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ABSTRACT 

Polymer composites, particularly with nanofillers have attracted a lot of attention 

by the present day researchers. In rubber composites carbon black is a typical 

reinforcing material. However, due to environment issues and dark colour of the carbon 

black, several researchers focus on development of other reinforcements / fillers in 

rubber composites during the last few years. Recently, halloysite nanotubes (HNTs) 

have been used as a new type of filler for polymers, such as epoxy, polypropylene and 

polyvinyl alcohol, EPDM to improve the mechanical and thermal properties of the 

composites. HNTs are a kind of naturally occurring aluminosilicate (Al2 

Si2O5(OH)4.2H2O), with hollow nanotubular structure.  

This research work deals with the preparation and properties of HNT reinforced 

natural rubber composites. Natural rubber (NR) nanocomposites have been prepared 

by incorporating various content (phr) of Halloysite Nanotubes (HNT), onto natural 

rubber using banbury mixer and two roll mill. Effect of addition of HNT content on 

rheological, mechanical, thermal and morphological properties of the NR-HNT 

nanocomposites was studied. Rheological properties include Mooney viscosity, mooney 

scorch, cure index. Mechanical properties studied are tensile strength, elongation at 

break and hardness. Thermal stability was checked by TGA for analyzing the effect of 

nanofiller loading to rubber matrix. Wear characteristics was also studied with the help 

of Din abrader. XRD, Optical microscopy, SEM and TEM analysis indicate good 

dispersion of the HNT filler into NR. The results obtained for various properties indicate 

that the NR-HNT nanocomposites have improved wear, mechanical, thermal and 

morphological properties. NR–HNT composites, owing to the high reinforcing activity of 

the HNTs as compared to conventional silica or carbon black, use of this filler can be 

extended to the green tyre formulation where a large amount of silica and carbon black 

are being used to get a high performance and mileage of the tyre. 
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1. 0 INTRODUCTION 

1.1 Polymer Nanocomposites  

Polymer composites, particularly with nanofillers have attracted a lot of attention 

by the present day researchers. Normally, the term nano encompasses the range 1–100 

nm. With respect to diversity in technological applications, nanotechnology offers 

novelty and versatility not observed in any other field due to the high surface area 

offered by the nanomaterials[1]. In addition the preparation of polymer composites with 

nanofillers has been to improve the mechanical, thermal and other properties. Over the 

past few years rubber nanocomposites have been widely discussed by scientists by 

considering the number of potential nanomaterials such as layered silicates, talc, silica, 

alumino silicate(HNT), nanobiofillers and carbon nanotubes. Although all these 

nanofillers have been in use in rubber nanocomposites development stage for past 10 

years, the major interest has been on the use of layered silicates, alumino silicates and 

carbon nanotubes [1-7]. 

  Polymer nanocomposites are polymers that have been reinforced with small 

quantities (less than10%) of nanosized filler particles. Several advantages of these 

nanocomposites have been observed  in thermoplastic and thermoset polymers 

containing nanofillers[8].These  include efficient reinforcement with minimal loss of 

ductility and impact strength, heat stability, flame retardance, improved abrasion 

resistance, reduced shrinkage and residual stress and altered electronic and optical 

properties[9-10]. 

1.2 Rubber nanocomposites   

  Rubber, also called elastomers, is one of the most important commercial 

polymers. Elastomer nanocomposites have been found to be promising materials for 

excellent mechanical, modulus, tensile strength, heat distortion temperature and wear 

resistance due to the presence of nanofiller over traditional elastomer composites[12] 

These properties can be  significantly increased by adding low weight percentage of  
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nanofillers such as montmorillonite, silicate layered clays, carbon nanotubes (CNTs), 

graphene etc. Recently, halloysite nanotubes (HNTs) have been used as a new type of 

filler for plastics such as epoxy, polypropylene, polyvinyl alcohol and for elastomers 

such as Poly butadiene, EPDM etc to improve the mechanical and thermal properties of 

the nanocomposites[2,3]. 

1.2.1 Advantages of Rubber Nanocomposites 

 In comparison with conventional composites, nano reinforcement offers rubbers 

with following advantages:  

 Light weight 

 Efficient load transfer ability from matrix to reinforcement due to good 

interfacial interaction. 

 Easy processability. 

 Excellent gas barrier 

 Better rolling resistance 

 Improved dimensional stability 

 Improved flame resistance 

 Enhanced air retention 

 Lower cost 

1.2.2 Limitations/ Challenges of Rubber Nanocomposites 

Although rubber nanocomposites have many advantages related to the nano 

reinforcement, there are still many challenges. They are: 

 Difficulty to achieve a homogeneous dispersion of nanoparticles due to the 

tendency of nano particles to agglomerate. 

 Health and environmental threats from production, use and disposal of nano 

particles when working with these nanomaterials 
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1.2.3 Natural Rubber  

 Natural rubber, also called India rubber or Havea Brasiliensis, as initially 

produced, consists of polymers of the organic compound isoprene having cis 1,4 poly 

isoprene structure. The natural rubber polymer is nearly 100% cis-1,4 polyisoprene with 

molecular weight ranging from 1 to 2.5 x 106. Due to its high structural regularity, natural 

rubber tends to crystallize spontaneously at low temperatures or when it is stretched. 

Low temperature crystallization causes stiffening, but is easily reversed by warming. 

Crystallization gives natural rubber high tensile strength and resistance to cutting, 

tearing, and abrasion.  

 

Figure.1.1 Structure of Natural Rubber(NR) 

 Like other high polymers, natural rubber can be pictured as a tangle of randomly 

oriented sinuous polymer chains. The “length” of these chains is a function of their 

thermodynamic behavior and is determined as the statistically most probable distance 

between each end. This chain length reflects the preferred configuration of the 

individual polymer molecule. The application of force to a rubber sample effectively 

changes the chain length. When the force is removed, the chain tries to regain its 

preferred configuration. In simple terms, this can be compared to the compression or 

extension of a spring. This effect is the basis of rubber‟s elasticity. 

 Elasticity is one of the fundamentally important properties of natural rubber. 

Rubber is unique in the extent to which it can be distorted, and the rapidity and degree 

to which it recovers to its original shape and dimensions. It is, however, not perfectly 

elastic. The rapid recovery is not complete. Part of the distortion is recovered more 

slowly and part is retained. The extent of this permanent distortion, called permanent 
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set, depends upon the rate and duration of the applied force. The slower the force, and 

the longer it is maintained, the greater is the permanent set. Because of rubber‟s 

elasticity, however, the permanent set may not be complete even after long periods of 

applied force. This quality is of obvious value in gaskets and seals. The rubber‟s 

polymer network allows elasticity and flexibility to be combined with crystallization-

induced strength and toughness when stretched. The elastic nature of this network also 

accounts for the exceptional resilience of cured rubber products. This resilience means 

less kinetic energy is lost as heat during repeated stress deformation. Products made 

from natural rubber are less likely than most other elastomers to fail from excessive 

heat buildup or fatigue when exposed to severe dynamic conditions. This has secured 

the place of natural rubber as the preferred sidewall elastomer in radial tires. 

 As already noted, the rubber polymer network is originally an impediment to 

rubber processing. Mixing additives with a tough, elastic piece of raw rubber is thus a 

great challenge for the researchers. The solution came with the discovery of its 

thermoplastic behavior. High shear and heat turn the rubber soft and plastic through a 

combination of extension, disentanglement, and oxidative cleavage of polymer chains. 

In this state it is considerably more receptive to the incorporation of additives so that the 

rubber's natural attributes can be modified and optimized as desired. The commercial 

utility of natural rubber has in fact grown from the ease with which its useful properties 

can be changed or improved by compounding techniques. 

 Another important and almost unique quality of uncured natural rubber 

compounds is building tack. When two fresh surfaces of milled rubber are pressed 

together they bond into a single piece. This facilitates the building of composite articles 

from separate components. In tire manufacture, for example, the separate pieces of 

uncured tire are held together solely by building tack. During cure they fuse into a single 

unit. 

 Natural rubber is used in the carcass of passenger car cross-ply tires for its 

building tack, ply adhesion, and good tear resistance. It is also used in the sidewalls of 
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radial ply tires for its fatigue resistance and low heat buildup. In tires for commercial and 

industrial vehicles, natural rubber content increases with tire size. Almost 100% natural 

rubber is used in the large truck and earthmover tires which require low heat buildup 

and maximum cut resistance. Natural rubber is also used in industrial goods, such as 

hoses, conveyor belts, and rubberized fabrics; engineering products, for resilient load 

bearing and shock or vibration absorption components; and latex products such as 

gloves, and adhesives. 

 Like Natural rubber is used by many manufacturing companies for the production 

of rubber products namely gloves, mats, footwears, sealents etc predominantly in 

automotive tyres and tubes due to their properties such as good oil resistance, low gas 

permeability, improved wet grip and rolling resistance, coupled with high strength. 

Natural rubber is compounded with various ingredients like fillers, curatives, 

accelarators, activators, antidegradants etc to make it a stiff viscoelastic compound 

having above mentioned properties. Here these fillers and additives play a major role of 

attaining better mechanical strength to rubber. 

1.2.4 Halloysite Nanofiller(HNT) 

 HNTs are a kind of naturally occurring aluminosilicate (Al2Si2O5(OH)4.2H2O) filler, 

with hollow nanotubular structure. Naturally formed in the Earth over millions of years, 

HNTs are unique and versatile materials that are formed by surface weathering of 

aluminosilicate minerals and comprise aluminum, silicon, hydrogen and oxygen[12]. 

Halloysite is a member of the Kaolin group of clays. Halloysite natural tubules are ultra-

tiny hollow tubes with diameters typically smaller than one tenth of a micron (100 

billionths of a meter), with lengths typically ranging from about half of a micron to over 5 

microns (millionths of a meter). Due to its high aspect ratio (L/D), it gives a large amount 

of filler–polymer interactions compared to other nanofillers and hence HNTs can easily 

be dispersed in a polymer matrix. This is due to their unique crystal structure, low 

density of hydroxyl functional groups and their tubular shape[3]. The HNT is “loaded” 

with active species. There are four volumes to load: the lumen, the outer wall surface, 
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the interior wall surface, and the intercalating water layer. The lumen has the largest 

volume and the most chemical flexibility due to its size and charge. Halloysite 

nanotubes are unique nanomaterials composed of double layer of aluminium, silicon, 

hydrogen and oxygen. Thus being small in size, HNTs do not show any toxicity even at 

high concentrations and cytotoxicity will not be an issue in future applications. Due to 

characteristics such as nano sized lumens, high L/D ratio, low hydroxyl group density on 

the surface, etc., more and more exciting applications have been discovered for these 

unique, cheap and abundantly deposited clays. So it can be concluded that HNTs 

possess promising prospects in the preparation of new structural and functional 

materials. 

 

Figure.1.2 SEM image of HNT from Natural nano inc. 

 The measure pore volume of HNT is from 0.17cc/g to 0.19cc/g. Typical loading is 

20% active by weight. The final product can then either be provided as a dry powder or 
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dispersed in an aqueous, polar, or non-polar system. If required the loaded tubes may 

be encapsulated via a polymer that slows the release. HNTs when incorporated can 

give tremendous applications in various polymers.  Halloysite Nanotubes (HNT) are 

least studied for elastomer based nanocomposites.  

 

Figure.1.3 HNT model Courtesy: Ravindra Kamble  

  From the literature survey and recent studies conducted by various 

researchers it is clear that mechanical, thermal, wear properties can be enhanced by 

the addition of various nanofillers in the polymer matrix. As early said, currently HNTs 

are of great importance and interest as nanofiller for elastomer nanocomposite due to 

their easy dispersion in the polymer matrix and also due to its high aspect ratio. Natural 

rubber - Halloysite Nanotubes (HNT) are least studied for elastomer based 

nanocomposites. Above figure 1.3 shows a clear HNT model. In the elastomers, natural 

rubber is utilized in large quantities in rubber products, particularly in tyre industries for 

tread and tube application. Hence it is of interest to focus on studying the effect of HNT 

in natural rubber for various properties. 
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 HNTs have been demonstrated to be an ideal component for fabricating high 

performance polymer nanocomposites. The major advantages associated with 

Halloysite based nanocomposites are requirement of low filler contents to get peculiar 

and fascinating properties of the polymer matrix (Table 1.1). In comparison to the other 

polymer based nanocomposites, Halloysite-based nanocomposites exhibit enhanced 

mechanical properties, reduced gas permeability with improved thermal stability and 

flame retardant behaviour [1,9,10]. Halloysite is used an additive for enhancing the 

mechanical performance of nanocomposites as well as for strengthening and 

toughening of polymers or elastomers. There are many benefits associated with HNTs 

to use as filler in nanocomposites: 

 HNTs are distinct nanomaterials with little surface charges so they require no 

intercalation and exfoliation compared to other nano dimensional fillers like as 

MMTs. They also provide ease in processing when amalgamated with other 

polymers and gives homogeneous dispersion of particles [11].  

  Modifications at the surface of HNTs, expand the basal spacing of HNTs by the 

intercalation of inorganic and organic compounds in their inter layers, which also 

raises the possibility to produce a homogeneous mixture of HNTs with polymers 

[12]. 

  Alterations at the surface of HNTs may provide good wetting and bonding of 

HNTs with polymers.  

 Similar to organically modified MMTs, rectangular expansion of basal layers 

provides HNTs exfoliation to individual layers [11]. 

  HNTs are composed of several siloxane groups and have only a few hydroxyl 

groups, which provide ability to HNTs to form hydrogen bonds and hence better 

dispersion potential. 

  Large luminal diameter of the Halloysite nanotubes provides an opportunity to 

accommodate different polymer molecules to offer polymeric composites [13]. 
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Table 1.1 Properties of Halloysite based nanocomposites. 

Improved properties Disadvantages 

Mechanical properties such as Tensile, 

Modulus, Toughness. 

Act as Flame retardant additive. 

Fire retardancy (By limiting Oxygen 

demand)  

Better reinforcement with enhanced 

interfacial interaction 

Good Chemical Resistance  

Viscosity increase 

Sedimentation due to poor mixing 

 

 

 

1.3 Nanomaterials in tyre industry 

Automotive tyres are one of the most complex rubber composite which is the 

most important component of any vehicle and it establishes the only contact between 

vehicle and the road.  The performance of the vehicle is largely dependent on the 

capability of tyre. A pneumatic tyre is a torroidal shaped, annular, flexible, inflatable 

envelop made up of elastic materials, natural, synthetic or blends thereof reinforced with 

textile cord ply fabric carcass enclosing bead rings as shown in Figure 1.4. 

 Geometrically it is torrous.  

 Mechanically it is a pressure container  

 Chemically it is a material from long chain macromolecules of same or different 

type of elastomers.  

 Structurally it is a composite. 
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Figure.1.4 Cross sectional view of a typical pneumatic tyre 

 Tyre is one of the most important components to complete a vehicle which 

provides load carrying capacity, cushioning and damping, transmits driving and 

breaking force, provides cornering force, traction while running. If somebody keenly 

observes a running vehicle, he or she will be able to judge that the tyres touches the 

ground on an area not much larger than an average person‟s foot print. Roads may be 

covered with sharp objects, large stones, debris and many other obstacles. The tyre 

has to perform overcoming all these obstacles and has to give the necessary traction, 

being able to transmit the driving, breaking and cornering force in dry and wet 

conditions, even in snow and ice conditions. Therefore, there are several performance 

properties, a tyre designer or compounder has to think over. Tread is the portion of tyre 

which directly comes in contact with the pavement. Therefore the maximum effect on 

the performance of a tyre comes from the tread.  

A tire must deliver high traction on dry as well as wet roads, commonly called as 

wet and dry grip. This high traction force between tread and road is necessary for 

avoiding slippage while running on the road. Again a tire must exhibit low wear and 

good durability: the abrasion resistance of the tread compound should be as high as 
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possible to achieve better mileage [15]. With regard to the fuel consumption, rolling 

resistance is another important parameter, which is also related to the tread compound. 

All these three parameters (traction, abrasion resistance, and rolling resistance) come 

under a common head popularly known as “Magic Triangle” in tyre industries 

(Figure.1.5). The name is so because all the three properties are conflicting and always 

a better balance between the three is required. The three indices of magic triangle are 

briefly discussed below. 

 

 

 

 

 

 

 

Figure.1.5 Three indices of conflicting tyre performance parameters 

1.3.1 Rolling resistance 

From last few decades, tire technologists have been putting continuous effort for the 

reduction of rolling resistance as well as simultaneous improvement in other technical 

properties related to a tyre tread. A tyre consumes energy as it is constantly changing its shape 

as the sidewalls deflect and the tread flattens into the contact patch. This consumes a small, but 

definite amount of energy by virtue of hysteresis and more fuel is consumed [15-17]. A tread 

with higher hysteresis loss results in higher rolling resistance, but improved traction. By the 

proper choice of a tread compound, the rolling resistance can be improved without affecting the 

safety (traction) as well as other technical properties of a tyre.  

Rolling resistance plays a crucial role regarding the fuel consumption. An improvement 

in rolling resistance around 10% can save the fuel consumption ranging in between 0.5 to 1.5 % 
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for passenger cars and light trucks, while the same improvement leads to a fuel saving of 1.5 to 

3% in case of heavy trucks[16]. In other words 5-15% of fuel is consumed due to rolling 

resistance in case of passenger cars or light trucks and 15-30% for heavy trucks. Figure.1.6 

shows a basic mechanism of rolling resistance [15]. 

 

 

Figure.1.6 Mechanism of rolling resistance 

 

For a rolling tyre: 

Torque, T=Fdriving.R + N.e 

Fdriving =(T/R)-(N.e)/R  

where e/R is coefficient of rolling resistance 

These equations indicate that indicates rolling resistance increases the torque output 

and hence reduces the driving force of a vehicle.  
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1.3.2 Wet skid resistance (Traction or Wet grip) 

The resistance to skidding behaviour of a tyre mainly depends on three parameters: 

tread compound, tread profile design as well as the road condition. With regard to the 

formulation of tread, the compound with comparatively higher hysteretic loss at low temperature 

will give better road grip (wet grip/ traction). This is because higher hysteretic loss indicates 

more viscous component which helps in easy grabbing of the road. The better balance between 

rolling resistance and wet skid resistance are largely governed by the measurement of tanδ 

value over a temperature window of -30  to +60°C, which is discussed in the later section. 

1.3.3 Abrasion resistance 

It is the resistance of a tyre to be abraded while running on the pavement. In 

other words abrasion resistance is related to the mileage or life time of a tyre. However, 

it is a complex function of tanδ at Tg, adhesive and hysteretic component of the tread 

compound. Wear is one of the consequences of the relative motion of two contacting 

surfaces under conditions that produce frictional work or energy. It is defined as a loss 

of material from one (or both) surfaces during the sliding contact that generates the 

frictional work.  

Wear of materials can be divided into several types: adhesive, abrasive, erosive, 

corrosive and fatigue. It is a very complex phenomenon in which pavement roughness, 

temperature and interface contaminants (water, sand or mud) also play an important 

role. However, the above mentioned factors cannot easily be adjusted, so the only way 

to improve wear resistance is to change the material properties. The tire tread during 

rolling and especially during breaking is subjected to mainly abrasive wear. Abrasive 

wear is governed by the abrasion of the surface layer of materials by the sharp edges of 

hard projections from the rough surface of the abradant. The ability of a tire to resist 

abrasive wear or abrasion resistance determines the tire life time or mileage. Glass 

transition temperature, reinforcing system and the cure system are the factors that 

determine the absolute wear rate of the tread compound. Generally, wear resistance is 

increasing with decreasing glass transition temperature 
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Abrasion or wear of rubber composites is a property which is strongly affected by 

the filler. Adding a reinforcing filler to rubber considerably increases the wear resistance 

of the compound in comparison to gum rubber (Figure 1.7). However, with a further 

increasing filler amount, filler-filler interactions are getting stronger than polymer-filler 

interactions. This leads to release of filler particles from the surface exposed to friction. 

 

Figure.1.7 Wear resistance as a function of filler content 

Abrasion resistance is greatly influenced by filler dispersion in the elastomer 

matrix and by the polymer – filler interaction. The combination of fillers with a better 

dispersion, e.g. carbon black, and non-polar rubbers such as SBR, give high abrasion 

resistance. The specific surface area of a filler also has a contribution to wear 

resistance: along with an increasing surface area, the polymer – filler interaction is also 

increasing, leading to improved wear resistance. Unfortunately, with increasing specific 

surface area, the filler – filler interactions rise more rapidly than the polymer – filler 

interactions, so during mixing dispersion is more difficult, leading to inferior wear 

resistance. 

1.4 Relation between dynamic mechanical loss factor (tanδ) and magic triangle 

The rolling resistance, wet traction and abrasion resistance are three important 

parameters of magic triangle which directly link to the performance properties of a tyre. 

The loss factor in dynamic mechanical analysis i.e tan δ level has highly predictive 

value for the most important performance properties of a tyre tread. The significance of 
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tan δ curve in terms of various technical functions of a tread rubber is depicted in 

Figure.1.8 [17]. 

 

 

Figure.1.8 Typical tread compound evaluation, tanδ as a function of 

temperature 

A prediction of the suitability of the tyre tread for winter use can be made with the 

help of the behavior in the low temperature range, where the beginning of the glassy 

state indicated by a strong upturn of the loss tangent marks the limit of the elastic 

behavior. As an indication of skidding behavior (grip, traction) tan δ values around 0°C 

can be taken approximately. The range between +30°C and approximately +60°C 

represents the running condition of a tyre. Under these temperature conditions the loss 

factor essentially determines the degree of rolling resistance. It is desirable to have high 

loss factor at 0°C to attain necessary wet traction and at the same time low loss factor 

at 60°C to ensure better fuel economy (lower rolling resistance). 
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The key advantage of nanotechnologies is that they may allow improvements in 

one or more tyre properties without sacrificing performance in other areas. Conventional 

compound development involves trade-offs between the different performance 

parameters. Typically, modifying a composition to improve one property makes it 

difficult to maintain performance in at least one other area. For example, reducing 

rolling resistance through conventional means (such as changing the tread design) 

could result in decreased wet grip (safety). Simultaneous improvement in all of the key 

attributes requires innovation and step changes in technology. 

While rolling resistance is a very important property from an economical point of 

view, the performance during breaking is a safety issue. Therefore, a shorter breaking 

distance significantly improves the safety of traffic, on dry as well as on wet roads. 

There is a fundamental difference between breaking on dry and breaking on wet 

surfaces: The distance of breaking on wet surfaces is significantly longer than on dry 

surfaces. This is the result of the lubrication influence of water. It has been widely 

accepted that the dynamic properties of tread compounds, namely tan δ at low 

temperatures and high frequencies, are an indicator of wet skid resistance due to the 

high frequency nature of the dynamic strain involved. 

1.5. Reinforcing theories and mechanisms 

Applying fillers that can interact with the polymer matrix in a physical or chemical way, 

leads to improvement of mechanical properties of the material. Interactions between 

filler and polymer can be mainly physical like in the case of carbon black or chemical 

like in the case of silica with a coupling agent. The most important requirement for a 

strong reinforcing effect is a strong interaction at the interface between filler and 

polymer. However, if the above-mentioned interactions are weak, namely if there are 

large polarity differences between the polymer and the filler, the polymer chains are 

easily sliding over the filler particles and the reinforcing effect is limited to physically 

anchored polymer chains only. Mixing carbon black with a non-polar rubber like SBR 

leads to strong physical interactions causing improvement of mechanical properties. 
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Silica interacts with above-mentioned non-polar rubbers only weakly due to the high 

polarity of its surface. Therefore, reinforcing capabilities of pure silica in non-polar 

elastomers are weak. This problem was solved by using coupling agents that create a 

bond between a non-polar polymer and the high polar surface of silica. Dispersion of 

fillers in a polymer matrix equally plays an important role in polymer reinforcement 

which is taken care during processing or using proper compatibiliser. However, if the 

above-mentioned interactions are weak, namely if there are large polarity differences 

between the polymer and the filler, the polymer chains are easily sliding over the filler 

particles and the reinforcing effect is limited to physically anchored polymer chains only. 

Mixing carbon black with a non-polar rubber like SBR leads to strong physical 

interactions causing improvement of mechanical properties. Silica interacts with above-

mentioned non-polar rubbers only weakly due to the high polarity of its surface. 

Therefore, reinforcing capabilities of pure silica in non-polar elastomers are weak. This 

problem was solved by using coupling agents that create a bond between a non-polar 

polymer and the high polar surface of silica. Dispersion of fillers in a polymer matrix 

equally plays an important role in polymer reinforcement. 

1.5.1 Filler-filler interactions 

When fillers are dispersed in a polymer matrix, they form aggregates which can be 

connected in a filler-filler network. Between the adherent, not covalently connected filler 

particles, there is a strong energy dissipation due to friction. Because of physical or 

weak chemical interactions between the filler particles, the filler-filler network is rather 

weak, which means that it can be broken under strain. This effect is called Payne effect, 

and it is an indication of the degree of filler-filler interaction. The Payne effect is 

observed in filled rubbers under low shear conditions. The loss and storage modulus of 

filled rubbers are amplitude-dependent. There is a specific value of shear amplitude at 

which the loss modulus reaches a maximum and the storage modulus has an inflection 

point. This effect is independent of the type of polymer but is dependent on the type of 
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filler. Silica filled rubbers, in which the silane coupling agent was not introduced, show a 

much stronger Payne effect than the rubbers filled with carbon black. 

1.5.2 Filler-polymer interactions 

When elastomers and reinforcing fillers are mixed, interactions occur and polymer 

chains are immobilized on the filler surface. This results in a thin layer of polymer (2 – 5 

nm), which encapsulates filler particles and aggregates . These interactions can be so 

strong that even a good solvent for the polymer can not extract it. The part of rubber 

that cannot be extracted is called bound rubber. According to Medalia(28) , 

classification in chemically and physically bound rubber, there are two other types 

(Figure 1.9): A part of the rubber is trapped in the cavities of the filler structure; this part 

is called occluded rubber. The other part of the rubber, which is adsorbed onto the 

external aggregate surface, is called shell rubber. Under increasing deformation, these 

filler-polymer structures can successfully release the rubber which can further transfer 

the applied load. The filler-polymer interaction depends on the filler particle size: smaller 

filler particles have a higher contact surface with the polymer, and therefore a higher 

amount of bound rubber. However, applying very high specific surface area fillers in 

elastomers leads to difficulties during processing due to an increased blend viscosity.  

 

Figure.1.9 Schematic view of bound rubber 
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There are three possible ways of interaction between polymer and organo-clay during 

compounding: 

1. The polymer is unable to intercalate between the silicate sheets, a phase separated 

composite is obtained, whose properties stay in the same range as traditional micro-

composites(Figure 1.10a) 

2. An intercalated structure in which a single (and sometimes more than one) extended 

polymer chain is intercalated between the silicate layer resulting in a well ordered 

multilayer morphology built up with alternating polymeric and inorganic layers (Figure 

1.10b) 

3. An exfoliated or delaminated structure is obtained, when the silicate layers are 

completely and uniformly dispersed in a continuous polymer matrix (Figure 1.10c) 

 

Figure.1.10 Three possible structures of layered silicate filled composites: 

(a) conventional, (b) intercalated and (c) exfoliated composite 

In intercalated composites, polymer penetrates the interlayer spacing of the clay, 

without breaking the layered structure of the clay. In exfoliated structure, the polymer 

penetrates thoroughly and breaks down the layered structure of the clay. This results in 

even distribution of clay layers within the polymer matrix. Intercalation or exfoliation in 

the matrix material is depends upon the factors such as the exchange capacity of the 
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clay, polarity of the reaction medium, the chemical nature and loading of the interlayer - 

cations on the clay.  

1.6 Coupling agents and their effect on rubber compound properties 
 
 1.6.1 The effect of coupling agents 
 

Because of the high concentration of surface hydroxyl groups (high polarity), 

unmodified Nanofillers like layered silica and aluminosilicates does not create an 

appreciable interface connection with the non-polar rubber polymer. The reinforcing 

capabilities of unmodified silica in a rubber matrix are rather poor, and the viscosity of 

the rubber blend is high because of strong filler-filler interactions and creation of 

agglomerates. Additionally, unmodified silica interferes with the vulcanization process: 

some of the amine accelerators and the Zn stearic acid complex, which acts as curing 

activator, could be trapped by the silanol groups on the silica surface. These 

deficiencies exclude silica as reinforcing filler in non-polar polymers, basically in the 

whole tire industry. 

 For this reason, the application of a coupling agent is necessary and a 

reasonable way to enhance polymer – filler interactions. Since silane coupling agents 

have been discovered, new opportunities in the field of interface modification did 

appear. Silane coupling agents are specific types of chemical compounds that can react 

with both, a polymer chain and the filler surface. After silanisation, the silica surface 

becomes hydrophobic and thus more compatible with the polymer. Strong filler – filler  

interactions (hydrogen bonding) are partially replaced with strong filler – polymer 

interactions which results in decreasing Mooney viscosities, which in turn has a large 

effect on power consumption during mixing. 

Applying of a silane coupling agent leads to: 

 decreasing rolling resistance 

 increasing wear resistance (higher abrasion resistance) 
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 increasing tensile strength, modulus at 300% and elongation 

The improvement of mechanical properties is caused by the strong covalent bond 

between polymer chain and filler particle, which is not present in the case of carbon 

black. Decreasing tire rolling resistance leads to lower fuel consumption, the well-known 

green tire technology. For sulfur cured rubber compounds, the three following types of 

sulfur functional silanes are used: 

 Disulfidic or polysulfidic bifunctional silanes 

 Unblocked silanes with a reactive S-moiety 

 Blocked mercaptosilanes 

Bis-(triethoxysilylpropyl)tetrasulfide, TESPT(Si-69), is shown in Figure 1.11. It is a 

widely used coupling agent in the tire industry because it provides a good coupling. 

TESPT is not a pure tetrasulfide, it is a mix of polysulfides, and the average sulfur rank 

of the polysulfide is 3.86. TESPT requires a minimum temperature to become active 

during silanisation  because of the steric hindrance around the silylpropyl group, but at 

the same time the temperature must not exceed a maximum above which premature 

crosslinking occurs which is the main drawback of TESPT. 

 

Figure.1.11 Structure of Bis(triethoxysilylpropyl)tetrasulfide (TESPT). 

1.6.2 Reaction mechanism 

Hydroxyl groups present onto the surface of HNTs can react with the silane coupling 

agent, which is typically known as silanisation reaction. It is well known, that S–S bond 

strength is quite lower and can be broken up during mixing, which form sulfur radicals. 

The sulfur radicals will further react with the unsaturation present in NR. Therefore, 

silane coupling agent (Si69) can form bridge between HNTs and NR. A probable 
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schematic chemical mechanism is given in Figure.1.12 for understanding the chemical 

reaction involved (4). 

 

Figure.1.12 Schematic chemical reaction possible between halloysite nanotubes 

and natural rubber with bis (triethoxysilylpropyl)-tetrasulphide as a coupling 

agent(4) 

The ideal compound for tire treads should meet the following demands:  

During breaking, the tire tread should easily deform, thus increase the contact 

area between tread and road. 

 Applying fillers should not cause any change in the tan δ = f(T) curve of a 

polymer. In other words: energy dissipated due to rolling should be the energy 

dissipated by the pure polymer. The dynamic properties of the filled and unfilled 

polymer should be the same.  

 Silanisation is a method which increases the filler – polymer interactions and 

reduces the influence of the filler on the dynamic properties. Additionally there is 
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a lack of knowledge about the number of silanol groups that should be bound to 

the polymer chain, to further decrease the hysteresis of material. This problem 

could be solved by: 

 Tightened filler – polymer bonding: using more efficient coupling agents, modified 

polymers or both at the same time. 

  Applying low amounts of highly reinforcing fillers which will cause the same 

effect as high amount of low reinforcing filler. Due to the low filler content in the 

rubber matrix, its influence on dynamical properties will be low. 

1.7 Literature Review 

Ranimol Stephen and  et.al.(1) studied the mixing metods of natural nanocomposites by 

melt mixing, solution mixing,  latex mixing and compared. Different from thermoplastic 

polymer/clay nanocomposites, rubber/clay nanocomposites (RCNs) need vulcanization 

following the nanocompounding of rubber and clay. Given the high chain flexibility and 

possible difference in crosslinking rate between the inner and outer regions of clay 

galleries, the microstructures of RCNs are expected to change during vulcanization. 

Nowadays technologies for the preparation of rubber/clay nanocomposites mainly 

include the rubber melt or solution intercalation of organoclay and the latex route using 

pristine clay. Of these, the melt compounding may be of great practical relevance, 

because the current rubber processing facility can be used. From an industrial 

standpoint, it is the most direct, most cost-effective, and environment friendly method. 

Alexandre M et.al (2) done work in HNT with polypropylene. HNTs are employed for the 

modification of polypropylene (PP). HNTs can be dispersed well in PP matrix in a range 

of 50-300 nm and have a good interfacial interaction with PP. The incorporation of 

HNTs within polypropylene not only enhances the crystallization temperature but also 

the overall crystallization rate of polypropylene to a large extent. This results in 

formation of constant spherules of pure polypropylene and PP/HNT composites by fast 

cooling of the samples.  
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Natural nanocomposites can be produced based on natural HNTs and natural 

rubber. A silane bonding media can be effectively utilized to improve the rubber filler 

chemical interactions. Sandip Rooj et al. (4) put forwarded their work with the 

preparation of NR–silica composites which was tailored with the same organosilane for 

comparative study between them. However, the limited intercalation of HNTs by the NR 

matrix was observed by them. Better enhancement of thermal stability for HNTs filled 

natural rubber also was observed. 

C. Yang et.al (13) have done work on HNTs employed for the modification of 

polypropylene (PP). Properties of polymer composites are largely depend on 

morphology as well as on crystallization behavior. HNTs were first surface treated with 

methyl, tallow, bis-2-hydroxyethyl and quaternary ammonium, and then compounded 

with PP during melt mixing. The mechanical properties were evaluated by instron and 

impact tests. SEM studies also revealed that HNTs are well-dispersed in PP matrix and 

have a profound interfacial interaction with PP, even up to a high content of 10 wt.%. 

DSC data also indicated that HNTs could serve as a nucleating agent, resulting in an 

enhancement of the overall crystallization rate and the non-isothermal crystallization 

temperature of PP. This has further been confirmed by dynamic melt rheometry studies 

and it depicts that HNTs mainly elevate nucleation and have not much influence on the 

growth of PP crystallization. Nevertheless, by prompt cooling of materials, constant 

spherulite size can be obtained for both pure PP and PP/HNT composites due to the 

restricted nucleation effect of HNTs on PP crystallization. 

J. Frohlich, et. al.(18) have done studies of HNT with Fluoroelastomer which are 

materials with elastic behavior under even comparatively harsh conditions. These 

elastomers are also used as sealant as well as in fabricated components to afford 

barriers against a broad range of fluids under severe and high pressure sealing 

applications. Amounts of  fluoroelastomers consumed per vehicle are small compared 

to natural and synthetic rubber within the tyres of a vehicle, but the Fluoroelastomer 

parts are extreme crucial for safety, reliable operation and environmental protection. 
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Fluoroelastomers have application in number of areas such as aerospace appliances, 

fluidic power, chemical industries, oil field, semiconductor based fabrication and high 

pressure sealing for plasma. Fluoroelastomer nanocomposites based on Halloysite clay 

mineral prepared using a bis-phenol curing system resulted in formation of 

nanocomposites with improved dynamic mechanical properties and elevation in 

temperature as high as 30°C of the thermal decomposition. On the other hand, 

incorporation of fluoro elastomers (FKM), resultant FKM-HNT nanocomposites has 

ultimate properties of that material. HNT loading significantly influence the mechanical 

and dynamic properties of the FKM nanocomposites. HNT loading, tremendously 

affects the thermal stability also and at 5 phr HNT loading with increase in HNT content 

it tends to go in negative direction. 

Polystyrene (PS) is low cost product with higher commercial value but its higher 

brittleness limit its application to use it as high-impact modifiers for industrial purpose. 

These high-impact polystyrene (PS) nanocomposites incorporated with individually 

dispersed Halloysite nanotubes (HNTs) were prepared by emulsion based 

polymerization of styrene in the presence of HNTs by using dispersing agent like 

sodium dodecyl sulfate (SDS) as the emulsifier. This emulsion polymerization induces 

the formation of polystyrene based nanospheres separating individual HNTs. Uniform 

dispersion of HNTs in PS matrix, was further confirmed by Transmission electron 

microscopy. This good dispersion of fillers, especially nano-sized particles in a polymer 

matrix, is a pre requisite for the formation of nanocomposites with high impact 

toughness. This in situ polymerization of styrene in the presence of surface-modified 

fillers is usually employed for preparation of various PS composites. The impact 

strength of the Polystryrene (PS) / HNTs nanocomposites are enhanced by 

incorporation of HNTs in polystyrene that is little more than neat PS, commonly, the 

storage modulus and thermal degradation temperature of the natural rubber can 

significantly gain accession by the addition of HNTs(19,20). Incorporation of a small 

amount of HNTs also increased the strength, stiffness and elongation-at break in 

polyamides. 
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P. Pasbakhsh et al.(21) studied Halloysite nanotubes (HNTs) modification by  

adding γ methacryloxypropyl trimethoxysilane (γ -MPS) to ameliorate their dispersion in 

ethylene propylene diene monomer (EPDM). The EPDM/HNT nanocomposites are 

prepared by mixing different parts in per hundred rubbers (phr) of HNTs with EPDM on 

a roll mill. Nanocomposites with HNT found higher elongation, higher tensile strength 

and tensile modulus compared to those of EPDM/unmodified HNTs (EPDM/HNT) while 

after modification of HNTs, the elongation at break decreased. SEM and TEM studies 

also show that EPDM modified HNTs has better dispersion. FTIR and TGA studies 

indicate that γ -MPS partially penetrate into the HNTs and interacted within the Si-O 

groups on the surfaces of the HNTs. Effect of the HNT loading on the tensile, thermal 

and morphological properties of EPDM nanocomposites also depicts that resultant 

dispersion is more uniform with even at resultant dispersion is more uniform with even 

at higher loading upto 30phr. In addition to that HNT is far less expensive than other 

clay minerals and can be mined from deposits as a raw material 

Pooria Pasbakhsh et al. (22) have shown that compared to compatibilized 

EPDM/HNT nanocomposites the degree of intercalation of the HNTs is much more in an 

uncompatibilized nanocomposites. Also, the tensile property is because of the 

interphase generated in EPDM and HNT by maleic anhydride grafted EPDM which 

helps in making stronger interfacial interactions. On the other side, attendance of this 

compatibilizer brings down the curing time (t90) but enhances the maximum and 

minimum torques and also swelling resistance of the compatibilized EPDM/HNT 

nanocomposites compared to uncompatibilized EPDM/HNT nanocomposites. They also 

found that more HNT addition reduces the tensile strength because of the generation of 

two different phases of EPDM-rich and HNT rich areas. 

Nan-ying Ning et al.(23) found uniform combination of HNTs in PP matrix for 

every samples prepared with varying content, and acts as a nucleation agent, showing 

an improvement of the whole crystallization rate. On the other side, they observed that 

at given isothermal crystallization temperature there is constant growth of spherulite, 
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and suggested that spherulite expansion and nucleation are two independent methods. 

With 10 wt. % HNT‟s loading little development of impact as well as tesile strength of 

PP/HNT composites was observed, it was because of constant crystallinity, unaffected 

size of spherulite of PP and less length to diameter ratio of the HNT‟s. 

Katrin et al. (24) processed, injection moulded samples of nanocomposites 

consisting 2 and 5 wt% halloysite and were compared to those of nanocomposites 

based on organically modified clay. They exposed the potential of the HNTs as a 

reinforcing substance in polymers. Beside an improvement of elastic modulus and 

tensile strength of the polyamide-6 matrix by the addition of halloysite, the toughening 

effect of the silicate nanotubes particularly must be emphasized. This predestines the 

HNT‟s for usage, which insist a consistent enhancement of toughness and strength. 

Baochun Guo and Yanda Lei (25) used methacrylic acid to improve the 

performance of styrenebutadiene rubber/HNTs nanocomposites by direct blending. The 

ZDMA and MAA-intermediated linkages result the strong interfacial bond among rubber 

matrix and HNTs. They found enhanced dispersion of HNTs in virtue of the interactions 

in-between HNTs and MAA or ZDMA. Also they obtain better mechanical properties of 

MAA-modified SBR/HNTs nanocomposites. 

Virgin blend and the nanocomposites were prepared with the help of melt mixing 

method by Parthajit Pal et al. (26) they studied crystallinity and mechanical properties of 

these nanocomposites. They found HNTs acting as nucleating agent which increases 

the % crystallinity. Also, better dispersion is found after treating HNTs which remains in 

two phases, resulting enhanced performance. 

H. Ismail and S.M. Shaari (27) revealed that increase of HNTs in the weight ratio 

of Poly Acetal/HNTs shows an increasing trend in terms of cure time, scorch time, 

maximum torque, tensile strength and tensile modulus (M100 and M300) of 

PA/HNTs/EPDM hybrid composites but reduces the elongation at break. By the rubber-
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filler interactions measurements and SEM study author concluded that HNTs has better 

adhesion to EPDM matrix than the palm ash. 

E. Cichomski et.al. (28) studied the effect of silica morphology with the help of 

coupling agents to improve tyre performance indicators. Study reveals that just one 

ethoxy-group instead of three in the silane coupling agent, improves both, wet skid and 

rolling resistance. An explanation of these effects is a more rigid filler-polymer interface 

in the case of DMESPT, compared to TESPT with three ethoxy-groups, which generate 

ethanol. The alcohol remains partially adsorbed on the interface between filler and 

polymer and thus influences the properties of the material. Both silanes, TESPT and 

DMESPT, bind the same number of silanol groups available on the silica surface as 

measured by the Payne effect of the green compounds. 

A.J. Brunner, A. et.al (29) Multiple crazing and massive shear banding are two 

well-accepted toughening mechanisms for nanocomposites. Although epoxy resins can 

be toughened effectively by rubbers via matrix banding, yet addition of rubber in epoxy 

resin results in a decrease in desirable properties like mechanical and physical 

properties including modulus, strength and thermal stability. But aim to synergise the 

improvement in toughness and rigidity, a micro-sized inorganic or organic modifiers can 

be employed in modification of brittle polymers. Thus for the enhancement of 

mechanical properties of the HNT-Epoxy nanocomposites were achieved by using 

HNTs as filler for polymer composites. Nanocomposites with incorporated inorganics 

gives better execution compared with the other polymer composites. Final acceptability 

of polymer nanocomposites incorporated with inorganic governs by their interfacial 

interactions. The type of interfacial interactions between polymer matrix and inorganic 

include hydrogen bonds, vander Waals force, covalent bonds and ionic bonds. There 

are different approaches developed to amend the interfacial interactions between 

various components of nanocomposites including modification of matrix. In recent time, 

Halloysite nanotubes (HNTs), has got an edge over reinforced polymers and then 
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unique reinforcing effects over polymers like polyamide, natural rubber, epoxy resin, 

polypropylene, etc. have been demonstrated. 

J. Zhang, L. Ye and D. Shiqiang (30) studied dispersion behavior of HNT provide 

ease of processing because HNTs are discrete nanoparticles with little surface 

charge.HNT particle produce homogenous dispersion when mixed with polymers. This 

may eliminate the need of intercalation or exfoliation, as required by other nanoclays. 

Modifications at surface of HNTs may provide opportunity for intercalations of Halloysite 

layers with organic and inorganic compounds, contributing to layer expansion 

perpendicular to the base layers. 

M. Du et.al (31) studied HNT with carboxylated butadiene rubber(xSBR), is a 

copolymer of styrene, butadiene and acrylic acid with many carboxyl groups in their 

chain which provide aid in the formation of hydrogen bonds. HNTs and xSBR based 

nanocomposites were prepared by cocoagulation process with improved interfacial 

interactions via hydrogen bonding. ATR-FTIR (Attenuated total reflection Fourier 

transform infrared spectroscopy) and X-ray photoelectron spectroscopy (XPS) studies 

of xSBR /HNT nanocomposites prove the formation of hydrogen bonding between Xsbr 

and HNTs. It also suggests that as HNT content increases vulcanization also increases 

and consequently lower content of HNTs tends to delay in vulcanization of xSBR/HNT 

composites. The mechanical properties of materials like modulus, hardness are 

significantly enhanced by the inclusion of HNTs. The reasons behind this significantly 

enhanced effect of HNTs are correlated with co-coagulation process and strong 

interfacial interactions via hydrogen bonding. 

The literature study reveals that a lot work has been done on HNT filled polymer blends 

and its composites to improve the thermo mechanical performance and physical 

properties. Researcher works to study the effect of HNT loading wt.%, surface 

modification/treatment of HNT, EPDM nanocomposites filled by halloysite, dispersion of 

HNTs, effect of HNT modification, nanocomposites based on silicate nanotubes, 

morphology and crystallization behavior, Processing and characterization, 
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environmentally friendly HNTs, has been employed for increase the thermomechanical 

and physical properties. There is lot of gap and no work has done on processing and 

characterization of halloysite (HNT‟s) filled natural rubber and its composites to improve 

mechanical properties and thermal stability to establish the structure property 

relationship studies. 

1.8 Scope and Objectives 

Literature survey reveals that a lot of research work is going on for the improvement of 

the polymer nanocomposites mainly with thermoplastics and thermosets. The work 

carried out for the elastomeric nanocomposites especially with natural rubber and HNTs 

found limited and HNTs can help to improve the properties required for tyres as 

mentioned earlier. 

Hence the present work is aimed; 

 To develop NR-HNT  nanocomposites with varied quantities of HNTs  

 To study the mechanical, thermal, wear and morphological properties of Natural 

rubber / HNT nanocomposites 

 To compare the typical industrial tyre tread compound with NR-HNT 

nanocomposites with varying quantities of carbon black and HNT 
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2. MATERIALS AND METHODS 

2.1 MATERIALS USED 

2.1.1 Rubber Matrix 

 Natural rubber, RSS-3 were purchased from Namazie International Malaysia.   

 Ribbed Smoked Sheets (RSS) are coagulated rubber sheets processed from 

fresh field latex sourced from well managed rubber plantations adopting modern 

processing methods. RSS 3 and RSS 4 are the preferred raw material for radial 

tyres. Specific gravity- 0.920 at 25°C 

2.1.2 Reinforcement 

 Halloysite nano tubes (HNT) was bought from Natural Nano Inc. Rochester, 

Newyork. 

 N-330 high abrasion furnace  carbon black from Hi Tech Carbon, India 

 

Table.2.1 Raw material Supplier & Properties 

Raw Material Supplier Properties 

Natural Rubber RSS III Nemazie  

International, Malaysia 

Specific gravity-0.92g/cm3 

Mw ranging from 1 to 

2.5 x 106 

Appearance: Dark brown 

bale form 

N-330 High Abrasion 

Furnace Carbon black 

Hi Tech Carbon, India Specific gravity-1.8g/cm3 

Iodine Absorption Number-

82g/Kg 

Oil Absorption Number-
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102x10-5m3/ kg 

Tint strength- 104% 

Appearance: Black free flow 

powder 

Halloysite nanotubes Natural nano, Rochester, 

New York 

Specific gravity - 2.53g/cm3  

Typical specific surface area 

- 65 m2/g  

Pore volume ~ 1.25 mL/g  

Refractive index - 1.54  

Average tube diameter - 50 

nm  

Inner lumen diameter - 15 

nm  

Appearance: White free flow 

powder 

Soluble Sulphur Oriental Chemicals, India Specific Gravity - 2.05g/cm3 

Naphthenic oil Content-

0.5% 

Sulphur Content-99.5% 

Appearance: Yellowish 

powder 

Stearic Acid VVF Chemicals, India Specific Gravity - 0.93g/cm3 

Nickel content -250mg/kg 

Iron content – 50mg/kg 

Appearance: Dark brown 

Beads 

Zinc Oxide J G Chemicals, India Specific Gravity - 5.6g/cm3 

Nitrogen surface area-5m2/g 

Cadmium Content – 
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250mg/Kg 

Lead Content – 10mg/Kg 

Copper Content – 0.13% 

Manganese Content – 

10mg/Kg 

Total Sulfur Content – 0.1% 

Appearance: Off white 

Powder 

TBBS 

(N-Tert-Butyl-2-Benzo-

thiazole Sulfenamide) 

Lanxess India Specific Gravity – 1.28g/cm3 

Melting Point -107°C 

Appearance: Pale yellow 

granules 

TMQ 

(2,2,4-trimethyl-1,2-

dihydroquinoline) 

Nocil Germany Specific Gravity – 1.1g/cm3 

Softening Point -88-95°C 

6-PPD Nocil Germany Appearance: Black bead 

form 

TESPT  

(Bis(triethoxysilylpropyl) 

tetrasulfide) 

 Specific Gravity – 

1.37g/cm3 

Appearance: Black Bead 

form 

 

2.1.3 Vulcanizing agent 

 Soluble sulphur as curing agent from Oriental chemicals, India 

 Stearic Acid as the activator VVF Chemical,India 

 Zinc oxide as activator JG Chemicals,India 

 TBBS as accelararator from Lanxess India 
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2.1.4 Other Additives 

 TMQ and 6-PPD as antidegradant Nocil,Germany 

 TESPT as coupling agent 

2.2 Preparation of NR-HNT Nanocomposites 

The HNT at varying concentrations 2, 4 & 6 parts per hundred parts of rubber 

(phr) was mixed with natural rubber under controlled condition in a lab scale Banbury 

mixer with rotor speed of 50 rpm , fill factor of the mixer 0.08 and  volume of dispersed 

mixing of about 1760cc (Make: Fam India Pvt Ltd) figure 2.1.   

 

 

Figure.2.1 Banbury Mixer and its internal parts (Make: Fam India) 
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The compounding was done in a laboratory two roll mill (Santosh Industries, 

India) and cooled with cold water circulation. After mixing, the compound was passed 

through a tight nip (<1 mm) of the  cold two roll mill to achieve a sheet of about 6 mm 

thickness and  it is stored 24 hours for maturation.  

NR / HNT mixing formulation with various additives were prepared using the  following 

three stages . 

Stage 1:Natural rubber+ZnO+Stearic acid+HNT+6PPD+TMQ (Master batch 1) 

Stage2: Masterbatch 1+Carbon black N330 (Master batch 2) 

Stage3: Masterbatch 2+Sulphur+TBBS+ Retarder.  

 

Figure.2.2 Laboratory scale two roll mill (Santosh Industries, India) 

The mixed dough was again milled in two roll mill as shown in figure 2.2 for getting a 

good dispersion of fillers in the mix and the sheet is kept 24hours for the maturation. 

Milling will enable the compound viscosity reduction thereby increasing the 

processability in the downstream processes. It will also reduce the batch to batch 

prevulcanizate property variation in the compound. 
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2.2.1 Composition of NR/HNT nanocomposites with various concentrations 

Table 2.2 shows various compositions of NR/HNT nanocomposites. The typical 

rubber compound formulation as shown in „Control‟ column corresponds to tyre tread 

preparation. Processing aid is not used in this composition meant for the tyre tread 

compound formulation mainly because of the deterioration of mechanical properties as 

well as mileage property of the tyre tread. The processiblity is improved by the 

lubrication of rubber chains having higher molecular weight so that it will improve the 

inter molecular movement, though it improves processiblity, it will lead to leach out 

during application leading to increase in hardness of rubber and there by uneven wear. 

Table.2.2 Composition for test specimen 

 

 

Material 
Composite Composition, in phr 

Control 2HNT 4HNT 6HNT 

Natural Rubber 100 100 100 100 

N330 HAF Carbon Black 45 35 35 35 

Sulphur 1.40 1.40 1.40 1.40 

Stearic Acid 2.00 2.00 2.00 2.00 

TMQ 1.00 1.00 1.00 1.00 

Zinc Oxide 4.50 4.50 4.50 4.50 

TBBS 1.30 1.30 1.30 1.30 

6PPD 2.75 2.75 2.75 2.75 

HNT 0.00 2.00 4.00 6.00 

TESPT 0.00 0.4 0.4 0.4 
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2.2.2 Vulcanization 

The vulcanization of the rubber compound was carried out in a hydraulically 

operated press (Moor press UK) at 150°C for 10 minutes. The vulcanized samples were 

aged at 100°C for 48hrs in an air-circulating oven. 

 

Figure.2.3 Compression mould (Moor press UK) 

Test specimens were punched out from the compression-moulded sheets and 

the test specimens prepared were tested for properties like rheological, mechanical, 

thermal and wear characteristics. 

 

2.3. Testing and characterization  

 

NR/HNT nanocomposites prepared were characterized for their flow behaviour 

properties like Mooney Viscosity, rheological properties like optimum cure time and 
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maximum torque. Vulcanizate properties like tensile strength, percentage elongation at 

break, tear resistance, crack growth studied by Demattia flex crack growth teasting, 

thermal degradation via TGA and wear properties with Abrasion resistance were also 

studied.  

2.3.1 Mooney viscosity and Rheological properties 

Mooney viscosity was studied using mooney viscometer(Monsanto MV 2000 

Viscometer)  as per ASTM D1646 and rheological properties was studied as per ASTM 

D7271 using MDR 2000 Rheometer, Alpha technologies. Figure 2.4.  

 

 

Figure.2.4 Mooney viscometer & Rheometer (Make: Alpha Technologies) 

 

Viscosity is the resistance to flow. The instrument consist of a motor driver 

rotating disc within a cylindrical cavity formed by two dies maintained at specified 

condition of temperature and closure force.  It measures the effect of temperature on 

viscosity of rubber.  The disc is slowly and continuously rotated in one direction at 2 rpm 

for a specified time.  The resistance to this rotation offered by the rubber is measured in 

arbitrary torque unit expressed as the Mooney viscosity of specimen.  The surface of 
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the die is either serrated or contains V- grooves to minimize the slippage of specimen. 

The viscosity of the compound is expressed as,  

 

 

  50-ML (1+4) 100°C 

Where, 

50M = Viscosity number  

L      = Large rotor  

1      = Preheat time  

4   = Time in minute after starting motor at which reading is taken at 100°C. 

 

. The resistance of the rubber to the rotation is measured in arbitrary torque units as 

Mooney Viscosity of the specimen. 

 Rheometer properties are checked for all final batch compounds to find out 

cure characteristics. Rheology is the study of flow and deformation of materials. It seeks 

to derive relationship among stress, strain and time. For rubber rheology studies 

temperature is an additional parameter. Since rubber exhibits both viscous and elastic 

behavior for the rubber rheology it is necessary to determine its rate of flow under 

various conditions of stress, temperature and time of application of stress & elastic 

recovery on removal of applied stress. Under an applied stress rubbers may exhibit 

viscous flow, elastic deformation, viscoelasticity & rupture. 

                         A cure meter used for measuring vulcanization characteristics of 

vulcanizable rubber compounds. The cure meter consists of a test chamber, a BI 

conical disk or rotor and a pneumatic die closing mechanism. The test chamber consists 

of two heated dies with rectangular grooves arranged radially on the surface. The rotor 

fitted with a stem or shaft housed in the lower die is connected to a torque transducer 

located in the torque shaft of the instrument. A sample is sealed between the dies so 

that it surrounds the rotor upon closure of the dies. The rotor moves at 1.66Hz (100cpm) 

oscillating at an arc of ± 1 °. The force required to oscillate the rotor (reaction torque), 
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measured by the torque transducer, correlates with the degree of vulcanization as a 

function of cure time. 

a) Minimum Torque (ML): Measure of the stiffness of the unvulcanised test specimen 

at the specified vulcanization temperature taken at the lowest point in the vulcanization 

curve. 

b) Maximum Torque (MH): Measure of the stiffness of the vulcanised test specimen at 

the highest, at equilibrium or within a specified period of time in the vulcanization curve. 

c) Scorch Time (TSn): Measure of the time at which a specified increase in torque has 

occurred; it indicates the beginning of the vulcanization. 

d) Percentage Cure Time (TCn): Measure of cure based on the time to develop 

specified percentage of the difference in torque from minimum to maximum. 

 

Following parameters shall be reported for the control compound. 

 Minimum Torque – ML  

 Maximum Torque – MH  

 Time to 2 units rise above ML – TS2  

 Time to 90% cure – TC90 

 

2.3.2 Mechanical properties  

a) Mechanical Tests –Tensile strength, tear strength and elongation at break were 

carried out as per ASTM D-412 standard using the tensile tester Universal Testing 

Machine (UTM, Zwick Roell Z010, Germany) Figure 2.5. Tensile (dumbbell shaped) and Tear 

(angular) specimens were punched out from the moulded sheets using Hollow Die punch 

(CEAST, Italy). The amount of force required to break the material in tension and extent 

to which the specimen stretches or elongates to that breaking point are measured.  

Tensile strength = F/A  

Where, 

F - Force required to break the specimen  
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A - Cross sectional area of the unstretched specimen 

 It can be expressed in Mega pascal (MPa), Kilogram force /square inch or Pound 

force/square inch. Percentage elongation at break is calculated as follows:  

 

Elongation = (L-L0) ×100 

 L0  

Where,  

L - Observed distance between the benchmarks on the stretched specimen 

L0 - Original distance between the benchmark before stretching. 

 

Figure.2.5 Universal Testing Machine(Make: Zwick Roell Z010) 

 



` 

 

42 

 

b) Hardness Tests- Hardness test measures the resistance of the material to a small 

rigid object pressed onto the surface at certain force. Hardness of the samples were 

checked as per ASTM D-2240 using Durometer(Mitutoyo) Figure 2.6.  

 

 

 

 

 

 

 

    

 

   Figure.2.6 Durometer(Make: Mitutoyo) 

 

To ensure the sample thickness of at least 6 mm, three sheets of samples were used. 

The surface of the specimen was flat over sufficient area to permit the pressure foot to 

contact the specimen over an area having a radius of at least 6 mm from indenter point. 

The test was carried out by placing the specimen on a hard, flat surface and then 

pressure foot of the instrument is pressed onto the specimen. Hardness was read within 

1 sec after the pressure foot is in firm contact with the specimen. Hardness values of 

test specimen were measured at five different parts of each sample and the average of 

these values were taken. 

c) Cut growth resistance- De Mattia Flex Tester, electrically operated with single 

phase motor provides information about the resistance of vulcanized rubber 

compounds. Crack development in that part of the surface where stresses are set up 

during flexing, or if that part of the surface initially containing a crack, causes this crack 

to extend in the direction perpendicular to stress. This test also assesses the durability 

of material as per ASTM D603. 
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2.3.3 Thermal properties  

Thermal stability – Thermal studies was carried out using TGA unit (SEIKO, Japan) as 

shown in figure 2.7 from room temperature to 800°C employing a heating rate of 

20°C/min in nitrogen atmosphere. Thermogravimetry measures changes in the mass of 

a sample that occur when it is progressively heated at constant rate. These changes 

relate to the reaction during decomposition, the loss of volatile material and the 

reactions with the surrounding atmosphere.  

 

 Figure.2.7 TGA Analyser (Make: Seiko) 

The components of polymer decomposes at different temperature, this leads to a series 

of weight loss steps that allow the component to be quantitatively measured. TGA 

examines the mass changes as a function of temperature in the scanning mode. 

Samples were scanned from 0 - 600 °C. Changes in the sample weight were recorded 

electronically by change in voltage output from a linear variable differential transformer. 

Thermogravimetric analysis is mainly used for the analysis of inorganic salts and 

complexes, rubbers, etc. Polymer stability and decomposition temperature of plastics 

can be investigated using thermogravimetric analysis. 
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2.3.4 Abrasion resistance 

Abrasion resistance is the ability of a material to resist mechanical action such as 

rubbing, scraping, or erosion that tends progressively to remove material from its 

surface. When a product has abrasion resistance, it will resist erosion caused by 

scraping, rubbing, and other types of mechanical wear. This allows the material to retain 

its integrity and hold its form. This can be important when the form of a material is 

critical to its function, as seen when moving parts are carefully machined for maximum 

efficiency. Abrasion resistant materials can be used for both moving and fixed parts in 

settings where wearing could become an issue.  Wear characteristics studied by 

Abrasion test using Din Abrader.  

 

Figure.2.8 DIN abrader(Make: Zwick Gmbh & Co) 

Each sample was prepared using a three piece-sixteen cavity mould at 160°C 

maintaining a time span of 30 min. The testing was done by DIN abrasion tester-6012 

(Zwick Gmbh & Co, Germany) as per ISO 4649 method figure 2.8. The rubber test piece 

with a holder is traversed a rotating cylinder covered with a sheet of the abradant paper. 

By allowing the sample holder to move the test piece across the drum as it rotates, 

there is less chance of rubber buildup on the abradant paper. The achieved test results 

provide important parameters with respect to the wear of rubbers in practical use. 

2.3.5 Morphological analysis 

A morphological characteristic that is of fundamental importance in the 

understanding of the structure–property relationship of nanocomposites is the surface 

area/volume ratio of the reinforcement materials. 

 



` 

 

45 

 

a) Scanning electron microscopy  

  In scanning electron microscopy, images of the sample are produced 

by scanning it with a focused beam of electrons which is thermionically emitted from the 

electron gun fitted with a tungsten filament cathode. The electron is scanned in a raster 

scan pattern. The electrons interact with the atoms in the sample, producing various 

signals that is detected and contain the information about the samples surface 

topography. Morphological studies of pure and filled nanocomposites were observed 

using Scanning Electron Microscope FEI Quanta FEG 200. 

b)Transmission Electron Microscopy (TEM)  
 

 In Transmission electron microscopy, high voltage electron beam 

produced by an electron gun was used to create the image. The beam produced is 

focused by electrostatic and electromagnetic lenses and transmitted through the 

specimen that is in part transparent to electrons and in part scatters them out of the 

beam. The emerged electron beam from the specimen carries the information about the 

structure of the specimen that was magnified by the objective lens system of the 

microscope. Morphology of NR–HNT nanocomposites was directly observed by 

Transmission electron microscope (Model JEM 2100) at an accelerating voltage of 200 

kV. Ultra thin film of nanocomposite (less than 100nm) obtained by ultra microtome 

cutting under cryogenic conditions was used for the morphological studies. 

c) X-ray Diffraction 

X-ray diffraction was carried out using Rigaku Miniflex CN 2005 X-ray diffractometer 

equipped with CuKα radiator (30 kV, 10 mA, Rigaku Corporation, Tokyo, Japan) with 

phase angle 0° to 30°. The intercalation of the polymer chains usually increases the 

interlayer spacing, in comparison with the spacing of the organoclay used leading to a 

shift of the diffraction peak towards lower angle values. 
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3.0 RESULTS AND DISCUSSION 

3.1 Compound Properties 

3.1.1 Mooney Viscosity 

Mooney viscosity is the measure of flow which aids the processability in the 

downstream operations like extrusion calendaring etc. Mooney viscosity checking is 

done with ML(1+1.5)135°C since it is the operating range of down stream processes. 

So that it will give a clear picture on the viscosity of the compound in the real time 

process. Mooney viscosity(MV) tested at 135°C for 2.5min is found increasing with the 

increase in content of HNT, Figure 3.1. This will provide good green strength to the 

compound for better processability. 

 

Figure.3.1 Effect of HNT content on viscosity (Mv) of NR-HNT nanocomposites  

 

3.1.2 Maximum torque  

Maximum torque MH increases [11 lb-in to 13lb-in] with the increase in HNT content 

compared to the reference compound as shown in figure 3.2 and this can provide the 

stability of the tyre component in extrusion process particularly required for a highly 

precise dimension requirement in radial tyre manufacturing process.  
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Figure.3.2 Effect of  HNT content on Maximum torque(MH) of natural  rubber  

Nanocomposites 

3.1.3 Optimum cure time 

Optimum cure time (Tc90) Figure 3.3 is found to increase only marginally with HNT 

content (6.9min to 7.2min).  Thus, in all the composites of NR the normal cure cycle of 

10min at 150˚C was followed. 

 

 

 

 

 

    Figure.3.3 Optimum Cure time(TC90)  
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Table 3.1 : Mooney and rheological Properties of NR-HNT nanocomposites 

HNT 
Content 

Mooney 
Viscosity 

ML MH MH-ML TS2 TC10 TC50 TC90 

Unit MU lbf-in lbf-in lbf-in Min Min Min min 

0phr 54.1 1.63 10.81 9.18 3.86 3.5 4.5 6.9 

2phr 54.8 1.82 11.14 9.32 3.92 3.64 4.72 7.01 

4phr 55.3 1.79 11.1 9.31 3.94 3.65 4.62 7.17 

6phr 56.2 1.78 11.56 9.78 4.07 3.78 4.65 7.36 

 

3.2 Mechanical Properties  

Effect of HNT content on mechanical properties such as tensile strength, tear strength, 

percentage elongation at break and hardness were studied. Filler rubber interaction for 

HNT-NR nanocomposite is very high so that the movement of elastomer chain is difficult 

which leads to the higher value of tensile strength in the nanocomposite than the control 

compound. Fillers generally increase modulus by providing better rubber matrix 

adhesion generally result in higher modulus and tensile strength because the coupling 

bonds between filler and rubber matrix should be broken. 

3.2.1 Tensile strength  

 The effect of HNT content on the mechanical properties of NR - HNT 

nanocomposites was analysed. The maximum value of tensile strength and percentage 

elongation was observed for the NR-nanocomposite containing HNT loading of 4 phr. 

Tensile strength of natural rubber HNT nanocomposites was found to increase by 20% 

for the addition of 4 phr of HNT as shown in Figure 3.4.  
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Figure.3.4 Effect of HNT content on Tensile strength of NR-HNT nanocomposites. 

3.2.2 Percentage elongation at break  

Percentage elongation at break was found to increase up to 34% at loading of 4 

phr HNT.  The values for tensile strength and percentage elongation decreased as the 

level of HNT content increased beyond 4phr as shown in figure 3.5.  

 

Figure.3.5 Effect of HNT content on elongation at break of NR-HNT 

nanocomposites  

Higher values of tensile strength are obtained for better exfoliated NR/HNT 

nanocomposites compared to increased HNT content of 6phr. This indicates more 

interaction and more uniform distribution of filler in rubber matrix. 
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3.2.3 Tear Strength 

The tear of rubber is a mechanical rupture process initiated and propagated at a site of 

high stress concentration caused a cut, defect, or localized deformation. Vulcanized 

rubber and thermoplastic elastomers often fail due to the generation and propagation of 

a special type of rupture called a tear. ASTM D624 measures the resistance to tearing 

action. ASTM D624 measures the force per unit thickness required to rupture, initiate, or 

propagate a tear through a sheet of rubber in the form of one of several test piece 

geometries. Tear strength for NR/HNT nanocomposite as shown in figure 3.6 found 

better than for the reference compound. 

 

 

Figure.3.6 Effect of HNT content on tear strength of natural  rubber 

3.2.4 Percentage retention of Mechanical properties 

The retention is the ability of a compound to retain its properties at controlled ageing 

conditions. Tensile strength, tear strength, Elongation at break are measured before 

and after ageing and the rate between the results obtained is termed as percentage 

retention depicted in table 3.2.1 and 3.2.2. 
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Table. 3.2.1 Percentage retention of Modulus of NR-HNT nanocomposites 

 
Modulus 

 
M100 

 
M200 

 
M300 

Unit MPa MPa MPa 

Iteration 
Un-

aged 
Aged 

% 
Retention 

Un-
aged 

Aged 
% 

Retention 
Un-

aged 
Aged 

% 
Retention 

0 HNT 1.83 2.89 158 4.63 6.53 141 9.38 13.15 140 

2 HNT 2.09 3.45 165 5.09 7.71 151 9.96 13.83 139 

4 HNT 2.12 3.48 164 5.25 7.62 145 8.86 13.74 155 

6 HNT 2.23 3.46 155 5.49 8.39 153 10.751 14.829 138 

 

Table. 3.2.2 Percentage retention of Tensile Strength, Elongation at break and tear 

strength of NR-HNT nanocomposites 

Property 
Tensile 

Strength 
Elongation at break Tear strength 

Unit MPa % N/mm 
HNT 

Content 
Un-

aged 
Aged 

% 
Retention 

Un-
aged 

Aged 
% 

Retention 
Un-

aged 
Aged 

% 
Retention 

 

0phr 

 

26.86 

 

25.5 

 

95 

 

584.0 

 

498.3 

 

85 

 

110.8 

 

71.9 

 

65 

2phr 28.30 27.4 97 581.0 517.0 89 117.9 79.3 67 

4phr 29.72 29.1 98 835.1 732.6 88 131.9 88.1 67 

6phr 29.47 28.6 97 678.3 493.8 73 126.1 81.7 65 

 

The percentage retention of Tensile strength, elongation at break as well as tear 

strength shown by HNT filled natural rubber found much higher than that of the regular 

composition without HNT filler as shown in figure 3.7. So it is very much favorable that 

for the tyre tread compound with HNT to retain the mechanical properties even at 

elevated temperatures. 
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Figure.3.7 Retention of properties for NR-HNT Nanocomposites 

3.2.5 Hardness 

As expected, the hardness of the composite increased directly in proportion with HNT 

content.as shown in figure 3.8 The hardness of nanocomposites is higher when 

compared to that of control reference without nanofiller.  

 

Figure.3.8 Effect of HNT content on Hardness of NR-HNT nanocomposites 

3.3 Dynamic mechanical analysis 

The dynamic mechanical thermal analysis was conducted using parallelepiped samples 

with dimensions 25 x 310 x 32 mm in a DMA machine (VA 4000 METRAVIB, France) 
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being operated in the tension mode. The dynamic temperature sweep tests were 

conducted in a temperature range of -30°C to 70°C at a heating rate of 28°C /min  

keeping fixed frequency as 10 Hz and strain at 0.25%.  

 In the dynamic mechanical analysis the NR-HNT nanocomposites show higher storage 

modulii than the reference compound.  Figure.3.9 and 3.10 shows the tan δ versus the 

dynamic strain and effect of loss modulus in the NR-HNT nanocomposites.  

 

 

 Figure.3.9 DMA analysis for HNT-Natural rubber nanocomposites 
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                Figure.3.10 Effect of HNT content on Storage modulus  

The tanδ level itself is a key indicator for most of the important properties of a tyre tread 

compound. The minimum value of tanδ indicates the better rubber-filler interaction as in 

2phr & 4 phr of HNT than the control sample. This also indicates the higher dispersion 

at lower nano filler loading and increasing of tan δ shows lower dispersion as depicted 

in the Figure 3.10 

Table 3.3 DMA of NR-HNT nanocomposites with temperature range -30°C to 70°C  

HNT 

Content 

E' @ -25°C 

(MPa) 

E' @ 0°C 

(MPa) 

E' @ +25°C 

(MPa) 

E'@ +60°C 

(MPa) 

Tan δ @ +60°C Tan δ @ 0°C  

0phr 22.18 11.61 9.30 6.96 0.066 0.128 

2phr 41.36 18.55 12.38 7.98 0.063 0.238 

4phr 23.44 12.39 9.27 6.2 0.062 0.140 

6phr 21.73 11.34 9.23 6.33 0.072 0.133 

 

In running condition, the temperature profile of a tyre varies within a particular temperature 

range (i.e. 30°C to 60°C). Within this particular temperature range, the loss factor essentially 

determines the degree of rolling resistance. It is desirable to maintain a high loss factor at 0°C 
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to attain necessary wet traction, and at the same time, a low loss factor at 60°C is necessary to 

ensure lower rolling resistance and accordingly a better fuel economy. 

It can be observed that among the HNT compositions, 4phr shows the minimum value of tanδ at 

60°C fig 3.11 indicating a better rubber-filler interaction (Table 3.4 ). In other words, 4phr HNT 

content exhibits lower rolling resistance leading to a better fuel economy, which implies more 

uniform dispersion of HNT at lower loading (4 phr) as seen for abrasion resistance as well as 

mechanical properties. At higher loading of HNT to NR the tanδ found gradually increasing 

shows lower filler interaction than at lower filler loading. 

 

Figure.3.11 Effect of HNT on rolling resistance of NR-HNT nanocomposites. 
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Figure.3.12 Effect of HNT on wet-skid resistance of NR-HNT nanocomposites 

The tan δ value at 0°C can be considered as an indicator for predicting the skidding 

behavior (grip or traction) of a tyre. The tanδ at 0°C (wet skid resistance) of HNT loaded 

NR compositions is depicted in figure. 3.12. The wet skid resistance follows the order 

4phr HNT sample>2phr HNT sample>6phr HNT sample>Reference sample. 

3.4 Flex Resistance 

Cracking and cut growth increase with increasing cycles for the elastomeric 

compounds. The tester is stopped at intervals specified and the cracks evaluated. Two 

sets of grips on either side of the frame are reciprocated at constant frequency for a 

preset number of cycles controlled by a cycle counter. Samples are loaded so that they 

are flat when the grip are tightened and flexed but not elongated during tester operation. 

Cut growth found increasing with increase in the loading of HNT filler as same as the 

hardness of the compound.  
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 Figure.3.13 Demattia Flex cut growth for NR-HNT nanocomposites 

Table 3.4 Demattia Flex cut growth for NR-HNT nanocomposites 

 

 

 

 

Cut growth for HNTs found better than the reference compound as shown in figure 3.13. 

HNT with 2 phr found lowest cut growth than other composition. 

3.5 Wear characteristics 

Wear characteristics was studied by Abrasion test with Din Abrader. Abrasion loss for 

each sample is expressed in terms of volume loss & abrasion resistance index (ARI). 

Abrasion resistance of NR vulcanizates was determined in terms of DIN volume loss. 

Table.3.5 shows DIN volume loss of NR-HNT nanocomposites reduced as HNT 

content increased and  abrasion resistance index also shows a reducing value from 

135% to 121%, which reveals that the abrasion resistance is good for the increase in 

HNT content 0phr 2phr 4phr 6phr 

Demattia Flex cut 

growth (in mm) 
8.5 6.9 7.2 8.1 
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HNT content for NR-HNT nanocomposite. Abrasion volume loss also reduced while 

increase in nanofiller loading as shown in figure 3.14. 

Table 3.5 Wear characteristics of NR-HNT nanocomposites 

 

 

Figure.3.14 Wear characteristics of NR-HNT nanocomposites 

 

HNT Content Avg. Wt loss % ARI (%) Abrasion Volume loss 
(mm3) 

0phr 10.26 135 122 

2phr 10.16 124 119 

4phr 9.87 124 114 

6phr 9.34 121 110 
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3.6 Thermal Analysis 

The TGA study was conducted for the NR-HNT nanocomposites and compared with the 

control NR compound.(Figure.3.16 and Figure.3.17) The data reveals that the NR-HNT 

composites have better thermal stability for the nanocomposites than the control 

compound. 

The TGA study was conducted for the NR-HNT nanocomposites and compared with the 

control NR compound. (Figure 3.15). The data shows that the NR-HNT composites  

have better thermal stability for the nanocomposites than the control compound. The 

thermal stability (decomposition at 50% weight loss) improved from 399°C to 412°C with 

the increase in HNT content.  The thermal stability improvement  can be due to the 

strong interaction of  NR & nonofiller by means of proper blending and homogeneous 

mixing of the NR-HNT nanocomposites.  

 

Figure.3.15 TGA thermogram for NR-HNT Nanocomposites 
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Table. 3.6 Thermal decomposition temperatures from TGA plot 

 

Composition 

Thermal Decomposition(°C) 

5%Wt loss 50% Wt loss 80% Wt loss 

0HNT 273.9 399.17 534.74 

2HNT 281.24 404.36 542.61 

4HNT 284.98 411.7 559.77 

6HNT 288.3 406.83 560.16 

 

 

Figure. 3.16 Effect of HNT in NR at 5% weight loss temperature trend from TGA 

plot 

The data in table 8 reveal that the loading of HNTs and the modification of HNTs with silanes 

have prominent effects on the thermal stability of the nanocomposites. The temperature at 5% 
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weight loss for reference compound is 274°C. However, this temperature for the 

nanocomposites filled with 4 phr HNTs, is increased to 285°C, which is 11°C higher than that of 

reference compound as shown in figure 3.6.2. 

 

Figure.3.17 Effect of HNT in NR at 50% weight loss temperature trend from TGA plot 

 

Figure.3.18 Effect of HNT in NR at 80% weight loss temperature trend from TGA plot 
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In the case of 50% & 80% weight loss figure 3.18 and 3.19, the temperature for reference 

compound is much lesser than the HNT filled natural rubber nanocomposites . There is also a  

considerable change in 80% weight loss temperature for the silane modified nanocomposite 

which is almost 7.5 °C higher compared to normal compound without nanofiller. Even the 

temperatures at 5% ,50% and 80% weight loss of carbon black filled composites are lower than 

that of HNT filled NR nanocomposites which shows higher thermal stability for NR-HNT 

nanofillers useful for high temperature applications like tyre tread compounding. 

 

3.7 X-ray Diffraction 

To measure the change in gallery spacing of HNT, X-ray diffraction (XRD) test was 

conducted in a Rigaku Miniflex CN 2005 X-ray diffractometer equipped with CuKa 

radiator (30 kV, 10 mA, Rigaku Corporation, Tokyo, Japan). The diffraction data were 

obtained within a goniometer angle (2θ) range of 10°-30°. 

  The XRD peak for pure HNT found 12.2° where as the 4 phr HNT-NR 

nanocomposites shows a shift in the diffraction pattern to the lower angle of 11.78° as 

shown in Figure 3.19.  It shows that the increase in basal length between the nanofiller. 

Basal length increased from 7.30 to 7.39 in nanofiller loading of 4phr shows the good 

dispersion of nanocomposite. Lower angle reveals the better exfoliation of the NR in to 

the nanofiller HNT.  

It shows that the increase in basal length between the nanofiller layers. Increase in 

basal length of nanofiller loading of 4phr & 6phr shows the good dispersion of 

nanocomposite. Lower angle for NR / HNT nanocomposites reveals the better 

exfoliation of the NR in to the nanofiller HNT. The changes in the other 2θ peak values 

also suggest that there is a good interaction of HNT in the composite. 

 



` 

 

63 

 

 

Figure.3.19 Diffraction peak shift for pure HNT and NR-HNT Nanocomposites 

 

3.8 Microscopic studies of the NR/HNT composites  

3.8.1 Optical Microscopic scans 

A thin section of the samples were viewed through Zeiss optical microscope and Figure 

3.20 shows the scans obtained for NR and NR/HNT composites. The presence and 

even distribution of HNTs in NR matrix is clearly seen from the below shown figure 3.20 
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 Figure 3.20 Optical microscopic image of NR-HNT Nanocomposites a) NR b) NR 

with 2 phr HNT  c) NR with 4 phr HNT d)NR with 6 phr HNT 

3.8.2 Scanning electron microscopy 

SEM pictures figure 3.21 of NR-HNT nanocomposites having good mechanical 

properties & thermal properties (NR with 4 phr HNT) was analyzed and found to show 

the presence of HNTs with better dispersion. 

 

Figure.3.21 SEM images for NR- with 4 phr HNT composite at different magnification 
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3.8.3 Transmission electron microscopy 

TEM image for the 4phr HNT filled NR taken figure 3.8.3 and found a good dispersion of 

HNT in the NR matrix and which reflected in the mechanical, thermal and wear 

properties 

 

Figure.3.22 TEM image for NR with 4phr HNT nanocomposite 

Generally, dispersion state of the fillers in a polymer matrix is one of the critical factors 

in determining the mechanical properties of nanocomposites. Uniform dispersion of filler 

especially in nanoscale leads to high mechanical properties of composites. On the 

contrary, the aggregated fillers in the polymer matrix act as the stress–concentration 

points, leading to deteriorated properties. It can be seen that Figure.3.22 the HNTs are 

dispersed in the NR matrix individually with 4 phr of HNT loading in presence of silane 

coupling agent. This can be attributed from the strong interaction between HNTs and 

NR matrix via silane coupling agent, thus supporting the XRD results.  
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4.0 SUMMARY AND CONCLUSIONS 

Natural rubber nanocomposites were prepared with natural halloysite nanotubes filler 

upto 6 phr. Superior reinforcing activity of HNTs was realized in all the properties 

studied. The results obtained for mechanical properties showed a significant 

improvement in tensile strength and elongation at break of nanocomposites. Improved 

wear characteristics was found for the composites filled with HNTs.  

DMA results shows  that among the HNT compositions, 4phr shows the minimum 

value of tanδ at 60°C ie. 0.062, indicating a better rubber-filler interaction. Hence 4phr 

HNT content exhibits lower rolling resistance leading to a better fuel economy, which 

implies more uniform dispersion of HNT at lower loading. At higher loading of HNT to 

NR the tanδ found gradually increasing shows lower filler interaction than at lower filler 

loading. 

Demattia flex shows cut growth is increasing with increase in the loading of HNT 

filler as same as the hardness of the compound. Cut growth for HNT filled NR 

compound found better than the reference compound with carbon black. HNT with 2 phr 

found lowest cut growth than other compositions 

  X-ray diffraction results show that the composites with 4phr HNT nanofiller have 

a lower side shift of 11.8° in the 2θ angle compared to 12.2° of pure HNT revealing 

good dispersion of HNTs in rubber matrix.  

TGA studies of NR-HNT nanocomposites with 4phr HNT loading shows improved 

thermal stability at 5%, 50% as well as 80% thermal decomposition. High thermal 

stability of NR-HNT nanocomposite can be due to the higher filler interaction with the 

NR matrix. Higher thermal stability of NR-HNT compounds throws lights to usage of 

same compound for tyre formulations where the operating temperature range varies 

from 30°C to 60°. Wear characteristics studied using the Din Abrader gave lesser 

weight loss on increasing the HNT content revealing higher abrasion resistance which 

gives reduced rolling resistance and enhanced mileage for the application of NR-HNT 
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nanocomposite in tyre tread compositions where direct interaction with the load and 

frictioning road surface.   

Finally, owing to the high reinforcing activity of the halloysite nanotubes as 

compared to conventional silica or carbon black, application of this filler can be 

extended to the green tyre formulation where a large amount of silica and carbon black 

are being used to get a high performance, mileage of the tyre. HNTs were used as such 

without any compatibilisation or surface modification.  

5. Scope for further Work 

Further studies on modification of the HNT filler with hydrophobic compatibilizer 

may reveal still better properties of the NR /HNT nanocomposites for improved wear 

and mechanical properties. Different mixing techniques (Eg: Solution blending in natural 

rubber latex) can be tried to improve the dispersion of nano fillers and hence the 

improvement in performance of end product. 
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