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1. Introduction

Nanotechnology, in its traditional sense, means building things from the bottom up, with atomic 

precision.  The  application  of  nanomaterials  can  be  historically  traced  back  to  even  before  the 

generation  of  modern  science  and  technology  [1].   Systemic  experiments  conduced  on 

nanomaterials had also been started from the known Faraday experiments [2] in 1857. The field of 

nanotechnology is one of the most popular areas for current research and development in basically 

all technical disciplines. This obviously includes polymer science and technology and even in this 

field the investigations cover a broad range of topics. This would include microelectronics (which 

could now be referred to as nanoelectronics) as the critical dimension scale for modern devices is 

now below 100 nm. Other areas include polymer-based biomaterials, nanoparticle drug delivery, 

miniemulsion particles, fuel cell electrode polymer bound catalysts, layer-by-layer self-assembled 

polymer films, electrospun nanofibers, imprint lithography, polymer blends and nanocomposites. 

Even in the field of nanocomposites, many diverse topics exist including composite reinforcement, 

barrier  properties,  flame resistance,  electro-optical properties,  cosmetic applications,  bactericidal 

properties.  Nanotechnology  is  not  new  to  polymer  science  as  prior  studies  before  the  age  of 

nanotechnology  involved  nanoscale  dimensions  but  were  not  specifically  referred  to  as 

nanotechnology  until  recently.  Phase  separated  polymer  blends  often  achieve  nanoscale  phase 

dimensions; block copolymer domain morphology is usually at  the nanoscale level;  asymmetric 

membranes often have nanoscale void structure, miniemulsion particles are below 100 nm; and 

interfacial  phenomena  in  blends  and  composites  involve  nanoscale  dimensions.  While  the 



reinforcement  aspects  of  nanocomposites  are  the  primary  area  of  interest,  a  number  of  other 

properties  and  potential  applications  are  important  including  barrier  properties,  flammability 

resistance, electrical/electronic properties, membrane properties, polymer blend compatibilization. 

The  synergistic  advantage  of  nanoscale  dimensions  (‘‘nano-effect’’)  relative  to  larger  scale 

modification is an important consideration [3]. Nano investigations, being widely interdisciplinary 

by their very nature, promote the joining and merging of the various science and technology fields 

such as powder technology, colloid chemistry, surface chemistry and physics, clusters and aerosols, 

tribology,  catalysis,  simulation  and  modeling,  computer  technique,  etc  [4]. The  field  of 

nanotechnology has changed the face of research in polymer chemistry.  Polymer–nanocomposites, 

in last few decades, have become worldwide research interest for developing polymeric materials 

with improved/desired properties by incorporation of these nanoscale materials into polymer matrix. 

1.1 Polymer nanocomposites 

In recent years the advances in synthesis techniques and the ability to characterize materials on 

atomic scale has lead to a growing interest in nanometer-size materials.  The invention of Nylon-

6/clay nanocomposites by the Toyota Research Group of Japan heralded a new chapter in the field 

of polymer composites. Polymer nanocomposites combine these two concepts, i.e., composites and 

nano-sized materials. Polymer nanocomposites are materials containing inorganic components that 

have nano-dimensions. In this thesis the discussion is restricted to polymer nanocomposites made 

by dispersing two-dimensional layered nanoclays as well as nanoparticles into chlorobutyl rubber 

matrix. In contrast to the traditional fillers, nano-fillers are found to be effective even at as low as 5-

wt% loading. Nano-sized clays have dramatically higher surface area compared to their macro-size 

counterparts like china clay or talc. This allows them to interact effectively with the polymer matrix 

even at lower concentrations. As a result, polymer nanoclay composites show significantly higher 

modulus, thermal stability and barrier properties without much increase in the specific gravity and 

sometimes retaining the optical clarity to a great extent. As a result the composites made by mixing 

layered nanoclays in polymer matrices are attracting increasing attention commercially. Thus, the 

understanding of the links between the microstructure, the flow properties of the melt and the solid-

state properties is critical for the successful development of polymer nanoclay composite products. 

The  overall  objective  of  this  work  is  to  quantify  the  structure-processing-property  linkages  in 

polymer nanoclay composites. 

1.2 Rubber Nanocomposite  

At present nanocomposites based on rubber matrices and organo-layered silicates represent 

an  interesting  opportunity  for  the  design  of  high  characteristic  materials  mainly  from  the 

mechanical properties and thermal stability points of view [13].While clay nanocomposites have 

been investigated in combination with many thermoplastics and thermosetting polymers, much less 



attention has  been paid to  the elastomers  as  matrices  [14–17].  Besides  increased modulus and 

strength,  other  factors  such  as  tear  properties,  fracture  toughness  and  abrasion  resistance  are 

claimed to be improved as a result of clay addition to rubber [18-20]. The effects of the coating 

amount  of  surfactant  and  the  particle  concentration  on  the  impact  strength  of  polypropylene 

(PP)/CaCO3 nanocomposites  were  investigated  [21].  The  morphological  features  and  the  free 

volume  properties  of  an  acrylic  resin/laponite  nanocomposite  are  investigated  using  X-ray 

diffraction  and  Positron  Annihilation  Lifetime  Spectroscopy[22].  Structure  and  rheological 

properties  of  hybrids  with  polymer  matrix  and  layered  silicates  as  filler  were  studied.  The 

peculiarity of this study is that the matrix depending on temperature can form different phase states 

including liquid-crystalline (LC).  So, a possibility of coexistence and superposition of different 

ordered  structures  can  be  realized  at  different  temperatures.  Three  different  fillers  were  used: 

natural Na-montmorillonite (MMT) and organoclays obtained by treating MMT with surfactants 

varying in polarity of their  molecules.  Depending on the type of clay,  materials  with different 

morphology  can  be  obtained.  X-ray  data  showed that  PEG intercalates  all  types  of  clay  used 

whereas penetration of HPC macromolecules into clay galleries during mixing does not occur. Clay 

modified  with  more  polar  surfactant  should  be  treated  as  the  most  convenient  material  to  be 

intercalated by PEG [23]. With the incorporation of less than 9 wt.% nanoclay, the dynamic storage 

modulus above the glass transition region of such a blend increases from 2 MPa to 54 MPa. This 

tremendous reinforcing as well as the compatibilization effect of the nanoclay was understood by 

thermodynamically  driven  preferential  framework-like  accumulation  of  exfoliated  nanoclay 

platelets  in  the  phase  border  of  CR  and  EPDM,  as  observed  i.e.  from  transmission  electron 

microscopy [24]. modified method for interconnecting multi-walled carbon nanotubes (MWCNTs) 

was put forward. And interconnected MWCNTs by reaction of acyl chloride and amino groups 

were  obtained.  Scanning  electron  microscopy  shows  that  hetero-junctions  of  MWCNTs  with 

different  morphologies  were  formed.  Then  specimens  of  pristine  MWCNTs  chemically 

functionalized MWCNTs and interconnected MWCNTs reinforced epoxy resin composites were 

fabricated  by  cast  moulding.  Tensile  properties  and  fracture  surfaces  of  the  specimens  were 

investigated[25]. Model to simulate the conductivity of carbon nanotube /polymer nanocomposites 

is presented. The proposed model is based on hopping between the fillers. A parameter related to 

the influence of the matrix in the overall composite conductivity is defined. It is demonstrated that 

increasing the aspect ratio of the fillers will increase the conductivity. Finally, it is demonstrated 

that  the  alignment  of  the  filler  rods  parallel  to  the  measurement  direction  results  in  higher 

conductivity values, in agreement with results from recent experimental work [26]. Polybutadiene 

(PB)/Allylisobutyl  Polyhedral  Oligomeric  Silsesquioxane (A-POSS) nanocomposites  have  been 

prepared by using A-POSS and butadiene (Bd) as comonomers, n-BuLi as initiator, cyclohexane as 



solvent,  ethyltetrahydrofurfuryl  ether  as  structure  modifier  through  the  anionic  polymerization 

technique. The reaction conditions, the kind and content of the modifier and POSS, etc. affecting 

the copolymerization process and the microstructure of the nanocomposites were also investigated. 

The results showed that POSS incorporation obviously decreased the rate of polymerization and the 

molecular  weight  of  the  copolymers,  increased  polydispersity  index  of  the  copolymers.  The 

reaction  conditions  (the  reaction  time  and  reaction  temperature)  had  little  effect  on 

copolymerization [27]. 

Some important rubber engineering products containing high pressure air, for example tire 

inner-tubes, air springs and cure bladders, etc. demand a high barrier to gas permeation. Several 

rubber/clay nanocomposites, such as natural rubber (NR)/clay, nitrile rubber (NBR)/clay, ethylene– 

propylene–diene  rubber  (EPDM)/clay  and  styrene  butadiene  rubber  (SBR)/clay,  have  been 

successfully prepared [28-32]. 

The preparative methods of rubber nanocomposites are divided into four main groups depending on 

the starting materials and processing techniques:

 1.2.1. Intercalation of polymer or prepolymer from solution

This is based on a solvent system in which the polymer or prepolymer is soluble and the silicate 

layers are swellable. The layered silicate is first swollen in a solvent like chloroform, toluene or 

cyclohexane. When the polymer and the layered silicate are mixed the polymer chains intercalate 

and displace the solvent within the interlayer of the silicate.  The solvent is  evaporated and the 

intercalated structure remains.  For the overall process, in which polymer is exchanged with the 

previously intercalated solvent in the gallery, a negative variation in Gibbs free energy is required. 

The driving force for polymer intercalation into layered silicate from solution is the entropy gained 

by desorption of solvent molecules, which compensates for the decreased entropy of the intercalated 

chains . This method is good for the intercalation of polymers with little or no polarity into layered 

structures, and facilitates production of thin films with polymer-oriented clay intercalated layers. 

The  major  disadvantage  of  this  technique  is  the  non  availability  of  compatible  polymer-  clay 

systems.  Moreover  this  method  involves  the  copious  use  of  organic  solvents  which  is 

environmentally  unfriendly  and  economically  prohibitive.  Biomedical  polyurethane  urea 

nanocomposites were prepared by adding OMLS (organically modified layered silicate) suspended 

in toluene drop wise to the solution of PUU in N,N dimethyl acetamide(DMAC). The mixture was 

then stirred overnight at room temperature, degassed and the films were cast on round glass Petri 

dishes. The films were air dried for 24 h, and subsequently dried under vacuum at 50  0C for 24 

hours. WAXD analysis indicated the formation of intercalated nanocomposites [33]. The effects of 

heat and pressure on microstructures of isobutylene-isoprene rubber/clay nanocomposites prepared 

by solution intercalation (S-IIRCNs) were investigated [34]. A comparison of the WAXD patterns of 



untreated S-IIRCN and nanocomposites prepared by melt intercalation(M-IIRCN) reveals that the 

basal spacing of the intercalated structures in untreated M-IIRCN (i.e.,5.87 nm) is much larger than 

that in S-IIRCN (i.e.,3.50 nm), which is likely a result of the different methods of preparation. 

1.2.2. In situ intercalative polymerization method

In this method, the layered silicate is swollen within the liquid monomer or a monomer solution and 

so the formation cannot occur between the intercalated sheets. Polymerization can be initiated either 

by heat or radiation, by the diffusion of a suitable initiator, or by an organic initiator or catalyst 

fixed through cation exchange inside the interlayer before the swelling step. Yao et al. [35] reported 

the preparation of a novel kind of PU/MMT nanocomposite using a mixture of modified 4, 40-di-

phenymethylate diisocyanate (MMDI) modified polyether polyol (MPP) and Na- MMT. In a typical 

synthetic route, a known amount of Na-MMT was first mixed with 100 ml of MPP and then stirred 

at 50 0C for 72 h. Then, the mixture of MPP and Na-MMT was blended with a known amount of M-

MDI and stirred for 30 s at 20 0C, and finally cured at 78 0C for 168 h.  Wang and Pinnavaia [36] 

reported the preparation of polyurethane-MMT nanocomposites using this technique. It can be seen, 

that the extent of gallery expansion is mainly determined by the chain length of the gallery onium 

ions and is independent of the functionality or molecular weight of the polyols and the charge 

density  of  the  clay.  These  nanocomposites  exhibit  an  improvement  in  elasticity,  as  well  as  in 

modulus. In another study, Pinnavaia and Lan [37] reported the preparation of nanocomposites with 

a rubber/ epoxy matrix obtained from DGEBA derivatives cured with a diamine so as to reach sub 

ambient glass transition temperatures. It has been shown that depending on the alkyl chains length 

of modified MMT, an intercalated and partially exfoliated or a totally exfoliated nanocomposite can 

be obtained. 

1.2.3. Melt intercalation

Recently  melt  intercalation  technique  has  become the  standard  for  the  preparation  of  polymer 

nanocomposites. During polymer intercalation from solution a relatively large number of solvent 

molecules have to be desorbed from the host to accommodate the incoming polymer chains. The 

desorbed solvent molecules gain one translational degree of freedom, and the resulting entropic gain 

compensates for the decrease in conformational entropy of the confined polymer chains. There are 

many advantages to direct melt intercalation over solution intercalation. Direct melt intercalation is 

highly  specific  for  the  polymer,  leading  to  new  hybrids  that  were  previously  inaccessible.  In 

addition the absence of solvent makes the process economically favourable method for industries 

from a waste perspective. On the other hand during this process only a slow penetration (transport) 

of polymer takes place within the confined gallery. Very recently, EPDM/clay nanocomposites were 

prepared by mixing EPDM with OMLS via a vulcanization process [38]. WAXD analysis and TEM 

observation  revealed  that  the  clay  layers  were  exfoliated  and  almost  dispersed  as  monolayers. 



Polyamide 66/SEBS-g-M alloys and their  nanocomposites were prepared by melt  compounding 

using a twin screw extruder. Morphological investigations with different methods show pseudo-one-

phase type morphology for these prepared alloys at all percentage of rubber. Impact and tensile tests 

results  showed  that  rubber  toughened  samples  exhibit  significantly  more  impact  strength  and 

elongation at  break comparing to  virgin polyamide.  Samples  with 20% of  rubber  show impact 

strength about 15 times and elongation at yield several times more than those of virgin polyamide. 

So, these rubber modified polyamide can be considered as super toughened rubber. A general type 

organoclay at 4% and 8% has been used with rubber toughened samples to tolerate their modulus 

and tensile strength. Obtained results show that nanoclay could significantly increase modulus and 

tensile strength of rubber modified Polyamide 66 without considerable effects on impact strength. 

WAXD and SEM results  show that  the  Polyamide  66 nanocomposites  are  better  exfoliated  in 

presence  of  SEBS-g-MA.  The  reduced  modulus  and  strength  of  alloys  with  functional  rubber 

addition was counteracted by incorporation of organoclay without significant negative effects on the 

impact strength. Comparison of mechanical properties of this rubber toughened polyamides with 

virgin polyamides shows an increase about 1200% and 240% for impact strength and elongation at 

break, respectively, which is a very interesting result and show excellent toughening of polyamide 

66 with SEBS-g- MA rubber [39].

1.2.4. Sol gel method

Sol-gel chemistry offers a unique advantage in the creation of novel organic–inorganic hybrids. The 

sol gel process requires a combination of metal alkoxide precursors [M(OR)n] and water, where M 

is  a  network  forming  inorganic  element  and  R  is  typically  an  alkyl  group.  Hydrolysis  and 

condensation of the metal alkoxide are the two fundamental steps to produce inorganic network 

within  the  polymer  matrix  in  presence  of  an  acid  or  base  catalyst.  Silicon  alkoxide  (e.g.,  

tetraethoxysilane,  TEOS)  is  the  most  commonly  used  metal  alkoxide  due  to  its  mild  reaction 

condition  [40,41].  Tang  and Mark [42]  have  reported  mechanical  properties  of  sol-gel  hybrids 

prepared .The reaction parameters that influence the sol-gel chemistry are the pH of the solution, the 

mole ratio of Si to H2O, catalysts, solvents and reaction temperature. Also, pH plays a key role in 

determining  the  nature  of  the  hybrids  when  all  other  parameters  are  kept  constant.  A typical 

application area for hybrid materials are optical systems that require homogeneous and transparent 

materials which cannot be obtained from mixtures that are already macroscopically phase separated. 

This is often the case if hydrophobic polymers are mixed with sol–gel solutions. Therefore, organic 

polymers with functional groups that have specific interactions with compounds created in the sol–

gel  process,  e.g.  hydrogen bonding to  residual  silanol  groups on the  formed silica,  have to  be 

chosen. If the time of the sol–gel network formation is fast enough, a macroscopic phase separation 



is avoided. This was proved applying the very fast non-aqueous sol–gel process where formic acid 

is used together with silicon alkoxides. In this process water is necessary for the condensation of the 

silicate,  kaolin or carbon black. Species is produced by an esterification reaction of the alcohols 

released by the silica precursor and formic acid.  Bandyopadhyay and co-workers [43,44] conducted 

a detailed study on the structure–property relationship of the rubber/silica hybrid nanocomposites 

(ACM and ENR based) by varying the reaction parameters like solvents, Si to H2O mole ratio and 

temperature.  Polysiloxane elastomers  have been reported to  be reinforced by precipitated silica 

particles  which  are  nano  sized  and  highly  dispersed  through  a  sol–gel  technique.  Although 

theoretically this method has the potential of promoting the dispersion of the silicate layers in a one-

step process, without needing the presence of the onium ion, it presents serious disadvantages. First 

of all, the synthesis of clay minerals generally requires high temperatures, which decompose the 

polymers. An exception is the synthesis of hectorite-type clay minerals which can be performed 

under relatively mild conditions [45].

1.3 Chlorobutyl rubber (CIIR)

Butyl rubber is derived from the monomer of another rubber called poly isobutylene. Although 

poly-isobutylene is a rubber it had minimal use as rubber, because being unsaturated it could not 

be cured with sulphur and attempt to cured with peroxide simply leads to degradation of the 

polymeric materials.  In addition to this, poly-isobutylene is having very high cold flow and 

creep. This problem of poly isobutylene was over come in 1939 through copolymerization of 

isobutylene with small amount of a diene monomer called isoprene. Butyl rubber is a random co 

polymer of isobutylene and a small amount of isoprene. It is also known as isobutylene-isoprene 

rubber, abbreviated as IIR according to ASTM D 1418. The amount of isobutylene part in the 

butyl rubber ranges from 97 to 99 mol % and that of isoprene part is from 0.8 to 2.5 mol %. The 

term “mole percent unsaturation” refers to the number of isoprene molecules in 100 monomer 

molecules in the polymer.  Thus, a one – mole percent unsaturated butyl would contain one 

molecule of isoprene and ninety nine molecules of isobutylene. In a single butyl macromolecule 

made up of thousands of monomer units, the isoprene units are randomly distributed. Scheme1 

shows the repeating unit of a butyl elastomer.

           Isobutylene unit                                                                       isoprene unit

Scheme1.  Repeating unit of butyl elastomer.

As a result of its molecular structure, IIR possesses superior air impermeability due to the 



sluggish movement of its methyl groups. The exceptional air impermeability of butyl rubber has 

made it the elastomer of choice for the inner tubes and liners of tires. Chlorobutyl rubber (CIIR) is 

obtained by the allylic substitution of butyl rubber by chlorine atom. The percentage of chlorine in 

chlorobutyl rubber varies from 1-2%. Several studies have been made to modify the properties of 

halo butyl rubber [46-56]. Hendriske and coworkers [46] studied the vulcanization of chloro butyl 

rubber and determined the crosslink densities. Dadvand et. al [47] evaluated the thermal stability 

characteristics of Neoprene /chlorobutyl rubber composites before and after ageing.Takashi et al 

[56] synthesized butyl rubber\vermiculite nanocomposites and studied the gas barrier properties of 

these nanocomposite coatings on a PPO coated ceramic disc.  It was found that gas permeability of 

the nano composites decreased remarkably by the presence of high loadings of vermiculite. Capps 

[57] and co-workers compared the viscoelastic and dielectric relaxations in butyl and chloro butyl 

rubber  as  a  function  of  carbon  black  loading.  Sridhar  and  coworkers  studied  the  relaxation 

behaviour of chloro butyl nano clay composites [58]. 

1.4. Motivation of the work 

The major objective of the project was the development of impermeable membranes from 

halo  butyl  rubber  nanocomposites.  We  have  successfully  synthesized  calcium  phosphate 

nanoparticles and characterized them to ensure that the particles are within the nano regime. The 

preparation of nanocomposites of chlorobutyl rubber was done by incorporating fillers like titanium 

dioxide, calcium phosphate and various organically modified nanoclays. The traditional two roll 

mixing was followed in the case of nano calcium phosphate and titanium dioxide fillers. In the case 

of layered silicates the two roll mixing gave rise to inferior properties and so it paved the way for 

the  development  of  a  novel  technique  for  the  processing  of  the  layered  silicate  reinforced 

nanocomposites. The novel technique so adopted was a hybrid of two roll  mixing and solution 

mixing. The choice of the solvent was done after a series of experiments using various solvents like 

cyclohexane, toluene, xylene, THF, chloroform etc which vary in their cohesive energy density. The 

properties obtained with different solvents were correlated with the solubility parameters of the 

nanocomposites and the ideal solvent  for the process was selected.  Thus nanocomposites using 

different clays with varying d spacing and surfactants/modifier concentrations were prepared and 

the properties were analysed. The mechanical, barrier, thermal, dynamic mechanical and dielectric 

properties of the aforementioned nanocomposites were analysed.

1.5. Objectives of the study

  Even though research on CIIR based nanocomposites has been reported, careful and systematic 

survey of the research done till now in this field revealed that no systematic study has been done to 

analyse the effect of different types of fillers and the resulting changes in the properties of the 

nanocomposites. Since fillers such as layered silicate, calcium phosphate and titanium dioxide have 



entirely different chemical as well as physical properties, it is worthwhile investigating the extent of 

interaction of these fillers with the chlorobutyl rubber and analyzing the resulting property changes. 

In the case of layered silicates the two roll mixing gave rise to inferior properties and so it paved the 

way for the development of a novel technique for the processing of the layered silicate reinforced 

nanocomposites. The choice of the solvent was done after a series of experiments using various 

solvents like cyclohexane, toluene, xylene, THF, chloroform etc which vary in their cohesive energy 

density.  The  properties  obtained  with  different  solvents  were  correlated  with  the  solubility 

parameters  of  the  nanocomposites  and  the  ideal  solvent  for  the  process  was  selected.  Thus 

nanocomposites  using  different  clays  with  varying  d  spacing  and  surfactants/modifier 

concentrations were prepared and the properties were analysed. The mechanical, barrier, thermal, 

dynamic mechanical and dielectric properties of the aforementioned nanocomposites were analysed. 

Besides we think that there is a great industrial and commercial future for Chlorobutyl rubber based 

Nanocomposites.

The specific objectives of the present work are

 Optimisation  of  processing  parameters  for  the  processing  of  chlorobutyl  rubber 

nanocomposites.

 Evaluation of the effect of various organic solvents in the preparation of organically 

modified layered silicate chlorobutyl rubber nanocomposites using solution mixing 

technique.

 Preparation of chlorobutyl rubber composites with different filler morphology.

 Effect of surfactant type and modifier concentration and d spacing of the layered 

silicates on the properties of nanocomposites.

 Evaluation  of  the  thermal,  morphological,  mechanical,  dielectric  and  barrier 

properties of the chlorobutyl rubber nanocomposites.

2. Materials and experimental methods.

2.1 Materials

2.1.1 Chlorobutyl rubber (CIIR)

Chlorobutyl rubber used for the study , CBK-150 was obtained from Nizhnekamsk,  Russia.

Scheme 2.  Structure of Chlorobutyl rubber

2.1.2 Chemicals

Sulphur  was  used  as  the  crosslinking  agent  and  was  supplied  by  M/s  Bayer  India  Ltd., 

Mumbai,  India.  Tetra methylthiuram disulphide (TMTD) with specific gravity 1.42 and sulphur 

content 40% was obtained from ICI India Ltd. Rishra, India. All other rubber ingredients such as 



vulcanizing agents, accelerators and activators were of chemically pure grade obtained from Merck, 

Bombay.                                       

2.1.3 Fillers 

Three types of fillers having different filler geometry were used in this work. These are titanium 

dioxide (TO), calcium phosphate (CP) and organically modified layered silicates (cloisite 10 A, 

cloisite 15 A and cloisite 20 A).  

Calcium phosphate in the nanometre range was prepared in our laboratory. 

Titanium dioxide under the trade name KEMOX RC 800 PG was supplied by Kerala Metals and 

Minerals Ltd (KMML), Kerala, India.  

2.2 Sample preparation.

2.2.1 Preparation of chlorobutyl rubber composites by melt mixing

The elegant approach of in situ deposition technique was used for the synthesis of nano calcium 

phosphate  using  polyethylene  glycol  and  calcium chloride  as  starting  materials.  The  scheme 3 

depicts  the  synthesis  of  calcium  phosphate  nanoparticles.  PEG  was  dissolved  in  water  (20% 

solution) by gentle warming followed by stirring and the PEG solution was left for digestion for 24 

hours. To this solution a 0.02  % solution of calcium chloride is added and kept for another 24 

hours. To this mixture a solution of ammonium phosphate is added and by carefully maintaining an 

alkaline PH.  nanoparticles of calcium phosphate are formed in the reaction medium. This is then 

subjected to washing several times with distilled water followed by slow drying at 70  o C. The 

particles thus prepared were subjected to XRD, TEM and SEM to analyse the particle size and to 

confirm that they are in the nano regime. 

PEG

 

                         CaCl2 Solution

                       (NH4)H2PO4

        

              Drying

                       

                          Ca3(PO4)2



Scheme3. Preparation of nano calcium phosphate by polymer precursor method.

The chlorobutyl rubber composites using calcium phosphate and titanium dioxide as well as layered 

silicate as  filler were prepared using melt mixing. Since melt mixing is the most viable method for  

the formation of composites, the same was tried initially for all the different fillers. The  compounds 

were mixed in a two-roll mill of 170 mm diameter, working distance 300 mm, speed of slow roll 18 

rpm, and gear ratio 1 : 4 by careful control of temperature, nip gap, and time of mixing. After 

complete mixing the stock was passed six times through tight nip and finally sheeted out at a fixed 

nip gap. The CIIR composites were left for a day before vulcanization in a dessicator.

2.2.2 Preparation of Layered Silicate Nanocomposites

 The layered silicate was dispersed first in an organic solvent like cyclohexane and then mixed with 

the rubber swollen in the same solvent with stirring. The nanocomposites so obtained are cast on a 

petri dish at room temperature to get a thin film. The solvent was allowed to evaporate at room 

temperature and dried in a vacuum oven at 600c till there was no weight variation. This method of 

solution mixing was followed by the addition of a sulphur cure package on a two roll mill and 

compounded for a period of 15 minutes by carefully controlling the nip gap and temperature. The 

compounds were mixed in a two-roll mill of 170 mm diameter, working distance 300 mm, speed of 

slow roll 18 rpm, and gear ratio 1 : 4 by careful control of temperature, nip gap, and time of mixing 

as in the case of melt mixing. The scheme 4 represents the solution mixing technique employed for 

the preparation process.

Scheme 4. Representation of the solution mixing technique

2.2.3 Vulcanization 

Vulcanization was carried out  using sulphur  as the cross linking agent  and other rubber 

compounding  reagents.  Different  mixes  were  prepared  according  to  the  specified  formulations 

given in Table 2.3. The mixing process was carried out using a laboratory two–roll mixing mill (150 

x 300 mm) at a friction ratio 1:1.4 and 300 g capacity. The rollers were water cooled during the  

mixing operation. The compounding was performed at room temperature keeping the nip gap; mill 

roll speed ratio and the overall mixing time (16 minutes) were kept constant in all the mixes. The 

mixes are designated as CIIR/TO, CIIR/CP and CIIR/ (10,15,20)C representing various fillers such 

as TiO2, Ca3(PO4)2 and layered silicate  respectively in sulphur vulcanizing system. The fillers were 

heated in an oven at 1000  C for 8 hours to remove moisture, kept in a dessicator and used for the 

composite preparation. 100 g CIIR was masticated for 2 minutes before the addition of ingredients. 

In  the  case of  layered silicate  nanocomposites  the  samples  were solution casted  in  appropriate 

solvents and dried prior to mill mixing.



2.2.4 Moulding

The mixes were kept overnight in a desiccator to avoid moisture and then cured at 1500C in 

an electrically heated hydraulic press to their respective cure time (t90) at a pressure of 150 kg/cm2 to 

get sheets of 1.5 mm thickness. These samples were stored in a desiccator at room temperature for  

24 hours to ensure that all samples were subjected to the same thermal history prior to testing. From 

these sheets, appropriate samples were taken to make the test specimens. 

2.3 Characterization techniques 

2.3.1 Cure behaviour

Rheographic test on various rubber mixes were carried out on a moving die rheometer (Rheo Tech–

MD). The test specimen of about 6-7 g of vulcanizable rubber compound was inserted into the cure 

meter test cavity (Vulcanization chamber). The test cavity was maintained at elevated temperature 

under pressure. Inside the cavity, the rubber is totally surrounded by a biconical disk. The disk was 

oscillated at 100 cycles per minute through rotational amplitude of 0.5O arc and this action exerted a 

shear  strain  on  the  test  specimen.  The  force  (Torque)  required  to  oscillate  the  disc  to  the  set 

amplitude was continuously recorded as a function of time with the torque being proportional to the 

shear modulus of the test specimen at the test temperature. The initial torque first decreased as it 

warmed up, and then it increased due to curing of the elastomer. The test was completed when the 

recorded torque rose to a maximum value. The time required to obtain a definite level of cure is a 

function of the characteristics of the rubber compound and the test temperature. The output data 

obtained from the rheometric studies were Scorch time, ts2
 (Time required for the rise of 2 units of 

torque  from  the  minimum  torque,  ML  )  ,  Optimum  cure  time,  tc  90  (Time  required  for  the 

development of 90% of the maximum rheometric torque), ML and MH and their difference (MH-ML) 

are  the  maximum  and  minimum  rheometric  torque  respectively.  The  difference  between  the 

maximum and  the  minimum torque,  gives  a  rough  indication  of  the   crosslink  density  of  the 

material.

2.3.2 Fourier transform infrared spectroscopy  

Infrared spectra were recorded using a Perkin–Elmer, Spectrum one FTIR spectrophotometer. The 

spectra were recorded in the range 4000 to 500 cm-1.

2.3.3 X-ray diffraction studies  

X-ray diffraction patterns of the chlorobutyl rubber nanocomposites were taken using Ni- filtered 

Cu-Kα radiation at a generator voltage of 60 kV, and a generator current of 40 mA and wavelength 

of 0.154 nm at room temperature (Bruker–D 8).The chlorobutyl rubber nanocomposite samples 



were scanned in step mode by 1.50/min scan rate in the range of 2 >15Ѳ 0.The specimens of 1 x 1cm 

were used for the analysis.

2.3.4 Transmission electron microscopy 

Transmission  electron  micrographs  (TEM)  of  the  samples  were  taken  in  a  LEO  912  Omega 

transmission electron microscope with an acceleration voltage of 120 k V. The specimens were 

prepared  using  an  Ultracut  E  cryomicrotome.  Thin  sample  specimens  of  about  100  nm were 

obtained with a diamond knife at -1000C.The image formation is due to the scattering electrons as 

the electron beam passes through the sample.

2.3.5 Atomic force microscopy 

Atomic force microscopy was done with Park systems (XE-100 AFM) Park SYSTEMS, South 

Korea. The samples for AFM were prepared by cryogenically fracturing them in liquid nitrogen, 

and the topographic AFM images were used for analysis. 

2.3.6 Scanning electron microscopy 

The SEM micrographs were taken using JEOL 6400 WINSEM model (Jeol, Tokyo, Japan) at 

5 keV secondary electrons. The samples for SEM were prepared by cryogenically fracturing them 

in liquid nitrogen, followed by gold plating to eliminate the problems of sample charging.

2.4  Analysis of the properties

2.4.1 Tensile properties

Tensile and tear tests were performed using dumbbell and crescent shaped specimens according to 

ASTM standards D 412 and D 624 on Instron 4411(England) universal testing machine (UTM) at a 

cross head speed of 500 mm/min and 100 mm/min respectively. Five samples were tested for tensile and 

tear and the average of the values were taken in each case. 

Tensile strength =Load(N)/Area of cross section(mm2)

Tear strength =Load (N)/Thickness (mm)

Hardness was tested according to ASTM D 2240 standard.

2.4.2 Crosslink density measurement

The crosslink density was calculated by the equilibrium swelling method in chloroform at 298 



K for 72 hours in order to achieve the equilibrium swelling condition. Circular samples with 2 cm 

diameter were used for the analysis. The crosslink density υ can be calculated from the swelling 

method using the equation [1]

  ϑ=12Mc  (1)

where  Mc is the molecular weight of the polymer between cross links and the same can be 

calculated with the following equation [2] 

   Mc=-ρpVs    Vrf1/3ln1-Vrf+Vrf  +χVrf2 (2)

Vs is the molar volume of the solvent, ρp is the density of the polymer, χ is the interaction parameter. 

Vrf is the volume fraction of rubber in the solvent-swollen filled sample. Vrf is given by the equation.

   Vrf=(d-fw)/ρp(d-fw)/ρp+As/ρs                         (3)

where d is the deswollen weight,  f  is the volume fraction of filler in the rubber vulcanizates 

and w is the initial weight of the sample, ρp is the density of the polymer, ρs  is the density of the 

solvent and As is the amount of the solvent absorbed.

2.4.3 Dynamic mechanical analysis

The  dynamic  mechanical  ananlysis  of  chlorobutyl  rubber  nanocomposites  were  done  using 

Dynamic mechanical  analyzer  (DMA Model-TAQ 800,  supplied by TA instrument  (USA).  The 

shape of the test    specimen was a rectangular strip of 40x10x1.5 mm3. The dual cantilever mode 

deformation was employed in a temperature range of -80 to 1200C at heating range of 20C/min 

under liquid nitrogen flow. The storage modulus (E’) loss modulus (E”) and loss tangent (tanδ) of 

each sample recorded at 1 Hz frequency.

2.4. 4 Dielectric studies

The dielectric measurements were carried out at room temperature using LCR meter (HOIKI-

3532). The test samples were coated with conductive graphite paint on either side and copper wires 

were  fixed  on  both  the  sides  of  the  sample  as  electrodes.  All  measurements  were  done  at 

frequencies ranging from 500Hz–5MHz. Circular samples of diameter 10 mm and thickness 0.3 

mm were punched out using a sharp edged steel die and used for the electrical studies.

Dielectric permittivity (ε') can be calculated from the capacitance using the equation

                 (4)



where c is the capacitance of the material, t is the thickness of the sample, ε0 is the permittivity  of free 

space (8.85 x 10-12 Fm-1 ) and A is the area of the sample under electrode.

The volume resistivity (ρ) can be calculated using the equation

                                                   (5)

where R is the resistance, A is the area of the sample under electrode and ‘t’ is the thickness of the 

samples.  The electrical conductivity is the reciprocal of volume resistivity which can be calculated 

as shown below 

                                                       (6)

The dielectric loss (), permittivity (ε'), and dissipation factor are related by the equation

                                                (7)

The dielectric loss is calculated using the equation

                                                    (8)

2.4.5 Gas permeation analysis 

Gas permeation analysis were done using Manometric Gas Permeability tester (L100-5000), 

Switzerland. The instrument utilizes the most recognized gas permeability testing method, pressure 

change via gas transmission through films. The test results are given in ml/m2/day at 1 bar pressure 

in a gas flow of 10 ml/min at 230C.

  2.4.6 Thermal analysis 

Thermogravimetric analysis of the nanocomposites was performed on a TA instruments SDT 

2960 at a heating rate of 10 0 C / min under Nitrogen atmosphere over a temperature range from 

room temperature to 550 0C.The change in glass transition temperature was noticed using Perkin–

Elmer DSC thermal analyzer. For the DSC analysis about 5 mg   of the samples were heated from 

-600C to 800C under Nitrogen atmosphere with a programmed heating rate of 100C/min.

3. Results and discussion

3.1 Influence of filler morphology on the properties of nanocomposites

The calcium phosphate particles prepared using polymer precursor method was characterised using 



XRD, FTIR, SEM and TEM. From the TEM micrographs as showm in figure 1 it is evident that the  

calcium phosphate particles have size within the nano regime. Further calculation of particle size 

was carried out by XRD.

        

Figure 1. TEM of calcium phosphate nano particles

The easiest way of preparation of nanocomposites using layered silicates was to use melt mixing. 

So the traditional method was tried and the mechanical properties of the so prepared composites 

were analysed. Figure 2 shows the TEM of the mill mixed nanocomposites. The image shows the 

presence of agglomerated tactoids in the chlorobutyl rubber matrix. This shows that the clay layers 

were not exfoliated or intercalated and they lie in an agglomerated state.

       

 Figure 2. TEM of the fracture surface of mill mixed nanocomposites containing 5 phr of cloisite 15 

A

Similar observation is attained from the SEM of the nanocomposites as shown in figure 3. The 

formation of crevices  of micrometer  dimensions indicate  the pull  out  of clay tactoids  from the 

chlorobutyl rubber matrix.

 Figure 3. SEM of the fracture surface of mill mixed nanocomposites containing 5 phr of cloisite 15 

A

Figure 4. Effect of filler morphology on the tensile strength of chlorobutyl rubber composites

Figure 4 shows the effect of filler morphology on the tensile strength of the nanocomposites. It can 

be  seen  that  the  nanocomposites  containing  layered  silicate  (LS)  show enhanced  properties  at 

relatively low filler loadings when compared to the composites containing calcium phosphate and 

titanium  dioxide  nanoparticles.  The  layered  silicate  nanocomposites  did  not  show  much 

improvement in properties when the melt mixing was done. So there arose the need of a novel 

technique for the preparation of layered silicate nanocomposites. 

3.2 Effects of solvent parameters on the properties of nanocomposites

 The chlorobutyl  rubber  nanocomposites  were prepared using  cloisite  15 A as  filler  in  various 

solvents like toluene, cyclohexane, xylene, tetra hydro furan, chloroform etc. Through the group 

contribution method, the solubility parameter (δ) of the organomodified clay was calculated by 

equation  9

δ  = ρ ∑i   Fi / M  (9)

Fi = (EiVi)1/2          (10)

 where  Ei  and  Vi  are the cohesive energy and the molar volume of the chemical group  i  being 

considered and Fi  represents the molar attraction constant [59,60]  proposed by Small and is in units 

of cal1/2 cm3/2. ρ is the mass density and M is the molar mass of the material. The surfactants on the 



C15A clay platelet  surface are a mixture of dimethyl di-tallow ammonium with various carbon 

chain lengths [60,61] which mainly contains -CH2 and -CH3  groups. Consequently, the averaged δ 

for the surfactant mixture on C15A was calculated to be 8.80 cal1/2  cm3/2  , which falls within the 

literature range [62] of 8.80-13.69 cal1/2  cm3/2. Figure 5 shows the TEM of the nanocomposites 

containing 5 phr of cloisite 15 A prepared using different solvents 

     

(a)                               (b)                  (c)

           

                              (d)                                    (e)

Figure 5  TEM micrographs of nanocomposites containing 5 phr of cloisite 15 A  prepared using 

(a)  Chloroform (b) THF (c) Cyclohexane (d) Toluene (e) Xylene

Correlation  between  the  mechanical  properties  and  the  interaction  parameter  of  the 

nanocomposites

The solubility parameter of chlorobutyl rubber and the solvents have been taken from standard 

literature  [63-65].  The  Flory-Huggins  interaction  for  binary  polymer  systems  consisting  of 

components a and b is given by χ ~ (δa-δb) 2, where  δ  is Hansen’s total solubility parameter  of a 

species. The smaller the χ value, the better the miscibility between the components. 

For rubber solvent 

χ AB  = Vm/RT   (δa-δb)2…………….(11)

Similarly, for clay- solvent

χ CD = Vm/RT   (δc-δd)2…………….(12)

The  difference  in  the  interaction  parameter  between  CIIR-solvent  and  clay-  solvent  has  been 

calculated and the values are shown in table 3. 

An exponential  decay in  all  the  parameters  are  observed with  the  difference  in  the  interaction 

parameters.  All  the  curves  are  found to  fit  into  the  following  second  order  exponential  decay 

equation  y=  y0 +  A1e-x/t
1 +  A2 e-x/t

2 where  x  and  y  represents  the  properties  of  the  CIIR 

nanocomposites and the difference in the interaction parameters, respectively  t1 and t2 represents 

the decay constants and A1 and A2 are two constants while y0 represents the offset or the initial 

quantity at t=0.The values of A1, A2, t1 , t2 ,y0 and the regression coefficient are given in table 1.

Table 1. Regression coefficients for mechanical property vs difference in interaction parameter plot.

Property Y0 A1 A2 t1 t2 R
Tensile strength (Mpa) 1.879 -2046.04 307.58 0.0130 0.0261 0.98
Modulus (Mpa) 1.52 -38.11 3.53 0.0129 0.0619

9

0.99

Elongation  at  break 

(%)

282.75 -15820.3 3015.6 0.0168 0.0434 0.98



3.3 Mechanical properties

 Layered silicate filled nanocomposites show enhanced mechanical properties when compared to 

other inorganic filler systems. The figure 6 shows the stress-strain behaviour of the clay filled CIIR 

nanocomposites.  Nanodispersed  clay  with  high  aspect  ratio  possess  a  higher  stress  bearing 

capability and stronger interaction between nanolayers and rubber molecules associated with the 

larger contact surface results in more effective constraint of the motion of rubber chains (66). 

Figure 6. Stress strain curves of the CIIR nanocomposites containing cloisite 15A

Keeping the clay same but on changing the concentration of modifier different properties have been 

observed for the rubber clay nanocomposite system. When cloisite 15 A   and 20 A are compared 

both have the same organic modifier but the modifier concentration is higher in the case of 15 A. As 

modifier concentration increases more will  be the incorporation of amine and more will  be the 

organophilicity of clay. So the polymer chain incorporation will be higher or most facilitated when 

modifier concentration is high. More the organophilicity of clay better will be the polymer filler 

interaction,  which  leads  to  better  strength  of  the  nanocomposites.  This  is  reflected  from  the 

mechanical property analysis of the nanocomposites in which higher tensile strength is exhibited by 

cloisite 15 A when compared with 20 A though both have the same modifier as shown in figure 7. 

Similar  XRD  observations  have  been  reported  by  Lakshminarayan  etal.  [67]  in  the  case  of 

fluoroelastomer and Ranade [68] and co-workers in the case of PETG nanocomposites containing 

cloisite  15  A and  20  A.  Nevertheless  15  A composites  have  better  reinforcement  than  20  A 

nanocomposites.  The justification provided was that 15 A nanocomposites were highly oriented 

compared  to  20  A  resulting  in  more  platelet-  platelet  interaction  thereby  strengthening  the 

composite. As a result, the clay with the best compatibilizing effect does not lead to the best balance 

of mechanical behaviour. Similar results have been reported by Kelnar etal.[69].

Figure 7.  Effect of clay type on the tensile strength of chlorobutyl rubber nanocomposites

From the TEM images (figure 8) it is evident that in the case of nanocomposites containing cloisite 

15 A the clay layers are in an ordered state. Whereas in the case of nanocomposites containing 

cloisite 10 A the clay layers are in disordered intercalated state and in the case of cloisite 20 A, a 

small  amount  of  agglomeration  is  obtained.  Thus  the  TEM  images  support  the  trend  of  the 

mechanical properties.



                                         (a)                    (b)

(c)

Figure 8.TEM images of nanocomposites containing 5 phr of (a) cloisite 15 A (b) cloisite 10 A (c) 

cloisite 20 A

3.4 Barrier properties 

The presence of silicate layers are expected to cause a decrease in permeability of gases because of 

more  tortuous  paths  for  the  diffusing  molecules  that  must  bypass  impenetrable  platelets.   The 

chlorobutyl rubber is itself less permeable to gases due to the close packed molecular structure and 

presence of germinal dimethyl groups in its structure. Moreover in addition to the tortrous path, the 

entangled CIIR chains in between the exfoliated clay platelets make diffusion of gas molecules 

difficult thereby contributing positively to the gas barrier property. This phenomenon is significant 

when the filler is of nanometer size with high aspect ratio. The reciprocal tortousity factors found 

using various permeation models [70-72] shows that for a given value of αФ the greatest toruosity 

is predicted by Gusev Lusti and Neilson models and they lie closer to the experimental curve (figure 

9). Figure 10 depicts the relative gas permeability behaviour of CIIR nanocomposites containing 

organically modified closite 15 A at various loadings. 

             αФ

Figure 9.  Plot of reciprocal tortousity factor predicted by various theories as a function of αФ

Calculation of aspect ratios and break through times

Addition  of  layered  nanoclays  to  a  neat  polymer  restricts  permeability,  which  is  a  product  of 

diffusibility and solubility. The available area for diffusion will decrease as a result of impermeable 

nanoclays replacing the permeable polymer. As the area of contact between the polymer and solvent 

decreases, the solubility will also decrease. Assuming that the clay layers are placed randomly in the 

polymer matrix, the solvent molecules will detour around the clay layers. Diffusion will thus be 

diverted to pass a clay platelet in each layer and hence the solvent has to travel a longer path(d f) in 

the filled system compared to that (do) for the neat polymer. Using the scaling concept, permeability 

can be written as 

 P ~ A/d (13)

Where a is the cross sectional area available for diffusion and d is the path length the solvent must 

travel to cross the sample. As a result the permeability of the nanocomposites (Pf) is reduced from 



that of the neat polymer (P0) by the product of the decreased area and increased path length as 

follows.

 P0 / Pf  = [A0/ Af] [df /d0]                             (18)

Where  V0 is  the  total  volume  of  the  neat  polymer  and  Vf is  the  volume  of  nanoclays  in  the 

nanocomposite sample

P0 / Pf  =     V0/d0           [df /d0]       (14)

               (V0-Vf) / df

Where  V0 is  the  total  volume  of  the  neat  polymer  and  Vf is  the  volume  of  nanoclays  in  the 

nanocomposite sample.

P0 / Pf  =         V0           [df /d0]2    (15)

                     (V0-Vf)

            = (1 / 1-Ф) [df /d0]2
    (16)

where is Ф the volume fraction of filler.

When a solvent diffuses across a nanocomposite film its path length is increased by the distance it 

must travel around each clay layer it strikes. The path length of the gas molecule diffusing through 

an exfoliated nanocomposite is 

Df = d0 + d0L0 / 2dc 
2
                 (17)

where dc and L are the thickness and length of a clay layer respectively.

Substituting this value in the equation 19

P0 / Pf     =                1   1 +L  Ф / 2d      (18)

                                (1- Ф) 

               =     1               1 + α Ф /               (19)

                                (1- Ф) 

Where aspect ratio, L / dc = α

The  aspect  ratios  of  the  nanoclays  in  different  samples  have  been  calculated  using  the  above 

equation

Figure 10.   Relative permeability of various gases in chlorobutyl rubber nanocomposites against 

the volume fraction of cloisite 15 A.

Another implication of this work is the calculation of “working time” or “break through times” that  

might form the basis of the clothing material for soldiers in chemical warfare. The break through 

times  of  chlorobutyl  rubber  nanocomposites  have  been  calculated  using  the  aspect  ratios  and 

diffusion coefficients obtained from swelling experiments and the plot of the break through times 



against the clay loading using toluene as solvent is given in figure 11.

Figure 11. Plot of working time of the chlorobutyl nanocomposites containing cloisite 15 A in 

toluene

3.5 Dynamic Mechanical analysis

Nanocomposites generate a great deal of interest from material scientists because of their 

potentially novel properties. It is important to study the mobility of polymers inside the fillers and 

also how the presences of nano fillers affect the mobility of the surrounding polymers. Dynamic 

mechanical analysis (DMA) was used to study the chain mobility. During the glass transition, the 

long range polymer chain  gains  mobility  and this  dissipates  a  great  amount  of  energy through 

viscous  movement.  This  is  shown  in  the  tanδ peak  as  depicted  in  figure  12.  Therefore,  any 

depression in the tanδ indicates the reduction of the number of the mobile chains during the glass 

transition. CIIR shows a broad tan delta peak, in which the efficient damping (tan δ> 0.5) has a 

wide temperature range more than 70 0C. The tan δ value of CIIR nanocomposites comes from the 

contribution  of  both  CIIR  and  filler  materials.  The  adding  of  nanoclay  reduces  the  volume 

percentage of the CIIR in composites, which lowers hysteresis loss of rubber composites under a 

dynamic condition. This can be beneficial for the actual application of some rubber products, such 

as  tires.   Figure  13  shows  the  effect  of  surface  modification  on  the  tan  delta  values  of  the 

chlorobutyl rubber nanocomposites. The tan delta peaks are appearing at almost same positions for 

the different clay varieties but there is a slight variation in the values of the maxima of the tan delta 

curves. It is seen that the cloisite 15 A and 20 A show almost similar tan delta values at 5 % loading 

of the nanoclay in CIIR but a slightly lower value is seen in the case of cloisite 10 A which is due to 

the presence of the long chain aromatic modifier in the molecule. Similar trends have been reported 

in the modulus of nanocomposites in earlier studies [73].

Figure 12.  Tan delta curves of the cloisite 15 A filled chlorobutyl rubber nanocomposites.

The tan δ curves of the   nanocomposites were very much similar to that of pure CIIR except that  

there was reduction in the tan δ peak height. Upon increasing the level of the filler content, the peak 

height became small, indicating the restriction in damping characteristics of the nanocomposites. 

The increase in the Tg and the reduction in the tan δ peak height by the addition of nanoclays are  

attributed  to  the  enhanced  polymer-nanoclay  interaction,  which  results  in  restricted  segmental 

mobility of the polymer chains [74].

Figure 13. Tan delta curves of the chlorobutyl rubber nanocomposites filled with 5 phr of different 

clays.

The effects of temperature and filler addition on the storage modulus (E') of the nanocomposite 



samples with various loadings of cloisite 15 A at a frequency of 1 Hz are displayed in figure 14.

Figure 14. Storage modulus  of chlorobutyl rubber nanocomposites containing cloisite 15 A against 

temperature.

3.6 Thermal analysis

The thermal behaviour (TGA) at a heating rate between 300 C and 6000 C of the neat polymer and 

the  layered  silicate  filled  samples  are  shown in  figure  15.  At  lower  temperature,  there  is  no  

considerable  change  in  the  material  behaviour  of  the  filled  samples  and  CIIR  gum.  The 

degradation of CIIR starts at 250 0C whereas that of cloisite 15 A filled nanocompoites starts after. 

This  can  be  attributed  to  the  intercalation/exfoliation  of  the  polymer  matrix  with  the  silicate 

particles, which resulted in a strong barrier effect preventing the thermal degradation to a certain 

extent and this observation is an indication of the fact that the nanocomposites are stable up to a 

temperature of 3620C in nitrogen atmosphere. As a general trend, thermal stability increases with 

the increase in filler loading but at higher loadings, the nanocomposites exhibit almost same trend 

towards thermal stability. The incorporation of clays containing aliphatic modifiers do not improve 

the  thermal  stability  of  the  chlorobutyl  rubber  to  a  greater  extend.  Better  thermal  stability  is 

exhibited by chlorobutyl rubber nanocomposites containing cloisite 10 A as shown in figure 16. The 

15 A contains a higher amount of intercalants than 20 A which as pointed out earlier has a chance to 

be expelled during the shear mixing and could remain unbound in the silicate layers and thereby 

engage in unwanted degradation reactions between the decomposition products and the polymer 

matrix, which could lead to further matrix degradation and colour formation in nanocomposites 

[77]. Figure 17 shows the Coats redfern plot of chlorobutyl rubber nanocomposites at various filler 

loadings of cloisite 15 A. 

 

 Figure  15. TGA curves of chlorobutyl rubber nanocomposites containing cloisite 15 A

 

Figure 16. TG curves of chlorobutyl rubber nanocomposites containing 5 phr of different clays

Figure 17. Coats – Redfern plots of chlorobutyl rubber nanocomposites at various filler loadings of 

cloisite 15 A. 

The degradation pattern of the nanocomposites were further analysed with the help of DTA curves. In the 

case of polymer nanocomposites, the differential scanning calorimetric (DSC) measurements are useful for 

the identification of the extent of intercalation/exfoliation of the nanoparticles in the matrix. The segmental 

mobility of the polymer matrix is greatly affected by the interactions of the intercalated/exfoliated polymer 

chains with the nanofillers which enhance the Tg of the polymer. 



3.7 Dielectric properties

 It is found that at room temperature, ε'' decreases with increasing frequency. The higher value of 

dielectric loss (ε'') at low frequency is due to the free charge motion within the materials. 

Figure  18. Variation  of  permittivity  (imaginary)  with  frequency  in  chlorobutyl  rubber 

nanocomposites containing 5 phr of different clays.

Figure 18 shows the variation of imaginery part of dielectric permittivity (ε'') or dielectric loss with 

frequency at room temperature for different loadings of cloisite 15 A. It is seen that the dielectric 

constant is greater in the case of cloisite 15 A filled nanocomposites than in the case of pristine CIIR 

matrix. OMMT is a type of filler with a layered structure containing mobile ions on the platelets and 

counter-ions between them. They can easily polarize along their silicate sheets due to their ionic 

nature, and external charges can accumulate around silicate platelets due to the large conductivity 

mismatch with the rubber matrix. Similar results were observed in the case of silicone rubber filled 

with OMMT clay by Razzaghi et.al.[78].

Many theoretical approaches have been developed to predict the effective dielectric constants of 

polymer composite systems. The volume-fraction average is a simple (but inaccurate) method to 

estimate  the  effective  dielectric  constant  of  a  polymer  composite  material. 

Many studies involving both experiments [79,80] and theory [81,82] disprove the trend predicted by 

the above equation.  The Maxwell  equation is based on a mean field approximation of a single 

spherical  inclusion  surrounded  by  a  continuous  matrix  of  the  polymer  [83].  Thus  Maxwell’s 

equation is strictly valid only as the filler fraction goes to zero, i.e., infinite dilution.  Figure 19 

shows the comparison of experimental and theoretical values of effective dielectric constant with 

frequency for 5 phr cloisite 15 A filled chlorobutyl rubber nanocomposites. The experimental values 

are found to be in more agreement with the Maxwell model as suggested by the literature.

Figure 19. Comparison of experimental and theoretical values of effective dielectric constant with 

frequency for 5 phr cloisite 15 A filled nanocomposites.

4. Conclusion and future scope

From the  above discussion  it  is  evident  that  chlorobutyl  rubber  nanocomposites  are  promising 

materials  since they exhibit  excellent  mechanical,  gas barrier,  solvent  resistance and good acid 

resistance.  The study was carried  out  by preparing  nanocomposites  using  different  varieties  of 

fillers  like titanium dioxide,  calcium phosphate and three different varieties of layered silicates 

(cloisite  15 A, cloisite  10A, cloisite 20 A).  The layered silicates  differed from each other  with 

respect to their  organic modification,  surfactant  concentration etc.  The work also envisages the 

outline  of  the  development  of  a  novel  route  towards  the  preparation  of  chlorobutyl  rubber 



nanocomposites which is indeed a hybrid of solution mixing and melts mixing. It was found that the 

layered silicates at very low loadings ( 5 phr) could give the reinforcement given by traditional 

fillers  like  titanium  dioxide  at  higher  loadings.  This  improves  the  processability  of  rubber 

nanocomposites  since  the  major  difficulty  in  preparing  the  rubber  nanocomposites  include  the 

addition of filler in high loadings. The mechanical properties at very low filler loadings (5 phr) 

correspond to the enhanced interaction between the filler and the chlorobutyl rubber matrix due to 

intercalation  and exfoliation of  the  layered silicates.  The use of  different  clays  with varying d 

spacing has helped to identify the apt layered silicate for the chlorobutyl rubber matrix and also 

paved way for the tailoring of the properties of the nanocomposites. It is clearly substantiated by the 

study  that  with  the  increase  in  the  d  spacing  of  the  layered  silicates  the  efficiency  of 

intercalation/exfoliation is increased and the property enhancement is obtained beyond prediction. 

This exactly justifies for the superior performance of cloisite 15 A. Cloisite 15 A as well as 10 A are 

effective materials as fillers in the chlorobutyl rubber matrix for the decrease in the gas barrier 

properties. Cloisite 15 A excels in all the properties shown by the nanocomposites when compared 

to the other two layered silicate moieties. The properties shown by cloisite 20 A is found to be less 

than the other two varieties of layered silicates. The study also helps in the comparison of the nature 

of the different fillers like nanocalcium phosphate , titanium dioxide and layered silicates and has 

helped in understanding the difference in the behaviour of various fillers in the matrix. The dynamic 

mechanical analysis shows the decrease in the tan delta peaks with the increase in filler loading 

which substantiates the use of chlorobutyl rubber nanocomposites as effective damping materials. 

Moreover the layered silicate reinforced nanocomposites exhibit superior transport properties like 

resistance  to  the  penetration  of  chemicals  which  make  them  an  important  component  in  the 

fabrication of chemical protective clothing. The enhanced gas barrier properties exhibited by these 

materials enable them to be used as barrier materials in a variety of industrial as well as advanced 

applications. The working times calculated throw light into the effectiveness of the material to be 

used as potential VOC barrier membranes.
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