 

index (%) 
Swelling 

coefficient, ∝ 
Vrf 𝟏𝟏

𝑸𝑸
𝒗𝒗 (g/mol/cm3) 

NB20C3IL1 162.1 1.87 0.3135 0.62 1.79 x 10-4 
NB20C3IL3 201.0 2.32 0.2676 0.50 1.23 x 10-4 
NB20C5IL1 198.2 2.29 0.2681 0.50 1.24 x 10-4 
NB20C5IL3 167.5 1.93 0.2987 0.60 1.59 x 10-4 
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6.3.5. NR/CCB-CNT-RGO hybrid filler systems 

6.3.5.1. Transport properties  

Figure 6.13 – Sorption curves of NR/CCB-CNT-RGO hybrid filler systems 

Sorption curves of NR/CCB-CNT-RGO hybrid filler systems are presented in Figure 

6.13. The solvent uptake is found to depend on the amount of CNT. Toluene uptake 

is lower for NB20C5R1, with higher CNT content than NB20C1R1. The hybrid 

network formed by the CCB, CNT and RGO restricts the solvent transport across the 

polymer matrix. The high aspect ratio of CNT and RGO enhances the contact surface 

area of the filler and the matrix. The network of cylindrical CNT, spherical CCB, and 

Figure 6.14-Schematic 

representation of barrier 

effect of filler network in 

NR/CCB-CNT-RGO 

composites 
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the planar graphitic structure of RGO provides a tortuous path for transporting 

solvent molecules. This hybrid network, with its complex structure, limits the initial 

solvent transport and leads to a decrease in solvent uptake as sorption progresses. 

Figure 6.14 illustrates the schematic representation of filler network in NR/CCB-

CNT-RGO hybrid filler systems that offer restriction to solvent diffusion. The 

diffusion and permeability coefficient values of the composites are presented in 

Table 6.10. Both diffusion and permeability coefficient decreases, indicating a 

restricted pathway for the solvent molecules across the polymer chain. The mode of 

transport analysed gives n value between 0.5 and 1, which indicates the non-Fickian 

mode of transport. 

Table 6.10 - Diffusion coefficient, permeability coefficient and parameter n of 

NR/CCB-CNT-RGO hybrid filler systems 

Sample D (cm2/s) P (cm2/s) n 
NB20C1R1 9.35 x 10-7 2.20 x 10-6 0.6 
NB20C5R1 9.27 x 10-7 1.86 x 10-6 0.57 

6.3.5.2.  Kinetic studies 

Figure 6.15- Model fitting of solvent permeation of NB20C5R1 using Higuchi, 

Korsmeyer- Peppas and Peppas-Sahlin equations 
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Table 6.11- Correlation coefficients and kinetic model constants of NR/CCB-CNT-
RGO hybrid filler systems 

Sample Model 
parameters 

NB20C1R1 NB20C5R1 

First order kinetics k 0.0100 0.0098 
R2 0.9656 0.9668 

Higuchi model kh 0.0596 0.0588 
R2 0.9721 0.9753 

Korsemayer-Peppas model k 0.0477 0.0490 
n 0.5531 0.5445 
R2 0.9837 0.9867 

Peppas-Sahlin model k1 -0.1687 -0.0904
k2 0.1726 0.1134
m 0.1985 0.2240
R2 0.9982 0.9983

Experimental transport data was computed theoretically by employing various 

models such as order kinetics, Higuchi, Korsemayer-Peppas and Peppas-Sahlin 

models. The Correlation coefficients and kinetic model constants obtained are plotted 

in Table 6.11. Peppas-Sahlin model fits well with experimental solvent transport 

data, as indicated by the R2 value of 0.998. Figure 6.15 shows the model fitting of 

experimental transport data of NB20C5R1 using First-order kinetics, Higuchi, 

Korsemayer-Peppas, and the Peppas-Sahlin model. 

6.3.5.3. Swelling index and crosslink density 

Swelling parameters like swelling index (%) and swelling coefficient (∝) are given in 

Table 6.12.  

Table 6.12 - Swelling index (%), swelling coefficient (∝), volume fraction of rubber 
in solvent-swollen composites (Vrf), apparent crosslink density (𝟏𝟏

𝑸𝑸
) and crosslink 

density (𝒗𝒗) of NR/CCB-CNT-RGO hybrid filler systems 

Sample Swelling index 
(%) 

Swelling 
coefficient, ∝ 

Vrf 𝟏𝟏
𝑸𝑸

𝒗𝒗 (g/mol/cm3) 

NB20C1R1 232 2.68 0.2446 0.43 1.00 ×10-4

NB20C5R1 204 2.35 0.2634 0.49 1.19 ×10-4
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Swelling index (%) decreases from 232 to 204 when the amount of CNT increased. 

Similarly, the swelling coefficient also decreases as the amount of CNT increases in 

the hybrid filler system of CCB, CNT and RGO. Consistent reduction in both the 

swelling index and swelling coefficient as the CNT content is increased indicates the 

influence of CNT concentration on the swelling behaviour of NR hybrid filler 

systems. This can be attributed to the enhanced dispersion and improved interaction 

of filler in the polymer matrix. The high aspect ratio of CNT results in a large surface 

area for interaction with other fillers and matrix. The interconnected network 

between CNT, CCB and RGO offers a more effective barrier against penetration of 

swelling agents by reducing the free volume available for swelling molecules. RGO 

prevents the reagglomeration of CNT in matrix, while CNT and CCB can bridge the 

gap between RGO layers. Effective dispersion of hybrid fillers in the matrix, 

combined with crosslinking, results in the formation of a barrier that inhibits the 

penetration of solvents. (10)  Well dispersed hybrid filler system of CCB, CNT and 

RGO within  NR network creates hinderance for solvents to infiltrate the composite 

material. Also, increased interaction between the fillers within the composite leads to 

a higher crosslink density and strong network that acts as an obstacle to solvent 

uptake. This is supported by the apparent crosslink density and actual crosslink 

density values in Table 6.12. It is calculated using the Flory-Rehner equation and is 

higher for NB20C5R1, implying that the addition of CNT has created more 

crosslinks in the polymer matrix. This is attributed to the π electrons in the graphitic 

structure of CCB, CNT and RGO, which causes π-π interactions between the fillers. 

(Figure 6.16) This van der Waals interaction can increase the distribution of fillers in 

the matrix and establish a hybrid filler network.  

6.4. Comparative analysis of transport properties 
Table 6.13 presents the equilibrium solvent uptake and swelling index (%) of NR 

composites. Equilibrium solvent uptake decreased, and crosslink density increased 

by 27% of NB20 compared to unfilled NR. The addition of CNT further reinforced 

the composite, decreasing solvent absorption and swelling. Reinforcing fillers 

reduces the free voids present in the matrix. The presence of IL in the NR matrix 

caused slight reductions in solvent uptake and swelling, suggesting potential 
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interactions between IL and the rubber. Equilibrium solvent uptake has decreased by 

40%, and crosslink density increased by 38% for NB20C5. NB20C5IL3 exhibits a 

60% decrease in equilibrium solvent uptake and corresponding increase of 51% of 

crosslink density. The combination of spherical CCB, cylindrical CNT and layered 

RGO filler structures creates a complex and interconnected network in NR. The 

entanglement of polymer chains with the filler network inhibits their movement, 

increasing stiffness and reduced flexibility. This restricted mobility contributes to 

reduced transport properties. 

Table 6.13 -Equilibrium solvent uptake, Swelling index (%) and crosslink density 

(𝒗𝒗) of NR hybrid filler systems 

Sample Equilibrium 
solvent uptake 

Swelling index (%) 𝒗𝒗 (g/mol/cm3) 

NB0 3.77 339.6 7.28 ×10-5 

NB20 2.74 248.2 9.14 ×10-5 

NB20C5 2.27 211 1.13 ×10-4 

NB20IL3 2.19 248.2 7.80 ×10-5 

NB20C5IL3 1.52 167.5 1.59 ×10-4 

NB20C5R1 2.18 203.9 1.19 ×10-4 

Figure 6.16- Schematic illustration of π-π 

interactions between CCB, CNT and RGO 

π- π interaction 
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6.5. Conclusion 
Solvent transport of NR is observed to decrease for a hybrid filler system compared 

to the incorporation of a single filler. NR/CCB-ILCNT hybrid filler systems exhibit 

lowest swelling index (%) and highest crosslink density. Chemical and physical 

interactions of IL-modified CNT and CCB with NR increase the crosslink density of 

composites and restrict the solvent transport. NR/CCB-CNT-RGO hybrid filler 

systems also exhibit high crosslink density. The computation of kinetic parameters 

from transport data reveals that the Peppas-Sahlin model aligns well with 

experimental observations. This suggests that the transport mechanism is controlled 

by diffusion.  
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Chapter 7 

Thermal Degradation and Kinetic Studies of NR Hybrid filler 

systems 

Summary 
This chapter evaluates the thermal degradation stability of natural rubber (NR) 

hybrid filler systems using thermogravimetric analysis (TGA) and discusses the 

thermal degradation 

mechanisms. Experimental

data is analysed using the 

Coats-Redfern, Kissinger, 

Kissinger-Akahira-Sunose 

(KAS), and Flynn-Wall-

Ozawa (FWO) model. 

Furthermore, this chapter 

gives an insight into the 

activation energy derived 

from the kinetic models of 

thermal degradation for NR composite systems. 
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7.1. Introduction 
Thermogravimetric analysis (TGA) is used to study the thermal degradation of 

composites with respect to variations in temperature and time. It also provides 

information about the thermal degradation stability of samples. This analysis can 

be performed under both isothermal and non-isothermal conditions. In the 

isothermal method, the temperature of the furnace is constant, and the degradation 

of the sample is determined over time, while in the non-isothermal method, the 

temperature of the furnace increases linearly with time due to the constant heating 

rate, and weight loss is measured with respect to both time and temperature.  

Theoretical model analysis of thermal data helps to interpret the thermal 

behaviour of the polymer composites, offering keen insights into their degradation 

pathways and overall stability. To obtain accurate parameters, it is necessary to 

monitor heating curves at different heating rates. (5) Among the various kinetic 

models available, the one that aligns best with experimental data through a linear 

fit is often considered to be the suitable one.  

7.2. Theoretical models for thermal analysis 
Degradation kinetics of polymer composites can be comprehensively understood 

through various theoretical approaches. Among these approaches, the Coats-

Redfern model is a model-based method that stands out as an exceptionally 

suitable and widely employed for the kinetic analysis of NR composites. There 

are also model-free methods and isoconversional methods such as the Kissinger 

method, the Kissinger-Akahira-Sunose (KAS) method and the Flynn- Wall-

Ozawa (FWO) method to analyse the thermal degradation kinetics. 

7.2.1. Coats-Redfern model  

The Coats-Redfern equation for n= 1 is given below, 

log �−log(1−α)
T2

� = 𝑙𝑙𝑙𝑙𝑙𝑙 � 𝐴𝐴𝐴𝐴
𝛽𝛽𝐸𝐸𝑎𝑎

� �1−2𝑅𝑅𝑅𝑅
𝐸𝐸𝑎𝑎

� − 𝐸𝐸𝑎𝑎
2.303𝑅𝑅𝑅𝑅

(7.1) 

where α is the fractional mass loss at time t, T is the absolute temperature, A is the 

pre-exponential factor, R is the universal gas constant, 𝛽𝛽 is the heating rate and Ea 

is the activation energy. A plot of log �−log(1−α)
T2

� as a function of 1
𝑇𝑇
 gives a straight

line with the slope equal to �− 𝐸𝐸𝑎𝑎
2.303𝑅𝑅𝑅𝑅

�and the y-intercept is 𝑙𝑙𝑙𝑙𝑙𝑙 � 𝐴𝐴𝐴𝐴
𝛽𝛽𝐸𝐸𝑎𝑎

� �1−2𝑅𝑅𝑅𝑅
𝐸𝐸𝑎𝑎

�. It 

is to be noted that in the employed Coats-Redfern equation, a reaction order of 1 



Chapter 7                                                         Thermal Degradation and Kinetic… 

165 

was assumed. This choice could potentially account for the observed fluctuations 

in activation energy values across the data. 

7.2.2. Kissinger method 

The Kissinger method(6) which is based on the Arrhenius equation, provides a 

straight forward way to determine the apparent activation energy. Arrhenius 

equation for a simple thermal degradation reaction, 

𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 →  𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔    (7.2) 

is given by, 

𝑘𝑘 = 𝐴𝐴𝐴𝐴−𝐸𝐸𝑎𝑎 𝑅𝑅𝑅𝑅� (7.3) 

The reaction rate is given by, 
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝑘𝑘𝑘𝑘[𝛼𝛼] (7.4) 

where t is the reaction time in seconds and 𝛼𝛼 is the conversion degree. The 𝛼𝛼 is 

calculated from the following equation, 

𝛼𝛼 = 𝑤𝑤0−𝑤𝑤𝑡𝑡
𝑤𝑤0−𝑤𝑤∞

(7.5) 

where Wo is the initial weight, Wt is the actual weight and 𝑊𝑊∞ is the final weights 

of the composite samples in the TGA curves. 𝑓𝑓[𝛼𝛼] depends on the specific 

degradation mechanism. Combining above equations gives, 
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐴𝐴𝑒𝑒
−𝐸𝐸𝑎𝑎

𝑅𝑅𝑅𝑅� 𝑓𝑓[𝛼𝛼] (7.6) 

In thermal degradation, the heating time determines the temperature, therefore, 
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡̇𝑡

= 𝑑𝑑𝛼𝛼
𝑑𝑑𝑇𝑇

𝑑𝑑𝑇𝑇
𝑑𝑑𝑡𝑡

= 𝛽𝛽 𝑑𝑑𝛼𝛼
𝑑𝑑𝑇𝑇

 (7.7) 

𝛽𝛽 is the heating rate given in K/min. From the above equations, we can write, 
𝑑𝑑𝛼𝛼
𝑑𝑑𝑡𝑡

= 𝐴𝐴
𝛽𝛽
𝑓𝑓[𝛼𝛼]𝑒𝑒 −𝐸𝐸𝑎𝑎 𝑅𝑅𝑅𝑅� (7.8) 

Integration and rearrangement give, 

𝑔𝑔(𝛼𝛼) = � 𝑑𝑑𝛼𝛼
𝑓𝑓(𝛼𝛼)

∞𝛥𝛥

0
= 𝐴𝐴

𝛽𝛽
� 𝑒𝑒−

𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅� 𝑑𝑑𝑇𝑇 =  𝐴𝐴𝐴𝐴𝑇𝑇

2

𝛽𝛽𝐸𝐸𝑎𝑎

𝑇𝑇

0
�1 − 2𝑅𝑅𝑅𝑅

𝐸𝐸𝑎𝑎
�  𝑒𝑒 −𝐸𝐸𝑎𝑎 𝑅𝑅𝑅𝑅� (7.9) 

where 𝑔𝑔(𝛼𝛼) is the integral function of 𝛼𝛼. For different solid reactions of thermal 

degradations, 𝑔𝑔(𝛼𝛼)  has different expressions which is reflected in the thermal 

degradation curves.(7) 
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Kissinger method assumes that the maximum reaction rate occurs at the peak of 

the degradation rate with an increase in the reaction temperature. This method 

assumes a consistent activation energy throughout the conversion process.(8) The 

Kissinger method adopts the following equation: 

ln � 𝛽𝛽
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
2 � = ln 𝐴𝐴𝐴𝐴

𝐸𝐸𝑎𝑎
+ ln[𝑛𝑛(1 − 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚)𝑛𝑛−1] − 𝐸𝐸𝑎𝑎

𝑅𝑅𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
    (7.10) 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 is the temperature at the inflection point of TGA curve and 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 is the 

conversion degree at the inflection point. Plotting ln � 𝛽𝛽
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
2 � against 1

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
 gives a 

straight line and the slope of the straight line, −𝐸𝐸𝑎𝑎
𝑅𝑅

 gives the apparent activation 

energy. The merit of this method is its ability to analyse complex thermally 

induced processes without prior knowledge of the underlying mechanism. 

7.2.3. Kissinger-Akahira-Sunose (KAS) method  

The Kissinger-Akahira-Sunose (KAS) method (6,9) relies on isoconversional 

analysis and calculate activation energy as a function of conversion degree at 

different heating rates. This is a non-isothermal method developed from the 

Arrhenius equation employing differential method. This method does not 

necessitate precise knowledge of thermal degradation mechanism.(10) The 

equation for the KAS method is given below, 

ln � 𝛽𝛽
𝑇𝑇2
� = ln 𝐴𝐴𝐴𝐴

𝐸𝐸𝑎𝑎𝑔𝑔(∝)
− 𝐸𝐸𝑎𝑎

𝑅𝑅𝑅𝑅
    (7.11) 

where 𝑔𝑔(∝) is the integral conversion function indicating reaction model. At 

constant ∝, ln � 𝛽𝛽
𝑇𝑇2
� versus 1000

𝑇𝑇
 at different heating rates gives a straight line with 

slope −𝐸𝐸𝑎𝑎
𝑅𝑅

 , from which activation energy can be calculated. 

7.2.4. Flynn- Wall-Ozawa (FWO) method 

The Flynn-wall-Ozawa (FWO) method (11) also relies on isoconversional 

analysis to calculate the activation energy which varies with the conversion 

degree at various heating rates. The equation employed for FWO method is 

log𝛽𝛽 = �log � 𝐴𝐴𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅(𝛼𝛼)

� − 2.315� − 0.457𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

 (7.12) 

At given 𝛼𝛼, plot of  log𝛽𝛽 against 1
𝑇𝑇
 gives fitted straight line. The activation energy

can be determined from the slope (−0.457𝐸𝐸𝑎𝑎
𝑅𝑅

). The activation energy calculated 

using FWO method is independent of thermal degradation reaction mechanism. 
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7.3. Results and discussion 
The non-isothermal thermogravimetric analysis of the samples was conducted in 

the temperature range of 30°C to 580°C under the N2 atmosphere, using multiple 

heating rates. Weight loss curves and differential thermogravimetric analysis 

(DTG) curves of the samples were plotted at a heating rate of 20°C min-1. 

Additionally, TGA at 10°C min-1 and 15°C min-1 was employed to calculate the 

activation energy using kinetic degradation models. 

Figure 7.1- Schematic representation of thermal degradation of NR 

Thermal decomposition of NR involves depolymerization through the radical 

mechanism, giving rise to compounds such as isoprene, dipentene and other 

oligomers.(1) The random scission kinetic model proposed for NR degradation 

postulates a chaotic cleavage of polymer backbone bonds, leading to the gradual 

formation of shorter molecular fragments. These fragments eventually vaporize 

when their size becomes sufficiently small, and this vaporization is directly 

detected through thermogravimetry. The process of random scission involves the 

generation of free radicals at various points within the polymer chains, resulting in 

the production of oligomers with diverse chain lengths. Moreover, the proportion 

of monomers to oligomers in the degradation products can be modulated by the 

temperature of decomposition.(2,3) Upon degradation, the primary products 

identified from the rubber are isoprene, dipentene, and various oligomers.(4) Post-

degradation, the residual insoluble fraction predominantly contains recombined 

long-chain radicals, supplemented with fillers and other additive components. 

Figure 7.1 illustrates the schematic representation of thermal degradation of NR. 
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Understanding the distinct phases of degradation, such as the diffusion of 

depolymerization products, is important for providing information on the intricate 

chemical and physical transitions that occur when a material undergoes thermal 

breakdown. 

7.3.1. NR/CCB systems  

7.3.1.1. TGA analysis and thermal stability  

TGA and DTG patterns of unfilled NR and CCB filled NR composite systems at a 

heating rate of 20°C min-1 are presented in Figure 7.2 (a) and (b), respectively. 

Thermograms show single-step degradation for NB0 and NB10, while NB20 has 

multi-stage decomposition as represented by the presence of shoulder peak in 

DTG. Weight loss percentage is higher for CCB filled samples compared to the 

unfilled NR at temperatures below 350°C. However, at temperatures above 

350°C, the CCB filled composites exhibit higher stability. Also, thermal stability 

at high temperatures increases with CCB loading. DTG curves of NR/CCB 

systems show a major weight loss peak in the temperature range of 370-390°C.

Peak intensity on the DTG curves signifies the rate at which weight loss occurs at

a specific temperature during the thermal degradation process. A higher peak 

intensity indicates a more rapid decomposition of the material at that particular 

temperature range. Addition of CCB has led to a noticeable reduction in the DTG 

peak intensity, suggesting an enhancement in heat resistance. Moreover, 

increasing the CCB content to 20 phr has resulted in an additional improvement in 

the thermal stability of the NR composite.   

Table 7.1 shows the degradation temperatures at 10, 50 and 75% weight loss and 

the maximum weight loss temperature (Tmax). Temperatures for 75% weight loss 

gradually increase with CCB loading, indicating thermal stability. The 

temperature at which rubber composites experience a 50% weight loss during 

degradation is regarded as an indicator of their thermal stability. Inclusion of CCB 

has raised the T50% to 397°C from 393°C (NB0), demonstrating an enhanced 

level of thermal stability. However, the introduction of 20 phr CCB and 10 phr 

CCB does not lead to significant alterations in thermal stability.  
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Figure 7.2-(a)TG and (b) DTG curves of NR/CCB systems 

Table 7.1-Degradation temperatures of NR/CCB systems 

Sample T10% (°C) T50% (°C) T75% (°C) Tmax (°C) 
NB0 343 393 419 388 
NB10 340 397 432 390 
NB20 330 397 444 387 
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7.3.1.2. Kinetic studies 
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Figure 7.3(a) –Coats-Redfern plot of NR/CCB systems 

Table 7.2- Activation energy from Coats-Redfern model for NR/CCB systems 

Sample Ea (kJ/mol) 
NB0 123 
NB10 135 
NB20 121 
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Figure 7.3(b)-Kissinger plot of NR/CCB systems 
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Coats–Redfern model is used to evaluate kinetic parameters from 

thermogravimetric data. Coats-Redfern plot of NR/CCB systems are given in 

Figure 7.3(a). The plot of log �−log(1−α)
T2

� as a function of 1
𝑇𝑇
 gives a straight line

with the slope equal to �− 𝐸𝐸𝑎𝑎
2.303𝑅𝑅𝑅𝑅

�and the y-intercept is log � 𝐴𝐴𝐴𝐴
𝛽𝛽𝐸𝐸𝑎𝑎

� �1−2𝑅𝑅𝑅𝑅
𝐸𝐸𝑎𝑎

�. The 

activation energy of degradation of rubber is calculated from the slope, which 

is�− 𝐸𝐸𝑎𝑎
2.303𝑅𝑅𝑅𝑅

�. Table 7.2 presents the activation energy results derived from the 

Coats-Redfern model. The findings of the model indicate that the introduction of 

10 phr CCB led to an enhancement in the thermal stability of NR as inferred from 

the higher activation energy of NB10 than NB20. 

Kissinger, KAS and FWO methods give further insight to the thermal degradation 

kinetics of NR/CCB systems. In the Kissinger method, the degree of conversion 

remains constant at the peak temperature (Tmax) across multiple heating rates. 

Figure 7.2(b) gives the fitted straight line Kissinger plot of neat and CCB filled 

rubber composites. High linear correlation coefficient of the fitted straight line 

indicates the feasibility of the method. Table 7.3 gives the activation energy 

calculated using the Kissinger method. Activation energy is only slightly 

increased upon CCB filler incorporation. At higher filler loading, activation 

energy is decreased according to Kissinger method.  Iso conversional methods, 

KAS and FWO methods analyse thermal data at conversion degrees of 0.2, 0.4, 

0.6 and 0.8.  Figure 7.3(c) displays linearly fitted KAS model plots of NB10 at 

different conversion degrees: 0.2, 0.4, 0.6, and 0.8. The slopes of these plots are 

used to determine the activation energy of degradation of NR. FWO plots of 

NB10 with varying degrees of conversions are given in Figure 7.3 (d). Straight 

line obtained by plotting log𝛽𝛽 against  1000
𝑇𝑇

at different heating rates gives 

constant ∝ and permits the calculation of activation energy. Activation energy of 

this method is not influenced by the specific thermal degradation reaction 

mechanism.(7) Table 7.3 summarises the activation energy values obtained from 

KAS and FWO models. It can be observed from Table 7.3 that the Kissinger 

model calculates activation energy higher than the KAS model and lower than the 

FWO model.   
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Figure 7.3-(c) KAS and (d) FWO plot of NB10 

Table 7.3 -Activation energy (kJ/mol) of NR/CCB systems obtained from 

Kissinger, KAS and FWO models 

Kissinger model KAS model FWO model 
α 0.4 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 
NB0 204 94 102 105 112 216 234 240 256 
NB10 204 85 97 111 122 197 222 254 277 
NB20 179 94 100 105 112 216 230 241 256 
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Kissinger model determines the activation energy based on the maximum 

degradation temperature. Activation energies calculated using KAS and FWO 

models increase with increasing conversion rates. This suggests the change of 

activation energy with filler incorporation is similar for KAS and FWO models. 

However, dissimilar activation energy values computed from both methods reflect 

the fact that the thermal degradation of NR composites does not follow simple one 

step mechanism.(8,12) KAS and FWO models are based on mathematical 

approximations and can be applied with linear variation of temperature and 

positive heating rates. Considering the average activation energy, KAS and FWO 

suggest NB10 to be thermally stable. Average activation energy of the hybrid 

filler systems predicted using model based and model-free isoconversional 

methods ranges from 103- 237 kJ/mol. Both Kissinger and Coats-Redfern models 

predict higher activation energy for NB10. 

7.3.2. NR/1-ethyl-3-methylimidazolium chloride modified CCB (NR/ILCCB) 

systems 

7.3.2.1. TGA analysis and thermal stability 

TG curve depicted in Figure 7.4(a) elucidates distinct thermal degradation 

patterns between NB20IL3 and NB20IL1. The sample NB20IL3, characterised by 

a 1:3 filler-to-IL ratio, initiates its thermal decomposition at a temperature inferior 

to that of NB20IL1. Reference to Table 7.4 reveals that NB20IL3 reaches its 

initial 10% weight loss at a comparatively reduced thermal threshold. Conversely, 

upon achieving a 50% weight reduction, the decomposition temperature of 

NB20IL3 exceeds that of NB20IL1. NB20IL3 also exhibits a higher 

decomposition temperature at a 75% weight loss. Notably, the thermal 

degradation stability of NB20IL3, as indicated by its Tmax, is at 395°C, whereas 

the unfilled NR has a Tmax of 388°C.  

Ionic liquid (IL) has a significant role in determining the thermal stability and 

degradation mechanism of NR composites. Studies show that imidazolium based 

ionic liquids are more thermally stable than pyrrolidnium ring based ionic liquids. 

(13) Ionic liquids can also act as plasticisers, which can lead to low temperature

degradation of NR composites. Decomposition of IL can also release some

volatile compounds that can increase or decrease the degradation process.
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Figure 7.4- (a) TGA and (b) DTG curves of NR/ILCCB systems 

Also, IL can slow down the degradation by forming the protective char layer 

during degradation or by inhibiting the evolution of volatile degradation products. 

However, TG curves show that IL imparts thermal stability to NR composites to a 

certain extent. Ionic liquid molecules can interact with the CCB agglomerates and 

aid in the uniform distribution of it in the NR matrix. CCB particles possess high 
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thermal conductivity, and the homogeneous dispersion of CCB in NR allows 

uniform heat transfer. The π-π interactions between the imidazolium ring of ionic 

liquid and the CCB particles evenly distribute the CCB and prevent the 

development of areas of localized high temperature. Schematic representation of 

ILCCB distribution in NR matrix is given in Figure 5.15 (Chapter 5). The type 

and concentration of the ionic liquid, its interaction with the rubber matrix, and 

the presence of other fillers or additives have a role in determining the overall 

thermal behaviour of the composite. Figure 7.4 (b) displays the DTG curves of 

NR hybrid filler systems incorporated with CCB modified by IL. As the filler-to-

IL ratio changes from 1:1 to 1:3, there is a marked decline in the DTG peak 

intensity. At lower IL content, an auxiliary peak, referred to as a shoulder peak, 

emerges between 400-500ᵒC on the DTG curve. 

Table 7.4 shows the degradation temperatures of NR/ILCCB systems. 

Temperatures for 50% weight loss are almost similar for both composites, while 

temperature for 75% weight loss is higher for NB20IL3.  Temperature for 

maximum degradation is also higher for NB20IL3.  

Table 7.4-Degradation temperatures of NR/ILCCB systems 

Sample  T10% (°C) T50% (°C) T75% (°C) Tmax (°C) 

NB20IL1 345 403 451 386 
NB20IL3 337 402 473 395 

7.3.2.2. Kinetic studies 

Figure 7.6(a) illustrates the Coats-Redfern plot for the NR/ILCCB systems. The 

slope of this plot provides information on the activation energy, which has been 

documented in Table 7.5. Notably, NB20IL1 exhibits a greater activation energy 

compared to NB20IL3. Difference in activation energy between NB20IL1 and 

NB20IL3 suggests that the concentration and type of ionic liquid can have 

profound effects on the thermal properties of the composites. The change in 

activation energy could be attributed to varying interactions between the IL, CCB 

and the rubber matrix at different concentrations. Even a small change in the 

composition can lead to pronounced differences in their thermal behaviour.  
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Table 7.5 -Activation energy obtained from Coats-Redfern model for NR/ILCCB 
systems 

Sample Ea (kJ/mol) 
NB20IL1 131 
NB20IL3 126 
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Figure 7.6 (b), (c) and (d) illustrate the thermal behaviour of NR/ILCCB systems 

using Kissinger, KAS and FWO methods, respectively.  Being a model-free 

method, the Kissinger method, allows for a direct comparison of the activation 

energies without the need to assume any specific reaction mechanism. This 

method is one of the commonly employed techniques to evaluate the activation 

energy of thermally stimulated processes.  
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Figure 7.6-(c)KAS and (d) FWO plot of NR/ILCCB systems 
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Table 7.6 -Activation energy (kJ/mol) of NR/ILCCB systems obtained from 
Kissinger, KAS and FWO models 

Kissinger model KAS model FWO model 
0.4 0.2 0.4 0.6 0.2 0.4 0.6 

NB20IL1 228 111 166 282 259 330 553 
NB20IL3 200 200 208 572 167 333 597 

The KAS model works under the assumption of a constant reaction mechanism 

throughout the process, providing insight into how the system responds under 

varying temperature regimes. FWO also ascertain the activation energy without 

knowing the reaction mechanism. This method has been widely recognised for its 

reliability, especially when a single step reaction mechanism cannot be assumed. 

Each of these plots provides complementary information regarding the thermal 

stability, degradation kinetics, and behaviour of NR/ILCCB systems. Activation 

energy is computed from the slope of the plot, and the values have been 

documented in Table 7.6. Activation energy is calculated for conversion rates of 

0.2, 0.4 and 0.6. Activation energy calculated from the Coats-Redfern, Kissinger 

and KAS model suggests NB20IL1 is more thermally stable. However, at a 

conversion degree of 0.8, the FWO model anticipates high activation energy for 

NB20IL3. The difference in computed activation energy can be attributed to the 

difference in approximation techniques adopted by models to obtain temperature 

integral. (14) This elevates the average activation energy of the sample, making it 

higher than that of NB20IL1. 

7.3.3. NR/CCB-CNT hybrid filler systems  

7.3.3.1. TGA analysis and thermal stability 

Figure 7.7(a) and (b) illustrate the TGA and DTG curves of NR/CCB-CNT 

composite systems using a heating rate of 20°C per minute. TGA curve shows that 

NB20C3 degrades first compared to NB20C5. Increasing the CNT content has 

slightly improved the thermal stability, as observed in the weight loss curve. Also, 

NB20C5 exhibits higher residue than NB20C3. DTG curve of the NR/CCB-CNT 

hybrid filler systems exhibit an additional shoulder peak within the temperature 

span of 400°C to 450°C, implying a two-step degradation process. Initial 

degradation initiates around 300°C, with the peak weight loss occurring at 

approximately 384°C. Second degradation phase emerges around 400°C and can 
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be attributed to the degradation of fillers and other constituents present in the 

composite. DTG curves for NB20C3 and NB20C5 yield Tmax values of 386°C and 

385°C, respectively. 
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Figure 7.7-(a)TGA and (b) DTG curves of NR/CCB-CNT hybrid filler systems 
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Table 7.7- Degradation temperatures of NR/CCB-CNT hybrid filler systems 

Sample  T10% (°C) T50% (°C) T75% (°C) Tmax (°C) 
NB20C3 334.8 399.9 451.5 386.1 
NB20C5 338.3 400.3 458.5 385.4 

7.3.3.2. Kinetic studies 
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Figure 7.8(a)-Coats-Redfern plot of NR/CCB-CNT hybrid filler systems 

Table 7.8- Activation energy obtained from Coats-Redfern model for NR/CCB-
CNT hybrid filler systems 

Sample Ea (kJ/mol) 
NB20C3 122 
NB20C5 125 

Activation energy calculated through the Coats-Redfern method is displayed in 

Table 7.8. As observed, the activation energy rises with an increase in CNT 

content. Figure 7.8(a) illustrates the Coats-Redfern plots, which have been 

linearly fitted. Kissinger, KAS, and FWO methods for kinetic analysis possess the 

advantage of determining the activation energy of degradation without 

necessitating the assumption of specific reaction models for the degradation steps. 

Figure 7.8(b) gives the fitted straight line Kissinger plot of hybrid filler CCB-

CNT incorporated NR composites. Kissinger method is an integral, model-

independent isonconversional approach used to determine the apparent activation 

energy of a system. Specifically, this method calculates the activation energy at a 
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consistent α value, typically where the maximum weight loss is observed in the 

DTG curve. This approach offers insight into the thermal stability and 

decomposition kinetics of materials without making assumptions about the 

reaction mechanism.  
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Figure 7.8(b)-Kissinger and (c)-KAS plot of NR/CCB-CNT hybrid filler systems 
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Activation energy obtained from Kissinger model is given in Table 7.9. Figure 

7.8(b) shows the linearly fitted plots for the KAS model of NB20C3 at various 

conversion degrees: 0.2, 0.4, 0.6, and 0.8. By analysing the slopes of these plots, 

the activation energy required for the degradation of NR composites can be 

ascertained. The coefficient of correlation (R2) for these linear fits is close to 0.99, 

indicating a strong linear correlation. Determined activation energy values are 

tabulated in Table 7.9. Figure 7.8(c) presents the FWO plot of NB20C5 at 

varying conversion degrees of 0.2, 0.4, 0.6 and 0.8. 
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Figure 7.8(c)-FWO plot of NR/CCB-CNT hybrid filler systems 

Activation energy values derived from isoconversional methods are influenced by 

both conversion rates and heating rates. As shown in Table 7.9., both the KAS 

and FWO models for NB20C3 exhibit a deviation from the expected trend, 

displaying a lower activation energy for the α value of 0.4. This does not agree 

with the general trend where activation energy increases as a function of α. 

Similar to NR/CCB systems, the FWO model reports the highest activation 

energy. All kinetic models indicate that NB20C3 exhibits superior thermal 

stability, as evidenced by a distinct difference in its average activation energy. 

However, when referencing the DTG curve, NB20C3 and NB20C5 show nearly 

identical Tmax values. 



Chapter 7 Thermal Degradation and Kinetic… 

183 

Table 7.9 -Activation energy (kJ/mol) of NR/CCB-CNT hybrid filler systems 
obtained from Kissinger, KAS and FWO models 

Kissinger model KAS model FWO model 
α 0.4 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 

NB20C3 192 90 88 92 104 207 203 211 239 
NB20C5 173 70 78 87 103 163 181 200 235 

7.3.4. NR/CCB-1-ethyl-3-methylimidazolium chloride modified CNT 

(NR/CCB-ILCNT) hybrid filler systems 

7.3.4.1. TGA analysis and thermal stability 

Figure 7.9(a) shows the TGA curves of NR hybrid filler systems incorporating 

CCB and IL-modified CNT. These curves suggest that merging IL-modified CNT 

with CCB offers consistent thermal stability, largely independent of the filler-to-

IL ratio. Moreover, as the concentration of CNT changes from 3 phr to 5 phr, a 

marginal increase in thermal stability is observed.  When analysing the thermal 

degradation behaviour of NB20C5IL3, it is observed that there is a rapid initial 

degradation with an increase in temperature. This can be attributed to the high 

thermal conductivity of the CNT present in the system.(15) CNT have exceptional 

thermal conductivity, which means they can effectively transport heat throughout 

a material. In the context of NB20C5IL3, a higher concentration of both CNT and 

IL can enhance the heat distribution within the composite, leading to more 

uniform and efficient heating. As a result, when the degradation temperature is 

reached, the entire sample undergoes thermo-oxidative degradation more quickly 

compared to composites with lower CNT or IL content.(16) Also, CNT can 

catalyse specific reactions or accelerate oxidative processes due to their nano-

scale dimensions and high surface area, especially if they possess defects or 

functional groups on their surface. This catalytic effect, combined with efficient 

heat distribution, can contribute to the rapid initial degradation of the NB20C5IL3 

composite. Figure 7.9(b) presents the DTG curve of NR/CCB-ILCNT hybrid 

filler systems. Degradation of NR exhibits distinctive decomposition occurring in 

two overlapping stages, indicating the involvement of a complex mechanism. 

(17,18) Initial stage of decomposition of NR encompasses radical 

depolymerisation of polymer chains. Second stage of NR degradation is marked 

by the diffusion of products that are formed during depolymerization reactions. 
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Figure 7.9(a)- TGA and (b) DTG curves of NR/CCB-ILCNT composite 

Depolymerization involves the breaking down of polymer chains into smaller 

fragments, and in the case of NR, this results in the formation of dimers and 

trimers. These depolymerization products are often more volatile than the larger 

polymer chains. During the second stage, these products diffuse from the bulk of 

the polymer matrix towards its surface. This diffusion process is required for the 

overall degradation of the NR material. As the dimers and trimers move towards 



Chapter 7                                                         Thermal Degradation and Kinetic… 

185 

the surface of the material, they can eventually evaporate or be released, 

contributing to the weight loss observed during thermal analysis. The rate at 

which these products diffuse can be influenced by factors such as temperature, 

heating rate, and the presence of any fillers or additives in the material. Presence 

of hybrid network of CCB and ionic liquid modified CNT can act as barriers in 

slowing down the diffusion of volatile compounds. Initial and following stages of 

degradation exhibit an overlapping nature due to the simultaneous 

depolymerization and diffusion of products.  

Table 7.10-Degradation temperatures of NR/CCB-ILCNT hybrid filler systems 

Samples T10% (°C) T50% (°C) T75% (°C) Tmax (°C)
NB20C3IL1 351 406 471 387 
NB20C3IL3 355 404 478 388 
NB20C5IL1 357 406 470 389 
NB20C5IL3 345 407 539 386 

The degradation temperatures of the NR/CCB-ILCNT hybrid filler systems are 

tabulated in Table 7.10. Initial degradation represented by the T10% suggests that 

NB20C5IL1 begins its degradation later than the other samples, implying high 

initial thermal stability. NB20C5IL3 starts degradation at a lower temperature, 

suggesting reduced initial thermal stability. Temperatures for T50% are comparable 

for all samples.  NB20C5IL3 stands out with a significantly higher temperature 

for 75% weight loss, indicating better stability in advanced stages of degradation. 

This could be due to the possible formation of a protective char layer or any 

molecular interactions between CNT and IL components, which slow down 

further degradation. 

7.3.4.2. Kinetic studies 

Figure 7.10 (a) is the Coats-Redfern plot of NR systems with CCB and IL-

modified CNT. Table 7.11 summarises the activation energy values obtained 

from the linearly fitted curves. NB20C5IL1 is the most thermally stable 

composite, as indicated by the activation energy obtained from the Coats-Redfern 

plot. The thermal stability of composites decreases as the filler-to-IL ratio rises 

from 1:1 to 1:3, especially for NB20C5IL1 and NB20C5IL3. Figure 7.10(b), (c) 

and (d) are the Kissinger, KAS and FWO plots of the NR/CCB-ILCNT hybrid 
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filler systems. Activation energy values derived from the different models are 

consolidated in Table 7.12. KAS and FWO models were limited to conversion 

degrees of 0.2, 0.4, and 0.6 owing to the presence of a shoulder peak in the 

composite degradation profiles. Activation energy values are in the range of 100-

200 kJ/mol across all models. For all NR/CCB-ILCNT systems, the activation 

energies determined by all theoretical models are consistent with each other and 

have only minor deviations. 

Table 7.11-Activation energy obtained from Coats-Redfern model for NR/CCB-
ILCNT hybrid filler systems 

Sample Ea (kJ/mol) 
NB20C3IL1 117 
NB20C3IL3 149 
NB20C5IL1 151 
NB20C5IL3 126 
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Figure 7.10(a)- Coats-Redfern plot of NR/CCB-ILCNT hybrid filler systems 

Table 7.12 -Activation energy (kJ/mol) of NR/CCB-ILCNT hybrid filler systems 
obtained from Kissinger, KAS and FWO models 

α Kissinger model KAS model FWO model 
0.4 0.2 0.4 0.6 0.2 0.4 0.6 

NB20C3IL1 255 79 85 85 168 176 175 
NB20C3IL3 196 68 76 18 184 168 172 
NB20C5IL1 211 78 84 82 181 195 190 
NB20C5IL3 157 83 91 97 191 210 224 



Chapter 7 Thermal Degradation and Kinetic… 

187 

1.51 1.52 1.53 1.54 1.55
-10.8

-10.6

-10.4

-10.2

-10.0

-9.8

NB20C3IL1
NB20C3IL3
NB20C5IL1
NB20C5IL3

ln
 β

/Τ
2 m

ax
(b)

(1000/Tmax) 

1.48 1.50 1.52 1.54 1.56 1.58 1.60 1.62
-4.7

-4.6

-4.5

-4.4

-4.3

ln
 β

/Τ
2 

    NB20C5IL3
 0.2
 0.4
 0.6

1000/T 

(c)

Figure 7.10(b)- Kissinger and (c) KAS plot of NR/CCB-ILCNT hybrid filler 

systems 
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Figure 7.10(d)- FWO plot of NR/CCB-ILCNT hybrid filler systems 

7.3.5. NR/CCB-CNT-RGO hybrid filler systems 

7.3.5.1. TGA analysis and thermal stability 

Figure 7.11(a) displays the TGA curve for hybrid filler systems incorporating a 

hybrid filler system consisting of CCB, CNT, and RGO. An observable 

enhancement in thermal stability is noted with higher phr CNT in the presence of 

RGO. Figure 7.11(b) presents the DTG curve of NR/CCB-CNT-RGO hybrid 

filler systems. DTG curves of NR/CCB-CNT-RGO hybrid filler systems also 

exhibit two peaks, which indicates a multi-stage decomposition process of NR. 

Perejón et al.(1) have addressed the intricate nature of NR decomposition, 

highlighting that it cannot be attributed to two distinct and independent stages of 

degradation. 

Table 7.13- Degradation temperatures of NR/CCB-CNT-RGO hybrid filler 
systems 

Sample  T10% (°C) T50% (°C) T75% (°C) Tmax (°C) 

NB20C1R1 357 405 466 391 
NB20C5R1 356 407 570 389 

Table 7.13 presents the degradation temperatures of NR/CCB-CNT-RGO hybrid 

filler systems at different % of weight loss. Thermal stability increases as the 

amount of CNT increases, as indicated by the T50%. This can be ascribed to the 
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elevated thermal conductivity of CNT, which provides uniform heat distribution 

and enhanced thermal stability. Temperature of maximum weightloss is slightly 

lower for NB20C5R1. 
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Figure 7.11(a)- TGA and (b) DTG curve at 20°C min-1 curves of NR/CCB-CNT-

RGO hybrid filler systems 
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Figure 7.11-DTG curves (c) 10°C min-1 and (d)15°C min-1 of NR/CCB-CNT-

RGO hybrid filler systems 

Figure 7.11 (c) and (d) illustrate the DTG curves of NR/CCB-CNT-RGO hybrid 

filler systems at two distinct heating rates, 10°C min-1 and 15°C min-1respectively. 

Notably, the intensity of the shoulder peak is observed to vary based on the 

heating rate. Intensity of the shoulder peak is more pronounced at lower heating 
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rate of 10°C min-1. This phenomenon is linked to the formation of trimer and 

tetramer compounds during the NR decomposition process.(1) Lower heating rate 

encourages the formation of these compounds. Conversely, the peak intensity 

diminishes at a higher heating rate of 20°C min-1. Thus, the degradation of NR/ 

hybrid filler systems involves non-independent two stage complex degradation 

processes. In the subsequent phase of NR degradation, the process involves the 

diffusion of the products resulting from depolymerization reactions, such as 

dimers and trimers. This diffusion mechanism, which proceeds from the bulk 

polymer matrix to its surface, constitutes the rate-limiting step in the 

comprehensive degradation of the NR composite. Inclusion of hybrid filler 

systems introduces a barrier effect that retards the overall degradation 

progression. As the heating rate increases, the degradation temperature also rises 

and consequently boosts the influence of random scission within the polymer 

chains.  Depolymerization of NR chains produces polymer radicals, including 

isoprene units. Polymer radicals tend to form oligomers at low heating rates. 

Intramolecular cyclization or the recombination of monomers form oligomers, 

including dipentene, dimers, and trimers. (4,19,20) Primary phase of the thermal 

decomposition of NR is based on the principles of a random scission kinetic 

model. As the temperature lowers, the diffusion of the resulting species within the 

polymer matrix assumes a significant role. TGA at lower heating rates has thermal 

decomposition correspondingly at lower average temperatures, and the higher 

viscosity of the polymer matrix acts as a constraint on diffusion. This limitation 

emphasizes the relevance of diffusion as a key factor in describing the kinetics of 

the process. On the contrary, when high heating rates are employed, the time 

available for isoprene to engage in reactions that lead to the formation of 

oligomers, particularly trimers, becomes restricted. Moreover, at these elevated 

temperatures, the lowered viscosity of the polymer matrix facilitates the diffusion 

of species. (21) 

7.3.5.2. Kinetic studies 

Figure 7.12 (a) presents the Coats-Redfern plot for the NR/CCB-CNT-RGO 

hybrid filler systems. Table 7.14 provides the activation energy values derived 

from the Coats-Redfern model. Activation energy values indicate that NB20C1R1 
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has greater thermal stability as indicated by the higher activation energy. On the 

other hand, NB20C5R1 exhibits lower activation energy. 

Table 7.14 -Activation energy obtained from Coats-Redfern model for NR/CCB-
CNT-RGO hybrid filler systems 

Sample Ea (kJ/mol) 
NB20C1R1 139 
NB20C5R1 134 
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Figure 7.12(a)- Coats-Redfern plot of NR/CCB-CNT-RGO hybrid filler systems 

Figure 7.12 (b), (c) and (d) presents the Kissinger, KAS and FWO plots of the 

NR/CCB-CNT-RGO hybrid filler systems. Activation energy values are presented 

in Table 7.15.  

Table 7.15 -Activation energy (kJ/mol) of NR/CCB-CNT-RGO hybrid filler 

systems obtained from Kissinger, KAS and FWO models 

Kissinger model KAS model FWO model 
α 0.4 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 

NB20C1R1 170 50 66 77 103 118 154 178 236 
NB20C5R1 224 82 89 97 113 189 204 222 259 

For NB20C1R1, the activation energy values increase as the conversion degree 

(α) progresses from 0.2 to 0.8 across all models. The presence of CNT and RGO 

at a ratio of 1:1 result in relatively lower activation energies compared to the 

NB20C5R1 sample. For NB20C5R1, with a higher concentration of CNT (5 phr), 

activation energies are generally higher across all models and conversion degrees. 
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This indicates that increasing CNT content improves the thermal stability of the 

composite. Kissinger model calculates activation energy at single conversion 

degree of 0.4 and the energy values lies between the activation energies of KAS 

and FWO models. Comparatively, NB20C5R1 demonstrates higher thermal 

stability than NB20C1R1 across all conversion degrees and models, which can be 

attributed to the increased CNT concentration. 
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Figure 7.12 (b) Kissinger (c) KAS plot of NR/CCB-CNT-RGO hybrid filler 

systems 
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Activation energy obtained from the KAS model for both samples is found to be 

lower. This suggests that the degradation mechanisms or pathways estimated by 

the KAS model may differ from those estimated by the Kissinger and FWO 

models. Activation energies derived from the Kissinger and FWO models are 

nearly identical.  
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Figure 7.12(d)- FWO plot of NR/CCB-CNT-RGO hybrid filler systems 

7.4. Comparative analysis of thermal degradation properties 
Table 7.16 presents the T50% of NR hybrid filler systems with various fillers. T50% 

is the direct indication of thermal stability. All the filler incorporated composites 

has enhanced thermal stability. IL modified CNT-CCB and CCB-CNT-RGO 

incorporated composites exhibits higher thermal stability. Table 7.17 presents the 

average activation energy of NR hybrid filler systems obtained from various 

models. NR containing IL-modified fillers and a hybrid system comprising CCB, 

CNT, and RGO exhibits elevated activation energy values. This suggests 

enhanced thermal stability for these systems. Improved thermal stability is 

attributed to the well-structured hybrid filler network within these composites. 

Aggregate structure of CCB chemically interacts with the ionic liquid and can also 

interact with NR chains.  Optimal dispersion of fillers and the interaction of the 

polymer chains with these fillers play a pivotal role. Moreover, the barrier effect 

presented by the integrated filler system inhibits the migration of volatile 
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compounds to the surface. Such a phenomenon can decelerate the degradation 

process, further reinforcing the resistance of composite to thermal breakdown.  

Table 7.16- Degradation temperatures of NR hybrid filler systems 

Samples T50% (°C) 
NB0 393 

NB10 392 
NB20IL1 400 
NB20C5 403 

NB20C5IL3 407 
NB20C5R1 407 

Figure 7.13- Schematic representation of barrier effect of filler network in NR 

matrix 
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Figure 7.13 shows the schematic representation of the barrier effect of different 

filler systems in resisting the thermal degradation of the NR matrix. 

Table 7.17- Activation energy (kJ/mol) of NR hybrid filler systems 

Sample Coats-Redfern 
model 

Kissinger 
model 

KAS 
model 

FWO 
model 

NB0 123 204 102 234 
NB10 135 204 97 222 
NB20C3 122 192 88 203 
NB20IL1 131 228 166 330 
NB20C5IL1 151 211 84 195 
NB20C5R1 134 224 89 204 

7.5. Conclusion 
Thermal studies of the NR hybrid filler systems provide information about the 

enhanced thermal stability of the from the IL modified CCB and CNT systems. 

Moreover, the hybrid filler combination of CCB-CNT-RGO also exhibits 

enhanced thermal stability, as indicated by the activation energy values deduced 

from the kinetic models. These models align closely with experimental findings, 

exhibiting high correlation values. 
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Chapter 8 

Characterisation and Properties of Synthesised RGO 

Incorporated NR/ CCB-CNT Hybrid Filler Systems 

Summary 
This chapter explores the morphological and structural characteristics of thermally reduced 

graphene oxide, which is synthesised in the laboratory using Hummer’s method (syTRGO). 

Also, the

characterisation and 

properties of the 

syTRGO incorporated 

NR/CCB-CNT 

composites are 

discussed in detail. 

Finally, the properties 

of NR/CCB-CNT-

syTRGO composites 

are compared with 

NR/CCB-CNT-RGO composites. NR/CCB-CNT-syTRGO composites exhibit a high tensile 

strength of 30.28 ± 0.76 MPa and DC conductivity of 10-3 S/m.  
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8.1. Introduction 
Graphene is an elemental allotrope consisting of a hexagonal lattice arrangement of 

carbon atoms forming a single layer.(1) Graphene possesses notable physical 

properties, including high mobility of charge carriers (200,000 cm²V⁻ s⁻)¹, thermal 

conductivity (~5000 Wm⁻¹K⁻¹), Young's modulus (~1100 GPa) and surface area of 

2630 m²/g. (2,3) These distinctive features make graphene a promising one in 

materials science.  Several methods are available for preparing graphene, each 

tailored to specific applications and desired characteristics. Exfoliation of graphite 

into single sheets of graphene by micromechanical cleavage, known as the Scotch 

tape method, was first reported in 2004. (4)  Natural graphite flakes (NFG) are 

carbon arranged in hexagonal arrays, forming flat layers stacked in three dimensions. 

Within a plane, carbon atoms are held together by covalent bonds, while van der 

Waals forces act between adjacent layers, maintaining a separation of 0.337 nm. (5) 

Oxidation-reduction methods for the large-scale synthesis of graphene from graphite 

include Hummer’s method (6), Brodie's method (7), Staudenmaier's method (8) and 

modified and improved Hummer’s method. (9) These methods, in general, utilise 

strong oxidising agents and acids to create graphite oxide, which has multiple layers. 

Exfoliation of graphite oxide produces graphene oxide, which is a few layers or a 

single layer. These oxidised layers are reduced thermally (10) or chemically (11) to 

obtain reduced graphene oxide (RGO). 

In this study, natural graphite flakes are used to synthesise the graphene oxide (GO) 

using Hummer’s method. Hummer's method is the fastest conventional method of 

producing graphite oxide/graphene oxide with a high C/O ratio. Oxidation of 

graphite-to-graphite oxide is accomplished by using an anhydrous mixture of 

sulphuric acid (H2SO4), potassium permanganate (KMnO4) and sodium nitrate 

(NaNO3). GO has many oxygen functionalities like carboxyl (COOH), carbonyl 

(C=O) and hydroxyl (OH) groups on the surface, which renders hydrophilicity to 

GO. GO can be efficiently reduced thermally in a muffle furnace, where the majority 

of the oxygen functionalities will be removed. (12)  
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8.2. Results and discussion 
8.2.1. Morphology and structural analysis of the reduced graphite oxide 

            (syTRGO) 

Hummer’s method is used to produce graphene, which is discussed in Chapter 2. 

GO obtained after drying has a sheet-like appearance and is brown in colour. After 

thermal reduction, there is a visible change in the appearance accompanied by a 

substantial increase in volume. Thermally reduced graphene oxide (syTRGO) is 

black in colour with fluffy nature which provides the first evidence of reduction of 

synthesised GO.  Figure 8.1 shows the XRD spectra of graphite, GO and syTRGO. 

The diffraction pattern of graphite shows a strong, narrow characteristic peak at 

26.57° with d-spacing of 3.35A° corresponding to the lattice plane of (002). The 

incorporation of oxygen functionalities and intercalation of water molecules in GO 

has increased the interlayer spacing to 8.64A° and shifted the peak to 10.22° with 

low intensity. Graphite has narrow and high intensity peak compared to the peak of 

GO. Scherrer’s analysis of the XRD diffraction pattern gives a crystallite size of 44.4 

nm for graphite, which, upon oxidation, becomes 7.9 nm. Unlike the ordered and 

layered structure of graphite and GO, syTRGO is amorphous in nature, and this is 

confirmed by the absence of any characteristic peaks in the XRD data. (5,13) So 

here, the thermal reduction of GO has produced completely exfoliated, unstacked and 

amorphous syTRGO. 

Figure 8.2(a-f) presents the TEM images of graphite, GO and syTRGO. Figure 

8.2(c) shows the thin and highly exfoliated syTRGO sheets. Unlike GO, syTRGO 

has wrinkles and folds, which are indicated by the dark regions of the TEM image. 

SAED method allows for characterising the crystallographic structure of syTRGO. 

The lower intensity of crystallographic spots and diffused rings confirms the 

amorphous nature of reduced syTRGO (Figure 8.2(f)). SAED pattern of graphite 

flakes (Figure 8.2 (d)) has bright hexagonal crystallographic spots indicating 

crystalline nature with AB stacking (14), and that of GO (Figure 8.2(e)) has small 

spots making up a ring indicating its poly nanocrystalline nature. 
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Raman spectroscopy gives information about the structural changes during the 

oxidation-reduction of graphite. Raman spectra of graphite, GO and syTRGO are 

shown in Figure 8.3.  Raman spectrum of graphite shows three characteristic peaks 

at 1345, 1580 and 2714 cm-1. The D band or ‘disorder band’ at 1345 cm-1 is 

associated with the disordered structure of the graphitic lattice. It indicates structural 

defects, edges and oxygen functionalities bonded to the carbon atoms. It is associated 

with the breathing mode of aromatic rings caused due to the defects present in the 

sample. (12)The sharp G band at 1580 cm-1 arises due to the in phase vibrations of 

the ordered crystal structure. The third band at 2714 cm-1 is the overtone of the D 

band, known as the 2D band. The ratio of the intensity of the D band to the intensity 

of the G band (ID/IG ratio) is 0.11 for graphite flakes indicating its ordered graphitic 

structure. Chemical oxidation of graphite flakes decreases the intensity of the G band 

(1581 cm-1) and increases the intensity of the D band (1353 cm-1) due to the 

destruction of the graphitic ordered structure. The deformation of graphitic structure 

is further confirmed by the broad and weaker 2D band at 2675cm-1. 
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Figure 8.3- Raman spectra of 

graphite, GO, syTRGO and RGO 
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 The incorporation of oxygen functionalities converts sp2 carbon bonds to sp3 and 

enhance the ID/IG ratio of GO to 0.98. After thermal reduction, the intensity of the D 

(1354 cm-1) band is decreased only slightly, indicating the formation of syTRGO 

with defects. G band is observed at 1589 cm-1. Sharp 2D band is associated with 

graphitic structure. The broad and weak 2D peak at 2862 cm-1 implies the amorphous 

nature of syTRGO. In addition, the ID/IG ratio has decreased only up to 0.76. This 

confirms that thermal reduction has completely exfoliated graphene layers and 

removed oxygen functionalities in GO. Raman spectra of RGO used for the studies 

in the previous chapter show a D band with low intensity and a sharp G band. Unlike 

synthesised syTRGO, RGO possesses a sharp 2D band. Compared to the laboratory 

synthesised TRGO, procured RGO has fewer defects and a more ordered graphitic 

structure. The 2D band of RGO and syTRGO doesn’t represent the defects. 

However, the 2D position and shape of the 2D band can be used to measure graphene 

layers. (15,16)The 2D peak of RGO is at 2687, while syTRGO has a peak at 2872 

cm-1. The shift of the 2D peak to a higher wavenumber indicates the increase in

graphene layers. Thus laboratory synthesised syTRGO has more layers than RGO.

Figure 8.4 (a) & (b) presents the high resolution C1s XPS spectra of GO and

syTRGO, which gives an insight into the reduction efficiency and chemical structural

change associated with thermal reduction. Figure 8.4 shows three characteristic

peaks at ~284.8, ~286.9, and ~288.5 eV correspond to the binding energy of sp2 C in

C=C, C-O (hydroxyl and epoxy groups) and C=O (carboxyl and ketone groups)

respectively. Increased intensity of C=C peak and decreased intensity of C-O and

C=O peaks in syTRGO compared to GO confirms the effective removal of oxygen

functionalities upon reduction. Atomic % of elements and C/O ratio of GO and

syTRGO are given in Table 8.1. The thermal reduction has decreased the atomic %

of oxygen from 30.2 to 13.6% while increasing the atomic % of C from 69.1 to 86.3

%. The C/O ratio of GO synthesised in the present study is 2.3, which is in

agreement with the literature. (17) The C/O ratio of GO synthesised by Hummer et

al. is 2.25. (6)  Hummer's method introduces more oxygen functionalities than the

modified Hummer's method. (18,19) Upon reduction of GO, the C/O ratio increases

to 6.3, implying a decreased amount of oxygen functionalities. Thus, the low-
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temperature reduction of GO is efficient in removing most of the oxygen 

functionalities from GO. 
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Figure 8.4- High resolution C1s XPS spectra of (a) GO and (b) syTRGO 
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Table 8.1- Atomic % and C/O ratio of GO and syTRGO 

Atomic % of C/O 
C1s O1s 

GO 69.1 30.2 2.3 
syTRGO 86.3 13.6 6.3 

Figure 8.5- FTIR spectra of graphite, GO, syTRGO and RGO 

Figure 8.5 shows the FTIR spectra of graphite, GO, syTRGO and RGO. FTIR 

spectra of graphite show no characteristic peaks except a weak peak at 1032 cm-1 

corresponding to epoxide groups. Graphite oxide contains heavily oxygenated sheets 

bearing hydroxyl and epoxide functional groups on their basal planes, along with 

carbonyl and carboxy groups at the sheet edges. FTIR spectra illustrate the highly 

oxygenated GO in this work. Characteristic peaks of GO at 3428 cm-1 and 1624 cm-1 

are due to O-H stretching vibrations and C=C symmetric vibrations of unoxidised 

graphitic domains, respectively. Oxidation of graphite is confirmed in the FTIR 

spectra of GO by the introduction of carboxylic C=O bond peak at 1732 cm-1, epoxy 

C-O stretching peak at 1074 cm-1, O-H deformation peak at 1410 cm-1 and weak

stretching vibrations of C (sp3)-H bonds at 2851 cm-1 and 2923 cm-1. In contrast to

GO, most of these peaks disappear or have decreased intensity in syTRGO. FTIR of

purchased RGO shows only low intensity peaks at 3440 and 1639 cm-1, indicating

low amount of oxygen functionalities.
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Figure 8.6- UV-Visible spectra of GO and syTRGO 

Another important observation to be noticed is the shift in epoxide peak to a higher 

wavenumber in GO compared to graphite which again is shifted to low wavenumbers 

upon reduction. This confirms that electron withdrawing groups like carboxyl groups 

are introduced in GO, which is again removed in syTRGO.  The intensity of the O-H 

stretching peak is decreased considerably in syTRGO and RGO. This proves that 

most of the adsorbed water is removed by thermal reduction. Epoxide peak at 1074 

cm-1 is retained in the syTRGO with decreasing intensity, suggesting that thermal
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reduction is effective in removing most of the oxygen functionalities and not all of 

the epoxide groups. This is supported by the XPS analysis of syTRGO and GO.UV-

visible absorption spectra of GO and syTRGO are shown in Figure 8.6 (a & b) GO 

has a strong absorption peak at 230 nm, indicating τηε π−π∗ transition of aromatic 

carbons, accompanied by a shoulder peak at 302 nm, indicating the n- π∗ transition of 

CO groups. The thermal reduction has caused the redshift of the peak to 270 nm due 

to the restoration of sp2 hybridized carbon atoms. (20) UV-visible spectra provide 

evidence for the oxidation of graphite flakes and its subsequent reduction. 

8.2.2. Properties of NR/CCB-CNT-syTRGO composites 

8.2.2.1. Cure characteristics 

Figure 8.7- Torque-time curves of NR/CCB-CNT-syTRGO hybrid filler systems 

Table 8.2- Cure characteristics of NR/CCB-CNT-syTRGO hybrid filler systems 

Sample ML (dNm) MH (dNm) ∆M T90 (min) ∝f 
NB0 0.12 10.41 10.29 6.14 - 

NB20C1syR1 0.1 6.33 6.23 8.26 -2.12

NB20C5syR1 0.23 8.45 8.22 8.5 -0.97

Figure 8.7 presents the torque profile of NR/CCB-CNT-syTRGO composites. The 

torque experienced by the composite is directly proportional to the amount of CNT. 
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Table 8.2 provides the cure characteristics of the hybrid systems. The minimum 

torque exhibits a higher value for NB20C5syR1, and the elevated CNT concentration 

contributes to an increase in the initial viscosity of NR chains. Increased CNT 

concentration creates an extensive filler network that causes entanglement of NR 

chains. This causes resistance to the mobility of polymer chains and results in high 

viscosity. The torque difference also demonstrates an increase with respect to CNT 

content. Higher ∆M is associated with an increase in the crosslink density of the 

composites. (21) NB20C5syR1 has decreased rubber chain mobility due to the 

increased rubber-filler interaction. 

8.2.2.2. Mechanical properties 

Table 8.3 -Mechanical properties of NR/CCB-CNT-syTRGO hybrid filler systems 

Table 8.3 presents the mechanical properties of the composites. Tensile strength is 

29.15 ±0.34 and 30.28 ±0.76 MPa for NB20C1syR1 and NB20C5syR1, respectively. 

Hybrid system of CCB, CNT and syTRGO exhibits strong filler-filler and filler-

rubber interaction, contributing to the high reinforcement effect. The reinforcement 

mechanism of CCB is due to the strong rubber-filler interactions, while studies 

suggest that the reinforcement due to CNT can be attributed to the high aspect ratio 

and the physical interactions with rubber. (22,23) These physical interactions can aid 

in the effective and uniform stress transfer across the matrix and prevent the 

susceptibility of fatigue or failure. The oxygen functional groups present in syTRGO 

increase the chemical interactions with CNT and CCB and increase filler-filler 

interaction. The two-dimensional geometry of syTRGO also creates more interfaces 

with NR due to its large surface area to volume ratio and reinforces the polymer 

matrix. Orientation of fillers in a polymer matrix is also an important factor in 

reinforcing the composites. Presence of graphene layers in syTRGO allows the 

alignment of these along the direction of strain.(24) This, in turn, allows the stress 

transfer and prevents the localisation of stress. Thus, the hybrid filler system of CCB,  

Sample Density 
(g/cm3) 

Elongation 
at break 
(%) 

Tensile 
strength 
(MPa) 

Modulus 
at 100% 
(MPa) 

Modulus 
at 200% 
(MPa) 

Modulus 
at 300% 
(MPa) 

NB20C1syR1 1.05 790 ±23 29.15 ±0.34 2.18 ±0.03 4.41 ±0.02 7.29±0.05 
NB20C5syR1 1.07 729 ±36 30.28 ±0.76 2.99 ±0.16 6.12 ±0.29 9.89 ±0.45 
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CNT and syTRGO effectively reinforces the NR matrix through interfacial 

interactions. This is also reflected in the modulus values at different elongations. 

Table 8.4 presents the theoretically predicted tensile strength of NR/CCB-CNT-

syTRGO hybrid filler systems Theoretical tensile strength predicted using the 

Nicolais-Narkis, Knori-Geil and Turcsanyi model gives values close to the 

experimental value. Tensile strength obtained using the Nicolais-Narkis model is in 

good agreement with experimental data.  

Table 8.4- Theoretical comparison of tensile strength as a function of volume 

fraction of CCB 

Sample Experimental Nicolais-Narkis 
model 

Knori-Geil 
model 

Turcsanyi 
model 

NB20C1syR1 29.15 ±0.34 29.18 28.59 28.49 
NB20C5syR1 30.28 ±0.76 30.32 30.80 30.87 

8.2.2.3. Dielectric studies 

Figure 8.8(a) and (b) show the frequency dependent dielectric permittivity and 

dielectric loss of syTRGO incorporated composites. The dielectric permittivity 

values lies between 104 -105 for both samples. The high dielectric permittivity 

indicates the conductive network of filler particles. The physical and chemical 

interactions of CCB-CNT and syTRGO establish a conductive network in the NR 

matrix. The oxygen functionalities in syTRGO help to increase the filler-filler and 

filler-matrix interactions. However, syTRGO incorporated composites exhibits 

comparatively high dielectric loss, which indicates the loss of electrical energy as 

thermal energy. Figure 8.8 (c) plots the AC conductivity of composites against log 

frequency. AC conductivity indicates the leakage current in dielectric materials. Both 

samples exhibit similar trends in AC conductivity indicating well established 

conductive network in NR matrix 
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Figure 8.8- Frequency dependent (a) dielectric permittivity and (b) dielectric loss of 

NR/CCB-CNT-syTRGO hybrid filler systems 
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Figure 8.8- (c) AC conductivity of NR/CCB-CNT-syTRGO hybrid filler systems 

8.2.2.4. DC conductivity  

DC conductivity values of the NR/CCB-CNT-syTRGO hybrid filler systems are 

given in Table 8.5. The conductivity values are significantly improved by the 

incorporation of synthesised TRGO. NB20C5syR1 shows conductivity in the order 

of   10-3. syTRGO forms a conductive network with CNT and CCB in the NR matrix. 

The functional groups in CCB, CNT and syTRGO can interact to form a conductive 

network. Since the thermal reduction has not completely removed all the oxygen 

functionalities in syTRGO, the hydroxyl and carboxyl groups present in syTRGO 

can interact with CCB and CNT. 

Table 8.5 – DC conductivity of NR/CCB-CNT-syTRGO hybrid filler systems 

Sample DC conductivity (S/m) 
NB20C1syR1 3.77 x 10-6 

NB20C5syR1 2.9 x 10-3 
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8.2.2.5. Transport properties 

Figure 8.9- Sorption curves of NR/CCB-CNT-syTRGO hybrid filler systems 

Table 8.6 - Diffusion coefficient, permeability coefficient and parameter n of 

NR/CCB-CNT-syTRGO hybrid filler systems 

Sample D (cm2/s) P (cm2/s) n 
NB20C1syR1 8.65 x 10-7 1.92 x 10-6 0.59 

NB20C5syR1 8.11 x 10-7 1.61 x 10-6 0.57 

Figure 8.9 presents the sorption curves of NR/CCB-CNT-syTRGO hybrid filler 

systems. The filler network has effectively decreased solvent swelling as expected. 

Table 8.6 presents the diffusion and permeability coefficients, which decrease as the 

toluene molecule has a tortuous path in the NR. The mode of transport was analysed 

and the parameter, n obtained is 0.59 and 0.57, which suggests non-Fickian mode of 

transport. The filler-filler interaction has restricted rubber chain mobility, which in 

turn reduces the sorption through the matrix. 
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Table 8.7- Correlation coefficients and kinetic model constants of NR/CCB-CNT-

syTRGO hybrid filler systems 

Sample NB20C1syR1 NB20C5syR1 

First order kinetics k 0.0094 0.0086 
R2 0.9656 0.9715 

Higuchi model kh 0.0659 0.0753 
R2 0.9730 0.9823 

Korsemayer-Peppas model k 0.1006 0.0940 
n 0.4151 0.4516 
R2 0.9807 0.9853 

Peppas-Sahlin model k1 -0.7108 -1.2817
k2 0.6520 1.2018
m 0.1185 0.0869
R2 0.9957 0.9922

Kinetic models like First order kinetics, Higuchi, Korsemayer-Peppas and Peppas-

Sahlin models were applied on transport data. The correlation coefficients and model 

constants are presented in Table 8.7. Among all the kinetic models, the Peppas-

Sahlin model fits well for experimental data with the highest correlation coefficient. 

Here, the constant k1 is less than k2, and constant m decreases as CNT is increased. 

The constants k1 represent the Fickian contribution, and k2 represents the case II 

relaxational contribution. Higher value of k2 indicates that the transport is associated 

with polymer relaxation and swelling and is also associated with non-Fickian 

kinetics. The high negative value of k1 indicates the insignificant effect of Fickian 

diffusion mechanism. (25) 

8.2.2.6. Swelling studies 

Table 8.8 - Swelling index (%), swelling coefficient (∝), volume fraction of rubber 
in solvent-swollen composites (Vrf), apparent crosslink density (1

𝑄𝑄
) and crosslink 

density (𝑣𝑣) of NR/CCB-CNT-syTRGO hybrid filler systems 
Sample Swelling 

index (%) 
Swelling 

coefficient, ∝ 
Vrf 𝟏𝟏

𝑸𝑸
𝒗𝒗 (g/mol/cm3) 

NB20C1syR1 227 2.62 0.2472 0.44 1.03 ×10-4 

NB20C5syR1 200 2.31 0.2648 0.50 1.2 ×10-4 
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Swelling studies on the NR/CCB-CNT-syTRGO hybrid filler systems also suggests 

that the composites have decreased swelling in toluene. The filler-filler interaction 

has increased the crosslinks of the NR matrix, providing decreased free voids for the 

diffusion of toluene molecules. The composites exhibit increased crosslink density. 

The functional groups in fillers help to interact with the double bonds and sulfur in 

the NR matrix, creating crosslinks in the composites. 

8.3. Comparative analysis of properties 
Table 8.9 -Comparison of properties of NR/CCB-CNT-RGO and NR/CCB-CNT-

syTRGO hybrid filler systems 

Sample 𝒗𝒗  (g/mol/cm3) DC 
conductivity 

(S/m)

Tensile 
strength 
(MPa) 

Modulus at 
300% (MPa) 

NB20C5R1 1.19×10-4 8.99 x 10-5 21.55 ± 0.61 6.5 ± 0.07 

NB20C5syR1 1.2 ×10-4 2.9 x 10-3 30.28 ±0.76 9.89 ±0.45 

Table 8.9 presents the comparison of properties of NR/CCB-CNT composites 

incorporated with commercial RGO and synthesized RGO. Both composites have 5 

phr CNT and 1 phr RGO. The crosslink density of both composites is almost the 

same. However, DC conductivity, tensile strength and modulus at 300% elongation 

show a noticeable difference when laboratory synthesised syTRGO is used. DC 

conductivity of NB20C5R1 is in the order of 10-5, while NB20C5syR1 is in the order 

of 10-3.   

Figure 8.10- Schematic representation of interactions of fillers in NR/CCB-CNT-

syTRGO hybrid filler systems 
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Tensile strength and modulus at 300% show a 40.5% and 52.2% increase, 

respectively, when synthesised TRGO is used. The oxygen functionalities present in 

the syTRGO can interact well with various functional groups of CCB and CNT and 

form an effective filler-filler network. This conductive filler network formation has 

helped in the easy transport of electrons, leading to increased conductivity. It also 

enhances the rubber-filler interfacial interaction, resulting in homogeneous 

dispersion of filler. Schematic representation of possible interaction between CCB, 

CNT and syTRGO is illustrated in Figure 8.10. 

8.4. Conclusion 
Graphene oxide was synthesised by Hummer’s method and is characterised using 

various spectroscopic and microscopic techniques. GO was thermally reduced, and 

various studies such as Raman, FTIR, XRD and XPS analysis proved that thermal 

reduction removed the oxygen functionalities at an appreciable level. NR composites 

incorporated with synthesised TRGO exhibit enhanced properties. NR/CCB-CNT-

syTRGO composites exhibit high tensile strength and DC conductivity. The 

remaining oxygen functional groups in the syTRGO help to form a filler network 

with CCB and CNT, resulting in enhanced filler-polymer interaction. 
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Chapter 9 

Conclusion 

The present research work focuses on fabricating conducting natural rubber (NR) 

composites by incorporating various hybrid fillers. For the achievement of the goals, 

various conducting fillers such as conductive carbon black (CCB), carbon nanotubes 

(CNT), 1-ethyl-3-methylimidazolium chloride- modified CCB(ILCCB), CCB 

combined with -ethyl-3-methylimidazolium chloride -modified CNT(ILCNT), and 

hybrid filler systems of CCB, CNT, and thermally reduced graphene oxide (RGO) is 

employed. In order to get uniform dispersion of filler in the matrix, two processing 

steps were applied in the preparation of conducting NR. Thermally reduced graphene 

oxide is also synthesised in the lab and incorporated in the NR matrix. This 

comprehensive study involves experimental and theoretical modelling of the 

properties of the NR/hybrid filler systems and are compared.  

The ionic liquid modification of conductive carbon black and carbon nanotubes is 

carried out for homogeneous dispersion and to enhance the conductivity of NR. The 

modified fillers were characterised using FTIR and Raman spectroscopy. The 

appearance of characteristic peaks of IL in IL-modified fillers confirms the 

successful modification of CCB and CNT. Morphological studies using SEM showed 

that IL modification had decreased the aggregation of CCB, decreased the tube 

length, and increased the wall thickness of CNT. The FTIR spectra of the NR hybrid 

filler systems were also recorded, and NR peaks were identified. Rheological 

analysis of NR/hybrid filler systems revealed that the NR get adsorbed on the surface 

of fillers, and these physical and chemical interactions decrease the mobility of the 

polymer chains. Consequently, the viscosity and torque increase. Among different 

filler-incorporated systems, NR/CCB-CNT exhibit high torque values. It can be 

attributed to the nanosize and high aspect ratio of CNT, which increase the contact 

surface area of filler with NR. Mechanical properties of the hybrid filler systems are 

measured, and the modulus values are compared with various theoretical models, viz, 

the Rule of mixtures, Einstein’s, Guth and Kerner. The tensile strength of the hybrid 

filler systems is compared with theoretical predictions using Nicolais-Narkis, Knori-
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Geil and Turcsanyi models. It is to be noted that NR/CCB-CNT-syTRGO composite 

has a 77% increase in tensile strength due to the synergistic effect of hybrid fillers. 

The oxygen functional groups in syTRGO aid in better filler-filler and filler-matrix 

interactions, thereby increasing the reinforcement effect. Morphological analysis of 

tensile fracture surface helps to understand the failure mechanisms and dispersion of 

fillers. Viscoelastic studies of the composites are essential for NR applications 

involving dynamic loading at various temperatures. Different parameters like volume 

fraction of constrained region, reinforcing efficiency, and degree of entanglement 

were computed to understand the filler-matrix interactions during dynamic loading. 

Higher storage modulus values were obtained for the CCB-CNT filler-incorporated 

NR system. 

The dielectric permittivity of hybrid filler systems increases upon the incorporation 

of conducting fillers. Maxwell-Wagner-Sillar polarisations are primarily responsible 

for the high dielectric permittivity at lower frequencies in hybrid filler-incorporated 

NR composites. The electromagnetic interference (EMI) shielding efficiency of the 

hybrid filler systems was analysed in a VNA analyser in the GHz range. All the 

fabricated NR/hybrid filler systems have the values corresponding to the commercial 

requirements for EMI shielding devices. NR/CCB-CNT-RGO hybrid filler systems 

have the highest EMI SE of 33.8 dB, while IL-modified CNT incorporated NR has 

26.2 dB. Materials with a continuous connection in the conductive pathway and high 

dielectric constant are essential for EMI shielding devices. The interaction of surface 

groups of CCB, CNT and RGO, and π-π electron cloud interactions of fillers, are 

responsible for the continuous electron transport. For most NR systems, EMI 

shielding is primarily achieved through absorption. EMI shielding through 

absorption depends on the polarizability of the composites. The high surface area and 

increased charge carrier mobility of fillers enhance their interaction with EM waves. 

However, the presence of IL in the NR matrix increases the contribution of reflection 

to EMI shielding. The DC conductivity values indicate the formation of conducting 

networks in the polymer matrix, reaching values as high as 10-3 S/m for the 

NR/CCB-ILCNT system. 
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The incorporation of hybrid fillers reduces the solvent uptake and swelling index of 

the NR matrix. Reduced swelling characteristics of the hybrid filler systems are 

related to increased crosslink density. The structural characteristics and geometrical 

shape of hybrid filler effectively decrease the free volume in the polymer matrix and 

provide a tortuous pathway for the diffusing molecules. Theoretical models were 

applied to the diffusion data for a better understanding of the transport mechanism. 

Upon the computation of kinetic parameters of transport data, it is found that the 

Peppas-Sahlin model is in good agreement with experimental observations, which 

suggests that the transport mechanism is diffusion-controlled. Rubber—filler 

interaction parameters are computed and analysed from the swelling experiments 

using Kraus, Cunneen-Russel and Lorenz-Park equations. 

The thermogravimetric analysis combined with various kinetic modelling studies has 

been utilised to investigate the thermal behaviour of NR hybrid filler systems. This 

comprehensive analysis explores the degradation mechanisms specific to NR 

composites. On analysing the degradation temperatures of the composites, IL-

modified CNT-CCB and CCB-CNT-RGO incorporated composites exhibit higher 

thermal stability. Models such as the Coats-Redfern, Kissinger, KAS, and FWO have 

been applied to understand the thermal stability of NR-hybrid filler systems. NR 

containing IL-modified fillers and a hybrid system comprising CCB, CNT, and RGO 

exhibit elevated activation energy values. This suggests enhanced thermal stability 

for these systems. The increased thermal stability is attributed to a well-structured 

hybrid filler network within these composites. The aggregate structure of CCB 

chemically interacts with the ionic liquid and can interact with NR chains. Moreover, 

the barrier effect presented by the integrated filler system inhibits the migration of 

volatile compounds to the surface, which can decelerate the degradation process. 

Hummer's method was employed for synthesising graphene oxide (GO), followed by 

thermal reduction in a muffle furnace to obtain thermally reduced graphene oxide 

(TRGO). Synthesised TRGO was characterised using FTIR, UV-visible, XPS, and 

Raman spectroscopy, along with XRD and morphological analysis. These 

characterisations confirmed the successful synthesis of TRGO, featuring some 
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oxygen functionalities on the surface and a limited number of graphene layers. 

Evaluation of NR/CCB-CNT hybrid filler systems with RGO and syTRGO fillers 

indicates enhanced properties for syTRGO. NR/CCB-CNT-syTRGO, hybrid filler 

systems, demonstrate superior mechanical and dielectric properties. The presence of 

oxygen functionalities increases the interactions with functional groups of CCB and 

CNT, resulting in enhanced reinforcement and an extensive conducting pathway in 

NR. 
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Recommendations 

 Integrating ionic liquid-modified fillers and CCB-CNT-RGO into NR

composites meets the commercial requirements for EMI shielding materials.

The potential commercialisation of these composites could lead to the

development of stretchable and flexible EMI shielding devices.

 NR containing synthesised thermally reduced graphene oxide (syTRGO),

CNT and CCB demonstrates high conductivity and dielectric constants. It

also shows excellent mechanical properties. The application of such

composites in EMI shielding devices holds promising prospects and is yet to

be explored. Due to the synergistic effect of fillers with various morphology,

NR containing these hybrid systems exhibits good solvent resistance; the oil

resistance of the systems is to be studied in detail.

 Ionic liquid modification of the synthesised thermally reduced graphene

oxide may be explored to improve the properties of NR composites, such as

solvent resistance and EMI shielding effectiveness.
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1. Introduction
The role of polymer composites in the field of mem-
brane technology demands a comprehensive under-
standing and in-depth knowledge of the transport be-
havior of solvents in the composite matrix. The trans-
port properties of solvents in polymer composites are
related to the distribution and reinforcement of fillers
in the matrix. Polymer composites are widely used
as food packaging materials owing to their intrinsic
qualities such as corrosion resistance, lightweight,
enhanced mechanical properties, and thermal prop-
erties [1]. Polymer composites containing chemical-
ly modified fillers empower the production of highly
efficient membranes for pervaporation, ultrafiltra-
tion, reverse osmosis, and gas separation [2–8].
The solvent uptake of polymer composites de-
pends on the characteristics of fillers, temperature,

morphology, type of solvent, free volume, and pro-
cessing conditions [9]. The transport of solvents in
polymers is also affected by crosslink density, free
volume, and structure of the polymer. Polymer chain
segmental motions have a crucial influence on the
processes associated with the diffusion of molecules
through the polymer matrix. Variation in polymer
composition and structure directly affects the free
volume content and distribution, which in turn af-
fects the transport of matter. The transport processes
are interdependent with the polymeric structure and
segmental motion of polymer chains [10].
Natural rubber (NR) based polymer composites are
widely used in the automotive, construction, and elec-
trical industries and for various engineering applica-
tions. Modification of the rubber matrix by the ad-
dition of various fillers generates interesting changes
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Abstract

Conducting elastomers are highly desirable in the present world because of

their major applications in the electronic industry. Conductive carbon black

(CCB) is a conventional reinforcing filler commonly used in elastomers to

modify the mechanical as well as electrical properties. The present study

focuses on the experimental and theoretical computation of filler reinforce-

ment, dielectric, mechanical, dynamic mechanical, and surface morphology of

natural rubber (NR)/CCB composites. Two step processing method is adopted

to attain homogeneous dispersion of filler in the matrix: preparation of

NR/CCB masterbatch through melt mixing using internal mixer followed by

compounding in a two- roll mill. Improved DC conductivity in the order of

10�6 was obtained at higher filler loading indicating the formation of a contin-

uous conductive network in the matrix. Percolation threshold was computed

using Power law equation and obtained a value of 0.154 vol%. Theoretical pre-

dictions of mechanical modulus and tensile strength were done using rule of

mixtures, Einstein, Guth and Kerner models and Nicolais-Narkis and Kuneri-

Geil models respectively. A remarkable change in tensile strength is observed

for NR as a function of the weight percentage of CCB; it is increased to 26.3

± 0.9 MPa at 20 phr CCB from 17.1 ± 0.9 MPa for NR.
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Effect of halloysite
nanotubes and organically
modified bentonite clay
hybrid filler system
on the properties
of natural rubber
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Abstract
The versatility and potential have framed natural rubber (NR) nanocomposites as the
focal point in the polymer research field and industry. Currently, NR nanocomposites
filled with hybrid nanostructures is an interesting area than single filler or conventional
filler systems. Halloysite nanotube (HNT) and bentonite clay are well-studied potential
fillers of polymers. This work is an attempt to study the effect of hybrid filler system of
HNT and organically modified bentonite nanoclay (NC) in the properties of NR. NR/
HNT-NC systems with varied filler concentrations were prepared in a two-roll mixing
mill. Properties such as cure characteristics, morphology, mechanical, thermal, and
transport behavior were analyzed in detail. The prepared composites had better wear
properties than gum vulcanizates. Improvement in physical properties was observed due
to the increased contact surface area between the filler and the matrix. The nano-
composite with 2 wt% hybrid filler shows a 31% decrease in abrasion loss compared to
neat NR composite. Apparently, 4 wt% of hybrid filler could improve modulus at 300%
strain and tear by approximately 57% and 14%, respectively. The ability to withstand high
strain was evident from the improved crack growth resistance as observed in micro-
graphs. Lorenz–Park plots were employed to analyze the rubber–filler interaction. The
activation energy of thermal degradation was calculated using Coats–Redfern equation.
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